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Abstract. Tetraethyl orthosilicate (TEOS) is widely used for preparing 
magnetic particles in DNA extraction kits, but it poses toxicity and safety 
concerns. To address this issue, we developed magnetic particles using 
fumed silica as a safer alternative to TEOS for magnetite particle preparation 
for DNA extraction. The method effectively extracts DNA from various 
biological matrices, including urine, serum, saliva, sputum, whole blood, 
and plasma, without detectable inhibitors. The extracted DNA is suitable 
for downstream molecular applications such as qPCR and sequencing. 
The proposed magnetic particles with fumed silica not only reduce chemical 
hazards but also provide a safer, efficient, and reliable method for routine 
DNA extraction in molecular biology laboratories. 
 
Keywords: DNA extraction, fumed silica, magnetite 

Introduction 

DNA extraction is a routine procedure that has become essential in 
various molecular laboratories. The demand for DNA extraction kits has risen 
due to the need for a straightforward, simple procedure that can handle a wide 
range of samples. Many available kits are based on spin-column and magnetic 
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nanoparticle technologies, which offer reliable and efficient solutions for DNA 
extraction. Spin-column kits utilize a silica membrane to bind DNA, while magnetic 
nanoparticle kits use magnetic particles to isolate DNA. 

Unlike spin-column kits, those using magnetic nanoparticles require 
relatively lower energy, as they utilize magnetic force to separate DNA from 
impurities. Besides magnetic nanoparticles, the materials used include coating 
agents to prevent Fe3O4 from oxidizing into Fe2O3, which has weaker ferromagnetic 
properties (Dzeranov et al., 2023). Tetraethyl Orthosilicate (TEOS) is the most 
commonly used coating agent (Fan et al., 2019; Torres-Rodrı́guez et al., 2019; 
Alghuthaymi, 2020; Nguyen et al., 2022; Firoozeh et al., 2023). 

TEOS has irritating properties to the eyes and respiratory tract, as stated 
in its material safety data sheet. TEOS serves as a source of silica. Another 
source of silica that lacks these irritant properties is fumed silica. Fumed silica 
is produced from the hydrolysis of silicon tetrachloride by forced evaporation 
with combustion (Flörke et al., 2012). Consequently, fumed silica could be a 
safer alternative to TEOS. 

This study aims to test fumed silica-coated magnetic particles for DNA 
extraction from various matrices, including serum, urine, saliva, sputum, whole 
blood, and plasma, and to evaluate the suitability of the extracted DNA for 
sequencing procedures. 

Materials and methods  

Material 

The materials used in this study included FeSO₄ and FeCl₃ as precursors; 
tetraethyl orthosilicate (TEOS), ammonia solution, NaOH, Tris, and EDTA from 
Merck (Darmstadt, Germany); fumed silica from Wacker (Nünchritz, Germany); 
Triton-X from Vivantis (Selangor, Malaysia); SDS from BASF (Hong Kong); PEG 6000 
from Clariant (Gendorf, Germany); NaCl from Dominion Salt (Mount Maunganui, 
New Zealand); and isopropanol and ethanol from Bratachem (Solo, Indonesia). 

The bacterial strain used for DNA extraction was Mycobacterium tuberculosis 
ATCC 25177 from Microbiologics (United States). The media used for bacterial 
growth were Lowenstein Jensen and Trypticase Soy Broth (TSB), both purchased 
from Himedia (Mumbai, India). Specimens were obtained from the Konimex 
Diagnostic Center repository (Solo, Indonesia). 

Magnetite synthesis 

FeSO₄ and FeCl₃, with a molarity ratio of 1:2, were mixed in water. NaOH 
solution was added dropwise while stirring until the pH reached 8-10. The 
solution was then allowed to settle, and the supernatant was decanted. The 
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precipitate was washed twice with water. The washed precipitate was dried in 
the oven at 60-100°C for two hours. The dried magnetite was then coated with 
fumed silica using a previously defined protocol (Thangaraj et al., 2019). In this 
protocol, TEOS was substituted with 20 µg/mg fumed silica per magnetite. The 
resulting particles are referred to as fumed silica-coated magnetic particles (FsMP). 

FsMP regeneration test 

FsMP was used to extract DNA using previously defined protocol (Tjoa et al., 
2025) from M. tuberculosis culture. The purity factor was measured using a 
nanophotometer at 260/280 nm. The DNA was also amplified using a quantitative 
Polymerase Chain Reaction (qPCR) CFP10 gene amplification kit from Konimex 
Diagnostic Center (Solo, Indonesia) using MicPCR machine to obtain the Cycle 
threshold (Ct) value. The used FsMP was washed with 500 µl elution buffer and 
reused for DNA extraction. DNA extraction using the same FsMP were repeated 
five times with three replications. The purity factors and Ct values from the 
repeated steps were compared. 

Matrices suitability test 

FsMP was used to extract DNA from M. tuberculosis culture spiked into 
urine, serum, saliva, sputum, whole blood, and plasma. The extracted DNA was 
diluted into three consecutive dilutions. Each dilution was then amplified using 
a qPCR CFP10 gene amplification kit to obtain Ct values. The Ct values and 
dilutions were plotted to create a regression equation, which was used to 
determine the PCR efficiency value. The ΔCt value was calculated by comparing 
the actual Ct result with the Ct value predicted by the regression equation. 
These values were used to assess inhibition in the PCR process. 

Sequencing 

The amplicon or PCR product, from M. tuberculosis obtained in the PCR 
step using qPCR CFP10 gene amplification kit from Konimex Diagnostic Center 
(Solo, Indonesia) using MicPCR machine underwent sequencing using the Sanger 
method, specifically the single-pass, two-reaction approach. The sequencing results 
were aligned with the M. tuberculosis reference genome and the nucleotide 
database using BLAST from NCBI 

Results and Discussion 

FsMP was successfully synthesized and evaluated for its potential use in 
repeated DNA extraction. The regeneration test was conducted to assess its 
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reusability and efficiency across multiple DNA extraction cycles, providing insight 
into the material’s stability and consistent performance. The test was performed 
using one loop of M. tuberculosis in 1 ml of TSB media, with DNA extraction 
carried out five times in three independent repetitions. The extracted DNA was 
assessed for purity based on the A260/280 ratio and its suitability for PCR 
amplification. The results are presented in Fig. 1. 

 

 
Figure 1. (A) A260/280 comparison and (B) Ct value comparison from extracted  

DNA using FsMP in 5 times repeatance. Notation (*) showed same group  
based on post-hoc analysis using Tukey with α value: 0.05. 

 
Data analysis was performed by comparing the A260/280 ratios and Ct 

values from each repetition. The DNA purity values obtained from repeated 
FsMP extractions consistently fell within the range of 1.6 to 2.0, indicating 
acceptable purity. From the third repetition onward, the purity values slightly 
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differed from the initial use, though they remained within the acceptable range. 
The Ct value represents the relative concentration of DNA obtained based on 
the number of PCR amplification cycles required for detection. The Ct values 
remained consistent across all extractions, indicating that the DNA concentration 
did not vary significantly even after five consecutive uses of this particular 
preparation of FsMP.  

A matrices suitability test was conducted using matrices spiked with  
M. tuberculosis culture at a 1:1 ratio. The extracted DNA was subsequently 
amplified using qPCR. The resulting qPCR amplicon was visualized on an 
electrophoresis gel, as shown in Fig. 2, revealing a DNA band of approximately 
120 bp in length. This indicates successful amplification. Furthermore, the DNA 
extracted from the tested matrices did not introduce any inhibitors that could 
interfere with the PCR reaction. 

 

 
Figure 2. Amplicon visualization with electrophoresis. Amplicon size around  

120 bp. (A) Negative. (B) Culture. (C) In urine. (D) In serum. (E) In saliva.  
(F) In whole blood. (G) In sputum. (H) Ladder.  

 
Experiments using various types of specimens were also conducted to 

evaluate the efficiency of qPCR. qPCR efficiency reflects the capacity of all 
components in the reaction to amplify DNA. Ideally, each PCR cycle results in 
the duplication of DNA, producing two copies from a single DNA template, which 
corresponds to an efficiency value of 100%. The method for calculating DNA 
efficiency is presented in the following formula (Nybo, 2018). 

 

𝑃𝑃𝑃𝑃𝑃𝑃 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (%) = 100 𝑥𝑥 �10�
−1
𝑎𝑎 � − 1� 

𝑎𝑎 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒. 
𝑒𝑒 = 𝑎𝑎𝑥𝑥 + 𝑏𝑏 
𝑒𝑒 = 𝑃𝑃𝐶𝐶 
𝑥𝑥 = 𝐿𝐿𝑠𝑠𝐿𝐿 (𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝐶𝐶𝑐𝑐𝑎𝑎𝐶𝐶𝑒𝑒𝑠𝑠𝑒𝑒) 
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PCR efficiency testing was performed on DNA extracts prepared in three 
dilutions. The results are presented in Fig. 3, which includes a normalized 
fluorescence versus cycle graph, an efficiency calculation plot, and a ΔCt comparison 
between the observed and calculated Ct values. PCR efficiency values approaching 
100% (75% - 110%) with R² values ≥ 0.98 indicate that the PCR reactions are 
running efficiently, unaffected by inhibitors (which can lower efficiency) or 
activators (which can inflate efficiency beyond optimal levels) (Booth et al., 2010). 

 

 

 
Figure 3. Normalised fluorescence and cycle graph, efficiency calculation graph, and 

ΔCt comparison of actual and calculated Ct for six matrices. (A) Urine. (B) Serum.  
(C) Saliva. (D) Sputum. (E) Whole blood. (F) Plasma. 
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The PCR efficiencies for M. Tuberculosis in urine, saliva, serum, sputum, 
whole blood, and plasma were 67.652% (R² = 1), 76.296% (R² = 0.998), 78.611% 
(R² = 0.996), 69.161% (R² = 1), 289.274% (R² = 0.926), and 132.697% (R² = 
0.983), respectively. The PCR efficiencies ranged from 67.652% to 289.274%. 
Efficiency values for urine and sputum specimens were below 75%, indicating 
poor compatibility of the PCR process with the extracted DNA. To improve 
compatibility, an additional step to remove PCR inhibitors was necessary, such 
as the removal of urea and crystals from urine (Munch et al., 2019) and biological 
factors from sputum (Reed et al., 2016). 

DNA extracted from whole blood and plasma exhibited efficiency values 
exceeding 110%, indicating that FsMP was ineffective in fully removing impurities 
that interfere with PCR. the excessive efficiency values likely result from PCR 
artifacts or altered reaction kinetics caused by residual contaminants. Potential 
interfering impurities in blood include heme, leukocytes, and anticoagulant 
compounds such as EDTA and heparin (Al-Soud and Rådström, 2001). 

Plasma was included in the efficiency analysis to assess its impact on PCR 
performance. While separating plasma from red blood cells helps reduce 
interference by minimizing cellular components, plasma still contains residual 
contaminants such as such as immunoglobulin G, which can affect the PCR 
reaction (Al-Soud and Rådström, 2001). This persistent interference likely to 
contributes to the efficiency value exceeding 110%. 

PCR efficiency is influenced by several factors beyond the quality of the 
DNA extract. It can be affected by the choice of primers, polymerase, and PCR 
parameters, as well as the compatibility of these components (Booth et al., 
2010; Louw et al., 2011). DNA extracts can be considered free from inhibitors 
and activators if the ΔCt value is < 0.5 (Waiblinger and Grohmann, 2014). 

The ΔCt value represents the difference between the actual Ct value and 
the Ct value predicted by the line equation. The ΔCt values for all specimens and 
their respective dilutions met the criteria for inhibitor-free DNA extracts. These 
results indicate that FsMP is capable of effectively extracting DNA from various 
specimens, including urine, serum, saliva, blood, sputum, and plasma. 

PCR products were subsequently sequenced using the Sanger method, 
employing a single-pass DNA sequencing with two reactions. Two-direction 
sequencing was performed, using both forward and reverse primers. The sequencing 
results, presented in Fig. 4, show the CFP10 fragment gene chromatogram. The 
chromatogram reveals that at least one position in the forward sequence has an 
unreadable nucleotide, whereas all nucleotides in the reverse sequence are 
clearly readable. The differences observed between the forward and reverse 
sequences may be caused by sequence artifacts, PCR amplification inaccuracies, 
or DNA degradation during sample preparation (Al-Shuhaib & Hashim, 2023). 
However, the sequencing data remain reliable, as reads labeled with “N” account 
for less than 5% of the total reads (Crossley et al., 2020). 
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>Forward direction 
GGACGGGNCCGACGAATATTCGTCAGGCCGGCGTCCAATACTCGAGGGCCGACGA
GGAGCAGCAGCAGGCGCCTGTCCTCGCAAATGGGCTAAAC 

 
>Reverse direction 
TCGTCGGCTCGAGTATTGGACGCCAGGCCTGACGAATATTCGTCGAGATCTCGTC
GAGTTCCTGCTTCTGCTTATTGGCTGCT 

 
Figure 4. Chromatogram and FASTA format of the sequencing result  

for the CFP10 fragment gene. 
 
 
 Further analysis was performed using BLAST through the web services 
provided by NCBI (Zhang et al., 2000). The reference genome used was 
NC_00962.3 from Mycobacterium tuberculosis H37Rv, a complete genome with 
a length of 4,411,532 bp. The BLAST results are presented in Fig. 5. 
 From the alignment results, both sequences showed a percentage 
identity (per ident) greater than 95%, with the largest gaps being 3%. These 
results indicate that the sequences produced from CFP10 gene fragment could 
be successfully read and identified as Mycobacterium tuberculosis, the organism 
from which the DNA was extracted. This finding is further supported by the 
BLAST results from the nucleotide database collection at NCBI, conducted on 
August 31, 2024, and presented in Fig. 6. Among the first 100 entries retrieved, 
98 sequences were identified as Mycobacterium tuberculosis for both the 
forward and reverse sequences. The per ident values for the forward and 
reverse sequences were 98.74% and 96.74%, respectively. 
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Figure 5. (A) CFP10 gene fragment forward direction sequence alignment.  
(B) CFP10 gene fragment reverse direction sequence alignment. 

 

 
 

 
Figure 6. Ten first entries from BLAST in NCBI nucleotide collection.  

(A) Forward direction. (B) Reverse direction. 

(A) 

(B) 

(A) 

(B) 
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The sequencing analysis performed in this study utilized short-read 
sequencing. Overall, FsMP can be used to extract DNA suitable for downstream 
processes such as PCR and short-read sequencing. 

For further exploration, the DNA extracted using FsMP can also be 
evaluated for its suitability in long-read sequencing, which may provide deeper 
insights and broaden its applications in genetic studies. Another recommendation 
is to compare different preparations of FsMP to assess batch-to-batch consistency 
in DNA extraction performance. This analysis will help determine the reproducibility 
and reliability of FsMP for downstream applications.  

Conclusions 

In this study, we successfully prepared magnet particles which coated 
with fumed silica. Fumed silica is a safer option than TEOS as the coating agent. 
FsMP could be used in the DNA extraction for several type of biological samples 
such as serum, saliva, urine, sputum, whole blood, and plasma. Extracted DNA 
from FsMP could be used in the downstream process like PCR and short-read 
sequencing. 
 
Acknowledgements. We would like to thank PT Konimex for the funds. 
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Abstract. Cyanobacterial exopolysaccharides (EPS) are diverse biopolymers 
with significant ecological roles and growing industrial potential due to 
their biocompatibility, biodegradability, and functional versatility. This 
study presents a bibliometric and patent analysis of cyanobacterial EPS 
research between 2004 and 2023, exploring academic and industrial 
advancements. The bibliometric analysis of 1,022 articles identified 
pharmaceuticals and environmental applications as dominant research 
themes, while the food, agriculture, and energy sectors showed emerging 
interest. A manually curated subset of 79 articles focusing on industrial 
applications highlighted EPS’s potential in pollutant removal, drug 
development, and biofertilization. Patent analysis, with data from 618 
entries, revealed a surge in filings post-2014, predominantly in the USA, 
reflecting growing industrial interest. While healthcare and environmental 
sectors lead in EPS applications, translational gaps between academic 
research and industrial adoption persist, particularly in underdeveloped 
domains. This study presents the multidisciplinary appeal of cyanobacterial 
EPS, striving to offer insights into future research directions and their 
potential for sustainable innovation across diverse sectors. 
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Introduction 

Cyanobacterial exopolysaccharides (EPS) are a diverse group of biopolymers 
with remarkable structural and functional properties. These extracellular 
polysaccharides play important roles in ecological processes such as biofilm 
formation, nutrient cycling, and microbial interactions (Rossi & De Philippis, 
2015; Potnis et al., 2021; Nishanth et al., 2021; Debnath et al., 2024). Beyond 
their environmental significance, cyanobacterial EPS have garnered increasing 
attention for their potential industrial applications, covering diverse fields like 
healthcare, environmental remediation, food production, agriculture, and 
bioenergy (Kumar et al., 2018; Laroche, 2022). 

In recent decades, the expanding interest in sustainable and biotechnological 
innovations has driven research into cyanobacterial EPS. These biopolymers exhibit 
a range of desirable properties, including high biocompatibility, biodegradability, 
and functional versatility, making them attractive candidates for applications such 
as drug delivery systems, wound healing materials, biofertilizers, and biosorbents 
for pollutant removal. Advancements in analytical techniques and interdisciplinary 
approaches have enabled the exploration of novel cyanobacterial strains and 
optimized EPS production processes, further stimulating scientific inquiry and 
industrial interest (Li et al., 2001; Mota et al., 2020; Potnis et al., 2021; Reignier 
et al., 2023; Rodrigues et al., 2024; Yousaf et al., 2024). 

The technological transfer of cyanobacterial EPS from research to industrial 
applications involves several critical steps, including strain selection, optimization 
of production parameters, and downstream processing. Selecting appropriate 
cyanobacterial strains is essential, as EPS yield and composition can vary 
significantly among species. Optimization of cultivation conditions, such as nutrient 
availability, light intensity, and temperature, can impact EPS production. Efficient 
downstream processing techniques, including extraction and purification methods, 
are crucial to obtaining high-quality EPS suitable for industrial use (Cruz et al., 
2020). 

Cyanobacterial EPS have demonstrated potential in various industrial 
settings. In the food industry, they can serve as natural thickeners, stabilizers, 
and emulsifiers, improving the texture and shelf-life of products (Vicente-
García et al., 2004; Jindal et al., 2013; Najdenski et al., 2013; Nath et al., 2021). 
In pharmaceuticals, their bioactive properties, such as antioxidant, antibacterial, 
and antiviral activities, make them suitable for developing new therapeutic 
agents (Gacheva et al., 2013; Bhatnagar et al., 2014; Shen et al., 2018; Flores  
et al., 2019; Ramachandran et al., 2020). Environmental applications include 
bioremediation, where EPS can bind heavy metals and pollutants, facilitating 
their removal from contaminated sites (Colica et al., 2010; Santos et al., 2014; 
Mota et al., 2016; Mohamed et al., 2023). Additionally, in agriculture, EPS-
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producing cyanobacteria contribute to soil stabilization and fertility, promoting 
sustainable farming practices (Van Camp et al., 2022; Falsini et al., 2023; Vinoth 
et al., 2023). 

The current study aims to map the academic and industrial landscapes of 
cyanobacterial EPS research through a bibliometric analysis of publication 
trends, prominent contributors, and thematic areas of research for potential 
industrial applications. Additionally, it explores the translational potential of 
this research through an analysis of patent filings, offering insights into the 
intersection of scientific discovery and technological application. While other 
studies have performed bibliometric analysis on cyanobacterial exopolysaccharides 
(Qi et al., 2019; Kim et al., 2024; Mugani et al., 2024), to our knowledge none 
had approached this analysis through the concepts of technological transfer and 
had the scope of exploring the link between patent data and publication records 
for this research niche. 

Materials and methods  

Bibliometric data retrieval  

The bibliometric data was retrieved from Clarivate’s Web of Science and 
analyzed using Biblioshiny, a Bibliometrix R package (Aria & Cuccurullo, 2017).  

The search was performed on Web of Science’s Core Collection (edition: 
SCI-Expanded) using the following search string: (all fields) exopolysaccharide 
OR extracellular polysaccharide OR EPS OR exopolysaccharide-producing 
cyanobacteria OR exopolysaccharides OR extracellular polysaccharide EPS OR 
extracellular polysaccharides EPS OR exopolysaccharides OR released 
polysaccharides RPS AND (all fields; second row) cyanobacteria OR 
cyanobacterium. We then selected only the articles, in English, and published 
between 2004–2023. The specific year range was selected in order to explore 
publications within the past two decades, however, publications from 2024 are 
yet to be published and indexed, therefore we limited the search to 2023.  

We obtained a query result of 1035 articles, based on the above-mentioned 
search, criteria, and filters. Data was exported in BIB format and imported into 
Bibliometrix. Further screening was performed using this tool - filtering out 
papers that were included in the WoS export, but that were flagged as indexed 
in 2024 issue releases. A total of 1022 articles met the inclusion criteria. In this 
paper, we will refer to this dataset as the “full dataset”, to distinguish it from the 
filtered one. We proceeded to manually filter which papers out of the total 1022 
report data on industrial or biotechnological application of cyanobacterial EPS 
(selection criteria listed in Section 2.1.1), and this dataset will be referred to as 
“filtered dataset” moving forward (Figure 1).  
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Articles selection criteria for the filtered dataset 

The filtered dataset contains a subset of articles from the full dataset that 
reference information on possible technological applications of cyanobacterial 
EPS. In order to meet the selection criteria, articles must report direct or potential 
applications of cyanobacterial EPS that the authors have experimentally tested. 
Additionally, studies should relate these findings to potential industrial integration, 
either through proposed applications or by comparing EPS characteristics with 
those of existing products (e.g., gums, adhesives). Articles mentioning applications 
without presenting adequate methodological details were excluded from the 
dataset. Cyanobacterial EPS must either constitute the primary product or 
serve as a key ingredient within the product. 

 

 
 

Figure 1. Chart presenting the filtering process of the articles from both the full 
dataset and the filtered one.  

 

Filtered dataset 

We conducted a manual screening of articles that report research on 
potential industrial applications of cyanobacterial EPS, following the selection 
criteria outlined in Section 2.1.1. From this process, 79 articles were identified 
and reviewed. For each selected article, we extracted and compiled relevant 
data into a dataset, which includes a rationale for inclusion based on the selection 
criteria, details on the methodologies reported or referenced, the specific properties 
of cyanobacterial EPS examined, potential industrial applications, industries 
mentioned, and the cyanobacterial organisms studied. 

 

1,311 SCI-E results for the query 

1,035 articles, filtered as: Type:Article; Language:English; Years:2004-2023 

1,022 articles filtered via Biblioshiny; full dataset 

79 articles selected that fit the selection criteria in the section Charting the research 
output on cyanobacterial EPS industry applications - filtered dataset  
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Espacenet patent data 

In order to collect data on the patents published on cyanobacterial EPS, 
we performed a query on Espacenet (the European Patent Office) using the 
following search string: (nftxt = “cyanobacteria” OR nftxt = “cyanobacterium”) 
AND (nftxt = “exopolysaccharide” OR nftxt = “extracellular polysaccharide” OR 
nftxt = “EPS”), and parameters: query language: en, filters: earliest publication 
date (family): 2004-01-01 — 2023-12-31. A total of 618 patents resulted. Data 
was exported and analyzed further using Microsoft Excel. 

Results  

Charting the research output on cyanobacterial EPS - full dataset 

We analyzed the research output focused on cyanobacterial EPS from the 
full dataset. Using InCites, we determined that there are 4173 distinct authors 
that have contributed to the 1034 articles. 

Annual scientific production 

Figure 2 illustrates the annual production of articles from 2004 – 2023 on 
cyanobacterial EPS. Over this period, the research output has shown a steady 
increase, with an annual growth rate of 13.14%. This growth highlights an 
expanding interest and investment in the field, which can point towards 
potentially promising industrial and biotechnological applications of cyanobacterial 
EPS. The increasing volume of publications seen in almost every year suggests 
that researchers are actively exploring the potential of cyanobaterial EPS.  

We note a dip in research output between 2014 and 2016, and then again 
between 2020 and 2022. In our opinion the first decrease in research output 
can be linked to a reduction of funds, which can be seen in the federal 
obligations for research and development reports for that time in the United 
States of America (National Center for Science and Engineering Statistics, 
2021). The USA being one of the most prolific scientific outputs produced in this 
niche (Figure 3A), further strengthens this link. Additionally, in 2015 China 
launched the “Made in China 2025” initiative, a national strategic plan and 
industrial policy (Center for Strategic and International Studies, 2021). This 
marked a shift in its focus on supporting manufacturing capabilities. China also 
being the first country by affiliation frequency, appearing 1162 times in the full 
dataset (Figure 3B), can further point towards this research output dip. The 
reduced research output on this niche between 2020 and 2022 could be 
attributed in part to the COVID-19 Pandemic and/or limited access to on-site 
research facilities.  
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Figure 2. Annual scientific production, generated using Microsoft Excel, 
based on data analyzed in Bibliometrix. 

Figure 3. Top 10 most prolific countries in terms of scientific production 
from the full dataset. Data was analyzed with Bibliometrix and Excel. 

A: World map with the frequency of country of origin attributed 
to each publication (generated in Microsoft Excel).  

B: Figure legend containing the raw data of the frequency of 
publications attributed to each of the top 10 countries. 
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Regarding the top 10 most globally cited articles (Figure 4), leading this 
list is an article by Borowitzka, published in the Journal of Applied Phycology in 
2013 (Borowitzka, 2013), which has accrued 936 total citations and stands out 
for its high annual citation rate of 78. This prominence highlights its significant 
influence on the field, likely due to its focus on practical applications of EPS in 
biotechnology. Ward’s 2009 article in Applied and Environmental Microbiology 
(Ward et al., 2009) follows, with 709 citations and a steady annual citation rate 
of 44.31, indicating its sustained relevance within environmental microbiology. 
Additonally, articles by Qu (Qu et al., 2012) and Parikh (Parikh et al., 2006) 
achieved high citation counts and annual rates. We note that most of the top 10 
papers in this list are published in journals that focus on applied research.  
 
 

 
Figure 4. Top 10 most globally cited articles from the 1022 full dataset;  

figure generated in Bibliometrix. 
 

Authorship and research networks 

The analysis of the top 10 most prolific authors in cyanobacterial EPS 
research reveals a small group of researchers who have consistently contributed to 
advancing the field (Figure 5). Leading this group is Paula Tamagnini, with 22 
articles published in the full dataset, followed closely by Roberto De Philippis 
with 21 articles. Both authors have significantly influenced the literature on 
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cyanobacterial EPS, likely focusing on key topics such as EPS characterization 
and its industrial applications. Ming Li also stands out with 16 articles, while 
Shi-Ru Jia and Rita Mota each contributed 12 articles. Other notable contributors 
include Peter Capek, Xiang Gao, Federico Rossi, and Li Wu, each with 11 publications, 
and Alessandra Adessi, who has published 10 articles. The collective work of these 
prolific authors points to a concentrated effort among a select few researchers who 
are driving the development and visibility of cyanobacterial EPS studies. Their 
sustained productivity likely aligns with the field’s shift towards applied 
research and suggests a readiness for industry-related exploration, particularly 
in biotechnology and resource management contexts.  

 
 

 
Figure 5. Top 10 most prolific authors based on the number of articles from  

the full dataset. Here we visualize using Bibliometrix the production  
over time of these authors. 

 
 
In Figure 6, we visualize the collaborative efforts between countries 

related to publishing cyanobacterial EPS research. The United States emerges 
as the most collaborative nation, engaging in 132 recorded partnerships, 
followed by China (n=124), Germany (n=64) and Italy (n=54). This analysis 
illustrates a geographically diverse yet interconnected research ecosystem 
when it comes to exploring cyanobacterial EPS and its applications. 
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Figure 6. Countries’ collaboration world map, generated using Bibliometrix.  

Publishing avenues for cyanobacterial EPS research 

The 1022 articles were published in 349 distinct sources (journals). Out 
of these, the top 10 in terms of the number of papers published from the full 
dataset are shown in Figure 7. This visualization indicates the core journals 
where cyanobacterial EPS research is most frequently published, the first being 
the Journal of Applied Phycology, with 48 published papers. 
 

 
Figure 7. Top 10 most relevant journals publishing cyanobacterial EPS research, 

showing the distribution of the 1022 articles across the top 10 journals, highlighting 
the primary publication venues in this field, generated with Bibliometrix. 
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The growth of the number of articles published within each of the top 
10 journals is highlighted in Figure 8. The analysis of publication trends across 
the top 10 journals for cyanobacterial EPS research reveals a distinct pattern 
that aligns with the hypothesis that this field is maturing toward technological 
transfer and industrial applications. Overall, journals with an applied focus, 
particularly those dedicated to biotechnology and resource management, have 
shown significant growth in publication counts over the years. This trend is led 
by the Journal of Applied Phycology and Bioresource Technology, where 
consistent increases in published articles indicate strong interest in potential 
practical applications of cyanobacterial EPS. The growth of the number of 
articles in these journals likely reflects a growing interest in finding solution 
that incorporate these polymers. In contrast, journals with a more general 
environmental or microbiological focus, such as Environmental Science and 
Pollution Research and FEMS Microbiology Ecology, maintained steady but 
modest publication output. These journals contribute to the fundamental 
understanding of EPS, particularly within environmental and ecological 
contexts, yet they do not exhibit the same dynamic growth as journals with 
applied orientations. This suggests that while cyanobacterial EPS remains a 
relevant topic within environmental studies, the current momentum is largely 
driven by its potential for practical application, which is better suited to 
journals emphasizing biotechnology and resource use. 
 

 
Figure 8. Annual publication growth of the number of articles on cyanobacterial EPS in the 

top 10 journals (2004–2023), generated using Bibliometrix data in Microsoft Excel. 
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Research interests  

There are 2904 distinct author keywords in the full dataset. We illustrate 
a word cloud of the most prominent keywords used in Figure 9. This analysis 
reveals key research themes and concepts within cyanobacterial EPS studies. 
Unsurprisingly, the most frequently used term is “cyanobacteria” (179 occurrences). 
This is closely followed by “growth” (157), “polysaccharides” (119), and 
“exopolysaccharides” (108), indicating a strong emphasis on understanding 
both the general growth dynamics and specific biopolymer production by these 
organisms. Terms like “biosynthesis”, “extracellular polymeric substances” and 
“extracellular polysaccharides” suggest ongoing interest in the biological processes 
and structural components that underpin EPS production, which are relevant 
for exploring practical applications.  

 

 
Figure 9. Word cloud generated in Bibliometrix using author keywords  
from the full dataset of 1022 published articles on cyanobacterial EPS. 

 
Regarding how research trends evolved over time, in Figure 10 we 

visualize this concept using Bibliometrix and the author keywords. Some 
prominent and long-standing terms, such as “cyanobacteria”, “exopolysaccharides” 
and “extracellular polymeric substances” while to be expected in the context of 
this specific dataset, reflect important concepts in this field, emphasizing them 
as core research areas. Notably, “microbial”, “microalgae” and “biosynthesis” 
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have also shown continuous interest, pointing towards ongoing research into 
both EPS origins and production mechanisms. In recent years, there has been a 
rise in terms associated with applied and environmental applications, such as 
“adsorption”, “removal” and “biosorption”, which can indicate growing attention 
towards using cyanobacterial EPS for bioremediation, pollutant binding, and 
environmental cleanup. Additionally, terms like “ultrafiltration”, “nitrate” and 
“diatoms”, even though they might not be directly linked to cyanobacterial EPS 
on a first look, might reflect an applied focus, potentially linked to water 
treatment technologies and the use of EPS in managing specific environmental 
contaminants. Similarly, terms like “biocrusts”, “phytoplankton” and “stromatolite” 
suggest a niche interest in studying EPS within ecological and geological contexts, 
connected to soil stabilization and their impact on geological history records. 

 

 
Figure 10. Author keywords are visualized as trends through time (2004-2023) and 
the frequency of use within the full dataset, generated with Bibliometrix. Horizontal 

axis: time; vertical axis: author keywords. The horizontal blue lines represent the time 
span in which each keyword was used within articles, while the circular dots and their 

dimensions are directly correlated with the frequency of use in the dataset. 
 

The thematic map (Figure 11) highlights a few prominent trends within 
cyanobacterial EPS research. The Motor Themes quadrant contains terms like 
“extracellular polymeric substances” (EPS), “microbial mats” and “biomineralization.” 
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These topics are relevant and well-developed, suggesting they are important to 
the field and involve complex, multidisciplinary applications. Their placement 
reflects an advanced understanding of EPS roles in environmental contexts, 
such as the formation of microbial mats and biomineral structures, which are 
key to ecological and industrial applications. In the Basic Themes quadrant, 
terms such as “cyanobacteria”, “exopolysaccharides”, “polysaccharide” and 
“microalgae” represent foundational areas that form the scientific basis of the 
field. These themes seem less intensively developed recently, indicating they 
serve as the foundation of cyanobacterial EPS research but may be more mature 
with fewer current innovations.  

 

 
Figure 11. Thematic map of cyanobacterial EPS research showing four quadrants: 
Niche Themes, Motor Themes, Basic Themes, and Emerging or Declining Themes. Each 
term represents a distinct research focus, with its position on the map determined by 
relevance (centrality) and development (density). Topics in the Motor Themes quadrant 
are highly relevant and developed, indicating advanced and widely applicable research 
areas. Niche Themes are specialized but less central, focusing on specific applications or 
topics. Basic Themes represent foundational areas with broad importance but limited 
recent development. Emerging or Declining Themes are less relevant and show lower 
density, indicating potential areas of decreasing interest or nascent topics in need of 
further exploration; generated with Bibliometrix. 
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Niche Themes like “antioxidant activities” and “soil biocrust inoculation” 
occupy a specialized role within the field, showing strong development. These 
topics relate to particular applications, with reference to bioactive compounds 
derived from cyanobacteria or specific extraction techniques, pointing towards 
ongoing interest in specific technological and biochemical applications that may 
not be widely explored across the field. The presence of other types of 
molecules within this quadrant, namely “phycobiliproteins” also indicates the 
catalog of potentially useful molecules that cyanobacteria have to offer and the 
ability to be a multiple compound-producing organism without significant human 
intervention. Emerging or declining themes are represented by “biosorption” 
positioned with low density and centrality. This suggests that while biosorption 
may hold potential in applications like pollutant removal, it remains 
underdeveloped within the current EPS research framework, or it may be an 
area of declining interest as other approaches become more favorable. 

The thematic evolution (Figure 12) is divided into three branches. During 
the 2004–2014 period, themes such as “cyanobacteria”, “extracellular 
polymeric substances” and “biological soil crust” are seen, laying the foundation 
for understanding EPS structures and their ecological roles. Themes such  
as “biosorption” and “phylogeny” also reflect an early interest in the 
environmental applications and genetic backgrounds of cyanobacteria. Then, in 
the 2015–2020 period, more diverse and application-oriented themes 
emerged, including “biofilm”, “antioxidant” and “biosynthesis”. This shift 
reflects a growing interest in the functional properties of EPS and its 
biochemical applications, aligning with industry-related uses in biotechnology. 
Topics like “16S rRNA gene” and “biomineralization” indicate increased focus 
on microbial community dynamics and EPS’s role in mineralization processes, 
suggesting that researchers were expanding their scope from basic 
characterization to more complex environmental interactions. The most recent 
period, 2021–2023, shows a further transition towards specialized applications 
and environmental relevance, with the emergence of terms like “microbial 
community”, “water quality”, “adsorption” and “biodeterioration”. These themes 
indicate a strong emphasis on EPS in ecological and environmental contexts, 
with applications in water treatment, pollutant removal, and microbial community 
interactions.  
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Figure 12. Thematic evolution of author keywords in cyanobacterial EPS research from 
2004 to 2023. It illustrates the transition and development of major themes in 2004–
2014, 2015–2020, and 2021–2023. Each colored block represents a research theme, 
with the size of each block indicating the relative focus on that theme. Lines between 
blocks connect related themes across periods, showing the continuity or emergence of 
research areas over time. 

Charting the research output on cyanobacterial EPS industry 
applications - filtered dataset  

There are 1022 articles in the full dataset and only 79 in the filtered one. 
The papers that focus specifically on industry applications of cyanobacterial 
EPS make up only 7.73% of the total articles in English that report research on 
cyanobacterial EPS indexed in Web of Science between 2004 and 2023. In this 
section, we analyze the industry-specific research applications of cyanobacterial 
EPS by examining the curated subset of 79 studies from the larger dataset. 
These papers were manually selected based on their explicit focus on potential 
industrial uses of cyanobacterial EPS. In this section we analyze these papers, 
providing a closer look at the specific industries that are emerging as key areas 
of interest for EPS applications, as well as the unique properties and functions 
driving their relevance.  

In Figure 13 we visualize the analysis of the 79 studies from the perspective of 
industries mentioned as potential beneficiaries of each research. There seems 
to be a strong emphasis on healthcare and pharmaceutical applications for 
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cyanobacterial EPS, with 35 papers reporting potential uses in this sector. Of 
these, 29 studies specifically mention pharmacological applications, indicating 
a significant interest in EPS’s bioactive properties for drug development, 
therapeutic interventions, immune modulation, and other related applications. 
A smaller subset (6 articles) highlights uses in general healthcare, most being 
related to the EPS’s biocompatibility and potential in wound healing. Environmental 
applications constitute the second-largest category, with 20 studies focusing on 
sustainability-oriented uses. Metal removal is the primary environmental sub-
category (12 articles), followed by wastewater treatment (8 articles), both 
being related to the potential of EPS’s utilities in pollution control. In the food 
and agriculture field, 12 studies highlight applications, with food industries 
accounting for the majority (9 articles), most mentioning their potential uses in 
food preservation and additives. The agriculture subset includes 3 studies, with 
specific references to biofertilizers (2 articles) and biopesticides (1 article). 
Applications in the energy sector remain exploratory, with individual studies 
mentioning hydrogen production and energy production (bioethanol) as potential 
uses. Other applications make up a total of 16 mentions, with diverse fields 
represented. This distribution illustrates that, while healthcare and environmental 
applications dominate, there is emerging interest in other industrial uses of 
cyanobacterial EPS. 

 

Figure 13. Potential applications for cyanobacterial EPS across various industries and 
sub-industries. Diagram created using SankeyMATIC. 
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We examined the publication trends across the main unified industries to 
identify potential distinct patterns that emerge over time, based on the 
publication year of the filtered dataset, as shown in Figure 14 (where x-axis 
represents the publication years, and the y-axis shows the publication count - 
each paper being counted once for each industry it mentions). Environmental 
applications, as well as healthcare and pharma-focused ones consistently exhibit 
high research activity, suggesting that these fields have maintained constant 
scientific interest, likely due to their relevance. In contrast, food and agriculture-
related industries and other industries reveal sporadic peaks, which may 
correlate with periods of relevance, possibly driven by specific advancements 
or funding opportunities targeting these sectors. Energy-related industries 
show relatively low representation, indicating limited research in this direction 
or slower adoption of cyanobacterial EPS uses in this domain.  

 

 
Figure 14. Distribution of publication counts across  

various main industries over time.  
 

We also examined the distribution of cyanobacteria genera per main 
industry based on the data. We compiled this analysis in Figure 15. This 
heatmap reveals distinct patterns in the focus of cyanobacterial EPS research 
across industries. Healthcare and pharmaceutical, as well as environmental 
applications, dominate the distribution, with several genera such as Cyanothece, 
Nostoc, and Synechocystis frequently cited, reflecting these genera’s known 
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benefits in therapeutic and ecological contexts (Colica et al., 2010; Santos et al., 
2014; Leite et al., 2017; Strieth et al., 2020). Genera like Phormidium and 
Spirulina, which have established roles in nutritional and agricultural products 
(Vicente-García et al., 2004; Li et al., 2011; Ruangsomboon et al., 2013; Vinoth 
et al., 2023), were associated with applications in food and agriculture in our 
analysis. Notably, the top 10 genera mention in the filtered dataset (by the 
number of mentions) are Nostoc (23 occurrences), Cyanothece (11 occurrences), 
Anabaena (11 occurrences), Synechocystis (8 occurrences), Oscillatoria 
(5 occurrences), Phormidium (4 occurrences), Gloeocapsa (4 occurrences), 
Lyngbya (3 occurrences), Aphanothece (3 occurrences), Cyanobacterium 
(3 occurrences). 

 

 
Figure 15. Heatmap that illustrates the distribution of unique genera (39) across 
the five main industries (Energy, Environmental, Healthcare & Pharmaceutical, 
Food & Agriculture, and Other Applications). Each cell indicates the count of unique 
publications where a specific genus is mentioned within a particular industry. 
Darker shades represent higher publication counts, showing which genera are most 
frequently associated with each industry. 
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Espacenet patent analysis 

In this section, we analyze the patent landscape for cyanobacterial EPS 
using data extracted from the Espacenet database of the European Patent Office. 
This section highlights the industrial relevance and translational potential of 
cyanobacterial EPS. Our analysis aims to explore the connections between 
academic research output and industry adoption (through the intellectual 
property space) in the context of technological transfer. 

Upon performing the search query as mentioned in the Materials and 
Methods (section 2.3), a total of 618 patents resulted.  

Analyzing the geographical distribution of the patent document applications, 
we observe 59 distinct countries or jurisdictions for which a total of 2162 
documents were filed. Here we mention that the discrepancy between the total 
number of patent documents (2162) and unique patent entries (618) reflects 
the grouping of related patents under a single patent family. Each patent family 
may include multiple filings across different jurisdictions for the same 
invention. For most countries (42 jurisdictions) there were between 1 and 12 
documents filed. In Figure 16 we illustrate the distribution of the top 15 
countries or entities for which intellectual property protection was sought 
based on the number of patent documents filed between 2004 and 2023 on 
cyanobacterial EPS. While we note some diversity in terms of the countries, it 
is clear that notable jurisdictions of interest where legal protection is of interest 
emerge. USA leads with the highest number of document filings (329), reflecting its 
interest in patenting potential industrial and research applications of the 
cyanobacterial EPS. This is closely followed by documents filed under the World 
Intellectual Property Organization (312), indicating international interest 
in securing broad patent protection, while China ranks third (286). Other 
jurisdictions, including the European Patent Office (205) and Canada (154), also 
demonstrate moderate interest.  

When comparing the publication frequency of each country based on co-
authors (Figure 3), China emerges as the leader. This aligns with China’s 
growing interest in biotechnology and environmental sciences (Cao & Zhang, 
2023; Xiao & Kerr, 2022). However, the majority of patents are filed in the USA 
and through the World Intellectual Property Organization (WO), with China 
coming in third (Figure 16). This discrepancy suggests a divergence between 
academic output and intellectual property strategies. Filing through WO under 
the Patent Cooperation Treaty (PCT) indicates a strategic approach to securing 
global intellectual property rights, while the USA’s robust biotech industry 
incentivizes direct filings within its jurisdiction.  
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Figure 16. Geographical distribution of patent filings related to cyanobacterial EPS 
based on Espacenet data. The bar chart depicts the number of patent documents for 
the top 15 countries or jurisdictions (by the total number of documents filed 
between 2004 and 2023). OX-axis: countries (family) indicates the country or 
patent jurisdiction where the patent family was filed (e.g., US for the United States, 
CN for China, EP for European Patent Office, etc.). OY-axis: the number of 
documents represents the number of patent documents filed in that country or 
jurisdiction. 

Next, we analyzed the temporal distribution of patent document filings 
for cyanobacterial EPS (Figure 17). Patent filings were sporadic between 2004 
and 2010, with fewer than 15 patent documents published annually. This 
period likely represents the early stages of research and industrial interest in 
cyanobacterial EPS. Which matches the observations regarding the number of 
articles published in that period (Figure 2). A notable increase in patent activity 
began around 2011, with a sharp rise observed from 2014 onwards. This trend 
suggests a growing recognition of the commercial and biotechnological potential 
of cyanobacterial EPS. Additionally, the sustained high level of filings in recent 
years suggests an ongoing interest and active development in this field, which 
is confirmed by the growing number of articles published in the same time span 
(Figure 2).  
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Figure 17. Temporal trends in patent filings for cyanobacterial EPS. Horizontal 
axis: the earliest publication date (family) refers to the year when the earliest 
patent in a family was published, representing the initial disclosure of the invention. 
Vertical axis: the number of documents represents the number of patent documents 
filed in that year. 

 
In the dataset, between the 618 entities exported and the 2162 documents, 

there are 1000 distinct applicants. Most of the 1000 distinct applicants (971 
applicants) have filed between 1 and 3 documents to be patented, and a select 
few have filed for more than that. Table 1 encompasses the top 10 applicants 
based on the total number of documents they have applied for, as well as the 
countries in which these entities are based, alongside a short description of 
their business focus based on publicly available information. The analysis of 
patent applicants highlights key players driving innovation in cyanobacterial 
EPS. Pivot Bio Inc leads with 26 patent documents, followed by Cool Planet 
Energy Systems Inc with 21 documents. The third player would be Native 
Microbials Inc with 20 documents - 10 plus the 10 from Ascus Biosciences Inc 
(company rebranded). Other notable applicants include Heliae Dev LLC (15 
documents), Carbon Tech Holdings LLC (13 documents), and Algenol Biotech 
LLC (12 documents). The concentration of the number of patents among a few 
organizations suggests the presence of industry leaders heavily engaged in the 
research and commercialization of cyanobacterial EPS applications. Interestingly, 
the University of California seems to be the only educational-focused entity 
from the top applicants. 
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Table 1. The top 10 applicants filing patents related to cyanobacterial EPS, based on 
the total number of documents in the extracted Espacenet database. 

Applicants Documents Focus Country 

Pivot Bio Inc 26 

Specializes in developing microbial 
solutions to enhance nitrogen delivery to 
crops, aiming to reduce reliance on 
synthetic fertilizers. 

USA 

Cool Planet 
Energy Systems 
Inc 

21 

Developes engineered biocarbon 
technology designed to improve soil 
health while sequestering carbon. Their 
technology produced biochar-based 
agricultural products from biomass. 

USA 

Heliae Dev LLC 15 
Focuses on developing microalgae-based 
technologies for agriculture, nutrition, 
and personal care products. 

USA 

Carbon Tech 
Holdings LLC 13 

Involved in developing technologies for 
carbon capture and utilization, aiming to 
create sustainable materials and 
chemicals from carbon dioxide. 

USA 

Algenol Biotech 
LLC 12 

Industrial biotechnology company that 
commercializes patented algae 
technology for the production of ethanol 
and other fuels. They utilize proprietary 
technologies to produce various 
products, including personal care items, 
food supplements, and industrial 
products, from a patented strain of 
cyanobacteria and a proprietary 
photobioreactor system. 

USA 

Univ California 2 US-based university. USA 

Sumitomo 
Chemical Co 11 

Develops a wide range of products, 
including chemicals, petrochemicals, and 
agrochemicals. They invest in 
biotechnology research for applications 
in agriculture and materials science. 

Japan 

Ascus 
Biosciences Inc  10 

Develops microbiome-based solutions for 
animal health and nutrition. It was later 
rebranded as Native Microbials Inc. 

USA 

Ecolab USA Inc 10 

Develops solutions for water treatment, 
purification, cleaning, and hygiene across 
various industries, including food, 
healthcare, and hospitality. 

USA 

Native 
Microbials Inc 10 Rebrand of Ascus Biosciences Inc USA 
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We observe that among the top 10 applicants, 9 are US-based companies, 
which explains why the majority of patent applications seek legal protection in 
the USA (Figure 16). This observation also somewhat explains the earlier 
discrepancy noted in this section that while China leads in the number of co-
authors affiliated with publications, it ranks third in patent filings. This suggests 
that the robust academic collaboration in China does not yet fully translate into 
comparable levels of patent activity, unlike in the USA, where strong industry 
participation drives patent filings. 

Discussion 

Our study offers an analysis of the academic and industrial landscape 
surrounding cyanobacterial EPS between 2004 and 2023. By using bibliometric 
and patent analyses, we have identified key trends, contributors, and an 
increased potential for industrial applications of cyanobacterial EPS research. 
Below, we discuss the implications of these findings, their relevance to the 
scientific and industrial communities, and the limitations of this study. 

Our findings reveal a steadily growing body of research on cyanobacterial 
EPS, with an annual growth rate of 13.14% over the study period (2004–2023). 
This growth shows an increased interest in this field. However, the thematic 
focus remains concentrated around healthcare, pharmaceuticals, and environmental 
applications, hence we understand that these industries dominate the research 
agenda. 

The analysis of authorship and collaborative networks highlights the 
concentrated effort among a select group of researchers and institutions, 
particularly in China, the USA, India, and Europe. This collaboration aligns with 
the multidisciplinary nature of EPS applications but also indicates geographic 
and institutional disparities in research intensity and focus. 

The filtered dataset illustrates a notable interest in the healthcare and 
environmental sectors, accounting for over half of the research focus. The 
bioactive and bioremediation properties of EPS have driven these trends, 
making them promising candidates for drug development, wound healing, and 
pollutant removal. Despite this focus, research on applications in the food, 
agriculture, and energy sectors remains sporadic and underdeveloped, possibly 
due to limited funding. 

The positive annual growth rate of publications, dominance of leading 
global economies as top research producers, and the applied focus of top 
journals and highly cited articles highlight the field’s translational orientation. 
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These findings point to the fact that cyanobacterial EPS research is oriented 
towards potential applications. 

The increase in patent filings post-2014 mirrors the expansion of 
potential industrial interest, with the USA and China being prominent players. 
However, a disconnect between academic output and patent filings is evident, 
particularly in countries like China, which leads in publication frequency but 
lags in patent activity. This may suggest challenges in translating academic 
research into commercial products. 

We note potential IP-related search limitations – the Espacenet search 
was done based on two terms: cyanobacteria and exopolysaccharide. It is 
possible that some patent filings would be more specific and name a particular 
cyanobacteria genus, species, strain, a particular extracellular polysaccharide, 
or process, and not necessarily use these relatively general terms. However, we 
have conducted the search using the “full text” filter, meaning all patents having 
the keywords within the documentation were included. While this does not 
guarantee all relevant patents were included, it brings the result closer to 
reality.  

Regarding the publishing data collection – our study relies on WoS for 
bibliometric data, and we have included only English-language articles. We 
have used a relatively general search string, which should have included the 
majority of relevant research. We did not include in the search query specific 
cyanobacteria species names, but we used the “all fields” option. Since it is 
unlikely that papers focusing on specific cyanobacterial strains would not have 
used the term cyanobacteria or similar in any of the indexing fields, we believe 
all relevant results have been included.  

Conclusions 

Our study provides a bibliometric and patent analysis of cyanobacterial 
EPS, highlighting their academic and industrial significance. The growth in 
publications (13.14% annual growth), the active involvement of leading global 
economies, and the applied focus of top journals and cited articles underscore 
the increasing translational potential of these versatile biopolymers. Healthcare 
and environmental applications dominate the research landscape, reflecting 
the bioactive and bioremediation properties of EPS, while interest in other 
industries, such as food, agriculture, and energy, remains emergent. Patent data 
further supports the industrial readiness of EPS, with a growing number of 
filings and significant contributions from key players in biotechnology. Patent 
data further substantiates the industrial readiness of EPS, with a sharp increase 
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in filings post-2014 and a concentration of activity in the USA and globally 
through the Patent Cooperation Treaty. Leading contributors, including industry 
and some academic institutions, are driving innovation, with patents addressing 
diverse applications ranging from microbial solutions in agriculture to bio-based 
materials and energy production. These findings highlight the multidisciplinary 
appeal and industrial potential of cyanobacterial EPS. With sustained academic 
and industrial investment, EPS are positioned to contribute significantly to 
sustainable technologies and solutions across a range of sectors. This study 
provides a potential roadmap for future research and innovation, emphasizing 
the critical role of EPS in advancing biotechnology and sustainability. 
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Abstract. In practical plant biology, nanotechnology has involvements on 
every step of cropping, such as early growing, maintenance, harvesting and 
post harvesting and it has caused remarkable changes in findings solutions 
for facing problems. A trial was done to study the effects of different fertilizers 
on maize performance. The trial compared NPK bulk fertilizer, synthetic 
nano-sized fertilizers (boron, zinc, and complete), and biological fertilizers. 
Analyzing the data through principal component (PC) analysis indicated 
that the PC1 and PC2 explained for 56 and 27% of the variability in the 
dataset. Synthetic nano-zinc and nano-boron emerged as the most promising 
fertilizers, showcasing superior performance in terms of yield performance 
and yield components. A vector-tool biplot highlighted a robust positively 
correlation between chlorophyll content and straw yield, along with similar 
trends in grain yield and number of kernels per ear. Conventional bulk 
fertilizer (NPK) showed relatively lower efficiency across most evaluated 
traits. Based on ideal trait biplot, biological yield and stem diameter exhibited 
similar properties like to ideal trait, while oil percentage and hundred grain 
weight demonstrated unfavorable performance across treatments. This 
analysis underscores the efficacy of the treatment × trait biplot in elucidating 
relationships among traits and facilitating visual comparisons between 
different fertilizers. Overall, the findings underscore the significant enhancement 
of various maize cultivation traits through the application of synthetic 
nano-zinc and boron fertilizers, particularly in full irrigation condition. 
 
Keywords: bulk fertilizer, nano-complete, nano-zinc, treatment by trait 
interaction 
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Introduction 
 
Corn (Zea mays L.) is a versatile crop known for its adaptability to diverse 

production environments. It ranks as the third most significant crop globally, 
following wheat and rice, in terms of cultivation area, production output, and 
grain yield. However, in semi-arid regions, water scarcity and drought stress 
pose considerable challenges to crop productivity (Zou et al., 2021). Food 
security in these regions relies heavily on the cultivation of plants that exhibit 
high tolerance to water deficits. Approximately 20-25 percent of maize-growing 
areas experience the harmful impacts of environmental stresses and the impact 
of water scarcity on maize grain yields varies across different stages of crop 
growth (Meng et al., 2016). Nonetheless, selecting for stress tolerance remains 
challenging due to the complexity of genotype × environment interactions and 
insufficient understanding of tolerance mechanisms. Studies have shown that 
water scarcity negatively impacts phenological traits and root properties in 
maize. Grain yield and its components in maize are governed by a complex interplay 
of genes that respond to water scarcity with varying degrees of adaptability. 
Consequently, maize yield losses due to drought stress can range up to 76%, 
depending on the severity, timing, and stage of drought occurrence. Chukwudi et al. 
(2021) observed a decrease in grain yield of approximately 40% under drought 
stress, primarily attributable to reductions in kernel weight and kernel number. 

Effective nutrient management stands out as a critical factor influencing 
maize performance, with responses to mineral fertilization varying depending 
on fertilizer type, application timing, and soil conditions. Moreover, the efficacy 
of fertilization is influenced by environmental factors such as climate and soil 
moisture content (Chen et al. 2018). While the conventional recommendation 
for maize typically involves the application of NPK (nitrogen, phosphorus, and 
potassium) fertilizers, their application under water-limited conditions remains 
inadequately explored. Biological fertilizers also play a pivotal role in crop 
production and soil fertility enhancement. These fertilizers, referred to as bio-
fertilizers, because they contain living microorganisms that augment the providing 
of essential nutrients to host plants via nature-based ways such as fixing of 
nitrogen and solubilizing of phosphorus (Kumar et al., 2018). However, the 
effects of biological fertilizers under water stress conditions are not yet fully 
understood. Micronutrients, required by plants in minute quantities, typically 
maintain concentrations below 100 parts per million (ppm). Among these 
micronutrients, zinc and boron are pivotal for various metabolic processes. 
Zinc, a constituent of numerous enzymes and proteins, plays crucial roles in growth 
hormone production and internode elongation (Rudani et al., 2018). Boron, 
essential for both vegetative and reproductive growth, contributes to the integrity 
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of cell walls by binding to pectic polysaccharides. Additionally, it facilitates cell 
division, influences plasma membranes and phenol metabolism, and is indispensable 
for nitrogen fixation (Kohli et al., 2023). However, boron can become toxic at 
levels slightly exceeding those necessary for normal growth. 

In semi-arid regions, micronutrients tend to be readily adsorbed to soil 
particles, with their availability decreasing as soil pH rises, so nano-fertilizers offer 
a potential solution to this issue (Janmohammadi and Sabaghnia, 2023). These 
next-generation fertilizers contain nano-scaled active nutrients and controlled-
release kinetics to target specific sites, effectively serving as smart issues. Nano 
fertilizers significantly enhance the efficiency of nutrient usage compared to 
conventional bulk fertilizers, primarily due to targeted delivery and slow or controlled 
release (Dimkpa et al., 2020). The superiority of nano-based fertilizers lies in 
their novel and improved physical, chemical, and biological properties, driven 
by their high surface area-to-volume. While some information exists on the 
foliar application of certain nano-micronutrient fertilizers on specific crops, there 
remains a lack of sufficient data regarding the efficacy of soil-applied nano-fertilizers 
under conditions of limited irrigation. Hence, this study aims to assess the impacts 
of bio- and nano- based fertilizers on maize performance, its components, and 
some other morphological traits under limited irrigation conditions. 
 

Materials and methods  

Trial 

The study took place at the research field of the Agricultural and Natural 
Resources College of Moghan, located in northwestern Iran (latitude 39° 41' N 
and longitude 47° 32' E). Situated in a Mediterranean-type climate zone, the 
region experiences rainfall predominantly from May to October. As per data from 
the ParsAbad, Moghan. Maximum temperatures reach 31.4 °C in August, while 
minimum temperatures drop to 1.4 °C in January. The average yearly precipitation 
stands at 389.5 mm. Planting was conducted manually, with two seeds per hole 
on flat ground, followed by thinning to achieve the desired population densities 
soon after emergence. To ensure uniform germination, emergence, and establishment, 
all trial plots received an initial irrigation. Each plot comprised seven rows, each 
5 meters in length, with row spacing set at 65 cm and intra-row spacing at 20 cm, 
aligning with recommended commercial densities for the site. Surface normal 
irrigation, reaching up to 100% of field capacity, was administered on the 
vegetative step. Irrigation during this period was scheduled when half the depth 
of the root zone approached a 50% depletion level, with a net irrigation water 
depth of approximately 120 mm. 
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Treatments 

The clay loamy soil in the area boasted sufficient depth, exceeding 1 meter, 
soil characteristics included a clay loam texture, pH of 7.5, electrical conductivity 
(EC) of 0.94 ds/m, and low nutrient content (0.03% nitrogen, 0.01% phosphorus, 
and 0.02% potassium). Treatments encompassed various options: a control 
group receiving no fertilizer (control), bio-fertilizers including nitrogen (Bio-N), 
and phosphorous (Bio-B). Additionally, nano-boron (Nano-B), nano-zinc (Nano-Zn), 
complete nano-fertilizer (Nano-C), and bulk NPK (180:100:50 kg ha-1 urea, 
superphosphate, and sulphate of potash) fertilizer were included (Table 1). 
Nitrogen bio-fertilizer composed of the promoting rhizobacteria consortium 
(107 CFU/ml; including Azotobacter chroococcum + Azospirillum lipoferum species. 
Also, phosphorus bio-fertilizer included phosphate solubilizing rhizobacteria such 
as Pseudomonas and Bacillus. Half of the nitrogen and all of the phosphorus and 
potassium were performed pre-sowing, while the second half of nitrogen was 
top-dressed after a sowing. Bio-fertilizers were applied via seed inoculation just 
before planting. The nano-chelated complete fertilizer contained several essential 
elements at specified concentrations. Nano-fertilizers were administered three 
times via foliar spray at a 2000 ppm rate during the 9-leaf stage, stem elongation, 
and heading stages. All farming managements were uniformly applied to all 
plots throughout the experimental period. The synthesized nano-fertilizers were 
obtained from the SepehrParmis Co., Iran. 
 

Table 1. The applied fertilizer treatments on maize 

# Type Code Name 
1 --- Control No- fertilizer application 
2 Bio-fertilizer Bio-N Nitrogen bio-fertilizer 
3 Bio-B Phosphorous bio-fertilizer 
4 

Nano-fertilizer 
Nano-B Boron nano-fertilizer 

5 Nano-Zn Zinc nano-fertilizer 
6 Nano-C Complete nano-fertilizer 
7 Chemical-fertilizer NPK Nitrogen, phosphorous, and potassium 
 

Traits 

The About ten randomly selected plant samples were chosen from each 
plot to determine leaf area (LA), kernels per ear (KE), ear diameter (ED), ear 
length (EL) and stem diameter (SD). At the harvesting stage, three 4-meter rows 
of maize were harvested from the center of each plot to determine grain yield 
(GY), biomass yield (BY), straw yield (SY), hundred grain weight (HGW) and 
harvest index (HI). Relative water content (RWC) was recorded at the beginning 
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of the grain development stage. Oil percentage (OP) was recorded via a near-
infrared tool while relative water content (RWC) and chlorophyll (CHL) were 
recorded at the starting of the grain formation time. 

Data analysis 

The biplot model as the treatment by trait (TT) interaction was applied 
with GGEbiplot application (Yan, 2001) via blow equation. 

𝛼𝛼𝑖𝑖𝑖𝑖 − 𝛽𝛽𝑖𝑖
𝜎𝜎𝑖𝑖

= �𝜆𝜆𝑛𝑛𝜉𝜉𝑖𝑖𝑛𝑛𝜂𝜂𝑖𝑖𝑛𝑛 + 𝜀𝜀𝑖𝑖𝑖𝑖

2

𝑛𝑛=1

 

where 𝛼𝛼𝑖𝑖𝑖𝑖is the fertilizer i for character j, 𝛽𝛽𝑖𝑖is the average of fertilizers in 
character j, 𝜎𝜎𝑖𝑖𝑖𝑖is the standard deviation of character j, 𝜆𝜆𝑛𝑛is the lambda for PC 
(principal component) n, 𝜉𝜉𝑖𝑖𝑛𝑛 is score for fertilizer i on PCn, 𝜂𝜂𝑖𝑖𝑛𝑛 is score for 
character j on PCn, and 𝜀𝜀𝑖𝑖𝑖𝑖is the error term. 
 

Results and discussion 
 

The fitted TT biplot fourmula elucidated 83% of the variability in the data 
illustrating the performance of maize across various fertilizers. Notably, the 
first two PC models determined for 56% and 27% of this variability, respectively. 
This significant portion of variation underscores the intricate interplay among 
the measured traits across the different fertilizer treatments (Begam et al., 
2024). As emphasized by Janmohammadi et al. (2016), the key structure among 
the characteristics must be evident in the fitted model, and the success of the 
TT biplot model hinges on identifying the first two PC axes. However, in line 
with the report of Sabaghnia et al. (2016), and Porkabiri et al. (2019), it has 
been proposed that two PC axes are adequate for predictive modeling in 
analyses of two-way datasets such as the TT biplot model. Hence, the interaction 
between the seven fertilizers treatments and the thirteen traits in current 
investigation was most accurately predicted by the PC1 and PC2. 

In the polygon-too (Fig. 1), the traits are regarded as the tester, while the 
treatments serve as the entries. This figure effectively showcases which treatment(s) 
excel in specific traits and in this biplot, the fertilizer(s) positioned at each vertex 
indicate the best or worst performers in terms of the characteristics found within 
the section. From Fig. 1, it's evident that the Nano-Zinc fertilizer (Nano-Zn) 
treatment outperformed others in all traits such as grain yield (GY), except 
straw yield (SY), chlorophyll content (CHL) and oil percentage (OP). This suggests 
that Nano-Zn can be deemed as the optimal fertilizer for maize production, 
particularly excelling in these traits. Suganya et al. (2020) corroborated that the 
usage of zinc can enhance maize performance and other characteristics. 
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Figure 1. Which won where tool of treatment by trait (TT) biplot.  

Traits are: leaf area (LA), kernels per ear (KE), chlorophyll content (CHL), ear 
diameter (ED), grain yield (GY), ear length (EL), stem diameter (SD), relative water 
content (RWC), biomass yield (BY), straw yield (SY), hundred grain weight (HGW), 

harvest index (HI) and oil percentage (OP). 
 

Similarly, Ahmad et al. (2024) noted that maize grain yield increased with 
zinc fertilization, significantly boosting both nitrogen uptake and yield. The 
nano-complete fertilizer (Nano-C) emerged as the top-performing fertilizer for CHL 
and SY traits while conventional bulk NPK fertilizer (nitrogen + phosphorus + 
potassium) proved to be the best treatment for the oil percentage (OP) trait. 
Despite the Nano-Zn following to Nano-B demonstrating prowess in grain yield 
and yield component traits, they didn't excel in important traits like oil percentage 
and chlorophyll content. This suggests that yield properties may not necessarily 
correlate with oil percentage or chlorophyll content. Similarly, Farnia et al. (2015) 
found that nano-form fertilizers of zinc and boron improved yield components 
and performance in maize, aligning well with our findings. 

In the vector-view TT biplot, vectors extend from the biplot origin approximate 
the association of traits by the angle cosine (Janmohammadi et al. 2017). The 
relative length of the vectors indicates the remarkable variability described by 
the model, with all measured traits contributing except for plant height (Fig. 2). 



THE EFFECTS OF VARIOUS FERTILIZERS ON MAIZE 
 
 

 
55 

 
Figure 2. Vector tool of treatment by trait (TT). 

Traits are: leaf area (LA), kernels per ear (KE), chlorophyll content (CHL),  
ear diameter (ED), grain yield (GY), ear length (EL), stem diameter (SD),  

relative water content (RWC), biomass yield (BY), straw yield (SY),  
hundred grain weight (HGW), harvest index (HI) and oil percentage (OP). 
 
Notably, the relationships unveiled by this model include: (i) A positively 

association between CHL and SY, between ear length (EL) and leaf area (LA), 
between kernels per ear (KE) and biomass yield (BY), between grain yield (GY) 
and kernels per ear (KE), and between relative water content (RWC) with stem 
diameter (SD), evident from their angles. (ii) A relatively zero association between 
oil percentage (OP) with kernels per ear (KE) and biomass yield (BY), and 
between GY with SY and CHL, indicated by nearly perpendicular vectors. (iii) A 
negative association between chlorophyll content (CHL) and oil percentage (OP), 
illustrated by large obtuse angles (Fig. 2). While most of these predictions align 
with Pearson’s correlation coefficients (Results are not shown), some discrepancies 
arise because the TT biplot method explains less than 100% of the total variation 
(in this study, 83%). Although, these conclusions contain minor errors, the TT 
biplot offers predictions on the overall dataset pattern, making them likely 
more reliable than individual observations (Yari et al., 2018). Significant positive 



M. JANMOHAMMADI, S. SAMADI, N. SABAGHNIA 
 
 

 
56 

correlations between yield performance and kernels per ear as well as significant 
positively correlation between ear length and leaf area have been reported 
(Zhang et al., 2020). 

 

 
Figure 3. Ideal treatment tool of treatment by trait (TT) biplot. 

 
For the quest for identifying an ideal treatment, it is generated as one that 

incorporates various favorable traits in its response. In Fig. 3, the single-arrow 
line represents the mean-trait axis, where fertilizers are ranked based on their trait 
response and divides this axis into two, with the right portion displaying fertilizers 
above mean and the left indicating those below mean (Mohammadi et al., 2023). 
Based on this biplot (Fig. 3), Nano-Zn, Nano-B, and Bio-B exhibited above-average 
performance, while Bio-N, Nano-C, Control, and NPK (nitrogen + phosphorus + 
potassium) demonstrated below-average performance across traits.  

The underperformance of NPK observed in this research aligns with the 
findings of Senthilkumar et al. (2021), who noted that micronutrient applications, 
such as zinc, outperformed NPK fertilizer. An ideal fertilizer should boast the 
high response for all traits, indicated by the long projection onto the mean trait 
axis and the short fertilizer vector. From Fig. 3, Nano-Zn and Nano-B fertilizer 
are close to the location of an ideal one, ranking as high regarding the response 
of traits due to their desirability across most traits. These treatments could serve 
as preferable alternatives to conventional fertilizers like NPK or other bulk fertilizers.  
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Current finding is supported by the study of Yousefzadeh et al. (2021), 
who highlighted that nano-forms of zinc and boron application yielded superior 
performance in various agronomic and yield traits of maize. 

 

 
Figure 4. Ideal trait tool of treatment by trait (TT) biplot. 

Traits are: leaf area (LA), kernels per ear (KE), chlorophyll content (CHL), ear 
diameter (ED), grain yield (GY), ear length (EL), stem diameter (SD), relative water 
content (RWC), biomass yield (BY), straw yield (SY), hundred grain weight (HGW), 

harvest index (HI) and oil percentage (OP). 
 
In the TT biplot, the ideal trait incorporates various favorable treatments 

in its response. In Fig. 4, the single-arrow line represents the average-tester axis 
abscissa, where traits are ranked based on their response to treatments (Ebrahimi 
et al., 2023). Based on this biplot (Fig. 4), biomass yield (BY) and stem diameter 
(SD) following to kernels per ear (KE), ear diameter (ED), relative water content 
(RWC) and grain yield (GY) exhibited similar properties like to ideal trait and 
indicated above-average performance, while oil percentage (OP), hundred grain 
weight (HGW), chlorophyll content (CHL) and straw yield (SY), demonstrated 
unfavorable performance across treatments. In the vector-tool of the model depicted 
in Fig. 5, treatments closely associated with the target trait of good grain yield 
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in maize are highlighted. Nano-Zn and Nano-B emerge as fertilizers good for 
achieving desirable yield performance, indicating that their usage is expected 
to enhance grain yield under drought stress conditions. 

 

 
Figure 5. Examine a trait tool of treatment by trait (TT) biplot,  

for the selected trait (GY, grain yield). 
 
This implies that the use of nano-sized micronutrient fertilizers not only 

promotes high yield perforamnce but also improves other agronomic characteristics, 
thereby enhancing the widespread adoption of such fertilizers. Azam et al. (2020) 
demonstrated the positive effect of zinc nano-fertilizer usage in plant growth and 
performance of maize, attributed to increased activity of growth hormones. 
Similarly, Al-Juthery and Al-Maamouri (2020) emphasized the positive effects 
of boron nano-fertilizer in improving potato traits. Saritha et al. (2022) found that 
nano-composites were safe for crop products, suggesting that the use of nano-sized 
fertilizers is not only beneficial for crop production but also offers economic 
advantages. 

In corn genotypes, two yield components [kernels per ear (KE) and 
hundred grain weight (HGW)] are crucial for selecting genotypes with superior 
grain yield (GY) performance. Fig. 6 presents a biplot based on these traits, which 
captures significant variability; the first two principal components (PCs) account 
for 85% and 15% of this variation, respectively. The trait vectors illustrate the 
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interrelationships among them, a pattern consistent across various datasets. 
Notably, grain yield is more closely related to the number of kernels per ear 
than to the hundred grain weight. Other studies have also highlighted the importance 
of the number of kernels per ear (Liu et al., 2020; Sabitha et al., 2024). For optimal 
selection of corn genotypes, it is advisable to prioritize kernels per ear (KE) over 
hundred grain weight (HGW) in the selection indices. Moreover, selecting based 
solely on both traits is not recommended due to their weak positive correlation; 
focusing on kernels per ear alone yields satisfactory results. The TT biplot model 
demonstrates that selecting based on kernels per ear during the early stages of 
selection is not only logical but also efficient. Additionally, this model facilitates 
genotype assessment based on these two traits. The predominance of the number 
of seeds per plant over seed weight in various cereals has been documented by 
numerous researchers (Matsuyama and Ookawa, 2020; Tehulie and Eskezia, 2021). 

 

 
Figure 6. Vector tool of treatment by trait (TT) biplot, for kernels per ear (KE)  

and hundred grain weight (HGW) with grain yield (GY). 
 
Studies have demonstrated that the utilization of nano-fertilizers leads to 

significant increased efficiency nutrient application, decreased toxicity in fields, 
mitigation of adverse impacts related with over-application, and reduced rates of 
usage. This is particularly significant for reaching the goals of sustainable farming, 
especially in undeveloped regions. The emergence of nanotechnology has introduced 
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a variety of nanomaterials with unique biologic as well as physical and chemical 
properties. Encapsulation of fertilizers within nanoparticles is one such innovation, 
which can be achieved through methods such as encapsulation inside nanopores, 
coating with thin polymer films, and delivery as emulsions of nano-scale dimensions 
(Konappa et al., 2021). Nano-size fertilizers integrate nano-tools for synchronization 
the gradual delivery of fertilizers with crop uptake, thus preventing unfavorable 
fertilizer degradation in the field. The employed TT biplot model serves as an 
accomplished option for imaged analysis of dataset. In comparison to the routine 
numerical models, this procedure offers several benefits: (i) graphical presentation 
enhances understanding of dataset patterns, (ii) interpretative nature facilitates 
pairwise comparisons between treatments. However, a potential limitation of 
the biplot method is its failure to describe most of the variability in some conditions, 
thereby not displaying all structures of the data. Even in such instances, it can 
be ensured that this model of the PC1 and PC2 still captures the large portion 
significant data structures. 
 
 

Conclusions 
 

This study revealed notable disparities among various nano, bio, and bulk 
fertilizers concerning maize performance. Specifically, we found that two nano-
fertilizers, namely nano-zinc and nano-boron, outperformed other fertilizers by 
enhancing the productivity of several key traits in maize, so their application 
emerges as a pivotal factor in maize production. 
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Abstract. Within the region of southeast Algeria, the Berlese method was 
utilized to conduct an inventory of the arthropods that were associated 
with four different types of manure: cow, sheep, goat, and camel. A total 
of 6,908 arthropods were collected, and they were categorized into four 
classes, 14 orders, and 37 families. The three families, Histeridae, 
Sphaeroceridae, and Staphylinidae, were found almost everywhere, with 
the relative abundance of each family varying according to the type of 
manure. The Anthicidae and Scarabaeidae families, which are the only 
two families remaining, were distributed selectively. The Shannon 
diversity index (H’) for arthropod families obtained from the various 
types of manure reveals that sheep and goat manure display the highest 
level of diversity by (H’ = 2.26 bits) and (H’ = 2.23 bits), respectively. The 
frequency of the larval form (86.58%, NI = 5,981) compared to the adult 
form (13.42%, NI = 927) suggests that manure is an appropriate 
environment for incubating the immature stages of several arthropods. 
On occasion, members of certain families of pests were discovered. These 
families include Bostrychidae, Dermestidae, and Gryllotalpidae. 
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Introduction 
 
Animal manure can increase soil fertility by providing N, P, K, and other 

mineral nutrients (Hoffmann et al., 2001; Lupwayi et al., 2000; Bayu et al., 2005). 
Livestock manure increases soil organic matter content and cation exchange 
capacity, as well as the pH of acid and calcareous soils. It also improves soil 
aggregate stability, infiltration, soil macrostructure, and erosion resistance (Bayu 
et al., 2005). The use of animal manure to increase crop yield and restore soil 
fertility is an age-old and important practice for nutrient recycling. Using 
livestock manure is an inexpensive way to fertilize crops (Radke et al., 1988). 

Several studies (Bezanson and Floate, 2019; Buse et al., 2021; Heo et al., 
2015; Mohr, 1943; Pecenka and Lundgren, 2019) have shown that animal dung 
is associated with a wide range of arthropod species. According to (Liu et al., 
2019), animal manure can influence habitat selection for some insectivorous 
birds because it contains coleopteran adults and larvae, which serve as food 
indicators. The arthropod fauna associated with decaying animal manure has 
received significant attention in studies, with the majority of previous research 
focusing on Coleoptera and Diptera, which play critical roles in the dung 
decomposition process (Curry, 1979). 

(Valiela, 1974) stated that the arthropod fauna of soil and vegetation 
invades fresh manure in an orderly pattern, with the number of taxa and 
complexity of the food web increasing as succession occurs. Fresh mammal 
manure is an important food source for many dung-breeding flies and beetles 
(Heo et al., 2015; Nichols et al., 2008). Coprophagous beetles play important 
ecological roles by feeding on animal manure both as adults and larvae (Nichols 
et al., 2008). Within this context, a comprehensive survey was undertaken to 
assess the arthropod population linked to diverse forms of organic fertilizer, 
which directly impacts agricultural practices in southeast Algeria. The manure 
originated from four different sources: cows, sheep, goats, and camels. 

 
 
Materials and methods 

Study area  

The investigation was conducted in the Oued Righ region, located in the 
northeastern part of the Algerian Sahara. The longitude of the location is situated 
between 05°50’ and 05°75’ East, while its latitude ranges from 32°54’ to 39°9’ 
North. The geographical range spans from the southern to the northern regions 
(Lakhdari and Kherfi, 2010; Zahi et al., 2011). The Oued Righ region contains a 
number of oases. These oases are located along a 130 km canal that extends 
between the El Oued and Ouargla provinces (Lembarek and Remini, 2019). Oued 
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Righ exhibits a Saharan climate characterized by a hot summer and a temperate 
winter. The air is relatively dry, with an average annual humidity of approximately 
48%. Precipitation is infrequent and irregular, seldom surpassing 17 mm in the 
most humid month, while maximum temperatures can reach 47 °C (Dehliz et al., 
2018; Lembarek and Remini, 2019). Furthermore, this area is distinguished by the 
existence of wetlands that support a limited variety of plant life but are well suited 
to the challenging ecological conditions caused by the prevailing climate (drought) 
and soil (high salinity) (Koull and Chehma, 2013) (Fig. 1). 
 

 
Figure 1. Study Area and Sampling Sites in Touggourt County, Algeria. 

 

Experimental sites 

The choice of investigation sites was determined by specific criteria, 
including the selection of well-structured farms with a significant number of 
animals and farms where only one livestock species was present to allow for the 
separate study of different manure types. Additionally, farms were chosen where 
the use of chemical products that could harm the manure fauna was avoided 
(Daam et al., 2019; Lumaret et  al.,  2012). Lastly, all selected farms had been 
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operational for at least two years, guaranteeing the presence of a substantial 
number of arthropods that interact with the manure, either directly or indirectly. 
For this study, we chose four farms situated in the southeast of Oued Righ that 
engage in distinct breeding activities (Fig. 2). The average distance between the 
four sampling sites is around three kilometers. 

 

 
Figure 2. Sampling sites for different types of manure: A: Camel farm,  

B: Sheep farm, C: Goat farm, D: Cow farm. 
 

The camel farm covers an area of 200 m2 and is surrounded by date palm 
cultivation in all four directions. The facility accommodates a total of 10 
dromedaries, primarily consisting of young males who are specifically bred for 
meat production. Additionally, the facility is situated in an area that is directly 
exposed to sunlight. The cow and sheep farms are located in close proximity 
and are also encompassed by date palm cultivation on three sides, with the 
Oued Righ channel acting as their northern boundary. The cow farm spans a  
2-ha plot and houses 80 dairy cows, the majority of which are exposed to direct 
sunlight. The sheep farm spans an area of 50 square meters and houses a 
population of 15 individuals, with half of the area being shaded. The goat farm 
is situated within the INRAA (National Institute of Agronomic Research of 
Algeria) station of Touggourt. It spans an area of 320 m² and accommodates 35 
goats. The farm is surrounded by open space in all directions.  
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Animal feeding 

Throughout our research, we recorded the feeds provided for each type 
of animal at the various study sites. Cow feed consists primarily of corn silage, 
69uzern, and other grasses, whereas sheep, camels, and goats eat wheat bran, 
dried dates, barley, and hay. Camel breeders, in particular, use spontaneous 
plants from the Tamaricaceae family when there is a feed shortage. 

Sampling method  

Manure samples were collected monthly, three times per month, over six 
months, from January 2021 to June 2021. The manure sampling was conducted 
randomly, selecting samples from both the central and peripheral areas of each 
farm. All samples contained a mixture of fresh, moist, and dried manure. The 
sampling depth varied between 5 and 10 cm. Furthermore, samples were 
collected consistently between 9:30 AM and 2:00 PM on identical days.  

Extraction of arthropods from manure  

To remove arthropods that are linked to various forms of manure, we 
employed the Berlese funnel, a method that has been endorsed and utilized  
by multiple authors for the purpose of removing arthropods from different 
substrates (Anderson et al., 2013; Bousquet and Laplante, 2006). Prior to 
introducing the substrate into the funnels, arthropods of greater dimensions 
were collected. Two nets were employed: the initial one consisted of a rubber 
material with a pore size of 1.5 mm2, reinforced by a rigid plastic net with a pore 
size of 2 mm2. To ensure that manure samples were of the same volume, we 
used funnels of the same volume, 1400 cm3, for all manure types. The collection 
container was filled with a solution of ethanol with a concentration of 70%. The 
samples were then kept in a controlled environment for five days. 

Techniques for specimen conservation 

The majority of the specimens collected using the Berlese funnel are 
diminutive and susceptible to harm. Hence, they are placed within tubes 
containing a 70% ethanol solution. Specimens of considerable size were affixed 
to entomological pins and stored in a desiccated state. 

Identification of collected arthropods 

The specimens were counted and classified under a stereomicroscope 
utilizing multiple taxonomic identification guides. We employed (Bertone’s, 
2019) key for Dipteran identification and Coleoptera. We consulted the keys 
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provided by (Arnett Jr and Thomas, 2001), (Hagstrum, 2016), and (Jameson, 
2002). Furthermore, we employed the overarching principles outlined by 
(Borror et al., 1970). The unidentified samples were transported to the Zoology 
Laboratory at the National Veterinary School of El Alia. There, they were 
identified and verified in the Arthropod collection of the Forest and Agricultural 
Zoology Department (ENSA). 

Data analysis 

To assess the findings, we used the ecological composition indices of total 
richness (S) (Blondel, 1975), relative abundance (RA%) (Dajoz, 1971), and 
Shannon’s ecological structure indices, which measure species diversity and 
relative abundance in a given sample. It accounts for both the number of species 
and their relative distribution. The diversity index indicates how diverse the 
sample is. The H’ diversity index, ’H’ = -∑ Pi log2 Pi ( Blondel et al., 1973), ranges 
from 0 to H’ max, where H’ max represents the maximum theoretical value.  
H’ max equals Log2 S. And Pielou’s evenness index I E = H’ / H’ max measures the 
consistency with which species are distributed in the sample (Blondel, 1975). It 
accounts for both the number of species and their relative abundance. An equity 
index of 1 indicates a completely even distribution of species, whereas an index 
less than 1 indicates an uneven distribution. Correspondence factor analyses 
(CFA) were conducted on the number of families identified using PAST version 
1.37 (Hammer and Harper, 2001) to investigate the distribution of families in the 
various types of manure examined. Additionally, variance analyses (ANOVA) and 
chi-square tests were performed using version 19 of Minitab software. 

 
 
Results 
 
By extracting arthropods from various forms of manure, we were able to 

classify them into four distinct categories: Entognatha, Arachnida, Crustacea, 
and Insecta. The latter is the most prevalent in all four types of manure (cow, 
goat, sheep, and camel), with relative abundances of 99.97%, 99.54%, 99.73%, 
and 93.53%, respectively. Additionally, it is the only class present in all manure 
types examined. 

Larval and imaginal forms 

Out of the collected Arthropods, 13.42% (NI = 927) were in their adult 
stage, while the larval stage was the most prevalent, accounting for 86.58%  
(NI = 5981). The second group consists of two orders, Diptera and Coleoptera, 
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with abundances of 93.04% (NI = 5565) and 6.96% (NI = 416), respectively. 
The number of Diptera larvae was highest in cow manure (NI = 3567), followed 
by sheep manure (NI = 1350), and lowest in camel manure (NI = 241). The 
abundance of Coleoptera larvae in all the types of manure studied was low, 
ranging from 54 to 197 individuals (54 ≤ NI ≤ 197) (Fig. 3). 

 

 
Figure 3. The number of individuals (NI) of Coleoptera and Diptera larvae  

counted in the four types of camel, cattle, sheep and goat manure. 
 

The chi-square test was used to determine the distribution of Coleoptera 
and Diptera larvae in four different types of manure. The results revealed a 
highly significant (d =1, χ²=4432.74, p < 0.0001) difference between the Diptera 
and Coleoptera orders, with the high dominance of Diptera larvae. 
Furthermore, the distribution of larvae by manure type was found to be highly 
significant (df=3, χ²=503.4, p < 0.0001), indicating a heterogeneous distribution 
of larvae from both orders across the different types of manure. 

After extracting various types of manure, 6,908 arthropods from 14 
orders were recovered (Tab. 1). Diptera (25.76 ≤ RA%≤ 51.45), Coleoptera 
(25.76 ≤ RA% 52.20), and Hymenoptera (1.52 ≤ RA% ≤ 17.13) were the three 
most common orders among the four manure types (cow, goat, sheep, and 
camel). Five orders have a selective presence (recorded in a single type of 
manure): Collembola RA=38.64%, Thysanoptera RA=38.64% (camel manure), 
Isopoda RA=0.61%, Orthoptera RA=0.31% (goat manure), and Lepidoptera 
RA=0.34%. Six orders, Araneae, Hemiptera, Psocodea, Homoptera, Ombioptera 
and Pseudoscorpiones, share two to three types of manure and have low 
relative abundance (0.31 ≤ RA% ≤ 6.06). 
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Table 1. Results of a study on the distribution of arthropod orders in four different 

types of manure: camel, cow, sheep and goat. 
 

Nr 
crt Order 

Camel Cow Sheep Goat 

Ni AR % Ni AR % Ni AR % Ni AR % 

1 Araneae - - 1 0.34 - - 1 0.58 

2 Pseudoscorpiones - - - - 3 0.92 2 1.16 

3 Isopoda - - - - 2 0.61 - - 

4 Collembola 51 38.64 - - - - - - 

5 Diptera 34 25.76 111 37.63 122 37.31 89 51.45 

6 Psocodea 8 6.06 1 0.34 - - - - 

7 Hymenoptera 2 1.52 17 5.76 56 17.13 3 1.73 

8 Thysanoptera 2 1.52 - - - - - - 

9 Homoptera 1 0.76 2 0.68 - - - - 

10 Coleoptera 34 25.76 154 52.20 141 43.12 69 39.88 

11 Lepidoptera - - 1 0.34 - - - - 

12 Hemiptera - - 7 2.37 1 0.31 9 5.20 

13 Ombioptera - - 1 0.34 1 0.31 - - 

14 Orthoptera - - - - 1 0.31 - - 
 Total 132 100 295 100 327 100 173 100 

 
 
The chi-square test was used to determine the most abundant orders in 

four types of manure. Results revealed highly significant differences between 
orders (χ² =444.51 df=15 p ˂ 0.0001), with Coleoptera representing the most 
dominant order (43%), followed by Diptera (39%). The other four orders 
(Collembola, Hemiptera, Psocodea and Hymenoptera) had percentages below 
10%. The distribution of arthropods on the four types of manure also proved 
highly significant (χ² =1032.88, df=5, p ˂ 0.0001). Tab. 2 shows that the four 
manure types account for a total of 37 arthropod families. The findings show that 
their diversity, frequencies, and spatial distribution vary depending on habitat 
type but follow a relatively similar pattern. Goat and sheep manure have higher 
RA% values for some arthropod families compared to other manure types. 
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Goat manure  

Goat manure exhibits the highest level of diversity, encompassing  
24 distinct families. The Sphaeroceridae family has the highest abundance, 
accounting for 42.66% of the total. The families Nitidulidae, Staphylinidae, and 
Scarabaeidae, comprising 6.99% to 11.89% of the total, rank second in terms of 
abundance. 

Camel manure  

Camel manure exhibited the lowest diversity, with a recorded count of  
15 families. Collombola was the most prevalent, accounting for 44.74% of the 
total. Aphodiidae followed with a prevalence of 12.28%. Psocodea, Histeridae, 
Scarabaeidae, and Sphaeroceridae were evenly distributed, with relative 
percentages ranging from 7.02% to 8.77%. 

Sheep manure 
Sheep manure contained 21 families, with the most common ones being 

Staphylinidae (accounting for 29.30% of the total) and Histeridae (accounting 
for 14.42% of the total). The next most frequent families were Formicidae, 
Sphaeroceridae, Carabidae, and Tenebrionidae, with relative abundances ranging 
from 7.44% to 11.63%. 

Cow manure  

Out of the 18 families collected, four families have a notable average 
presence: Histeridae, Sphaeroceridae, Staphylinidae, and Anthicidae, with 
relative abundances of 26.86%, 26.03%, 20.66%, and 10.33%, respectively. The 
results of the analysis of variance (ANOVA) (Tab. 2) indicate that the variations 
in the relative abundance of the families studied are not significantly influenced 
by the period and family parameters, nor by their interactions. 

We performed a multivariate statistical analysis on the arthropod 
population data collected at four distinct stations throughout our investigation 
to gain a thorough picture of the distribution of the different families among the 
four types of manure. The findings are displayed in the Axis 1 and Axis 2 
factorial design of the Correspondence Factorial Analysis (CFA) (Fig. 4), which 
encompasses 83.8% of the data. 
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Table 2. Analysis of variance: impact of manure, months, and families  
on variations in arthropod relative abundance. 

 
Source  df Sum of 

squares  
Mean 

square  
F-Values P-Values 

Manure 3 0.000084 0.000028 0.94 0.423 

Months 5 0.000117 0.000023 0.78 0.563 

Families 37 0.000885 0.000024 0.8 0.798 

Manure* months 15 0.000627 0.000042 1.4 0.144 

Manure* families 111 0.003368 0.00003 1.01 0.453 

Months * families 185 0.00517 0.000028 0.93 0.709 

Error 531 0.015907 0.00003   

Total 887 0.026187    

df: degree of freedom 
 
 

 
Figure 4. Factorial Correspondence Analysis (FCA) showing the association 
between arthropod families and four types of manure in the factorial plane 

(Axis 1 explains the largest portion of variance at 56.6%, and  
Axis 2 explains the second largest portion at 27.2%). 
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The CFA’s factorial design yielded three distinct groups (G1, G2, G3) 
consisting of families linked to a specific type of manure, namely cow, sheep, 
camel, or goat. Group G1 features the eight families with the highest abundance 
in sheep manure, such as Carabidae, Staphylinidae, Tenebrionidae and Histeridae. 
In comparison, group G2 contains six families with the highest numbers in cow 
and goat manure, including Sphaeroceridae, Anthocoridae and Anthicidae. Group 
G3 features the most abundant families in camel manure, including Aphodiidae, 
Scarabaeidae and Collembola. The distance between families and manure type on 
the factorial plane decreases with the increasing workforce of individuals and 
vice versa. Regarding the arthropod population, it is evident that cow manure has 
the highest number of individuals (242) while camel manure has the lowest 
number (114) (Tab. 3). On the contrary, the total richness of goat manure is the 
highest at 24 species, while the other types of manure - sheep, cattle and camel 
have a total richness of 21, 18 and 15 species, respectively. 

 
Table 3. Number of samples (NS), number of individuals (NI), and total richness (S) of 

arthropod families collected from four types of manure. 

 
 

Table 4. Results of a study on the distribution of arthropod families  
in four different types of manure: camel, cow, sheep and goat. 

No 
crt. 

Family 
Camel Cow Sheep Goat 

Ni RA % Ni RA % Ni RA % Ni RA % 
1 Porcellionidae - - - - 1 0.47 - - 
2 Neobisiidae - - - - 1 0.47 - - 
3 Cheliferidae - - - - 1 0.47 1 0.70 
4 Chernetidae - - - - - - 1 0.70 
5 Sphaeroceridae 9 7.89 63 26.033 20 9.30 61 42.66 
6 Psychodidae 2 1.75 6 2.479 2 0.93 4 2.80 
7 Chloropidae 2 1.75 2 0.826 13 6.05 2 1.40 
8 Agromizidae 1 0.88 6 2.479 1 0.47 1 0.70 
9 Scatopsidae - - - - - - 1 0.70 

Parameter Camel Cow Sheep Goat 
NS 90 90 90 90 
NI 114 242 215 143 
S 15 18 21 24 

https://fr.wikipedia.org/wiki/Chernetidae
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No 
crt. 

Family 
Camel Cow Sheep Goat 

Ni RA % Ni RA % Ni RA % Ni RA % 
10 Sciaridae - - - - 1 0.47 1 0.70 
11 Collembola 51 44.74 - - - - - - 
12 Drosophylidae - - - - 9 4.19 1 0.70 
13 Phoridae 1 0.88 - - - - - - 
14 Ephydridae 1 0.88 4 1.653 4 1.86 2 1.40 
15 Aphididae 1 0.88 1 0.413 - - - - 
16 Anthicidae 1 0.88 25 10.331 1 0.47 1 0.70 
17 Aphodiidae 14 12.28 - - - - 4 2.80 
18 Scarabaeidae 10 8.77 1 0.413 4 1.86 17 11.89 
19 Laemophloeidae 2 1.75 - - - - 3 2.10 
20 Histeridae 10 8.77 65 26.860 31 14.42 5 3.50 
21 Corylophidae - - 1 0.413 1 0.47 1 0.70 
22 Staphylinidae - - 50 20.661 63 29.30 10 6.99 
23 Tenebrionidae - - 4 1.653 16 7.44 3 2.10 
24 Carabidae - - 1 0.413 18 8.37 - - 
25 Bostrychidae - - 1 0.413 - - - - 
26 Dermestidae - - 1 0.413 - - - - 
27 Hybosoridae - - - - 1 0.47 - - 
28 Monotomidae - - - - 1 0.47 2 1.40 
29 Cryptophagidae - - - - - - 2 1.40 
30 Nitidulidae - - - - - - 6 4.20 
31 Mycetophagidae - - - - - - 10 6.99 
32 Ptiliidae - - - - - - 1 0.70 
33 Psocodea 8 7.02 - - - - - - 
34 Formicidae 1 0.88 4 1.653 25 11.63 - - 
35 Anthocoridae - - 6 2.479 - - 3 2.10 
36 Liposcelididae - - 1 0.413 - - - - 
37 Gryllotalpidae - - - - 1 0.47 - - 

 Total 114 100 242 100 215 100 143 100 
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The inventory yields two biodiversity indices, namely Shannon’s diversity 
index (H’) and Pielou’s evenness index (E), as presented in (Tab. 5). Shannon’s 
diversity index (H’) was used to assess the diversity of arthropod families in 
various types of manure in southeastern Algeria. The results indicate that the 
H’ values for the different types of manure range from 1.89 to 2.26 bits, 
suggesting a slight variation in arthropod diversity among the different types of 
manure. However, the H max values for the different samples suggest that the 
diversity has not been fully explored, and there may be other families present. 
Pielou’s evenness index (E) for the various manure types varied between 0.67 
and 0.74, indicating that the distribution of arthropods is relatively uniform 
within each manure type. However, the variations between the different 
manure types are not significant. The findings suggest a minor difference in 
arthropod diversity among the various types of manure but a consistent pattern 
in their distribution. 

 
Table 5. Shannon index (H’) and Pielou's evenness index (E) applied to arthropod 

families obtained from four types of manure. 
 

Diversity Camel Cow Sheep Goat 

H’ 1.89 1.94 2.26 2.23 

Hmax 2.71 2.89 3.04 3.18 

E 0.70 0.67 0.74 0.70 
 
 

Discussion 
 
This study allowed the identification of the arthropods found in four 

different types of manure (cow, sheep, goat, and camel) in southeastern Algeria. 
Four classes of arthropods were identified: Entognatha, Arachnida, Crustacea, and 
Insecta. The latter, referring to a specific type, is the most prevalent, constituting 
over 90% of all analyzed manure samples. (Floate, 2011) stated that coprophagous 
insects exhibit a tendency towards being generalists and are drawn to the feces 
of various animal species, albeit with certain preferences. 

Larval and imaginal forms 

The preponderance of larval rather than adult forms can be attributed to 
the nature of manure, which provides a favorable developmental environment 
for the immature stages of certain species, particularly Diptera and Coleoptera 
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associated with various types of manure. According to (Hammer, 1941; Legner 
and Olton, 1970), the components and arrangements of domestic animal 
manure attract females of specific Diptera groups, who lay their eggs within the 
manure, where the larvae feed and develop. Furthermore, the technique used 
to extract arthropods is ineffective for capturing flying insects such as Diptera 
and Hymenoptera. As a result, all adult Diptera collected were submerged 
during the extraction period. Diptera larvae density varied according to manure 
type, with the highest abundance found in cow manure and the lowest in camel 
manure. This variation could be attributed to humidity, which is essential for 
Diptera larvae development. 

According to (Fatchurochim et al., 1989), the amount of moisture in 
manure plays an important role in determining fly abundance. According to 
(Akbassova et al., 2016), of all manure types (cow, sheep, and camel), camel 
manure has the lowest odor, light structure, and moisture content (5-8%). 
According to Ali (Khan et al., 2012), cow manure has a very high moisture content 
of 75.9%. This moisture content is required for the incubation of Musca domestica 
(Linnaeus, 1758) larvae. Cow manure had the highest number of arthropod 
individuals (NI = 242), most likely due to the abundance of decomposer larvae 
(Diptera and Coleoptera) that attract other types of arthropods, including 
predators, as suggested by (Sladecek et al., 2021). Insects colonizing manure at 
the start of the succession encourage the establishment of other insects at the end, 
such as coprophagous beetles and coprophagous insect larvae, as demonstrated 
by (Sladecek et al., 2021). 

Order dominance  

The two predominant orders of arthropods, Diptera and Coleoptera, were 
the most frequently detected among the four types of manure examined. The 
prevalence of these two orders fluctuates, depending on the developmental stage 
of the individuals. Diptera exhibit greater dominance during their immature 
stage, whereas Coleoptera exhibit greater dominance during their adult stage. 
The variation in dominance observed may be attributed to the extraction method 
employed. Various researchers have documented the prevalence of Diptera and 
Coleoptera in various forms of manure (Blume, 1970; Fatchurochim et al., 1989; 
Lee and Wall, 2006; Legner and Olton, 1970; Sladecek et al., 2021). 

Family distribution  

Only three of the 37 arthropod families identified were present in the 
majority of the manure types examined. The Sphaeroceridae are associated with 
decomposing plant and animal organic matter such as dung, leaf litter, manure, 
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and vertebrate corpses, according to a study by (Papp et al., 2021). These various 
types of organic matter create an ideal environment for larval development. 
This information supports the findings, with the Sphaeroceridae family being 
the most extracted in the Berlese apparatus due to the high density of larvae in 
the various types of manure studied. The accumulation of eggs and larvae from 
this and other families makes the environment appealing to certain predators, 
who come second. (Arnett Jr and Thomas, 2001) and (Legner and Olton, 1970) 
considered Histeridae and Staphylinidae to be predators. (Arnett Jr and Thomas, 
2001) discovered that Histeridae prefer large mammals’ excrements, which are 
high in larvae, particularly those of certain dipteran families.  

Other recorded species are from families such as Tenebrionidae, 
Bostrychidae, Dermestidae and Psocodea, which are primarily associated with 
animal feedstuffs like barley and wheat bran, which are commonly infested by 
stored-product insect pests. According to (Subramanyam, 1995), all important 
insect species that harm stored products belong to one of seven families: 
Tenebrionidae, Silvanidae, Dermestidae, Curculionidae, Bostrichidae, Bruchidae 
or Cucujidae. Some insects have a selective distribution, and their presence in 
certain types of manure may be related to the needs of their next generation or 
their feeding preferences. The Scarabaeidae and Aphodiidae families, for 
example, are found exclusively in camel and goat manure. Scarabaeoidea beetles 
in a semi-arid climate have mouthparts adapted to consume dry vertebrate 
pellets, according to a study by (Verdú and Galante, 2004). 

Other families, like the Anthicidae, prefer cow manure because it contains 
more moisture than other types of manure. Adults in this family are omnivorous 
(Werner and Chandler, 1995), eating fungal hyphae, spores, and plant exudates, 
but they can also be opportunistic predators of small arthropods. The Anthicidae 
family includes predatory species as well as saprophagous ones. The Nitidulidae 
family has also been identified in this type of manure. Species in this family are 
predominantly mycetophagous (Jameson, 2002) and saprophagous. It should be 
noted that the Anthicidae and Nitidulidae families' use of cow manure is related 
to their trophic requirements for predatory species and their hyphae richness for 
mycetophagous species (Dickinson and Underhay, 1977). Of the 37 arthropod 
families recorded, 11 were only observed once. The families are Aphididae, 
Dermestidae, Chernetidae, Neobisiidae, Liposcelididae, and Gryllotalpidae. 
According to (Floate, 2011), some arthropod species may be present in manure 
despite having no direct relationship with it. Springtails, millipedes, spiders, 
ground beetles, and ants, for example, may pay them a passing visit. 
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Conclusions 
 
The objective of this study was to enhance our comprehension of the 

arthropod fauna linked to various types of manure that are not well-
documented in the Oued Righ region of southeastern Algeria. This endeavor has 
facilitated our comprehension of the various categories of arthropods, whether 
they are adversaries or allies in oasis agriculture, and has enhanced our 
approach to utilizing this prevalent organic material in agriculture in southeast 
Algeria. Four classes of arthropods were identified: Entognatha, Arachnida, 
Crustacea, and Insecta. Among the four types of manure examined, Insecta was 
found to be the most prevalent. While cow manure is highly fertile for 
coprophagous Diptera larvae, its abundance of larvae creates an appealing 
environment for specific predatory families, particularly Histeridae and 
Staphylinidae. The succession of different families highlights the impact of 
trophic requirements on the distribution of families. Conversely, specific 
families that are regarded as nuisances, such as Gryllotalpidae, Bostrychidae, 
and Dermestidae, are not linked to beneficial manure but can be introduced 
through contaminated cattle feed. Therefore, the farmer must exercise all 
essential measures prior to utilizing this particular organic matter. 
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Abstract. Azo dyes are prevalent anthropogenic compounds, making 
their enhanced treatment crucial in our color-saturated world. This study 
examined the ability of a microbial consortium, comprising Pseudomonas 
aeruginosa (MW584979), Enterobacter hormaechei (MW584986), Providencia 
stuartii (MW584987), Escherichia coli (MZ394117), and Pseudomonas 
xiamenensis (MW585052), to decolorize Sudan orange G in a microbial fuel 
cell (MFC) after determining the optimal conditions for dye decoorization 
using response surface methodology (RSM) and the One Factor at a Time 
(OFAT) method. Degradation products were analyzed using the gas 
chromatography-mass spectroscopy technique. The consortium achieved 
an 88% decolorization rate within 24 hours under the optimal conditions 
identified by the Central Composite Design (CCD) of RSM. These conditions, 
pH 7.0, temperature 35, salinity 5 g/L, and glucose concentration 10 g/L, 
when applied in the MFC, resulted in an enhanced decolorization rate of 
92% and simultaneous electricity generation of 130 mV within 24 hours. 
GC-MS analysis confirmed the breakdown of the azo dye into simpler, less 
toxic compounds. Metabolites produced through RSM and MFC processes 
were identified and compared with controls using chromatography-mass 
spectrometry. Degradation metabolites obtained after treatment of the 
dye wastewater in the MFC include Cyclopentane and cyclopropylidene-
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2(1H)-naphthalenone which highlights the role of microbial enzymatic 
activity in converting complex azo dye structures into environmentally 
benign compounds. These results highlight the successful integration of 
RSM for process optimization and MFCs for enhanced biodegradation and 
renewable energy production. The scalability of this technique is promising, 
given the relatively simple and cost-effective setup of MFC systems. 
Moreover, the economic feasibility of large-scale deployment is enhanced by 
the dual benefits of wastewater treatment and renewable energy production, 
making it a sustainable solution for managing azo dye pollution. 

 
Keywords: wastewater, biodegradation, 16srRNA, electricity generation, 
response surface methodology 

Introduction 

Synthetic dyes such as azo dyes have nitrogen-nitrogen double bond 
attached to the aromatic groups and are the main coloring agents in many 
industries including the textile industry (Cao et al., 2019; Firoozeh et al., 2022; 
Al-Tohamy et al., 2023). They make up most of the synthetic dyes used in 
industries since they are easy to synthesize and cost effective however, some 
are carcinogenic and mutagenic and have been reported to be biotoxic (Das and 
Mishra, 2017; Chen et al., 2021; Ngo and Tischler, 2022; Rafaqat et al., 2022). 
Interestingly, about 10 to 15% of the synthetic dyes used in textile manufacturing 
are lost as wastewater effluent (Md et al., 2021). Hence, treatment of synthetic 
textile wastewater is desirable. However, since physicochemical methods such 
as membrane filtration is energy and cost intensive, biotreatment using 
microorganisms is a safer, cost effective and ecofriendly way to tackle these 
wastewaters (Das and Mishra, 2017; Trivedi et al., 2022; Al-Tohamy et al., 
2023). Trivedi et al. (2022) reported increase in azo dye methyl orange 
decolorization with increase in biomass concentration under denitrifying 
conditions. 

Enacted strict laws and regulations have made the textile wastewater 
treatment an extensive research area worldwide (Al-Tohamy et al., 2023), and 
bioremediation has been of great interest to researchers and industries, as the 
transition toward greener solutions has become more in demand in recent 
times (Cao et al., 2019; Gul et al., 2021; Ngo and Tischler, 2022; Al-Tohamy et al., 
2023). For example, indigenous microbial consortium obtained from a textile 
factory sedimentation tank enhanced the decolorization of an azo dye on a 
broad range of temperature, pH, salinity and dye concentrations (Cao et al., 
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2019). Similarly, a halotolerant yeast consortium (Sterigmatomyces halophilus 
SSA-1575 and Meyerozyma guilliermondii SSA-1547) exhibited 96.1% decolorization 
efficiency when exposed to 50 mg/L of a reactive azo dye (Al-Tohamy et al., 
2023). 

Microbial fuel cell (MFC) is an emerging and promising technology that 
addresses challenges of wastewater treatment while simultaneously incorporating 
bioelectricity production and CO2 emission reduction during microbial metabolism 
(Mittal and Kumar, 2022; Sikder and Rahman, 2023). This novel biological 
approach enhances the rate of anaerobic degradation of complex organics by 
introducing electrodes as an electron acceptor (Matteo, 2018). MFCs can enhance 
further the bioreduction of textile pollutants such as azo dyes as they have an 
infinite resource of terminal electron acceptors (anode) compared to exhaustible 
electron acceptors such as oxygen again, it has electricity generation as an 
additional advantage (Ilamathi and Jayapriya, 2017). Sikder and Rahman, 
(2023) demonstrated significant reduction in COD and TDS of municipal, textile 
and tannery wastewaters with better voltage and current generation from textile 
wastewater with MFC technology. Biodegradation of Remazol Brilliant Blue R 
(RBBR) was accompanied with electricity generation using fungal-based fuel 
cell (Umar et al., 2023). Nk and Rahman, (2020) showed 77.03% COD removal 
with concomitant current production of 4.8 MA and power density of 16.8 
mW/m2 from textile wastewater using single chambered microbial fuel cell. 
Similarly, enhanced anaerobic treatment of dyeing wastewater with microbial 
fuel cell was most effective with electrode area ratio of 1:1 (Hu et al., 2023). 

The present study investigated the impact of different cultural conditions on 
the decolorization of an azo dye (Sudan G) with C.I. Number 11920 using five 
(5) azo dye degrading bacteria as well as MFC for enhanced decolorization. 

Synthetic dyes, particularly azo dyes, are characterized by nitrogen-nitrogen 
double bonds attached to aromatic groups, and they serve as the primary coloring 
agents in various industries, including textiles (Cao et al., 2019; Firoozeh et al., 
2022; Al-Tohamy et al., 2023). These dyes dominate industrial applications due 
to their ease of synthesis and cost-effectiveness; however, many azo dyes are 
carcinogenic, mutagenic, and biotoxic, posing significant environmental and 
health risks (Das and Mishra, 2017; Chen et al., 2021; Ngo and Tischler, 2022; 
Rafaqat et al., 2022). Alarmingly, approximately 10 to 15% of synthetic dyes 
used in textile manufacturing are discharged as wastewater effluent, necessitating 
effective treatment strategies (Md et al., 2021). 

Traditional physicochemical methods for treating textile wastewater, 
such as membrane filtration, are often energy-intensive and expensive, making 
them less sustainable. In contrast, biotreatment using microorganisms offers a 
safer, cost-effective, and eco-friendly alternative to tackle these pollutants (Das 
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and Mishra, 2017; Trivedi et al., 2022; Al-Tohamy et al., 2023). For instance, 
Trivedi et al. (2022) reported enhanced decolorization of azo dye methyl 
orange with increasing biomass concentrations under denitrifying conditions. 
However, existing bioremediation techniques require optimization to address 
the limitations of efficiency and applicability across diverse environmental 
conditions. 

Recent stringent laws and regulations governing textile wastewater 
discharge have driven extensive research into more sustainable and eco-friendly 
solutions (Al-Tohamy et al., 2023). Among these, bioremediation has garnered 
significant interest due to its alignment with the global transition toward 
greener technologies (Cao et al., 2019; Gul et al., 2021; Ngo and Tischler, 2022). 
Microbial consortia derived from textile factory sedimentation tanks, for 
example, have demonstrated remarkable decolorization efficiencies for azo dyes 
under varying conditions of temperature, pH, salinity, and dye concentrations 
(Cao et al., 2019). Similarly, halotolerant yeast consortia have achieved impressive 
decolorization rates of reactive azo dyes, emphasizing the potential of microbial 
approaches in treating dye-laden wastewaters (Al-Tohamy et al., 2023). 

However, despite the promise of bioremediation, the need for more 
efficient, scalable, and multifunctional systems has driven interest in microbial 
fuel cells. These systems combine wastewater treatment with the generation of 
bioelectricity and the reduction of CO₂ emissions during microbial metabolism, 
addressing environmental challenges on multiple fronts (Mittal and Kumar, 
2022; Sikder and Rahman, 2023). 

MFCs work by employing electrodes as terminal electron acceptors in 
microbial metabolism, enhancing the anaerobic degradation of complex organic 
pollutants such as azo dyes. Unlike traditional electron acceptors like oxygen, 
which are finite and location-dependent, the electrodes in MFCs provide a 
continuous and renewable alternative, supporting sustained microbial activity 
and degradation processes, as well as electricity generation (Ilamathi and 
Jayapriya, 2017; Matteo, 2018). This mechanism enables MFCs to significantly 
reduce chemical oxygen demand (COD) and total dissolved solids (TDS) in 
various types of wastewater, including municipal, textile, and tannery effluents. 
Notably, Sikder and Rahman (2023) observed superior voltage and current 
generation during the treatment of textile wastewater, highlighting the dual 
benefits of pollutant removal and energy production. 

Furthermore, recent advances have demonstrated the potential for enhanced 
efficiency through system optimization. For instance, fungal-based MFCs 
successfully biodegraded Remazol Brilliant Blue R (RBBR) while generating 
electricity, showcasing the versatility of MFC technology (Umar et al., 2023).  
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Similarly, Hu et al. (2023) reported improved anaerobic treatment of dyeing 
wastewater by optimizing the electrode area ratio, emphasizing both the 
adaptability and scalability of MFCs for industrial applications. This dual 
functionality not only addresses wastewater treatment challenges but also 
supports the transition toward green energy and reduction in carbon emissions. 
Moreover, the high scalability and adaptability potentials of MFC make them 
practical for industrial wastewater applications, where they can contribute to 
cost-effective, large-scale solutions with significant environmental and economic 
benefits. 

This study builds on these advancements by investigating the impact of 
different cultural conditions on the decolorization of an azo dye (Sudan orange 
G) using a microbial consortium and exploiting MFC technology to enhance 
treatment efficiency and electricity generation, thereby addressing the dual 
objectives of effective azo dye degradation and renewable energy production. 
The findings aim to contribute to the growing body of research on sustainable 
solutions for managing industrial dye pollution. 
 

Materials and methods 

Textile wastewater and isolation of azo dye reducing bacteria 

Sudan orange G, a dye routinely used by local dyers was used as the azo 
dye for the preparation of simulated textile wastewater in this study. High 
purity Sudan orange G dye was purchased from Aldrich Chemical Co, USA and 
was used without prior purification. The chemical structure of Sudan orange G 
is shown in Figure 1. The textile effluent used for bacterial isolation was kindly 
donated by Sunflag Nigeria Limited, and Kofar Mata Dye Pits. The textile 
effluent samples were enriched by introducing 10 mL of samples into 90 mL of 
mineral salt broth enhanced with 0.01% of Sudan orange G dye and contained 
in 250 mL Erlenmeyer flask. Serial dilutions were made from the enriched 
culture of the textile effluent up to dilution 10-3. Subsequently, mineral salt agar 
medium enhanced with 0.01% of Sudan orange G dye was inoculated with 0.1 
mL of each suspension, spread with a glass spreader and incubated at 37 for 72 
hrs. After incubation, zone of clearance around distinct colonies was taken as 
evidence of decolorization and organisms exhibiting dye decolorization 
potential were identified. The same medium was inoculated with a suspension 
derived from a stream water sample, which served as the control. No zones of 
clearing were observed on the control plates. 
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Figure 1. Chemical structure of Sudan orange G 

Bacterial community identification 

Identification of bacterial isolates were based on molecular technique 
and characterization using Polymerase chain reaction (PCR) with appropriate 
primers at Molecular Biology Unit, Medical laboratory Science Department, 
Niger Delta University (Bayelsa State). 

DNA extraction. Five milliliters (5 mL) of an overnight broth culture of the 
bacterial isolate in Luria Bertani (LB) medium was spun at 14, 000 rpm for 3 
mins. The cells were re-suspended in 500 µL of normal saline and heated at 
95oC for 20 mins. The heated bacterial suspension was cooled on ice and spun 
for 3 mins at 14, 000 rpm. The supernatant containing the DNA was transferred 
to a 1.5 mL microcentrifuge tube and stored at -20℃ for other downstream 
reactions. or Gram-positive bacteria with tougher cell walls, the boiling method 
was supplemented with additional steps to enhance lysis and improve DNA 
yield. One such step involved treating the bacterial cells with lysozyme, 
facilitating more effective DNA extraction. 

DNA quantification. The extracted genomic DNA was quantified using the 
Nanodrop 1000 spectrophotometer. DNA purity was assessed by measuring the 
A260/A280 ratio, which provides an indication of protein contamination. A 
ratio within the range of 1.8–2.0 was considered acceptable, ensuring the DNA 
was of sufficient quality for downstream applications such as PCR amplification 
and sequencing. 

The software of the equipment was launched by double clicking on the 
Nanodrop icon. The equipment was initialized with 2 µL of sterile distilled 
water and blanked using normal saline. Two microliters (2 µL) of the extracted 
DNA were loaded onto the lower pedestal; the upper pedestal was brought down 
to contact the extracted DNA on the lower pedestal. The DNA concentration was 
measured by clicking on the “measure” button.    

16S rRNA amplification. The 16s rRNA region of the rRNA gene of the 
isolates were amplified using the 27F: 5’-AGAGTTTGATCMTGGCTCAG-3’ and 
1492R: 5’-CGGTTACCTTGTTACGACTT-3’ primers on an ABI 9700 Applied 
Biosystems thermal cycler at a final volume of 40 microlitres for 35 cycles. 
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The PCR mix utilized for amplification included the X2 Dream Taq Master Mix 
supplied by Inqaba, South Africa, which contains Taq polymerase, dNTPs, and 
MgCl₂ at optimized concentrations suitable for standard PCR reactions. The 
final concentration of primers in the reaction was 0.5 µM, and the total reaction 
volume was 40 µL. While the precise concentrations of Taq polymerase, dNTPs, 
and MgCl₂ are proprietary to the master mix formulation, these are pre-optimized 
by the manufacturer to ensure reproducibility and efficient amplification. The 
PCR conditions were as follows: Initial denaturation, 95℃ for 5 minutes; 
denaturation, 95℃ for 30 seconds; annealing, 52℃ for 30 seconds; extension, 
72℃ for 30 seconds for 35 cycles and final extension, 72℃for 5 mins. The 
product was resolved on a 1% agarose gel at 130 V for 30 mins and visualized 
on a blue light transilluminator.  

Sequencing.Sequencing was done using the BigDye Terminator kit on a 
3510 ABI sequencer by Inqaba Biotechnological, Pretoria South Africa. The 
sequencing was done at a final volume of 10 µL; the components included 0.25 
µL BigDye® terminator v1.1/v3.1, 2.25 µL of 5 x BigDye sequencing buffer, 10 
µM Primer PCR primer, and 2-10 µg PCR template per 100 bp. The sequencing 
condition were as follows; 32 cycles of 96 for 10s, 55 for 5s and 60 for 4 mins. 
Sequencing quality was assessed by reviewing chromatograms generated from 
the 3510 ABI sequencer using appropriate sequencing analysis software. Key 
metrics, such as the quality scores (Phred scores) and the clarity of the 
chromatogram peaks, were evaluated to ensure high-quality reads. Any low-
quality sequences or ambiguous base calls were addressed by trimming the 
affected regions using sequence editing software such as BioEdit or MEGA. If 
significant issues persisted, such as incomplete reads or unclear chromatograms, 
re-sequencing was performed to obtain accurate data. These steps ensured the 
reliability of the sequences used for subsequent phylogenetic analysis. 

Phylogenetic analysis. The obtained sequences were edited using the 
Trace Edit bioinformatics algorithm to ensure accuracy. Similar sequences 
were retrieved from the National Center for Biotechnology Information (NCBI) 
database using BLASTN. The BLAST search parameters included default settings 
for gap penalties and scoring, with the top hits selected based on sequence 
identity (≥97%), query coverage, and relevance to taxonomy. Only closely 
related sequences with high identity scores were chosen for downstream analysis. 
Sequences were aligned using the MAFFT software with default settings to 
ensure accurate multiple sequence alignment. The evolutionary history was 
inferred using the Neighbor-Joining method in MEGA 6.0, employing the Jukes-
Cantor model for sequence evolution. The reliability of the phylogenetic tree 
was assessed through bootstrap analysis with 500 replicates, and bootstrap 
values were included to validate the confidence of the tree branches. 
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The sequences obtained in this study were submitted to the GenBank 
database and assigned the following accession numbers: Pseudomonas aeruginosa 
(MW584979), Enterobacter hormaechei (MW584986), Providencia stuartii 
(MW584987), Escherichia coli (MZ394117), and Pseudomonas xiamenensis 
(MW585052). This ensures transparency and facilitates accessibility for future 
research. The decolorization abilities of the bacterial isolates were evaluated 
using Sudan orange G and maintained in Bushnell Haas broth at 37 for routine 
experiments. 

Azoreductase (azR) gene amplification 

The azR gene of the isolates was amplified using the primers azRF (5’-
GCGGATG(GC)G(GA)TTGTATTAT-3’) and azRR (5’-
ATCAAGCAC(AC)A(CG)(TC)TG(CT)TT-3’) on an ABI 9700 Applied Biosystems 
thermal cycler in a 40 µL reaction volume for 35 cycles. These primers were 
sourced from literature and validated for specificity through initial PCR trials to 
ensure reliable amplification of the target gene in the bacterial species studied.  

The PCR mix contained Taq polymerase for 5 minutes, followed by 35 
cycles of denaturation at 95℃ for 30 seconds, annealing at 57℃for 30 seconds, 
and extension at 72℃for 30 seconds. A final extension step was performed at 
72℃for 5 minutes. 

The PCR products were resolved on a 1% agarose gel, which was run at 
130 V for 30 minutes. A DNA ladder was included on the gel to determine the 
molecular sizes of the PCR products. The gel was stained with SYBR Green, and 
the bands were visualized using a blue light transilluminator. These steps 
ensured the successful amplification and confirmation of the azR gene for 
further analysis 

Effect of cultural conditions on biodecolorization 

The medium here contained mineral salt broth (10 mL) inoculated with 
10 mL of azo dye reducing bacteria at 0.5 McFarland standard solution 
homogeneity of each of the bacterial species (Pseudomonas aeruginosa 
(MW584979), Enterobacter hormaechei (MW584986), Providencia stuartii 
(MW584987), Escherichia coli (MZ394117) and Pseudomonas xiamenensis 
(MW585052) with 0.1 cc g/L of the dye for 24 hrs. The 0.5 McFarland standard was 
chosen as it provides a consistent measure of bacterial density, approximately 
equivalent to 1.5 × 10⁸ CFU/mL, which is commonly used in microbial assays 
for ensuring uniform inoculum size. It served as a general benchmark for the 
initial inoculum, ensuring comparable starting conditions for all isolates. 
Thereafter, microbial growth and decolorization were based on UV-visible light 
spectrophotometer (LaMotte Smart) at 600 nm and 388 nm respectively. 
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Effect of pH. The effect of pH on dye decolorization by bacterial isolates 
was determined using different regimes of pH (4, 5, 6, 7, 8, 9 and 10). The pH of 
the medium was adjusted using 1N solutions of HCl and NaOH to achieve the 
desired pH values (4, 5, 6, 7, 8, 9, and 10) before inoculation. Sets of Erlenmeyer 
flasks containing 20 mL each of mineral salt broth containing 0.1 g/L dye were 
prepared and inoculated with 10 mL of the respective bacterial isolates and 
incubated at 35 for 24 hrs. No inoculum was added in the control tube.  
Thereafter, the extent of decolorization in each flask was assessed by 
centrifuging each broth culture samples at 12,000 rpm for 15 mins after which 
the supernatant was analyzed using a UV-visible light spectrophotometer  
(Chen et al.,2003). During the experiment, the pH was not actively monitored 
or readjusted, as the focus was on assessing the initial pH’s impact on dye 
decolorization. 

Effect of temperature. Mineral salt broth (20 mL) containing 0.1 g/L dye 
was inoculated with 10 mL of the respective bacterial isolates at different 
temperatures (15, 20, 25, 30, 35, 40 and 45℃) and incubated for 24 hrs. The 
temperature of the incubation was controlled using thermostatically regulated 
incubators set to the desired temperatures. Each incubator was pre-calibrated 
to ensure accuracy, and the temperature was monitored periodically during the 
24-hour incubation period using a thermometer placed inside the incubator. 
This ensured consistent temperature conditions throughout the experiment for 
all bacterial isolates. No inoculum was added in the control tube and dye 
concentration was same in all tubes. Thereafter, the extent of decolorization in 
each flask was assessed by centrifuging each broth culture samples at 12,000 
rpm for 15 mins after which the supernatant was analyzed using a UV-visible 
light spectrophotometer (Chen et al.,2003). 

Effect of glucose. To evaluate the effect of glucose concentration on 
microbial dye decolorization, different concentrations of glucose ranging from 
0.1 g/L to 10 g/L were prepared in mineral salt broth, each containing 0.1 g/L 
of the dye. These glucose concentrations were selected based on prior 
experiments to assess the impact of carbon source availability on microbial 
activity, including dye decolorization. 

A 20 mL volume of each glucose concentration was dispensed into 
Erlenmeyer flasks and sterilized by autoclaving. After sterilization, 10 mL of an 
18-hour old microbial culture was added to each flask, and the flasks were 
incubated at 35 for 24 hours. Control tubes, in which no inoculum was added, 
were included to ensure that the dye concentration remained constant across 
all treatments. After the incubation period, the tubes were centrifuged at 
12,000 rpm for 15 minutes to separate the cells from the supernatant. 
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The supernatants were then analyzed spectrophotometrically to determine 
the extent of dye decolorization. Dye reduction was measured by comparing the 
absorbance of the supernatants at the appropriate wavelength before and after 
the incubation period. 

Effect of different sodium salts. Sodium chloride and sodium citrate were 
used at different concentrations (0-10 g/L) to determine their effect on dye 
decolorization. High sodium chloride levels can inhibit bacterial growth in non-
halotolerant species, negatively impacting decolorization whereas, sodium 
citrate may enhance dye decolorization by chelating metal ions that inhibit 
enzymatic activity. Mineral salts broth (20 mL) containing dye concentration 
(0.1 g/L) and different concentrations (0 – 10 g/L) of sodium chloride and 
sodium citrate each was inoculated with 10 mL of the respective bacterial 
isolate and incubated at 35oC for 24 hrs. Thereafter, the extent of decolorization 
in each flask was assessed by centrifuging each broth culture sample at 12,000 rpm 
for 15 mins after which the supernatant was analyzed using a UV-visible light 
spectrophotometer (Chen et al.,2003). 

Effects of nitrogen sources. The effect of various nitrogen sources on dye 
decolorization by bacterial isolates was determined using urea and peptone as 
nitrogen sources. Urea and peptone were selected as nitrogen sources for this 
study due to their widespread use in microbial growth media and their ability 
to provide essential nitrogen for bacterial metabolism. Urea serves as a simple, 
inorganic nitrogen source, while peptone is a complex organic nitrogen source rich 
in amino acids and peptides. These distinct properties allow for the assessment 
of how different forms of nitrogen influence bacterial dye decolorization 
efficiency. Sets of Erlenmeyer flasks containing 70 mL each of sterile mineral 
salt broth containing 0.1g/L dye and 20 mL of different concentration (0 g/L to 
10 g/L) of sterile urea or peptone were prepared and inoculated with 10 mL of 
the respective bacterial isolates. The chosen concentration range (0 g/L to 10 g/L) 
reflects conditions that encompass both nitrogen-limited and nitrogen-rich 
environments, ensuring a comprehensive evaluation of the bacterial isolates’ 
response under varying nitrogen availability. After inoculation, the flasks were 
incubated at 35℃ for 24 hrs. Thereafter, the extent of decolorization in each 
flask was assessed by centrifuging each broth culture sample at 12,000 rpm for 
15 mins after which the supernatant was analyzed using a UV-visible light 
spectrophotometer (Chen et al., 2003).  

Effect of vitamins. Vitamins B2 and B12 were used at different concentrations 
(0‒10 g/L) to determine their effect on dye decolorization efficiency, thereby 
contributing to the optimization of bioremediation strategies. Vitamin B2 (riboflavin) 
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and vitamin B12 (cobalamin) were selected for this study due to their critical 
roles in microbial metabolism and enzymatic functions. vitamin B2 is a precursor 
for flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN), which 
are cofactors involved in various redox reactions essential for microbial energy 
production and enzymatic activities. Similarly, vitamin B12 is a cofactor for 
enzymes that facilitate key metabolic processes, such as methylation and 
reductive reactions, which may directly or indirectly influence the decolorization 
of dyes by supporting the enzymatic pathways responsible for breaking down 
azo bonds. The concentration range tested was selected based on preliminary 
experiments, ensuring that the concentrations covered a spectrum of physiological 
relevance without causing vitamin-induced toxicity or metabolic imbalance. 

Mineral salts broth (20 mL) containing these different vitamin concentrations 
was each inoculated with 10 mL of the respective bacterial isolate and incubated at 
35℃ for 24 hrs. Thereafter, the extent of decolorization in each flask was 
assessed by centrifuging each broth culture sample at 12,000 rpm for 15 mins after 
which the supernatant was analyzed using a UV-visible light spectrophotometer 
(Chen et al., 2003). 

 

Optimization of dye decolorization using response surface 
methodology 

The central composite design of the response surface methodology 
(Design Expert-13) was used to optimize the decolorization of the dyes using 
the values in (Table 1) below. Response surface methodology (RSM) is an 
approach used to generate the best conditions for a system comprising many 
variables to calculate the combined effect of selected variables. In the present 
study, RSM was employed to identify the interaction between the operational 
variables such as pH, temperature, glucose concentration and salinity using the 
central composite design (Table 2). 

 
Table 1. Range and levels of experimental variables  
for decolorization of Sudan orange G by consortium 

Factors Levels 
-α -1 0 +1 + α 

pH 5 6 7 8 9 
Temperature (°C) 25 30 35 40 45 
Glucose 
concentration 

0.5 0.75 1 1.25 1.5 

Salinity 1 3 5 7 9 
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Table 2. The number of runs and factors sed  
for the central composite design experiment 

Std Run Factor 1 
A: pH 

Factor 2 
B: Temp. 
(°C) 

Factor 3 
C; Glucose 
Conc. (g/L) 

Factor 4 
D: Salinity 
(%) 

Response 1  
% 
Decolorization 

Response 2  
Microbial 
Growth 
(600 nm) 

22 1 7 35 14 5 62.65 1.42 
19 2 7 25 10 5 44.02 0.38 
6 3 8 30 12 3 51.02 0.53 
2 4 8 30 8 3 54.12 0.69 
25 5 7 35 10 5 74.14 1.78 
16 6 8 40 12 7 56.74 0.76 
9 7 6 30 8 7 52.81 0.62 
12 8 8 40 8 7 54.89 0.73 
15 9 6 40 12 7 68.25 1.61 
14 10 8 30 12 7 60.86 0.98 
17 11 5 35 10 5 61.02 1.09 
1 12 6 30 8 3 54.78 0.71 
27 13 7 35 10 5 81.73 2.12 
8 14 8 40 12 3 70.12 1.73 
18 15 9 35 10 5 69.18 1.71 
13 16 6 30 12 7 62.74 1.48 
21 17 7 35 6 5 62.64 1.38 
26 18 7 35 10 5 75.47 1.89 
20 19 7 45 10 5 39.87 0.34 
4 20 8 40 8 3 67.85 1.58 
5 21 6 30 12 3 51.81 0.58 
11 22 6 40 8 7 48.89 0.48 
23 23 7 35 10 1 47.28 0.43 
3 24 6 40 8 3 58.98 0.89 
10 25 8 30 8 7 51.02 0.53 
7 26 6 40 12 3 57.87 0.83 
24 27 7 35 10 9 68.81 1.64 

Microbial fuel cell setup 

A double chambered microbial fuel cell was used for enhanced decolorization 
of the dye (Sudan orange G). The set up comprised 0.1 g/L of the dye in 500 mL 
nutrient broth, two graphite rod electrodes (7.0 x 56.0 mm), copper wire 
conductor (1 mm diameter), multimeter and 2500 mL containers. The anode 
chamber of the MFC consisted of poultry dung mixed with sterile water to 
obtain a semi solid consistency. Poultry dung was used as the anode substrate 
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in this MFC setup due to its high organic matter content and diverse microbial 
population, which can facilitate the breakdown of organic compounds and 
generate electrons through microbial metabolism. The cathode chamber consisted 
of the dye inoculated with 1 mL of azo dye reducing bacteria at 0.5 McFarland 
standard solution homogeneity (Pseudomonas aeruginosa (MW584979), 
Enterobacter hormaechei (MW584986), Providencia stuartii (MW584987), 
Escherichia coli (MZ394117) and Pseudomonas xiamenensis (MW585052). 
Before use in the MFC, the electrodes were polished with fine sandpaper or 
abrasive material to remove surface oxidations and increase surface area for 
enhanced microbial attachment and electron transfer. The graphite rod electrodes 
were then carefully prepared to prevent contamination and ensure optimal 
performance. This preparation typically involves cleaning the electrodes with 
ethanol to remove oils or impurities, followed by rinsing them with distilled 
water. Both chambers were connected using a salt bridge (3 cm length; 1cm 
diameter) loaded with saline molten agar prepared by adding 10 g of sodium 
chloride in 100 mL of sterile water. Generation of electric current in the MFC 
was determined using a multimeter connected to the two graphite rods in each 
chamber via copper wire. Power (mv) produced were obtained at intervals of 
12 hours for 3 days. Optimal conditions (as determined by RSM) were maintained 
in the cathode chamber during the experiment.  

 
Figure 2. The microbial fuel cell 

Bio decolorization, biodegradation and chemical analysis 

Sudan orange G colour removal was monitored every 12 h using UV-visible 
light spectrophotometer at the maximum absorbance wavelength (λmax) of 
dye (i.e., 388 nm). Dye biodegradation was monitored by gas-chromatography-
mass spectrometry (GC-MS). After dye degradation (3 days), the samples were 
centrifuged at 12,000 rpm for 5 min and the supernatants obtained were used 

MULTIMETER

SALT BRIDGE

Graphite Rod

Graphite Rod

Copper wire

Poultry dung

Anode Cathode

Synthetic dye wastewater

Cathode chamber

Anode chamber

Flow of electrons



C.J. ECHEJIUBA, C.J. OGUGBUE, I.S. OBUEKWE 
 
 

 
98 

to extract metabolites. Thereafter, the absorbance of Sudan orange G broth was 
monitored in a UV-visible spectrophotometer at maximum absorption wavelength 
(388 nm). All the experiments were performed in triplicate and the results were 
expressed in terms of percentage decolorization as calculated using the formula 
(Eq.1) (Uppala et al., 2015). 
 

Eq. 1. 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 % =  𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴 – 𝐹𝐹𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴

 × 100 
 

The chemical changes in the redox dyes during decolorization were 
analyzed using Gas Chromatography-Mass Spectrometry (GC-MS). For sample 
preparation, an aliquot of the decolorized dye was transferred into Erlenmeyer 
flasks, and 15 mL of methanol was added. The mixture was vigorously agitated 
and left to stand for 24 hours. Following this, the extract was filtered through 
No.1 Whatman filter paper using a funnel, and the filtrate was collected in a 100 mL 
conical flask. The resulting extract was then subjected to GC-MS analysis. 

One microliter (1 μL) of the methanol extract was injected into the GC-MS 
instrument. The GC oven temperature program was as follows: an initial 
temperature of 60 for 2 minutes, followed by a ramp to 300 at a rate of 10 per 
minute, and held at 300 for 6 minutes. The mass spectrometer was operated 
with a transfer line temperature of 240, ion source temperature of 240, and an 
electron ionization energy of 70 eV. The scan interval was set at 0.1 seconds, 
with a scan time of 0.2 seconds, and a scan range from 50 to 600 Daltons. The 
GC-MS method was validated by assessing specificity, precision, and accuracy 
using standard reference compounds. The spectra obtained from the GC-MS 
were processed using TurboMass Ver 5.4.2 software and compared to the 
National Institute of Standards and Technology (NIST-2008) standard library 
database for compound identification. 

Results and Discussion 

The 16S rRNA sequence obtained from the isolate showed a 100% 
similarity with sequences in the NCBI non-redundant nucleotide (nr/nt) database, 
matching species such as Providencia stuartii, Pseudomonas aeruginosa, 
Pseudomonas xiamenensis, Escherichia coli, and Enterobacter hormaechei. 
Phylogenetic analysis using the Jukes-Cantor method revealed that the isolates 
are closely related to these species, with evolutionary distances supporting 
their placement within the genera Providencia, Pseudomonas, Escherichia, and 
Enterobacter. The sequences and their respective accession numbers were as follows: 
Pseudomonas aeruginosa (MW584979), Enterobacter hormaechei (MW584986), 
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Providencia stuartii (MW584987), Escherichia coli (MZ394117), and Pseudomonas 
xiamenensis (MW585052) (Table 2). This genetic analysis confirms the close 
evolutionary relationships of the isolates with these species, as shown in (Figure 3) 
and (Figure 4). 

 
Figure 3. Agarose gel electrophoresis of the 16S rRNA gene of some selected bacterial isolates. 
Lanes B1-B5 represent the 16SrRNA gene bands (1500bp), lane L represents the 100bp 

molecular ladder. Key: B1= Pseudomonas aeruginosa; B2= Enterobacter hormaechei;  
B3= Providencia stuartii; B4= Escherichia coli; B5= Pseudomonas xiamenensis.  

 
Figure 4. Neighbor-Joining tree based on 16S RNA gene sequence showing Relationship 

between Providencia startii, Pseudomonas aeruginosa, Pseudomonas xiamenensis, 
Escherichia coli, and Enterobacter hormaechei. Key: A= Pseudomonas aeruginosa;  

B= Enterobacter hormaechei; C= Providencia stuartii; D= Escherichia coli;  
E= Pseudomonas xiamenensis 
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The sequences obtained and their corresponding accession numbers were: 
Pseudomonas aeruginosa (MW584979), Enterobacter hormaechei (MW584986), 
Providencia stuartii (MW584987), Escherichia coli (MZ394117), and Pseudomonas 
xiamenensis (MW585052) (Table 2). This data provides a detailed genetic 
characterization, confirming the high similarity and close evolutionary relationships 
of the isolates with these known bacterial species. (Figure 5) depicts the agarose gel 
electrophoresis of the azR gene. Lanes A and C represent the azR at 500bp while 
lane L represents the 100 bp molecular ladder affirming that some of the 
bacterial species (Pseudomonas aeruginosa and Provindencia stuartii) possess 
the azoreductase enzyme gene in their chromosomes. 

 
 
Table 3. Accession numbers of bacteria isolated from textile waste water 

Isolate 
Code 

Accession 
Number 

Similarity 
Index (%) 

Bacterial Species 

A MW584979 100 Pseudomonas aeruginosa 
B MW584986 96 Enterobacter hormaechei 
C MW584987 100 Providencia stuartii 
D MZ394117 100 Escherichia coli 
E MW585052 100 Pseudomonas xiamenensis 

 
 

 
Figure 5. Agarose gel electrophoresis of the azR gene. Lanes A and C represent  
the azR at 500bp while lane L represents the 100 bp molecular ladder.Key: A= 
Pseudomonas aeruginosa; B= Enterobacter hormaechei; C= Providencia stuartii;  

D= Escherichia coli; E= Pseudomonas xiamenensis 

azR (500 bp)

A L B C D E

100 bp
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Azoreductases play a crucial role in the bacterial degradation of azo dyes, 
a major class of synthetic dyes widely used in various industries. Azo dyes are 
characterized by the presence of one or more azo linkages (-N=N-). The azr gene 
encodes azoreductase enzymes, which catalyze the reductive cleavage of these 
azo bonds. This cleavage is a critical initial step in the biodegradation pathway 
of azo dyes, breaking down the complex dye molecule into smaller, less colored, 
and potentially less toxic aromatic amines. The general biochemical pathway 
involves the transfer of electrons from NADH or NADPH to the azo bond, 
resulting in its cleavage. This reaction typically occurs under anaerobic or 
microaerobic conditions. 

The azr gene was chosen for investigation because azoreductase activity 
is a key indicator of a bacterium’s ability to decolorize azo dyes. Detecting the 
presence of the azr gene provides direct evidence of the potential for azo dye 
degradation. Furthermore, the azr gene is a commonly studied marker in 
research on bacterial dye decolorization, allowing for comparisons with other 
studies. 

The detection of the azr gene in Pseudomonas aeruginosa and Providencia 
stuartii in this study is consistent with previous research. Azoreductase activity 
has been widely reported in various bacterial species such as Shewanella oneidensis, 
Rhodococcus opacus, Halomonas elongata, and Pseudomonas putida (Qi et al., 2016; 
Mendes et al., 2011; Mugerfeld et al., 2009; Qi et al., 2017; Eslami et al., 2016).  

The data on the effect of various pH levels on dye decolorization by isolates, as 
presented in (Figure 6), reveal critical insights into the process’s sensitivity to 
this environmental factor. Optimal decolorization for both dyes was achieved 
at a neutral pH of 7. This suggests that the enzymes or other biological 
mechanisms responsible for dye breakdown within the bacterial isolates 
function most efficiently under these conditions. As the pH shifted towards 
acidity (pH 4), the decolorization efficiency significantly declined, with the 
lowest performance observed at this most acidic level. Similarly, as the pH 
increased towards alkalinity, the decolorization extent also decreased. These 
trends are consistently illustrated in Figure 4 for all dyes tested. The significant 
differences (p < 0.05) in the percentage of dye decolorization at various pH 
levels underscore the pronounced impact of pH on the decolorization process. 

The strong pH dependence observed can be attributed to several factors. 
Firstly, pH significantly influences the activity and stability of enzymes. Many 
enzymes have specific pH optima, and deviations from this optimum can lead 
to conformational changes that reduce or abolish their catalytic activity. The 
enzymes involved in dye degradation within the bacterial isolates likely exhibit 
such pH sensitivity. Secondly, pH affects the surface charge of both the bacterial 
cells and the dye molecules. At extreme pH values, the charges on the bacterial 
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cell surface and the dye molecules might become similar, leading to electrostatic 
repulsion and hindering the interaction between the bacteria and the dye. This 
reduced interaction can limit dye adsorption onto the bacterial cells, a crucial 
initial step in the decolorization process. Thirdly, pH can impact the redox 
potential of the system, influencing the availability of electron donors and 
acceptors needed for enzymatic reactions involved in dye breakdown. 
 

 
Figure 6. Effect of various pH on decolorization extent of Sudan orange G 

 
These results are consistent with findings reported in the literature 

for other dye-decolorizing bacteria. For instance, studies on degradation of 
Malachite green by a bacterial culture have also demonstrated optimal dye 
decolorization at neutral or near-neutral pH, with decreased efficiency at both 
acidic and alkaline pH values (Etezad and Sadeghi-Kiakhani, 2021). Similarly, 
research on decolorization of Orange II by Bacillus subtilis has shown that pH 
affects the expression of dye-degrading enzymes, with optimal expression often 
observed around neutral pH (Ikram et al., 2022).   The near-neutral pH range 
also aligns with the findings of Liu et al. (2017), who suggested that slightly 
acidic to neutral pH is generally optimal for bacterial dye degradation, although 
the specific range can vary depending on the microbial consortium. Deviations 
from this range can affect enzyme structure and activity, thus reducing 
decolorization efficiency, as well as impacting microbial growth and community 
dynamics, as highlighted by Lui et al. (2016). 

However, it’s important to note that the specific pH optima and the extent 
of pH influence can vary depending on the bacterial species, the type of dye, and 
the specific enzymatic mechanisms involved. For example, Methyl orange 
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decolorization has been shown to be optimal under slightly alkaline conditions 
(Trivedi et al., 2022), whereas Mordant Black 11 dye removal by Staphylococcus 
sp. MB377 is favored by acidic pH (Tahir et al., 2021). This variability highlights 
the importance of characterizing the pH dependence of dye decolorization for 
each specific bacterial isolate and dye combination.  

The impact of various temperature regimes on dye decolorization by 
different bacterial isolates is illustrated in (Figure 7). The data clearly demonstrate 
that the highest level of dye decolorization was achieved at an optimal temperature 
of 35℃, highlighting the enhanced metabolic activity and efficiency of the 
isolates at this temperature. This optimal temperature suggests that the enzymes 
involved in the dye degradation pathways within these bacteria are most efficient 
around 35℃. Enzymes, being biological catalysts, typically have a temperature 
range within which they function optimally. Beyond this range, their activity can 
decrease due to denaturation or other conformational changes. 

 

 
 

Figure 7. Effect of different temperature regimes  
on decolorization extent of Sudan orange G 

 
Conversely, the lowest decolorization performance was recorded at 15, 

indicating that lower temperatures significantly impede the decolorization 
process. At lower temperatures, the metabolic activity of the bacteria slows 
down. This includes reduced enzyme activity, slower transport of molecules 
across cell membranes, and decreased rates of biochemical reactions essential 
for dye degradation. Essentially, the bacteria are less metabolically active and 
therefore less efficient at breaking down the dye molecules. 
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These findings underscore the importance of maintaining an optimal 
temperature to maximize the efficacy of bacterial dye decolorization, providing 
a direction for the development and optimization of bioremediation protocols. 
The 35 optimum observed in this study is consistent with the typical growth 
temperature range for many mesophilic bacteria, which thrive in moderate 
temperatures (20-45). Many studies have reported similar optimal temperatures for 
dye decolorization by various bacterial species. For example, in a study by 
Ikram et al. (2022) it was shown that optimal dye removal was at 35 during 
decolorization of Orange II by Bacillus subtilis. Similarly, a bacterium has also 
demonstrated enhanced Malachite green decolorization at temperatures close 
to 35 (Etezad and Sadeghi-Kiakhani, 2021). Dafale et al. (2016) also reported 
the moderate temperature range (25 to 35) as optimal for bacterial dye 
degradation. Taha et al. (2014) emphasized the importance of temperature 
control for optimizing microbial activity and minimizing the release of harmful 
intermediates during dye degradation.  

However, it’s important to note that the optimal temperature for dye 
decolorization can vary depending on the specific bacterial species, the type of 
dye, and other environmental factors. Some bacteria, such as Proteus mirabilis, 
can thrive and degrade pollutants at higher temperatures of 40 (Madhushika et 
al., 2021). Therefore, while 35 appears to be optimal for the isolates in this 
study, it’s not a universal optimum for all dye-decolorizing bacteria.  

The results on the effects of glucose concentration on dye decolorization 
by various bacterial Isolates are detailed in (Figure 8). The data reveal that the 
optimal decolorization of dyes was achieved at a glucose concentration of 10 g/L, 
showcasing the most efficient breakdown and removal of dye compounds 
under these conditions. In contrast, the lowest decolorization performance was 
observed at a glucose concentration of 0.1 g/L, indicating that insufficient 
glucose levels significantly hinder the decolorization process. This highlights 
the crucial role of glucose as a readily available carbon and energy source for the 
bacterial isolates, directly influencing their metabolic activity and, consequently, 
their ability to decolorize dyes. 

Glucose influences the decolorization process at the microbial level in 
several key ways. Firstly, it serves as a primary carbon and energy source. 
Bacteria utilize glucose for essential metabolic processes, including growth, 
maintenance, and reproduction. Adequate glucose availability fuels these processes, 
providing the energy (ATP) and reducing equivalents (NADH) necessary for the 
enzymatic reactions involved in dye degradation. These reducing equivalents 
are particularly important in the reductive cleavage of azo dye bonds, a common 
mechanism for bacterial decolorization. Glucose acts as a crucial electron donor, 
promoting microbial growth and activity, which in turn enhances azo bond 



DECOLORIZATION OF AZO DYE AND ELECTRICITY PRODUCTION USING BACTERIAL CONSORTIUM 
 
 

 
105 

reduction and dye decolorization (Keziban, 2019). Secondly, glucose can act as 
a co-metabolite. In some cases, the presence of glucose might be required for 
the bacteria to effectively utilize the dye as a secondary carbon source or for the 
enzymes involved in dye degradation to function optimally. While Pseudomonas 
putida WLY could utilize X-3B as its sole carbon source, its slow growth rate 
suggests that X-3B alone might not be an easily accessible carbon source. The 
addition of glucose significantly boosted both its growth and decolorization 
rate, indicating that glucose likely facilitated the utilization of the dye through 
co-metabolism or by providing an easily accessible form of carbon. Thirdly, 
glucose can influence the expression and activity of dye-degrading enzymes. It 
can stimulate the production of crucial enzymes like azoreductases, which are 
often involved in the initial steps of azo dye breakdown. Essentially, glucose acts 
as a metabolic trigger, enhancing the bacteria’s overall metabolic machinery, 
including the specific enzymes needed for dye decolorization. 

 

 
Figure 8. Effect of various glucose concentrations  

on decolorization extent of Sudan orange G 
 

The importance of supplementary carbon sources for enhancing bacterial 
dye decolorization is well-documented. Our finding of 10 g/L glucose as optimal 
aligns with previous work. For example, Al-Ansari et al. (2022) observed improved 
Acid Orange decolorization by Enterobacter aerogenes ES014It with 1.5% 
glucose (equivalent to 15 g/L), while Sarkar et al. (2021) reported enhanced 
Congo Red removal by Chryseobacterium geocarposphaerae DD3 with 5 g/L glucose. 
Glucose’s effectiveness is further supported by Kumaravel and Shanmugam (2024). 
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While glucose is often preferred, other carbon sources can also play a role. 
Zhang et al. (2021), for instance, showed that fructose co-metabolism enhanced 
Reactive Black 5 wastewater remediation by a Pseudomonas aeruginosa strain. 
This study reinforces the need to optimize carbon source availability for efficient 
bioremediation. 

The effects of sodium chloride on dye decolorization by various bacterial 
isolates are detailed in (Figure 9). Optimal decolorization occurred at 5 g/L 
NaCl, suggesting this concentration promotes optimal microbial activity and 
efficiency. This aligns with studies suggesting that moderate salinity concentrations, 
around 5 g/L, are generally optimal for promoting microbial growth and enzyme 
activity (Hague et al., 2023). Tian et al. (2021) highlighted the importance of 
salinity control for effective dye degradation, as it influences microbial activity. 
Conversely, lower salt levels (0.1 g/L) significantly hindered decolorization. 
This indicates that while some salt is beneficial, too little can limit the bacteria’s 
metabolic processes necessary for dye breakdown. Sodium chloride, at appropriate 
concentrations, can contribute to maintaining optimal osmotic pressure for bacterial 
cells, supporting enzyme activity and nutrient uptake. It can also influence 
the solubility and availability of the dye itself. However, excessively low salt 
concentrations can disrupt osmotic balance, potentially hindering cell growth 
and enzyme function. Our findings also align with Trivedi et al. (2022), who 
observed that Methyl Orange decolorization was unaffected by salinity up to 10 
g/L NaCl, with an optimum between 5 and 8 g/L, further supporting the idea of 
an optimal range. While our study suggests 5 g/L as optimal, the difference may be 
due to the specific dye, bacterial isolates, or other experimental conditions.  

 

 
Figure 9. Effect of various sodium chloride concentrations  

on the decolorization extent of Sudan orange G 
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The halotolerance of the isolates, demonstrated by their ability to function in 
moderate salinity, makes them particularly promising for bioremediation in 
environments like textile wastewater, which often contains significant amounts 
of salt. 

The impact of sodium citrate on dye decolorization is presented in 
(Figure 10). Optimal decolorization occurred at 5 g/L, while 10 g/L generally 
resulted in lower performance, particularly for E. coli. Sodium citrate, as a carbon 
source, can influence the metabolic pathways related to dye degradation. Citrate 
can be metabolized to provide energy and reducing equivalents, which are 
essential for the enzymatic breakdown of dyes. However, high concentrations 
might lead to substrate inhibition or competition for metabolic resources, thus 
hindering the decolorization process. This may be due to the phenomenon of 
catabolite repression, wherein the presence of a preferred carbon source 
(citrate) inhibits the expression of genes required for utilizing the dye. Our optimal 
concentration of 5 g/L suggests this is an effective concentration, where it 
promotes bacterial activity but not to an inhibitory extent. Georgiou et al. 
(2004) found that sodium salts can selectively promote the growth of bacteria 
with high azoreductase activity, which aligns with the observation of improved 
decolorization. Our results further emphasize the importance of optimizing 
sodium citrate concentrations, as both insufficient and excessive amounts can 
negatively impact dye removal.  
 

 
Figure 10. Effect of various sodium citrate concentrations on Sudan orange G 

 
Data on effect of urea on dye decolorization are presented in (Figure 11). 

A concentration of 0.1 g/L proved optimal, whereas 8 g/L significantly reduced 
decolorization. Urea serves as a nitrogen source, which is crucial for bacterial 
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growth and protein synthesis, including the production of dye-degrading enzymes. 
However, excessively high urea concentrations could lead to ammonia toxicity, 
inhibiting bacterial growth and activity. High concentrations of urea may 
increase the pH of the environment, creating unfavorable conditions for the 
bacteria or the enzymes responsible for dye degradation, or both. 

 

 
Figure 11. Effect of various urea concentrations  
on the decolorization extent of Sudan orange G 

 
 
Fahad et al. (2020) reported that urea, as a nitrogen source, enhances 

microbial growth and activity, particularly in nitrogen-limited environments, 
which supports the concept that an optimized amount can be beneficial. Our 
findings demonstrate that the ideal urea level is low (0.1g/L), which suggests 
that only a minimal amount is necessary to support nitrogen requirements for 
efficient dye decolorization and that an excess might have the aforementioned 
inhibitory effects.  

The data obtained on the effect of various peptone concentrations on dye 
decolorization by bacterial isolates are presented in (Figure 12). Generally, results 
indicate that there were no significant changes in the extent of decolorization of the 
azo dyes at different peptone concentrations. This suggests that peptone, a 
common nitrogen source, may not significantly influence the decolorization 
efficiency of these bacterial isolates under the conditions tested. Understanding 
the limited impact of peptone on decolorization is crucial for optimizing 
nutrient supplementation strategies in bioremediation processes.  
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Figure 12. Effect of various peptone concentrations  

on decolorization extent of Sudan orange G. 
 
 
The effect of vitamin B2 on dye decolorization by various bacterial isolates  

is shown in (Figure 13). The data indicate that the optimal decolorization of the 
dyes was achieved at a vitamin B2 concentration of 10 g/L. Conversely, the 
lowest decolorization performance was observed at a concentration of 0.5 g/L.  

 
 

 
Figure 13. Effect of various vitamin B2 concentrations  

on the decolorization extent of Sudan orange G 
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These findings highlight the importance of vitamin B2 in enhancing microbial dye 
decolorization, potentially due to its role as a coenzyme in various biochemical 
reactions. Vitamin B2 can selectively promote the growth of certain microbial 
populations that are more efficient in dye decolorization. This can lead to a more 
robust and efficient microbial community capable of higher decolorization rates. 
Sihang et al. (2013) in his study found that the addition of vitamin B2 enriched specific 
microbial communities that were more effective at decolorizing textile dyes. 

The results on the effects of vitamin B12 on dye decolorization by various 
bacterial isolates is presented in (Figure 14). This paper identified 0.5 mg/L as 
an optimal concentration for maximizing the decolorization efficiency of azo 
dyes without causing inhibitory effects. vitamin B12 likely enhances decolorization 
by acting as a cofactor in metabolic pathways critical for dye breakdown. 
vitamin B12 can enhance the decolorization process, however, its concentration 
must be optimized to avoid potential inhibitory effects.  
 

 
Figure 14. Effect of various vitamin B12 concentrations  

on the decolorization extent of Sudan orange G 
 
Interactive effects of multiple variables on the percentage decolorization 

and microbial growth were investigated using 3-D surface plots (Figure 15), 
generated by varying two independent variables while holding others at their 
central levels. This approach, employing response surface methodology, allows 
visualization of the combined effects of the tested parameters. RSM typically 
involves statistically designed experiments to assess the influence of multiple 
factors and their interactions (Table 4). The data are then used to create 
response surfaces, which depict the relationship between the factors and the 
measured response (in this case, decolorization and microbial growth). This 
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allows for optimization of the process by identifying the factor combinations 
that yield the best results. RSM analysis identified the following ranges as 
having the greatest impact on both decolorization and microbial growth: pH 
6.5-7, temperature 30-35°C, glucose 0.75-1 g/L, and salinity 4.5-5 g/L. 

 

     

     

               

            
Figure 15. 3-D surface plot for the optimization of Sudan orange G decolorization by 

isolates in consortium of various parameters 
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Table 4. Composition of various experiments of the CCD for independent variables 
and responses (actual and predicted) by isolates in Consortium in Sudan orange G 

 
Run A; 

pH 
B: Temp 

(t) 
C: Glucose 
Conc. (g) 

D: Salinity 
(g) 

% Decolorization Microbial Growth 
(600 nm) 

     Actual Predicted Actua
l 

Predicted 

1 5 35 1 5 73.45           76.58 1.52           1.50 
2 6 30 0.75 3 66.81           64.97 1.38           1.37 
3 8 40 1.25 7 53.07           52.88 0.96           0.99 
4 8 30 0.75 7 68.98           67.33 1.48           1.51 
5 8 40 0.75 7 58.45           59.15 0.98           1.20 
6 8 30 0.75 3 65.14           66.01 1.38           1.50 
7 8 30 1.25 7 63.89           62.02 1.32           1.32 
8 7 35 1 1 75.78           75.16 1.68           1.54 
9 6 30 1.25 7 66.82           65.07 1.42           1.42 

10 7 35 1 9 67.88           71.26 1.44           1.36 
11 8 40 1.25 3 58.78           59.37 0.97           1.22 
12 7 35 1.5 5 70.75           72.78 1.58           1.56 
13 6 40 0.75 7 62.14           60.30 0.99           1.22 
14 6 30 1.25 3 69.84           68.41 1.49           1.46 
15 7 45 1 5 20.14           19.69 0.62           0.30 
16 7 35 1 5 87.81           88.25 2.78           2.82 
17 9 35 1 5 74.01           73.64 1.78           1.58 
18 7 35 1 5 88.04           88.25 2.81           2.82 
19 7 25 1 5 31.01           34.22 0.72           0.83 
20 6 30 0.75 7 68.89           67.57 1.47           1.41 
21 6 40 1.25 7 58.45             56.85 0.98           1.05 
22 6 40 1.25 3 62.45           62.07 1.24           1.24 
23 7 35 1 5 88.89           88.25 2.87           2.82 
24 8 30 1.25 3 66.81           66.62 1.48           1.42 
25 7 35 0.5 5 74.89           75.62 1.87           1.67 
26 6 40 0.75 3 58.45           59.59 0.98           1.17 
27 8 40 0.75 3 59.98           59.70 1.31           1.34 

 
Data obtained on power generation (Figure 16) show that the microbial 

consortium in the microbial fuel cell (MFC) generated 127 mV and achieved 
90% decolorization of Sudan orange G within 24 hours. Following this peak, the 
electric power generation gradually declined. This demonstrates the potential 
of MFCs to effectively degrade dyes while simultaneously generating electricity, 
offering a sustainable, dual-benefit bioremediation approach. Optimizing MFC 
operating conditions can further enhance both decolorization efficiency and 
power generation, making this technology promising for environmental 
management. The observed correlation between power generation and dye 
decolorization suggests a direct link between microbial activity and electron 
release. As the bacteria degrade the dye, they release electrons, which contribute 
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to the increased power output. Microbial redox reactions release electrons, which 
are transferred to the MFC anode, generating a current. Efficient dye decolorization 
fuels electron release and thus power generation. However, as the dye substrate 
is depleted, electron release and power generation may decline. This dynamic 
interplay between power generation and dye decolorization in MFCs has been 
observed and studied by others, as highlighted by Li et al. (2021).  

 
 

     

Figure 16. Changes in average daily power (a) generated with time and 
decolourization (b) of Sudan orange G by bacterial consortium coupled  

to MFC during bioremediation study 
 
 
The GC-MS chromatograms (Figures 17-19) provide strong evidence of 

the azo dye’s transformation after optimization and MFC treatment. The emergence 
of various degradation metabolites demonstrates the comprehensive breakdown 
of the dye into simpler compounds. Specifically, the identified metabolites post-
MFC treatment were undecanoic acid, 10-methyl-, methyl ester, cyclopentane, 
and cyclopropylidene-2(1H)-naphthalenone. Undecanoic acid, 10-methyl-, methyl 
ester, a branched fatty acid ester, suggests bacterial utilization of dye components as 
carbon/energy sources. Cyclopentane, a simple alkane, indicates the breakdown 
of aromatic structures into smaller aliphatic components. Cyclopropylidene-2(1H)-
naphthalenone, a cyclic ketone with a modified naphthalene ring, likely represents 
a degradation intermediate, suggesting further transformation is ongoing. These 
metabolites demonstrate the consortium’s ability to degrade the dye into less 
complex, potentially less toxic compounds. This clearly illustrates the bacterial 
consortium’s ability to not only decolorize but also effectively degrade the azo 
dye into potentially less harmful substances. This transformation highlights the 
efficacy of MFC technology for treating environmental contaminants and advancing 
sustainable wastewater treatment. 

a
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Figure 17. GC-MS chromatogram of the synthetic dye wastewater containing  
Sudan orange G before decolorization by bacterial consortium. 

 
 

 
 

Figure 18. GC-MS chromatogram of decolorized Sudan orange G indicating 
degradation fractions after optimization of dye decolorization  

by bacterial consortium using RSM. 
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Figure 19. GC-MS chromatogram of decolorized Sudan orange G indicating 
degradation fractions after dye decolorization by bacterial consortium in the MFC. 

Conclusion 

The comprehensive dataset derived from this study substantiates the 
efficacy of Pseudomonas aeruginosa (MW584979), Enterobacter hormaechei 
(MW584986), Providencia stuartii (MW584987), Escherichia coli (MZ394117), 
and Pseudomonas xiamenensis (MW585052) in the degradation of azo dyes, 
particularly Sudan orange G. Notably, Pseudomonas aeruginosa (MW584979) 
and Providencia stuartii (MW584987) were found to harbor the azoreductase gene, 
further corroborating their ability to catalyze dye degradation processes. The 
utilization of a consortium approach, facilitated by response surface methodology, 
emerged as an effective strategy for optimizing culture conditions, as initially 
obtained through the One Factor at a Time (OFAT) method. This methodological 
synergy allowed for the maximization of dye decolorization, with experimental 
and predicted values demonstrating the practical utility of RSM. Remarkably, 
the manipulation of process variables resulted in a substantial enhancement of 
dye decolorization, reaching up to 88% within 24 hours. Furthermore, when 
integrated into a microbial fuel cell setup, this approach yielded a remarkable 
92% decolorization efficiency alongside a notable power output of 130 mV. The 
metabolites produced during this process were further analyzed through GC-MS 
chromatography, revealing not only dye decolorization but also significant 
degradation, thereby underscoring the multifaceted remediation capabilities of 
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the microbial culture under investigation. Enhancing Sudan G decolorization 
and electricity generation in a dual-chambered MFC not only addresses the 
environmental issue of dye pollution but also contributes to sustainable energy 
production. Optimizing microbial activity, electrode materials, and operating 
conditions integrates environmental remediation with renewable energy 
generation, paving the way for practical applications of MFCs in wastewater 
treatment and energy production. 

 
Conflict of Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence the 
work reported in this manuscript. 

 
Authors’ Contributions 

Conceptualization and methodology were led by Prof. C.J. Ogugbue. 
Investigation and data curation were conducted by Mr. C.J. Echejiuba and Dr. I.S. 
Obuekwe. Supervision was provided by Prof. C.J. Ogugbue. Funding acquisition 
was secured by Mr. C.J Echejiuba. All authors have read and approved the final 
version of the manuscript for publication. 

References 

Al-Ansari, M.M., Li, Z., Masood, A. & Rajaselvam, J. (2022). Decolourization of azo dye 
using a batch bioreactor by an indigenous bacterium Enterobacter aerogenes 
ES014 from the waste water dye effluent and toxicity analysis. Environ Res, 205, 
112189. https://doi.org/10.1016/j.envres.2021.112189  

Al-Tohamy, R., Ali S. S., Xie, R., Schager, M., Khalil, M. A. & Sun, J. (2023). Decolorization 
of reactive azo dye using novel halotolerant yeast consortium HYC and proposed 
degradation pathway. Ecotoxicol Environ Safe, 263, 115258.  
https://doi.org/10.1016/j.ecoenv.2023.115258  

Cao, J., Sanganyado, E., Liu, W., Zhang, W. & Liu, Y. (2019). Decolorization and 
detoxification of Direct Blue 2B by indigenous bacterial consortium. J Environ 
Manage, 242, 229-237. https://doi.org/10.1016/j.jenvman.2019.04.067 

Chen, G., An, X., Li, H., Lai, F., Yuan, E., Xia, X. & Zhang, Q. (2021).  Detoxification of azo 
dye Direct Black G by thermophilic Anoxybacillus sp. PDR2 and its application 
potential in bioremediation. Ecotoxicol Environ Safe, 214, 112084.  
https://doi.org/10.1016/j.ecoenv.2021.112084  

Chen, K., Wua, J., Liou, D. H. & Sz-Chwun, J. (2003). Decolorization of the textile dyes by 
newly isolated bacterial strains. J Biotechnol, 101, 57–68.  
https://doi.org/10.1016/s0168-1656(02)00303-6  

https://doi.org/10.1016/j.envres.2021.112189
https://doi.org/10.1016/j.ecoenv.2023.115258
https://doi.org/10.1016/j.jenvman.2019.04.067
https://doi.org/10.1016/j.ecoenv.2021.112084
https://doi.org/10.1016/s0168-1656(02)00303-6


DECOLORIZATION OF AZO DYE AND ELECTRICITY PRODUCTION USING BACTERIAL CONSORTIUM 
 
 

 
117 

Dafale, N., Wate, S., Meshram, S. & Nandy, T. (2008). Kinetic study approach of 117emazol black-
B use for the development of two-stage anoxic–oxic reactor for decolorization/ 
biodegradation of azo dyes by activated bacterial consortium. J Hazard Mater, 
159(2-3), 319–328. https://doi.org/10.1016/j.jhazmat.2008.02.058  

Das, A. & Mishra, S. (2017). Removal of textile dye reactive green-19 using bacterial 
consortium: Process optimization using response surface methodology and 
kinetics study. J Environ Chem Eng, 5(1), 612-627.  
https://doi.org/10.1016/j.jece.2016.10.005  

Eslami, M., Amoozegar, M. A. & Asad, S. (2016). Isolation, cloning and characterization 
of an azoreductase from the halophilic bacterium Halomonas elongata. Int. J. Biol. 
Macromol., 85, 111–116.  

Etezad, S. M., & Sadeghi-Kiakhani, M. (2021). Decolorization of malachite green dye 
solution by bacterial biodegradation. Prog. Color Colorants Coat., 14(2), 79-87. 

Fahad, A. A., Abdulaziz, A.A., Hamdah, S.A., Amjad, A.A. & Naushad, A., (2020). 
Photocatalytic blue and rose bengal by using urea derived g-C3N4/ZnO nanocomposites. 
Innov Catalytic Photocatalytic Systems Environ Remediation, 10 (12), 1457. 
https://doi.org/10.3390/catal10121457 

Felsenstein, J. (1985). Phylogenies and the comparative method.  Am. Nat, 125(1),1–15. 
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x  

Firoozeh, F., Shahamat, Y. D., Rodríguez-Couto, S., Kouhsari, E. & Farhad, N. F. (2022). 
Bioremediation for the decolorization of textile dyes by bacterial strains isolated 
from dyeing wastewater. Jordan J Biol Sci, 15(2), 219-225.   
https://doi.org/10.54319/jjbs/150209  

Georgiou, D., Metallinou, C., Aivasidis, A., Voudrias, E. & Gimouhopoulos, K. (2004). 
Decolorization of azo-reactive dyes and cotton-textile wastewater using anaerobic 
digestion and acetate-consuming bacteria. Biochem Eng J, 19(1), 75–79. 
https://doi.org/10.1016/j.bej.2003.11.003  

Gul, H., Raza, W., Lee, J., Azam, M., Ashraf, M. & Kim, K. (2021). Progress in microbial fuel 
cell technology for wastewater treatment and energy harvesting. Chemosphere, 281, 
130828. https://doi.org/10.1016/j.chemosphere.2021.130828  

Hague, M.M., Hague, M.K., Mosharaf, M.K., Rahman, A.,Islam, M.S., Nahar, K. & Molla, A.H. 
(2023). Enhanced biofilm-mediated degradation of carcinogenic and mutagenic 
azo dye by novel bacteria isolated from tannery wastewater. J Environ Chem Eng, 
11(42), 110731. https://doi.org/10.1016/j.jece.2023.110731 

Hu, L, Liu, N., Li, C., Mao, J., Li, M., Yun, Y. & Liu, W. (2023). Performance and response of 
coupled microbial fuel cells for enhanced anaerobic treatment of azo dye 
wastewater with simultaneous recovery of electrical energy. Environ Sci Pollut 
Res Int, 30(38), 89495-89509. https://doi.org/10.1007/s11356-023-28582-x 

Ikram, M., Naeem, M., Zahoor, M., Hanafiah, M. M., Oyekanmi, A. A., Islam, N. U. & Sadiq, 
A. (2022). Bacillus subtilis: As an efficient bacterial strain for the reclamation of 
water loaded with textile azo dye, orange II. Int J Mol Sci, 23(18), 10637. 

Jukes, T.H. & Cantor, C.R. (1969). Evolution of protein molecules: Mammalian protein 
metabolism. Academic Press, New York, 21-132.  
http://dx.doi.org/10.1016/B978-1-4832-3211-9.50009-7  

https://doi.org/10.1016/j.jhazmat.2008.02.058
https://doi.org/10.1016/j.jece.2016.10.005
https://doi.org/10.3390/catal10121457
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.54319/jjbs/150209
https://doi.org/10.1016/j.bej.2003.11.003
https://doi.org/10.1016/j.chemosphere.2021.130828
https://doi.org/10.1016/j.jece.2023.110731
https://doi.org/10.1007/s11356-023-28582-x
http://dx.doi.org/10.1016/B978-1-4832-3211-9.50009-7


C.J. ECHEJIUBA, C.J. OGUGBUE, I.S. OBUEKWE 
 
 

 
118 

Kapdan, I.K., Kargi,F., McMullan, G. & Marchant, R. (2000). Decolorization of textile 
dyestuffs by a mixed bacterial consortium. Biotechnol Lett, 22, 1191181. 
http://dx.doi.org/10.1023/A:1005641430613  

Keziban, A., Nuray, G., Soner, C. & Mahmut, O. (2019). Efficiency of glucose oxidase 
immobilized on tannin modified NiFe2O4 nanoparticles on decolorization of dye 
in the fenton and photo-biocatalyic processes. J Photochem Photobiol, 382, 111935. 
https://doi.org/10.1016/j.jphotochem.2019.111935  

Kumaravel, R. & Shanmugam, V. K. (2024). Biomimetic and ecological perspective 
towards decolorization of industrial important Azo dyes using bacterial 
cultures–A review. Sustainable Chemistry for the Environment, p. 100130. 
https://doi.org/10.1016/j.scenv.2024.100130  

Ilamathi, R. & Jayapriya, J. (2017). Microbial fuel cells for dye decolorization. Environ 
Chem Lett, 16, 239-250   https://doi.org/10.1007/s10311-017-0669-4  

Li, T., Song, H. L., Xu, H., Yang, X. L. & Chen, Q. L. (2021). Biological detoxification and 
decolorization enhancement of azo dye by introducing natural electron 
mediators in MFCs. J Hazard Mater, 416, 125864.  
https://doi.org/10.1016/j.jhazmat.2021.125864  

Liu, W., Liu, L., Liu, C., Hao, Y., Yang, H., Yuan, B. & Jiang, J. (2016). Methylene blue 
enhances the anaerobic decolorization and detoxication of azo dye by 
Shewanella onediensis  MR-1. Biochem Eng J, 110, 115–124.  
https://doi.org/10.1016/j.bej.2016.02.012  

Liu, Y., Huang, L., Guo, W., Jia, L., Fu, Y., Gui, S. & Lu, F. (2017). Cloning, expression, and 
characterization of a thermostable and pH-stable laccase from Klebsiella 
pneumoniae and its application to dye decolorization. Process Biochem, 53, 125–
134. https://doi.org/10.1016/j.procbio.2016.11.015  

Madhushika, H. G., Ariyadasa, T. U. & Gunawardena, S. H. P. (2021). Biodegradation of 
reactive yellow EXF dye: optimization of physiochemical parameters and 
analysis of degradation products. Int J Environ Sci Technol, 1-12.  

Matteo, D., Anna, E. T., Barbara, L., Pierangela, C., Maddalena, P., Elham, J., Giuseppina, 
B. & Andrea, F. (2018). Bioelectrochemical BTEX removal at different voltages: 
assessment of the degradation and characterization of the microbial communities. J 
Hazard Mater, 341, 120-127. https://doi.org/10.1016/j.jhazmat.2017.07.054  

Mendes, S., Pereira, L., Batista, C., & Martins, L. O. (2011). Molecular determinants of azo 
reduction activity in the strain Pseudomonas putida MET94. Appl Microbiol 
Biotechnol, 92(2), 393–405.  

Mittal, N. & Kumar, A. (2022). Microbial fuel cell as water-energy environment nexus: a 
relevant strategy for treating streamlined effluents. Energy Nexus, 7, 100097. 
https://doi.org/10.1016/j.nexus.2022.100097  

Md Burhan Kabir Suhan, S.M. Tanveer Mahtab, Wafi Aziz, Sonia Akter, & Md Shahinoor 
Islam (2021). Sudan black B dye degradation in aqueous solution by fenton 
oxidation process: kinetics and cost analysis. Case Stud Chem Environ Eng, 4, 
100126. https://doi.org/10.1016/j.cscee.2021.10012  

http://dx.doi.org/10.1023/A:1005641430613
https://doi.org/10.1016/j.jphotochem.2019.111935
https://doi.org/10.1016/j.scenv.2024.100130
https://doi.org/10.1007/s10311-017-0669-4
https://doi.org/10.1016/j.jhazmat.2021.125864
https://doi.org/10.1016/j.bej.2016.02.012
https://doi.org/10.1016/j.procbio.2016.11.015
https://doi.org/10.1016/j.jhazmat.2017.07.054
https://doi.org/10.1016/j.nexus.2022.100097
https://doi.org/10.1016/j.cscee.2021.10012


DECOLORIZATION OF AZO DYE AND ELECTRICITY PRODUCTION USING BACTERIAL CONSORTIUM 
 
 

 
119 

Mugerfeld, I., Law, B. A., Wickham, G. S. & Thompson, D. K. (2009). A putative 
azoreductase gene is involved in the Shewanella oneidensis response to heavy 
metal stress. Appl Microbiol Biotechnol, 82(6), 1131–1141. 

Ngo, A. C. R. & Tischler, D. (2022). Microbial degradation of azo dyes: approaches and 
prospects for a hazard-free conversion by microorganisms. J Environ Sci Pub 
Health, 19, 4740. https://doi.org/10.3390/ijerph19084740  

NIST (2008). Glucose in Frozen Human Serum. National Institute of Standards & 
Technology Certificate of Analysis, In: Linstrom PJ, Mallard WG (eds). NIST 
Chemistry WebBook. NIST Standard Reference Database Number 965a. 
Gaithersburg, MD 20899 National Institute of Standards and Technology, 2011, 
20899, http://webbook.nist.gov (retrieved April 27, 2011)  

Nk, S. & Rahman, R. (2020). Microbial fuel cell an alternative for treatment of textile 
wastewater. Int Res J Eng Technol, 7(4), 3962-3967. 

OECD (2017), OECD Due Diligence Guidance for Responsible Supply Chains in the 
Garment and Footwear Sector, OECD Publishing, Paris.  
https://doi.org/10.1787/9789264290587-en  

Qi, J., Paul, C. E., Hollmann, F. & Tischler, D. (2017). Changing the electron donor 
improves azoreductase dye degrading activity at neutral pH. Enzyme  Microb 
Technol, 100, 17–19.  

Qi, J., Schlömann, M. & Tischler, D. (2016). Biochemical characterization of an azoreductase 
from Rhodococcus opacus 1CP possessing methyl red degradation ability. Journal 
of Molecular Catalysis B: Enzymatic, 130, 9–17.  

Rafaqat, S., Ali, N. Torres, C., C. & Rittmann, B. (2022). Recent progress in treatment of 
dyes wastewater using microbial-electro-Fenton technology. RSC Advances, 12, 
17104-17137. https://doi.org/10.1039/D2RA01831D  

Sarkar, S., Echeverría-Vega, A., Banerjee, A. & Bandopadhyay, R. (2021).  decolorisation 
and biodegradation of textile di-azo dye Congo red by chryseobacterium 
geocarposphaerae DD3. Sustainability, 13(19), 10850.  

Sihang, S, Pengfei, F. Yi, X. & Geng, Q. (2013). Experimental research of decoloring 
treatment on vitamin B12 wasterwater. Appl Mech Mater, 295-298:1209-1214 
http://dx.doi.org/10.4028/www.scientific. net/AMM.295-298.1209  

Sikder, S. & Rahman, M. M. (2023). Efficiency of microbial fuel cell in wastewater 
(municipal, textile and tannery) treatment and bioelectricity production. Case 
Stud Chem Environ Eng, 8, 100421.  
https://doi.org/10.1016/j.cscee.2023.100421  

Saitou, N. & Nei, M. (1987). The neighbor-joining method: a new method for 
reconstructing phylogenetic trees. Mol Biol Evol, 4(4), 406-25.  
https://doi.org/ 10.1093/oxfordjournals.molbev.a040454. PMID: 3447015. 

Taha, M., Adetutu, E.M., Shahsavari, E., Smith, A.t. & Ball, A.S., (2014). Azo and 
anthraquinone dye mixture decolorization at elevated temperature and 
concentration by a newly isolated thermophilic fungus, Thermomucor indicae-
seudaticae. J Environ Chem Eng, 2(1), 415-423.  
https://doi.org/10.1016/j.jece.2014.01.015  

https://doi.org/10.3390/ijerph19084740
http://webbook.nist.gov/
https://doi.org/10.1787/9789264290587-en
https://doi.org/10.1039/D2RA01831D
http://dx.doi.org/10.4028/www.scientific.%20net/AMM.295-298.1209
https://doi.org/10.1016/j.cscee.2023.100421
https://doi.org/10.1016/j.jece.2014.01.015


C.J. ECHEJIUBA, C.J. OGUGBUE, I.S. OBUEKWE 
 
 

 
120 

Tahir, U., Nawaz, S., Hassan Khan, U. & Yasmin, A. (2021). Assessment of 
biodecolorization potentials of biofilm forming bacteria from two different 
genera for mordant black 11 dye. Bioremediation Journal, 25(3), 252-270.  

Tian, F., Wang, Y., Guo, G., Ding, K., Yang, F., Wang, H. & Liu, C. (2021). Enhanced azo dye 
biodegradation at high salinity by a halophilic bacterial consortium. Bioresource 
Technol., 326, 124749.  
https://doi.org10.1016/j.biortech.2021.124749  

Trivedi, A., Desireddy, S. & Chacko, S.P. (2022). Effect of pH, salinity, dye, and biomass 
concentration on decolorization of azo dye methyl orange in denitrifying 
conditions. Water, 14, 3747. https://doi.org/10.3390/w14223747  

Umar, A., Abid, I., Antar, M., Dufossé, L., Hajji-Hedf, L., Elshikh, M. S., Abeer El Shahawy, 
A. & Abdel-Azeem, A. M. (2023). Electricity generation and oxidoreductase 
potential during dye discoloration by laccase-producing Ganoderma gibbosum in 
fungal fuel cell. Microb cell fact, 22, 258. https://doi.org/10.1186/s12934-023-
02258-0  

Uppala, R., Sundar, K. & Muthukumaran, A. (2015). Response surface methodology 
mediated optimization of decolorization of azo dye amido black 10B by Kocuria 
kristinae RC3. Inter J Environ Sci Technol, 2018, 1–12.  
https://doi.org/10.1007/s13762-018-1888-3  

Zhang, Q., Xie, X., Xu, D., Hong, R., Wu, J., Zeng, X. & Liu, J. (2021). Accelerated azo dye 
biodegradation and detoxification by Pseudomonas aeruginosa DDMZ1-2 via 
fructose co-metabolism. Environ Technol Innov, 24, 101878. 

 

https://doi.org10.1016/j.biortech.2021.124749
https://doi.org/10.3390/w14223747
https://doi.org/10.1186/s12934-023-02258-0
https://doi.org/10.1186/s12934-023-02258-0
https://doi.org/10.1007/s13762-018-1888-3


STUDIA UNIVERSITATIS BABEŞ-BOLYAI BIOLOGIA, 70, 1, 2025 (p. 121-132) 
doi:10.24193/subbbiol.2025.1.06 
 
 
 
 

Molecular detection of enterotoxin genes (sea and sec)  
in Staphylococcus aureus isolated from dairy products  

in Karaj, Alborz, Iran 
 

Roudabeh Sadraei1, Naser Harzandi1 , Bahman Tabaraei2  
 

1Department of Microbiology, Karaj Branch, Islamic Azad University, Karaj, Iran; 2 Bacterial 
Vaccines and Antigens Production Department, Pasteur Institute of Iran, Tehran, Iran; 

Corresponding author, E-mail: Nasharzan@gmail.com  
 

Article history: Received 25 August 2024; Revised 25 October 2024; 
Accepted 17 January 2025; Available online 25 June 2025 

©2025 Studia UBB Biologia. Published by Babeș-Bolyai University. 
This work is licensed under a Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License. 

 
 

Abstract. Staphylococcus aureus, a significant bacterial agent of food 
poisoning, particularly the strains producing enterotoxins, is a topic of 
paramount importance. The prevalence of these enterotoxins in the dairy 
industry, especially in regions like Karaj city, Alborz province, Iran, with 
its numerous industrial and traditional dairy companies, is a matter of 
great concern for public health. This study aims to evaluate the frequency 
of sea and sec genes among dairy products in Karaj, Iran. We collected 100 
samples of industrial and traditional dairy products, including 25 samples 
of pasteurized milk, 25 samples of pasteurized ice cream, 25 samples of 
raw milk, and 25 samples of traditionally made ice cream, throughout 
Karaj, then transferred them into the laboratory, then cultured on the 
media containing mannitol salt agar and Brad Parker agar. Second, 
enzymatic tests, such as catalase and coagulase tests and biochemical and 
bacterial assessments, including mannitol fermentation and Gram staining 
methods, were employed to detect S. aureus contamination. Besides, the 
presence of sea and sec genes was assessed by PCR. Finally, the data were 
statistically analyzed using SPSS software. The results demonstrated that 
enzymatic and biochemical methods could detect 54 contaminated 
samples by S. aureus among 100 samples. However, as a reliable 
molecular technique, PCR detected 57 S. aureus-contaminated samples 
among all the tested samples. Moreover, it is indicated that 12 and 6 PCR-
positive samples contained enterotoxin A and C types, respectively.  
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In brief, the huge amounts of dairy products in Karaj are significantly 
contaminated by enterotoxin-producing strains of S. aureus, especially 
type A and C. 
 
Keywords: dairy products, enterotoxin A, enterotoxin C, polymerase 
chain reaction, Staphylococcus aureus. 

Introduction 

Food-borne diseases are considered the most vital issue in public health 
because millions of people are annually exposed to infections that could lead to 
hospitalization or death in severe cases. Staphylococcus aureus has been known 
as the second or third microbial agent of infections (Vargová et al., 2023), 
including secondary bacterial pneumonia following respiratory viral infections, 
bovine mastitis, vein inflammation, meningitis, urinary tract infection (UTI), 
and local inflammation of the bone endocarditis, and superficial skin lesion 
(Fabijan et al., 2020). S. aureus can grow quickly in different conditions, such as 
mammalian skin surface and mucous membranes. Besides, it can be found in 
various foods such as dairy, meat, vegetables, salads, and even cooked and 
salted food (Grispoldi et al., 2021).  S. aureus contains several virulent factors 
causing pathogenicity and the colonization of different media. Two important 
virulence factors include bacterial enterotoxins and toxic shock syndrome toxin 
(TSST), classified as pyrogenic toxin superantigens (PTSAgs), which can 
significantly influence the host (Hu et al., 2021). Superantigens can specifically 
interact with major histocompatibility complex (MHC) molecules class II, 
producing extensive lymphocyte T proliferation and damage caused by high-
level released cytokines. On the other hand, all the toxin-encoding genes can 
horizontally be transferred by mobile genetic elements (MGEs) such as phages 
and pathogenicity islands (PAIs). This could be really dangerous for people at 
risk, including the geriatric population, offspring, pregnant women, and 
patients with diabetes or immunocompromised diseases such as acquired 
immunodeficiency syndrome (AIDS) (Abdurrahman et al., 2020). 

Staphylococcal enterotoxins can resist high-temperature stress, and the 
resistance is higher in food than in vitro environment. Also, the toxins are 
biologically active even after heating the food, although pasteurization can 
remove S. aureus. They are also resistant to stomachic and intestinal proteases, 
so the toxins are still active after digestion (Forouzani-Moghaddam et al., 2024). 
Many factors, such as the number of bacterial cells, salinity (higher than 7.5%), 
pH, temperature, and competition with other bacteria to achieve more food 
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resources, influence enterotoxin production in food (Al-Nabulsi et al., 2020). It 
has been demonstrated that there is a close correlation between enterotoxin 
production in dairy and food poisoning. Actually, 105-108 cfu/g of S. aureus can 
cause food poisoning (Vargová et al., 2023). Many studies have indicated that 
15-80% of S. aureus, isolated from dairy products such as milk, cheese, ice 
cream, or even other protein-contained products, can biosynthesize enterotoxins. 
The symptoms of food poisoning caused by staphylococcal enterotoxins include 
nausea, vomiting, rarely diarrhea, and muscle and abdominal pain. There are 
also many significant economic losses from food poisoning caused by 
enterotoxigenic strains of S. aureus (Fabijan et al., 2020). This study aimed to 
evaluate the frequency of sea and sec genes in Staphylococcus aureus isolated 
from dairy products in Karaj, Alborz, Iran. 

Materials and methods 

Sampling 

In the study, 100 samples of traditional and industrial dairy products, 
including 25 samples of raw milk, 25 samples of traditionally made ice cream, 
25 samples of pasteurized milk, and 25 samples of pasteurized ice cream, were 
collected throughout Karaj. They were then transferred into the laboratory 
within sterilized tubes and incubated on mannitol salt agar and Brad Parker 
agar media at 37 °C for 48 hours. The phenotypic characteristics of the grown 
colonies were visually assessed. 

Microbiological analyses 

Biochemical analyses including Gram staining (Beveridge, 2001), 
fermentation of the mannitol (Lally et al., 1985), and culturing on Brad Parker 
(BP) medium (Parkor and Hewiit, 1970), as well as enzymatic assessment 
including catalase (Reiner, 2010) and coagulase tests (Sperber and Tatini, 1975), 
were used to detect Staphylococcus spp. and S. aureus, respectively. S. aureus can 
reduce potassium tellurite to metallic tellurium on the BP medium to form black 
colonies (Parkor and Hewiit, 1970). 

Polymerase chain reaction 

The bacterial DNA was extracted by DNG superscript –Plus kit (CinnaGen Co., 
Tehran, Iran). Specific primers were designed by Oligo v.7 software and then 
synthesized for sea and sec genes and nuc gene encoding deoxyribonuclease as 
an index to detect S. aureus (Tab. 1). S. aureus colonies were detected by PCR 
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using specific primers for the nuc gene. The positive samples with S. aureus 
were molecularly analyzed by PCR and the specific primers for sea and sec genes 
were used. Reference strains (Iranian Biological Resource Center, Tehran, Iran) 
were used as a positive control in PCR (Tab. 2). Gel electrophoresis (agarose 
1.5%) was used to track the amplified DNA fragments. 

 

Statistical analysis 

Chi-square and t-tests were employed to statistically analyze the data, 
derived from PCR and the results from biochemical and enzymatic assessments 
by SPSS software (version 26.0.0.1). 

 
 

Table 1. The primers used in the study 
 

Product Size (bp) Primer size (nt) Sequence (5'-- 3') Gene 

279 21 
24 

F- GCG ATT GAT GGT GAT ACG GTT 
R- AGC CAA GCC TTG ACG AAC TAA AGC nuc 

520 19 
23 

F- GCA GGG AAC AGC TTT AGG C 
R- GTT CTG TAG AAG TAT GAA ACA CG sea 

283 24 
21 

F- CTT GTA TGT ATG GAG GAA TAA CAA 
R- TGC AGG CAT CAT ATC ATA CCA sec 

Table 2. PCR programs used for amplification 
Genes nuc sea sec 

Steps Temp. (°C) Time Temp. (°C) Time Temp. (°C) Time 

Initial denaturation 95 5 min 95 5 min 95 5 min 

37 
cycles 

Denaturation 95 40 s 95 30 s 95 40 s 

Annealing 55 1 min 58 45 s 58 45 s 

Extension 72 80 s 72 1 min 72 1 min 

Final extension 72 10 min 72 7 min 72 10 min 

Temp. = temperature. 
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Results 

Biochemical analyses 

The results of mannitol fermentation on mannitol salt agar media (Fig. 1) 
indicated that 60 samples could grow on the media and form some bacterial and 
yeast colonies. Besides, raw milk contains more bacteria (17 samples), which 
could cause mannitol fermentation. Although the lowest rate of mannitol 
fermentation was observed in pasteurized ice cream (4 samples), there was 
statistically no significant difference between traditional ice cream (6 samples), 
pasteurized milk (5 samples), and ice cream (Tab. 3). 

Interestingly, the number of black colonies was the highest for samples 
derived from raw milk (17 samples) on the Brad Parker media. Only two 
samples of pasteurized milk and ice cream formed black colonies, while six 
samples of traditional ice cream formed black colonies (Tab. 3; Fig 2).  

 

             
Figure 1. Fermentation of mannitol  

salt agar 
Figure 2. Black colonies formed by  

S. aureus 
 

Table 3. The number of positive samples for each biochemical test 
 

Test Pasteurized milk Pasteurized  
ice cream 

Traditional 
ice cream Raw milk 

Mannitol salt agar 5 4 6 17 

Brad Parker agar 2 2 6 17 

Gram stain 5 2 8 17 
 
It is also interesting that 17 raw milk samples contained Gram-positive 

bacteria that were expected to be S. aureus and 8, 5, and 2 samples for traditional 
ice cream, pasteurized milk, and ice cream, respectively (Tab. 1; Fig. 3). 
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Enzymatic analyses  

Each colony grown on mannitol salt agar, suspected to contain S. aureus, 
was used for enzymatic analyses. As per the catalase test results, all 25 samples 
of raw milk and traditional ice cream were contaminated by S. aureus. There 
were also 23 and 24 S. aureus-infected samples for pasteurized milk and ice 
cream, respectively (Tab. 4). 

For the coagulase test, 14 samples of the raw milk were coagulase-
positive. In contrast, there was no coagulase-positive sample for pasteurized ice 
cream. Moreover, 2 coagulase-positive samples for pasteurized milk and 3 
coagulase-positive samples for traditional ice cream were observed (Fig. 4; Tab. 4). 

 

 

Figure 3. Grape-like clusters 
(cocci) arrangement of S. aureus 

Figure 4. Positive and negative samples  
for the coagulase test 

 
Table 4. The number of positive samples for each enzymatic test 

Test Pasteurized milk Pasteurized  
ice cream 

Traditional  
ice cream Raw milk 

Catalase 23 24 25 25 

Coagulase 2 0 3 14 

PCR 

PCR by specific primer for the nuc gene detected 57 S. aureus-infected 
samples among all 100 samples. Also, using specific primers for sea and sec 
genes could repectively detect 11 and 6 many samples containing the genes 
encoding enterotoxins A and C on those 57 positive samples (Fig. 5). Details of 
the PCR test for each sample of the dairy products are in Tab. 5. 
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Table 5. The number of Positive-PCR samples for each gene 

Statistical analysis 
The chi-square test of independence showed a significant difference 

between biochemical and enzymatic tests and PCR detection (p<0.05). The 
detection of S. aureus in samples by PCR containing specific primers for the nuc 
gene showed significant differences between pasteurized and traditional ice 
creams (p<0.05) but not between raw and pasteurized milk (p>0.05; Tab. 6). 
 
 

        
Figure 5. Gel electrophoresis of the PCR products, genes encoding: A) Enterotoxin A, 
1: C+, 2 & 16: DNA molecular ladder, 3: C-, 4-8: Pasteurized milk, 9-14: Traditional ice 

cream, 15,17-22: Raw milk, 23-28: Pasteurized ice cream; B) Enterotoxin, 1:C+, 2 & 
16: DNA molecular ladder, 3-7: Raw milk, 8-14: Traditional ice cream, 15: C-, 17-21: 

Pasteurized milk, 22-28: Pasteurized ice cream.  
 
 

Gene Pasteurized milk 
Pasteurized  

ice cream 
Traditional  
ice cream 

Raw milk 

nuc 17 7 14 19 
sea 1 3 1 7 
sec 0 2 1 3 

283 bp 

520 bp 

B A 
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Table 6. Chi-Square Test for comparing biochemical and enzymatic tests and PCR 

Statistical test Value df P value 
Exact Sig. 

(2-sided) (1-sided) 
Pearson Chi-Square 11.636 a 1 .001   

Continuity Correction* 10.687 1 .001   
Likelihood Ratio 11.757 1 .001   

Fisher's Exact Test    .001 .001 
Linear-by-Linear Association 11.578 1 .001   

N of Valid Cases 200     
a. 0 cells (0%) have an expected count of less than 5. The minimum expected count is 45.00. * 
Computed only for a 2x2 table 

 

For detecting enterotoxin A using PCR containing specific primers for the 
sea gene, there is a significant difference among all samples derived from any 
studied dairy products (p<0.05). The difference is insignificant for the sec gene 
at the 5% level, while there is a difference between samples (Tab. 7). 

 

Table 7. Chi-Square Test for PCR results 

Bacteria Statistical test Value Df P value 
Staphylococcus Pearson Chi-Square 13.505 b 3 .004 

 
Likelihood Ratio 13.821 3 .003 

Linear-by-Linear Association 3.563 1 .059 
N of Valid Cases 100   

Enterotoxin A Pearson Chi-Square 9.091 c 3 .028 

 
Likelihood Ratio 8.597 3 .035 

Linear-by-Linear Association .300 1 .584 
N of Valid Cases 100   

Enterotoxin C Pearson Chi-Square 3.546 d 3 .315 

 
Likelihood Ratio 4.712 3 .194 

Linear-by-Linear Association .140 1 .708 
N of Valid Cases 100   

Total Pearson Chi-Square 11.289 a 3 .010 

 
Likelihood Ratio 10.953 3 .012 

Linear-by-Linear Association 1.875 1 .171 
N of Valid Cases 300   

a. 0 cells (0.0%) have an expected count of less than 5. The minimum expected count is 18.75. 
b. 0 cells (0.0%) have an expected count of less than 5. The minimum expected count is 10.75. 
c. 4 cells (50.0%) have an expected count of less than 5. The minimum expected count is 3.00. 
d. 4 cells (50.0%) have an expected count of less than 5. The minimum expected count is 1.50. 
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Discussion 

S. aureus can be found as a resident bacteria on the skin and mucus of 
humans and animals, which are the initial resources of the bacteria. So, they can 
be transferred to the food during preparing, providing, packing, and storing 
food (Grispoldi et al., 2021). They can be found in a variety of foods, such as 
meat products, milk, and dairy products, fruit juice, as some proper media for 
the growth of the bacteria because they can grow independently in any 
conditions (Forouzani-Moghaddam et al., 2024). Notably, a lack of personal and 
environmental hygiene can facilitate food contamination by S. aureus, and 
consequently cause food poisoning (Vargová et al., 2023). 

According to the universal standard, first-grade milk contains less than 
100,000 microorganisms per ml. Also, the microbial load of milk should not be 
more than 750,000 microorganisms per ml (Tilocca et al., 2020; U.S. Department 
of Health and Human Services, Public Health Service and Food and Drug 
Administration, 2017). Although standard milk is retained in inappropriate 
conditions, S. aureus can quickly grow at the proper temperature and duration 
for bacterial growth and then infect the milk. Thus, the microbial load can be 
enhanced (El-Mokadem et al., 2020). If the milk is contaminated by S. aureus, 
pasteurization will be able to remove the bacteria; then, there is no bacterial 
risk to consumers’ health. However, S. aureus, producing enterotoxin, could 
threaten consumers by causing food poisoning if the bacteria produced the 
toxins before pasteurization (Almutawif et al., 2019). Enterotoxins, particularly 
encoded by sea and sec genes, are the most crucial factors causing food 
poisoning (Forouzani-Moghaddam et al., 2024).  

Staphylococcal enterotoxins can be detected by many important methods, 
including standard immunological techniques (Nouri et al., 2018). However, 
there are some disadvantages to using the methods, such as the long time 
needed to prepare the right conditions to produce toxins by the bacteria, cross-
reactivity, and the probability of false results (Ali et al., 2020). On the other 
hand, the PCR test can detect enterotoxin-producing bacteria, even though the 
genes encoding the enterotoxins are not expressed. Thus, PCR could effectively 
detect S. aureus-producing enterotoxins A and C as the most crucial and 
common factors in food poisoning (Osman et al., 2020). Low concentrations of 
these types of enterotoxins can cause severe food poisoning. Thus, PCR is 
commonly used to detect enterotoxin -encoding genes. Many studies have used 
PCR to detect staphylococcal enterotoxins (Forouzani-Moghaddam et al., 2024). 
For example, Osman et al. utilized PCR to detect S. aureus and enterotoxins in 
buffalo milk (Osman et al., 2020). 
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Moreover, PCR detected the bacteria producing enterotoxins within milk 
and Coalho cheese in Brazil (Pereira et al., 2018). Wang et al. (2019) used PCR 
to detect S. aureus causing bovine mastitis and subsequent milk contamination. 
Finally, the molecular technique was employed to diagnose milk contamination 
by S. aureus and encode the gene for enterotoxin C in raw milk from several 
dairy farms in Java, Indonesia (Harijani et al., 2020). 

In the present study, statistical analysis indicated that PCR is a 
significantly more precise technique than biochemical and enzymatic methods 
for diagnosing S. aureus-contaminated dairy products and detecting S. aureus-
producing enterotoxins A and C.  

Conclusions 

According to the heat resistance of enterotoxins A and C, S. aureus-
contaminated dairy products can be toxic and cause gastroenteritis in a short 
period even though they are heated. Therefore, Detecting genes encoding 
enterotoxins via PCR, a specific, sensitive, fast, and inexpensive molecular method, 
could be used instead of the conventional immunological assay techniques. 
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Abstract. The codling moth remains the main pest of apples in the Batna 
region of Algeria and causes heavy damage to apple orchards. This paper 
aims to show the possibility of using insecticide (Thiacloprid which may 
provide selective control tools) and sugar (which may induce multiple 
systemic resistances) to control Cydia pomonella. The field trials were carried 
out on the “Anna” apple tree cultivar in Tilatou (Batna, Algeria). The efficacy 
of sucrose and fructose (100 ppm), in comparison to Thiacloprid (25 mL 
ha-1), was assessed based on the proportion of fruits that larvae destroyed, 
the quantity of larvae gathered in corrugated cardboard, and the quantity 
of male moths trapped in pheromone traps. This study showed that all 
tested products reduced fruits damaged by Cydia pomonella. Treatments 
by sucrose and fructose provide percentages of damaged fruits at rates of 
8.44±0.64 and 7.57±1.25, respectively, vs. 36.35±3.00 for untreated trees. 
The treatments also affected the number of larvae caught in bands of 
corrugated cardboard. Foliar spraying in the morning with sugar (every 
20 days) can be an alternative method to manage the codling moth 
population. The use of sugars is a novel method in the plant protection 
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strategy. These results constitute an interesting alternative to classical 
approaches offered by the opportunity to reduce the rate of chemical 
insecticides required for effective pest management. 
 
Keywords: codling-moth, fruit damage, apple, sucrose, fructose. 

Introduction 

The majority of control techniques used in apple orchards aim to combat 
the codling moth (Cydia pomonella L.). The cryptic Cydia pomonella (C. pomonella) 
larvae live inside the fruit throughout their feeding stages, leaving an unattractive 
hole that may encourage internal rotting (Unruh et al., 2016; Garczynski et al., 
2019; Nelson et al., 2021; Ju et al., 2023). Besides apples, they also infest pears, 
apricots, and walnuts. If left unchecked, it can result in extremely large yield 
losses of more than 95% (Unruh et al., 2016; Damos and Soulopoulou, 2019; 
Shayestehmehr et al., 2021; Mahendiran et al., 2022). Consumers will not allow 
even minimal surface damage to apples or pears, and fruit that has been 
infected cannot be sold. Control measures are necessary when the estimated 
cost of treating a pest is lower than the cost produced by the potential damage 
(Baranek et al., 2021; Cahill et al., 2022; Eliceche et al., 2023). The increasing 
reliance on chemicals has been associated to a number of issues, including 
hazards for farmers and consumers health; outbreaks in secondary pests 
controlled by natural enemies under toxic pesticides; environmental pollution; 
biodiversity reduction and pesticide resistance (Arnault et al., 2016; Baranek et 
al., 2021; Rani et al., 2021; Ali et al., 2023). Insecticide resistance is a major issue 
in the control of C. pomonella all over the world. Insecticide efficacy reductions 
on codling moths have been tested in pome fruit production locations across 
Europe, the Middle East, North America and South America (Chouinard et al., 
2016; Unruh et al.,  2016; Kadoić Balaško et al., 2020; Gomez et al., 2023; Kaplan, 
2023; Shayestehmehr et al.,  2021). 

Sugars can function as signaling molecules in the same way that classical 
plant hormones routinely do, modulating gene expression and development 
processes of plants (Ahmad, 2019; Choudhary et al., 2022; Xu et al., 2022; Guo 
et al., 2023; Xie et al., 2023). However, the regulatory networks underlying are 
still not clear due to many cell signaling pathways involved. Environmental 
stresses, including pathogen infection and wounding, induce a series of defence 
responses that also interfere with carbohydrate metabolism and sugar-responsive 
genes (Moghaddam and den Ende, 2012; Saddhe et al., 2021). 



MANAGEMENT OF CYDIA POMONELLA BY USING SUCROSE AND FRUCTOSE 
 
 

 
135 

It was discovered a long time ago that damaged plants had a higher sugar 
tolerance or high sugar resistance. More research is being done about the role 
of sugar signaling in plant defense mechanisms against fungi (Trouvelot et al., 
2014; Tun et al., 2023). This has led to the sweet-immunity and sugar-enhanced 
defense concepts (Moghaddam and den Ende, 2013; Arnault et al., 2016; 
Tarkowski et al., 2019). Moghaddam and den Ende (2012) reported that the 
concept of sweet immunity predicts specific key roles for saccharides in the 
control of biotic and abiotic stresses. Few researches have been done on sugar 
and sugar polyols on the leaf surface that Lepidoptera females use as signals 
when identifying the plant where they should lay their eggs (Bertea et al., 2020; 
Formela-Luboińska et al., 2020). It was therefore hypothesized that sugar 
spraying may also increase plant resistance, and indeed, several studies showed 
such positive effects. Spraying soluble carbohydrates (sucrose, fructose, glucose, 
and trehalose) on the leaves of maize, tomato, potato, bean plants, and apple 
trees could induce resistance to pests and diseases (Ahanger et al., 2013). 
Furthermore, soluble carbohydrates sprayed at low doses can penetrate the 
cuticle and end up on the plant surface, constituting signals perceived by the 
insect through contact, then influencing its behavior and selection of the host 
plant to lay eggs (Derridj et al., 2011). Sucrose and fructose have also been 
shown to have some potential in the management of different parasites under 
low to moderate pest loads and on perennial crops (vineyards, arboriculture). 
In organic orchards, they reduce C. pomonella larval attack by 55% (Costantini 
and La Torre, 2022; Eliceche et al., 2023). The objective of the present study is 
to show the possibility of using sucrose and fructose to control C. pomonella in 
one of the important apple tree-growing regions of Algeria. The efficacy of these 
two sugars (100 ppm) was assessed for control of C. pomonella in an Algerian 
apple orchard cultivated with the “Anna” cultivar. 

Materials and methods 

Field experiments  

This study was conducted in 2019 in Tilatou (Batna, Algeria) in an apple 
orchard (864 m²) “Anna” cultivar. Tilatou is situated in the south-west of Batna 
(35°19’57.30” N 5°47’57.23”E) located in a semi-arid bioclimatic zone with a 
cold winter and an average altitude of more than 760 m above sea level (Fig. 1). 

Observations were made on one apple cultivar “Anna”. Differences in the 
percentage of C. pomonella larval damage and the efficacy of sucrose, fructose 
and thiacloprid treatments were observed in this cultivar. Four blocks of 
sucrose-treated trees, 4 blocks of  fructose-treated trees, 4 blocks of thiacloprid-
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treated trees and 4 blocks of untreated trees. Each block comprises 4-7 trees. 
All modalities are then randomly distributed within each block (4) and each 
block comprises 4 to 7 trees (Table 1). 

 

 
Figure 1. Exploitation and study orchard plan (Anna variety, Tilatou region) 

 
Table 1. Experimental plan 

 
Line 1 Line 2 Line 3 Line 4 

I 1 II 3 III 2 IV 4 
I 2 II 1 III 4 IV 3 
I 3 II 4 III 1   IV 2 
I 4 II 2 III 3 IV 1 

 
Roman numbers represent different blocks; Arabic numbers correspond to the modalities. Were : (1) : 
Untreated modality, (2) : Sucrose, (3) : Fructose and (4) : Thiacloprid. 

Foliar spraying 

When the first codling moth males were captured in the pheromone 
traps that had been set up in the research orchard on April 25, 2019, the 
entire experimental plan was treated. An untreated orchard was used as 
a reference (Fig. 2), located in the same study region, Tilatou 
(35°26'52.26''N5°58'26.52''E).  
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Figure 2. Exploitation and untreated orchard plan  

(Golden delicious variety, Tilatou region) 
 
 
In this orchard, C. pomonella dynamic flights were monitored by delta 

traps (Russell IPM, Algeria) baited with a standard pheromone capsule containing 
one mg of codlemone, installed at an approximate height of 1.70 m within the 
canopy of the tree, and checked every three days. 

Treatment (= one foliar spray) was carried out very early in the morning, 
at the start of photosynthesis (Preininger et al., 2018), throughout the season 
during three insect generations, and until the harvest. The sucrose and fructose 
were sprayed every 20 days, and two applications with thiacloprid were done 
throughout the season on the whole tree (June 6th and 28th).  

The sucrose used was from Fluka Biochemika (99% purity) used at 100 
ppm (10 g 100 L-1) dose. Previously weighted and brought into tubes for the 
amount of water sprayed. The use of sugar in the morning promotes its penetration 
when the apoplast (intercellular space) is poor. The chemical insecticide used 
is thiacloprid (Calypso480 SC, Bayer Crop Science), with a rate of 250 mL ha-1. 
It is a specialty belonging to the chemical family of chloronicotinyls and 
neonicotinoids class. This insecticide was chosen because farmers in the region 
of Batna commonly use it. It is a systemic insecticide that acts by contact and 
ingestion on the insect nervous system (Gupta et al., 2019). This class of 
insecticide acts as agonists to acetylcholine, binding to postsynaptic nicotinic 
acetylcholine receptors, and causes paralysis and death of the insect, often 
within a few hours (Windley et al., 2017). 

   

 
 

Apple 

 

Study 
orchard 

 

N 



S. ZAABOUBI, I. BRAHIM, I. BRAHIM, S. NEGHMOUCHE NACER, Y. MOUSSAOUI 
 
 

 
138 

To perform different treatments, we used three backpacksprayers (Lion 
Mark), one sprayer for each modality, to avoid the risk of sugar contamination. 
The main material of the sprayer: plastic; power source: pressure, type; hand 
compression; pressure: 0.2-0.4 Mpa, (not dripping spray), capacity of 20 L (to 
spray the whole tree). To provide optimum security and prevent risks of 
intoxication during the execution of treatment with thiacloprid, personal 
protective equipment was used, including nitrile gloves, waterproof coveralls 
with hoods, boots, and a mask. The four modalities tested, as well as the doses 
administered for each modality, are represented in the Table (2). 

 
Table 2. Modalities tested and doses used in the trial 

 

Modalities Formulated product Active constituent Dose 
1 Untreated Untreated Untreated 
2 Sugar Sucrose 100 ppm (10g 100L-1) 
3 Sugar Fructose 100 ppm (10g 100L-1) 
4 Calypso 480 SC Thiacloprid 250 mL ha-1 

Estimation of diapausing larvae 

On the tree trunk, bands of corrugated cardboard were positioned on May 
6, to catch the larvae that were descending to overwinter under the tree (four 
to seven bands per block). These strips consist of two overlapping sheets of 
corrugated cardboard covered with a polyethylene mesh. The three layers are 
attached with wire. The mesh is designed to prevent birds from feeding on 
larvae. Trap bands are arranged around the base of the trunks of 76 
experimental trees, close to the ground. Bands were removed on November 12. 

Estimation of infested fruits 

It consists of observing fallen and damaged fruits per tree during the 
fruiting period and damaged fruit at harvest per tree (August 7). Every week, 
the fallen fruits were collected from the ground and removed to distinguish 
those damaged by C. pomonella from those due to other causes. Observation and 
confirmation of codling moth damages on apples are made in the laboratory to 
distinguish between active, scarred or stopped damages. 

Statistical analysis 

The number of diapausing larvae and percentage of damaged fruit per 
tree were examined using ANOVA and Fisher’s LSD test at p<0.05, respectively, 
to determine significant differences between means. Percentages of damaged 
fruits by larvae in the orchard were compared using the Abbott efficacy 
equation (Abbott, 1925): 
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Efficacy = 100 × [(T0 – Tt)/T0]. 

where T0 is the total percentage of damaged fruits in the control block and Tt 
is the total percentage of damaged fruits in the treated block. All analyses were 
performed using STATISTICA 8 software v. 2008 (Stat Soft). 

Results 

The dynamic of C. pomonella flights 

Flight of the codling moth began in first week of May in both these orchards 
(Fig. 3). In both the study and untreated orchard, catches in the C. pomonella 
pheromone traps dropped below detection levels after early November (Fig. 3). 
At these sites the codling moth went through three full generations and part of 
a fourth generation, and at least six moths co-existed during most months of 
research. In the studied test-orchard and the following non-sprayed one we 
confirmed the importance of catch for the first generation. 

 
Figure 3. The dynamic of C. pomonella flights in the research orchard  

and the control orchard. 
 
The first flight took place from May to the end of June; the second started 

in July and ran through the second week of August; and the third flight, began 
in second decade of August and runs until the first week of October. From there 
we can consider that the development of a fourth generation stopped. The 
dynamic of C. pomonella populations was related to the different phenological 
stages of the host plant (Fig. 4). 
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Estimation of diapausing larvae 

A total of 205 larvae were observed and removed from bands of corrugated 
card board installed at the beginning of the experiment. Most of the larvae were 
located in untreated trees. 

 

 
Figure 4. Life Cycle of the codling moth in an orchard that cultivates 

the “Anna” variety. 
 

The greatest number of larvae per tree in treated blocks with thiacloprid, 
fructose and sucrose was, on average, 9.75%±0.69; 8.03%±0.77; and 9.25%±0.55, 
respectively. The average number of larvae collected in untreated blocks was 
15.25±0.79. The numbers of larvae per tree band were similar for fructose and 
sucrose; there were highly significant differences between them and those untreated 
and treated with thiacloprid (ANOVA, Tukey’s L.S.D. tests, p< 0.05) (Fig. 5).  

On the other hand, the number of diapausing larvae captured in bands of 
trees sprayed with sucrose and fructose was approximately five and three times 
(in order) lower than those observed in untreated trees and, respectively, three 
and two times lower than those treated with thiacloprid (Fig. 5). 
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Figure 5. Average (±Standard Error) number of caterpillars per band or tree.  
ANOVA, Fisher's LSD tests, p<0.05; different letters show significant differences between 

treatments within each experiment. ****: p< 0.0001 and ***: p = 0.005. 

Damaged fruits 

The counting at the end of the three generations on the attacked fruits of 
the trees of the experimental plan allows estimating the levels of efficiency of 
the tested modalities. The first falls were recorded in June. The losses increased 
over time and the most common attacks were caused by the second-generation 
caterpillars. 

The percentage of damaged fruit at the end of the first generation was 
high. It reached 38.10%±9.33 in the untreated block, while the other modalities 
had a lower percentage of damaged fruit. Fructose, sucrose and thiacloprid showed 
a significant reduction in infestation levels of 14.01%±1.54, 13.38%±1.60 and 
16.74±5.34% respectively, compared to the untreated modality (ANOVA, Fisher’s 
tests, p< 0.001) (Fig. 6a). 

For the second generation, the same assessments are recorded. Compared 
to the untreated trees we noted a higher significant reduction in the percentage 
of damaged fruit on trees treated with fructose (26.84%±9.53) and sucrose 
(28.33%±7.01). The application of thiacloprid showed also reduction in 
apple fruit damages, reaching 33.06%±4.39 compared to the untreated trees 
(59.77%±12.35) (ANOVA, Fisher’s tests, p< 0.001) (Fig. 6a, 6b). 

As for the first two generations, the third (partial) generation shows the 
same observations. Nevertheless, infestation levels are lower than those 
reported in the first (38.10%±9.33) and second generations (59.77%±12.35), 
where the latter has the highest percentage of infestation. The count at the end 
of the third generation shows an infestation level of 26.20%±5.77. Note that the 
tested modalities reduce the percentage of damaged fruits to 17.36%±4.62, 
18.43%±3.20, and 19.88%±5.21 recorded by fructose, sucrose, and thiacloprid, 
respectively (Fig. 6c). 
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Figure 6. Mean (± SE) percentage of fruits damaged at the end of the first generation 
(A), the second generation (B), and the third generation (C) by larvae on “Anna” 

cultivar. ANOVA, Fisher's LSD tests, p<0.05; different letters show significant differences 
between treatments within each experiment. *: p<0.05, **: p<0.01 and ***: p< 0.001. 

Fruit damage types 

There were three types of fruit damage at harvest: scared, stopped, and 
active. The sucrose and fructose treatments had similar and significantly different 
percentages from trees that had not been treated (p < 0.0001) and from trees 
that had been treated with thiacloprid (p < 0.01) (Fig. 7a). For fallen fruit rates, 
they were similar and not significantly different between fructose and sucrose 
for any type of fruit damage and significantly different from untreated and 
thiacloprid-treated trees for scared and active fruit damage. For stopped fruit 
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damages, all modalities did not differ significantly. Treated trees with thiacloprid 
showed more active and scarred damages than treated trees with fructose and 
sucrose, whatever damaged or fallen fruits at harvest (Fig. 7b). 

 

 

 
Figure 7. Mean (± SE) percentage of different fruits damaged at harvest (A) and fallen 

fruits (B) by larvae on “Anna” cultivar. ANOVA, Fisher's LSD tests, p<0.05;  
different letters show significant differences between treatments  
within each experiment. ***: p <0.001, **: p ≤ 0.01 and *: p<0.05. 
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Abbott efficacy 

For the three generations, treatments based on infra-doses of sucrose, 
fructose, and thiacloprid allow to obtain a low to very important and significant 
efficiency between 22.95%±3.75 and 80.82%±2.59. Take note that thiacloprid, 
fructose, and sucrose all provide the best mean Abbot efficacy regardless of the 
generation. Figure (8) shows that the best results are recorded in the first generation 
by fructose (78.65%±2.17) and sucrose (80.82%±2.59), while thiacloprid has the 
highest efficiency in the second flight (32.3%±6.17) (p<0.0001, ANOVA, Fisher’s 
L.S.D. tests, p< 0.05). 

 

    

 
Figure 8. Mean Abbott effectiveness levels for sugar, insecticides (chemical and bio-

insecticides), and damaged fruits at the end of the first generation (A), the second 
generation (B), and the third generation (C) by larvae on the cultivar "Anna" (Efficacy 
level in percent vs. untreated control damage level). ANOVA, Fisher's LSD tests, p <0.05; 

different letters show significant differences between treatments within each  
experiment. *: p<0.05, and **: p ≤0.01 are all present. 
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Discussion 

The dynamic of C. pomonella flights 

The codling moth in Batna has three full generations and a partially 
developed a fourth generation, according to monitoring of its flight patterns 
conducted in two distinct orchards. In the research orchard, where male 
pheromone trap captures showed a total of  101 individuals and 322 individuals 
in the untreated orchard, the codling moth population density was rather low, 
according to the results that have been provided. The catches per trap were 
higher in the untreated orchard, confirming the permanent risk of this insect 
over the years. Work in most areas of Batna indicates that C. pomonella has two 
to three generations per year. For example, in Tazoult (altitude 1000 m) and 
Lambiridi (altitude 1075 m), there are three generations per year. In the Tizi-
Ouzou area, there are three generations per year (Guermah and Medjdoub-
Bensaad, 2016). And four generations in Morocco, with two full generations and 
two partial generations (El Iraqui and Hmimina, 2016a). 

According to El Iraqui and Hmimina (2016b), the generation number changes 
depending on the altitude and is also related to temperature, which decreases 
by 3 degrees every 100 m of altitude (Gutiérrez-Gamboa et al., 2021). And it 
also comes from the spatial-temporal equation, related mainly to photoperiod 
and nutrition (El Iraqui and Hmimina, 2016a; 2016b; Hill et al., 2021). 

Estimation of diapausing larvae  

The sugar treatments and significantly reduce codling moth larval 
populations. Reduced codling moth larvae on corrugated cardboard bands 
suggests a decline in the adult population during the next few years. And its 
importance should not be underestimated given the role of these bands in the 
decreasing populations of codling moths (Arnault et al., 2015; 2016). It has been 
demonstrated that when the codling moth population density is relatively low, 
the sucrose and fructose treatments may be successful at controlling the pest. 

The lower number of larvae in band traps, in both, tested modalities 
compared to the untreated  modality indicates that they had a significant effect 
on larval populations. The reduction of the number of hibernating larvae in the 
two biological strategies is an encouraging result. 

Damaged fruits 

Chemical treatments (Calypso 480 SC Chloronicotinyls) showed that this 
product has a greater effect on reducing damage. In Morocco, a comparative 
study of thiachlorpid with other active ingredients showed a reduced sensitivity 
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of the field population for thiacloprid and deltamethrin, followed byazinphos-
methyl and diflubenzuron (El Iraqui and Hmimina, 2016a). 

The number of damaged fruits has decreased due to the application of 
sugars, whose effectiveness is enhanced when applied during the day.. It was 
also sufficient to preserve the fruits from attacking when the majority of the 
first-generation larvae emerged (Xi et al., 2021). 

The induction of changing surface signals is necessary for host recognition 
and C. pomonella egg-laying. Foliar sprayings of maize with low concentrations 
of sucrose (1 to 10 mg L-1) have a systemic impact on the plant and decrease 
Ostrinia nubilalis egg-laying (Derridj et al., 2012). This could reduce the damage 
caused by C. pomonella and lepidopterans, to an apple. The trials conducted under 
semi-field circumstances revealed that the apple trees leaf surface composition 
and even the codling moth’s egg distribution changed 20 days after being treated 
with sugar at 10 ppm (10 mg L-1). Also, sugar-modified leaf surface signal 
recognition by the codling moth females and ABBOTT efficiency average on 4 
years of experiments is 40+/-16.0% on the apple infests. Sugars can also reduce 
powdery mildew in melon cultures (Arnault et al., 2015). The significant reduction 
in larval damages can probably be explained by the fact that the sugar-induced 
systemic resistance vs. C. pomonella is due to the modification of metabolites 
present at the surface of leaves and fruits, some of which are signals for the 
insect that disrupt host recognition and egg-laying. According to the chemical 
examination of the metabolites on apple tree leaves, the sucrose treatment mostly 
caused changes (in terms of amounts and ratios) in metabolites, which altered 
the signals for the insect's host acceptance and egg-laying (Arnault et al., 2016). 

Fruit damage types at harvest 

Whatever damaged or fallen fruits were at harvest, the fructose treatments 
showed that scarred damages were much higher than stopped or active ones . 
Reporting that on an infected host, this delay may allow for continued feeding 
and producing healed fruits. According to Cabanat (1999), sucrose and fructose 
are phagostimulants that increase feeding by larvae at a dose of 100 ppm. In 
contrast, glucose has a repellent activity that diminishes at 100 ppm and 
induces a phagoinhibitory effect. In our case, we can say that the spraying of 
sugars alone, in mixtures, and in alternation induces a repellent activity on the 
larvae, which is reflected in a high percentage of stopped attacks. 

In general, regardless of the type of damage and the fallen or harvested 
fruits, the reduction in infestation rates is explained by the fact that certain 
groups of plant-derived molecules. serve as signals perceived by the pest on the 
surface of the plants, influencing its behavior, stimulating oviposition in females, 
and affecting the feeding behavior of adults and larvae in several insects (Cabanat, 
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1999; Vrieling and Derridj, 2003; Derridj et al., 2011). Additionally, the penetration 
of soluble substances (soluble sugars and polyols) in water deposited on the 
surface of the plant can stimulate defense reactions within the plant. 

Few studies revealed that sugar foliar spray alone has interesting effects 
and when combined with chemical plant protection products, it allows reducing 
their doses while keeping a good efficiency. Sugars activate defense pathways 
but not always in the same way (Arnault et al., 2021). 

Abbott efficacy 

Regardless of any damaged or fallen fruit at harvest, sugar and the chemical 
treatments (Calypso 480 SC Chloronicotinyls) recorded Abbott's best average 
efficacy. This can be explained by several experiments conducted to test the 
efficacy of these modalities for the control of C. pomonella in apple orchards. 
Research results widely differ from one study to another, but generally, the 
application of the insecticide allows a significant decrease in the population of 
codling moths, as well as crop damage (Arnault et al., 2015).   

The outcomes are in line with those of Arnault et al. (2016), who reported 
the findings of seven studies performed in apple orchards in Algeria and France 
between 2013 and 2014. After applying sucrose at 0.01%, the number of 
contaminated apples decreased. Sucrose had a mean Abbott effectiveness of 
41.0%±10.0. Also, it was demonstrated that when sucrose was combined with 
the insecticide thiacloprid, it increased the effectiveness of the thiacloprid 
treatment by 18%. The researchers concluded that the interaction between 
sucrose and thiacloprid is not additive but rather synergistic and potentiating. 

Conclusions 

The employment of sucrose and fructose treatments as biological controls in 
agriculture holds a lot of promise for the environmentally friendly management 
of insect pests. According to the results, these two sugars can be used as a 
substitute for controlling codling moth populations and fruit damage levels in 
apple orchards. We also observed that it is an easy and safe method that benefits 
humans, wildlife, and the environment. By misting plants with little amounts of 
sugar, we were able to create plant resistance to C. pomonella behavior (antixenosis) 
(only 100 ppm). The occurrence appears to be widespread and repeatable. 
Additionally, it is administered easily with a standard sprayer, just like a chemical 
insecticide. This method of management should have the benefit of preventing 
plant damage brought on by neonate larvae. New directions in crop protection 
research will open up with the findings of the induced processes. 
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Abstract. There is increasing demand for renewable inputs to improve 
soil productivity to satisfy the ever-growing human population. Biochar 
as a renewable resource has attracted attention over the years as soil 
amendment, notable for climate change mitigation and crop improvement. 
This study assessed the impact of pine wood biochar soil amendments on 
mycorrhizal root colonization, root nodulation, growth and yield of cowpeas 
in 2017 and 2018. The experimental design was a randomized complete 
block design with three replications. Biochar was applied with or without 
inorganic fertilizer (NPK15:15:15), cattle dung and nutrient source control two 
weeks before planting cowpea. Data on growth parameters, number of 
nodules, and plant dry matter accumulation were collected. Mycorrhizal 
colonization and spore counts associated with root nodules were determined 
under laboratory conditions. The results revealed that biochar amendments 
significantly affected nodulation, vine length, root length and weight. 
Percentage improvement was as follows: vine length by 8.8%, number of 
nodules by 14%, root length by 9.5%, root weight by 5.2% and dry matter 
accumulation by 92%. Application of NPK improved root length and 
weight over the control. Stereomicroscopic visualization of the roots 
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indicated high presence of arbuscules in the biochar treatment over the 
control. Biochar addition is essential for improvement of rhizosphere 
traits essential for plant growth enhancement. 
 
Keywords: arbuscules, glomus species, mycorrhizal spore count, pine 
wood biochar, vesicles. 

Introduction 

Mycorrhizal colonization and root nodulation by rhizobia are important 
plant-microbe symbiotic interactions that benefit both plants and mycorrhizal 
fungi. Microorganisms in symbiotic association with plants are known for 
enhancing plant growth and increasing crop yield. Through mycorrhizal 
associations, plants obtain phosphorus from soil that is otherwise difficult for 
plants to reach (Igiehon and Babalola, 2017; Emmanuel et al., 2021). This access 
to extra nutrients enhances plant performance. Symbiotic relationships between 
leguminous plants and rhizobia stimulate nodule formation, offering the plant 
an additional source of nitrogen. Beyond access to nutrients, microorganisms 
offer protection against pathogens while producing growth-promoting hormones 
(Omomowo & Babalola, 2023). Plants attract these beneficial microorganisms 
through the secretion of root exudates, which include sugars, amino acids, and 
organic acids that act as chemical signals and energy sources, thereby creating 
a suitable environment for microbial colonization in the rhizosphere (Uzoh & 
Babalola, 2020; Akanmu et al., 2021). Cowpea (Vigna unguiculata), a leguminous 
plant, owes its rich protein content to the microbial colonization in its rhizosphere 
(Agbodjato and Babalola, 2024). 

Cowpea is a source of protein for rural and urban dwellers in sub-Saharan 
Africa, where it is widely grown (Omomowo & Babalola, 2021; Atugwu et al., 
2023). It is commonly cultivated in the West and Central Africa. Cowpea contains 
20 - 25% protein in their dry seed (Ddamulira et al., 2015). The fresh leaves and 
young pods are consumed as vegetables; the dry seeds are used for different 
food preparations, while the leaves are fed to livestock as fodder. It can tolerate 
drought and poor soil (Chinma et al., 2008). Cowpeas are important part of 
agricultural production systems since nitrogen fixation makes agricultural 
systems sustainable. Nitrogen requirement of subsequent crop or intercrop is 
thereby reduced. In addition, cowpeas’ canopy protects the soil from the harmful 
effect of winds and runoff, thus preventing erosion.se of cowpea in cropping 
systems has increased farmers adoption of legume-based cropping systems.  
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Despite the roles cowpea plays in agricultural diversification of cropping 
systems, cowpea yield is still below expectation (Atugwu et al.,2023). A contributory 
factor to this poor yield is the low fertility of soils of savannah and semi-arid 
zones where cowpeas are prominently grown (Emmanuel et al., 2020; Ayangbenro 
et al., 2023). The misconception that cowpea does not need soil amendments 
due to its nitrogen fixing potential exacerbates the low yield. The study by Atugwu 
et al. (2023) demonstrates that cowpea responds well to soil amendments. Hence, 
any agronomic practice that improves soil fertility can improve the yield of cowpea.  

Biochar, a product of organic matter pyrolysis, has the ability to improve 
soil health and sequence carbon when applied as soil amendments (Atkinson et 
al., 2010; Lehmann and Joseph, 2015). In addition, biochar improves crop yield, 
and enhances soil productivity (Chibuike-Ezepue et al. (2019)). The use of 
biochar has gained increasingly acceptance especially in the tropics, where the 
soils are highly weathered and low in productivity.  

Crop improvements as a result of biochar application to the soil are 
attributed mainly to the biochar as soil conditioner, nutrient addition directly 
from the applied biochar and/or improvement of nutrient utilization efficiency, 
especially when combined with other organic or inorganic amendments 
(Chibuike-Ezepue et al., 2019). Research on biochar alone or combined with 
other fertilizers as a soil amendment for crop yield improvement reported 
positive effects on crop growth (Chen et al., 2010; Shen et al., 2016; Solaiman et 
al., 2010). However, information on the relationship between changes in soil 
properties, particularly biological properties, after biochar addition and the 
subsequent effect on crop growth is still lacking (Chibuike-Ezepue et al., 2019). 
Such biological properties include symbiotic relationships between plants and 
microorganisms (Babalola et al., 2007). There is a need to decipher the effect of 
biochar on nitrogen-fixing organisms and mycorrhiza root colonization, which 
are pivotal in N and P nutrition in tropical soils. Root nodules, which harbor 
rhizobia that fix nitrogen, could be used as a measure of the effect of biochar on 
nitrogen fixation and on the rhizobia growth (Xin et al., 2022). 

Despite the growing interest in sustainable agriculture, a significant gap 
remains in our understanding of the effects of biochar on microbial symbioses, 
particularly in relation to root nodules, mycorrhizal colonization, and spore 
count. This study aims to address this gap by investigating the impact of biochar, 
both alone and in combination with NPK (15:15:15) or cattle dung, on cowpea. 
By exploring these interactions, we can enhance our knowledge of biochar’s 
role in promoting plant health and productivity, which is crucial for developing 
more effective agricultural practices.  
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Materials and methods 

Site description for the field experiment 

The fieldwork was done in Faculty of Natural and Agricultural Science 
Farmland in North-West University, Mafikeng campus (longitude 25˚ 48’ S, 
latitude 25˚ 38’ E; 1218 m asl) in North West Province, South Africa. Mafikeng 
has a typical semi-arid tropical savanna climate and receives summer annual 
mean rainfall of 571 mm. The surface (0-20 cm) soil at the site is brown to dark 
reddish brown sandy loam classified as Hutton form according to the South 
African soil classification system (Soil Classification Working Group, 1991). 

Experimental design and treatments 

The experimental design used in this study was a randomized complete 
block design with three replications. Land area measuring 210 m2 (15 m x 14 
m) was mechanically ploughed and harrowed before being demarcated into 18 
plots (6 treatments by 3 replications/blocks). The plot size was 3.75 m x 1.25 
m with intra- and inter-block spacing of 1 m. Three cowpea seeds were planted 
per hole at a spacing of 0.75 m x 0.25 m, which were thinned down to one per 
hole three weeks after germination. The final plant population was 20 plants 
per plot. The experimental plots were manually kept weed free, while irrigation 
was applied using the sprinkler method.  

The six treatments evaluated in this study are (i) sole application of 
biochar produced from pine wood at the rate of 5 tonnes per hectare, (ii) sole 
application of cattle dung at the rate of 5 tonnes per hectare, (iii) sole application 
of mineral fertilizer NPK15:15:15, at the rate of 60 kg per hectare (iv) combined 
application of biochar and cattle dung at half the rate of the sole applications, 
(v) combined application of biochar and cattle dung at half the rate of the sole 
applications, and (vi) control (no soil amendment). 

The cattle dung was applied two weeks before planting to allow for 
mineralization, while the biochar and NPK were applied at planting. The 
experiment was established in October 2017 and terminated in February 2018. 
To assess the residual impact of the treatments on soil fertility, cowpeas were 
planted on the plots without applying other treatments. The second field 
planting was established in February 2018 after harvesting the initial planting 
was harvested and was terminated in June 2018. 

Sample/Data collection 

The chlorophyll content, vine length and girth, leaf length and girth, number 
of root nodules, shoot and root fresh/dry weight and mycorrhizal colonization 
were determined as detailed below: The chlorophyll meter (CCM-200 plus) was 
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used to measure chlorophyll content in cowpea leaves. The measurements were 
done 3 times in the first cultivation, while in residual biochar evaluation, 
measurements were done twice. The first measurement for each cropping 
period was carried out one month after treatment application and subsequently 
at monthly intervals. A measuring tape was used to estimate vine length, girth, 
and leaf length before and after the cowpea legume was uprooted. The 
measurements were recorded.  

Root harvesting and nodule count 

A day before root harvesting, the plot was irrigated to wet the soil for root 
harvesting so that root nodules would not be lost in the soil. After root 
harvesting, roots were washed in a basin under running water. The nodules 
from washed roots were counted.  

Yield parameters 

The fresh roots and shoots were air-dried inside the screen house, and 
their weight was obtained by weighing them on a weighing balance (RADWAG 
WagiElektroniczne, Poland).  

Laboratory analysis 

Cowpea root mycorrhizal colonization. The roots were cut into pieces and 
cleared in 2% (w/v) KOH for 15 min at 120℃ in an autoclave. Using a fine sieve, 
the roots were rinsed with water three times and then covered with 2% (v/v) 
hydrogen chloride (HCl) for 30 min. After 30 min, the HCl was thrown away, 
and the roots were covered with 0.05% (w/v) trypan blue in lacto glycerol for 
15 mins in an autoclave. The roots were then placed onto a petri dish with 50% 
(v/v) glycerol for de-staining and were viewed under a stereomicroscope.  

Mycorrhiza spore extraction and characterization. Mycorrhiza spores 
were extracted by the sucrose floatation method. After extraction, microscopic 
slides were prepared, and different mycorrhiza species were identified, counted 
and photographed. 

Statistical analysis 

Data generated from this study were subjected to analysis of variance 
using GenStat discovery 4 edition software. The significant means were separated 
using Fischer’s least significant difference at 5% probability level. Correlation 
coefficient analysis was performed to understand the relationships among the 
measured parameters. The GGE Biplot was used to rank the performance of the 
treatments.  
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Results 

Effect of soil amendments with biochar on root nodules and root 
properties 

The nodule number was significantly (p<0.05) affected by the treatments 
in both years (Table 1). In the first year, the highest number of nodules was 
obtained from roots of plants grown on biochar + cattle dung applied plots (32) 
and the least was from the control and NPK plots (15). Roots of plants grown 
on the sole biochar amended plot had 25 nodules. Combine the application of 
biochar with either cattle dung or NPK improved the number of nodules over 
the sole application. In the second cultivation, the highest nodule number was 
obtained from control and biochar.  

Cowpea root length in the first year of cultivation was not significantly 
(p<0.05) affected by the treatments, while root weight in the second year of 
cultivation was not significantly (p<0.05) affected by treatments.  Root weight 
in the first year of cultivation was significantly affected by the treatments, with 
biochar + cattle dung having the highest root weight (7.12 g); following by 
biochar + NPK (5.66 g). Control plots had the least root weight (3.80 g). In the 
second cultivation, root length was significantly (p<0.05) affected by the 
treatments. Control had the least root length (14.37 cm). NPK amended plot had 
the highest root length (24.20 cm), followed by biochar + NPK (23.27 cm), 
following by biochar + cattle dung (22.53). 

The coefficient of variation (CV) ranged from low to moderate in all the 
parameters (1 to 50%) except root weight, which had a high CV% (55.7). This 
shows that the treatment effect varied most in root weight.  
 

Table 1. Effect of soil amendment on root nodulation and root parameters 
 
 
Soil treatment 

First planting  Residual planting 
Nodule 
number 

Root length 
(cm) 

Root 
weight (g) 

 Nodule 
number 

Root length 
(cm) 

Root 
weight (g) 

Control (0 tha-1) 15 29.7 3.80  7 14.37 3.37 
Biochar (5 tha-1) 25 27.7 5.46  5 16.40 5.40 
NPK (60 kg ha-1) 15 26.0 4.31  4 24.20 5.76 
Cattle dung (5 tha-1) 16 26.3 5.32  4 17.10 4.76 
Biochar +NPK 19 34.7 5.66  4 23.27 5.50 
Biochar +cattle 
dung 

32 27.4 7.12  7 22.53 3.72 

Cv (%) 36.4 19.4 30.2  27.2 12.9 55.7 
F-LSD 13.61 Ns 2.99  2.77 4.59 Ns 
Note: CV = coefficient of variation, ns = means not significant at 5% 
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Effect of biochar soil amendments, including on cowpea growth 
parameters and dry matter yield 

Most of the growth parameters had low to moderate coefficient of variation 
(1 to 50%). Of all the parameters, only leaf lengths at 1MAP (month after planting) 
and 2MAP during the second-year planting were not significantly (p<0.05) affected 
by the treatments (Table 2). Biochar + cattle dung had the highest vine length 
1MAP (38.80 cm) during the first year of planting. Sole cattle dung was recorded 
33.33 cm vine length 1MAP, while biochar + NPK had the highest vine length 
2MAP (63.1 cm). This was followed by biochar + cattle dung (50 cm). Among 
the sole applications, cattle dung produced the highest vine length 2MAP (48.7 
cm) followed by biochar (47.7 cm), and the least vine length was from NPK-
amended plots (39.3 cm). All the values obtained in the treatment’s variants were 
higher than that of control. In the second-year planting, similar trend was observed. 

Regarding leaf length, biochar + cattle dung had miniature leaf lengths at 
1MAP and 2MAP (7.27 cm, 9.17 cm), followed by the control (7.33 cm, 9.33 cm). 
Amendment with biochar ensured the highest initial plant leaf length (9.50 cm), 
while the highest subsequent leaf length II was obtained from the NPK amended 
plot (11.23 cm). In the second year of cultivation, although the treatments did 
not significantly affect the leaf lengths, control had the least value. The highest 
leaf length during the second cultivation was obtained on plant cultivated on 
biochar + cattle dung plot (10.03 cm), followed by sole biochar (10.0 cm). 

 
Table 2. Soil amendments, plant growth properties and dry matter yield 

 
Soil treatment 

 First planting   Residual planting 
Vine 

length 
1MAP 
(cm) 

Vine 
length 
2MAP 
(cm) 

Leaf 
length 
1MAP 
(cm) 

Leaf 
length 
2MAP 
(cm) 

Dry 
matter 
Yield 

(g) 

 Vine 
length 
1MAP 
(cm) 

Vine 
length 
2MAP 
(cm) 

Leaf 
length 
1MAP 
(cm) 

Leaf 
length 
2MAP 
(cm) 

Dry 
matter 
yield 
(g) 

Control (0 tha-1)  28.3 34.7 7.33 9.33 53  23.0 31.6 6.40 7.87 3.06 
Biochar (5 tha-1) 31.57 47.7 9.50 10.87 214  34.4 44.6 8.27 10.00 5.33 
NPK (60 kg ha-1) 30.78 39.3 8.70 11.23 87  27.23 33.9 7.57 8.07 4.75 
Cattle dung (5 
tha-1) 

33.33 48.7 9.30 10.60 125  38.07 44.4 8.7 9.07 6.67 

Biochar +NPK 30.67 63.1 9.33 10.50 176  38.67 46.1 8.27 9.33 5.78 
Biochar +cattle 
dung 

38.80 50.0 7.27 9.17 123  33.47 42.2 8.53 10.03 7.07 

Cv (%) 11.3 50.7 10.5 9.2 39.8  11.9 12 22.3 24.5 32.9 
F-LSD 6.65 23.88 1.64 1.73 4.10  7.02 8.94 Ns ns 3.25 
Note: MAP = months after treatment application, CV = coefficient of variation, ns means not 
significant at 5% 
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The difference in dry matter yield between the first year and the second 
year was most likely because of winter that caught with the second cultivation, 
terminated the growth processes, and finally dried the plant. In the first year of 
planting, the highest dry matter yield was obtained from sole biochar (214 g), 
this result was followed by that of biochar + NPK (176 g). The least dry matter 
yield was obtained from control plots (53 g), followed by sole NPK amended plots 
(87 g). In the second year of planting, biochar + cattle dung ensured the highest dry 
matter yield (7.07 g) and the least was equally from the control plot (3.06 g). 

Treatment effects on chlorophyll content of the plants 

The treatments significantly affected chlorophyll content (Table 3).  At 
one month after treatment application leaf chlorophyll content was as follows: 
NPK (84.7) > biochar + NPK (76.7) > cattle dung (66) >biochar (60.3) > biochar 
+cattle dung > control (36.6). The last measurement in the first year of planting 
showed that the results obtained from all treatments, were the same except 
biochar + cattle dung, which was significantly higher and different from all 
other treatments. 

In the second year of planting, the chlorophyll content was generally lower 
than the first. And only two measurements were possible during the second year 
of cultivation. In the first year of planting, control had the least chlorophyll 
content (8.9), while in the second year, biochar + NPK had the least value (12.5). The 
first measurement showed that NPK amended plot had the highest chlorophyll 
content (45.9) > biochar + cattle dung (32.7) > biochar +NPK (32.3). In the second 
measurement, chlorophyll content order in plants cultivated with biochar 
treatment (49.7) > NPK (34.4) >cattle dung (27.8) >control (18.4) >biochar 
+cattle dung (15.3) >biochar +NPK (12.5).   
 

Table 3. Effect of soil amendments on chlorophyll content of cowpea leaves 

Soil treatment 

First planting  Residual planting  
One Month 

after 
treatment 

application 

Two Month 
after 

treatment 
application 

 
One Month 

after 
treatment 
apllication 

Two Month 
after 

treatment 
application 

Residual 
biochar 

application 

Control (0 tha-1) 36.6 89.1  81.4 8.9 18.4 
Biochar (5 tha-1) 60.3 105.1  122 17.3 49.7 
NPK(60 kg ha-1) 84.7 87.8  101 45.9 34.4 
Cattle dung (5 tha-1) 66 91.6  103.6 18.7 27.8 
Biochar +NPK 76.7 107  82.4 32.3 12.5 
Biochar +cattle dung 52.3 77.8  142.5 32.7 15.3 
Cv 19.6 19  21.9 33.2 27.2 
F-LSD 22.37 32.20 (ns)  42.04 15.95 13.02 
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Correlation analysis of the combination of the parameters of the two 
years of planting 

The analysis reveals that dry matter yield (DMY) exhibits strong and 
significant positive correlations with several parameters, indicating its close 
relationship with these traits (Table 4). DMY is strongly correlated with root 
length (RL) (r = 0.554, p < 0.01), highlighting the importance of robust root 
development in contributing to biomass production. Furthermore, leaf chlorophyll 
content, measured at two stages (LC1MAP and LC2MAP), shows significant 
positive relationships with DMY, with LC2MAP having a particularly strong 
correlation (r = 0.751, p < 0.01). This suggests that higher chlorophyll content, 
especially during later growth stages, is a critical factor for achieving greater 
dry matter accumulation. 

Leaf length at two stages (LL1MAP and LL2MAP) also contributes positively 
to DMY, as indicated by their significant correlations with LC2MAP (r = 0.644, 
p < 0.01) and RL. Interestingly, vine length at an earlier stage (PH1MAP) has a 
significant negative correlation with DMY (r = -0.368, p < 0.05), implying that 
early vigorous growth in height may not necessarily translate to higher dry 
matter yield, potentially due to resource allocation dynamics. 
 

Table 4. Correlation coefficient of cowpea growth and yield parameters 

Note: **.and * Correlation is significant at the 0.01 and 0.05 levels (2- tailed), 1MAP = one month 
after treatment application, 2MAP = two months after treatment application, PH = vine length, LL 
= leaf length, RL = root length, NOOS = number of offshoots. WOR = weight of roots, NON = number 
of nodules, LC = leaf chlorophyll, and DMY = dry matter yield 

  PH1MA
P 

PH2MA
P 

LL1MA
P 

LL2MA
P 

RL NOS WOR NON LC1MA
P 

LC2MA
P 

DMY 

PH1MA
P 

1 0.246 0.212 0.024 -0.180 -0.091 -0.027 -0.232 -0.114 -.359* -.368* 

PH2MA
P 

 
1 .443** .356* 0.152 -0.213 0.006 0.070 0.130 0.225 0.061 

LL1MA
P 

  
1 .796** 0.203 0.006 0.202 -0.019 .385* .367* 0.283 

LL2MA
P 

   
1 0.201 0.072 0.244 0.097 .329* .440** 0.300 

RL 
    

1 0.145 .573** 0.117 .508** .613** .554** 
NOS 

     
1 .460** 0.061 -0.007 -0.015 0.016 

WOR 
      

1 0.184 0.220 0.134 0.318 
NON 

       
1 0.142 .389* .451** 

LC1MA
P 

        
1 .676** .644** 

LC2MA
P 

         
1 .751** 

DMY 
          

1 
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The biplot graph indicates that principal components (PC)1 and 2 
explained 71.7% of the variation among the parameters measured (Figure 1). 
The biplot has five sections with five out of the six treatments occupying the 
vertex of the polygon. The section occupied by biochar + NPK (B1fnpk) contained 
most of the parameters (dry matter yield, vine length, root weight, root length, 
and number of nodules) while the leaf length and number of offshoots were 
housed in the biochar alone section (B1). The position of the control (B0) opposite 
the best performing treatment (biochar + NPK) indicates its poor performance 
in the selected parameters. 

 

 
 

Figure 1. Graph of which-wins-where of the soil amendment treatments 
 

Mycorrhizal colonization 

The fungal mycorrhizal analysis under stereomicroscope resulted in 
visualization of hyphae, vesicles and arbuscules (Figures 2-5). Amendment with 
biochar gave the highest arbuscules, but hyphae was less visible, while in cattle 
dung-treated soil, there were more hyphae but fewer arbuscules. Cattle dung 
and biochar gave higher arbuscules than the control.  
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Figure 2. Cowpea roots treated with 
biochar alone (B1) showing darker 
arbuscules (38 visible arbuscules). 

 

Figure 3. Cowpea roots treated with 
biochar + cattle dung with less 

arbuscules (10 visible arbuscules) 
 

  
Figure 4. Cowpea roots of control had 
no visible arbuscules, but the hyphae 

observed were turbid. 
 

Figure 5. Cowpea roots treated with 
cattle dung showing both the arbuscules 

(16 visible arbuscules) and hyphae. 

Mycorrhiza spore count in the soil 

Effect of the treatments was evaluated on the mycorrhiza spore count in 
the soil after cultivation of cowpeas. Five mycorrhizae species were isolated 
from most of the treated soil, which include Acaulospora, Glomus, Scutelospora, 
Gigaspora and Entrophospora. Among these isolates, three namely, Acaulospora, 
Glomus and Entrophospora were significantly affected by the treatments. There 
was variability in the overall occurrence and the sequence of occurrence in both 
treated and untreated soils. Glomus had the highest number of spores in all the 
soils. It had hundreds of spores in almost all the treatment variants. Acaulospora 
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also had hundreds of spores, Entrophospora occurred in tens while Scutelospora 
was also in tens but fewer than Entrophospora. Gigaspora spores were found 
only in control, biochar plus NPK and NPK amended plots in few numbers. Apart 
from Acaulospora, which was higher in biochar amended plot, the control plot 
had higher spores than the amended plots. In control plots, Glomus and 
Entrophospora had the highest soil spores (365, 100). Sole biochar amended 
plots and biochar plus NPK amended plots had the next highest Entrophospora 
(232) and Glomus (268) spores, respectively. The biochar plus cattle dung 
amended plots had the least spores of all the mycorrhiza species. Sole biochar 
amended plots had the highest Acaulospora spores (308), which was significantly 
(p <0.05) the same as control plots (289). Considering the amended organic and 
inorganic soils, apart from sole biochar, NPK or biochar plus NPK had higher 
mycorrhiza spores than cattle dung or biochar plus cattle dung in most of the 
isolates. Figure 6 shows the mycorrhiza spores while Figures 7 – 11 shows the 
different species with their characteristic features.  
 

Table 5. Effect of soil amendment on soil mycorrhiza spore count 
 

Soil Treatment Acaulospora Glomus Scutelospora Gigaspora Entrophospora 
Control (0 tha-1) 289a 365a 11a 6a 100a 

Biochar (5 tha-1) 308a 232ab 11a 0a 83ab 

Cattle dung (5 tha-1) 243a 177b 17a 0a 62abc 

NPK (60 kg ha-1) 243a 198ab 23a 13a 29bc 

Biochar +cattle dung 82b 90b 0a 0a 20c 

Biochar +NPK 209a 268ab 19a 14a 58abc 

 
 

 
 

Figure 6. Mycorrhiza spores 
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Figure 7. Glomus intradices 

 

 
Figure 8. Scutelospora calospora 

 

 
Figure 9. Entrophospora colombiana 

 

 
Figure 10. Acaulospora mellea 

 

 
Figure 11. Gigaspora species 
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Discussion 

Effect of soil amendments with biochar on root nodules and root 
properties 

Roots are a significant part of a plant because it is an interface between 
nutrient and water absorption from the soil and any amendment added to it and 
the crop growth and development. Properties of the root are therefore very vital 
because these affect how the root accomplishes its task of nutrient and water 
absorption into the plant. Biochar soil amendment, according to Xiang et al. (2017) 
may change root development and properties, which inevitably affect crop 
performance. In this research, the sole application of biochar or in combination 
with NPK or cattle dung soil amendments increased root length and weight over 
the control. Xiang et al. (2017) found that responses of root traits associated 
with 13 variables under biochar application had increased root biomass (+32%), 
root volume (+29%) and surface area (+39%). They also found that biochar 
increased the number of root nodules, just as was confirmed with findings of 
this research. In both years, soil amendment increased the number of root 
nodules. The reason for observed increase in root properties was likely as a 
result of improvement in soil properties by those soil amendments. Biochar 
increases soil pH, nutrient status and cation exchange capacity (CEC) (Vanek 
and Lehmann, 2015), which invariably should improve root properties in 
biochar-applied plots (Macdonald et al., 2014; Olmo et al., 2016). Integration of 
NPK or cattle dung into biochar amendment enhanced root length and weight. 
Alburquerque et al. (2015) observed that biochar applied with NPK was found 
to interactively influence root growth.   

Effect of soil amendments on growth parameters and dry matter yield 

Amendments used in this research improved cowpea growth parameters 
and, most significantly, the dry matter yield. All the amendments had higher dry 
matter yield than the control. Applying biochar to soil can increase crop yields 
(Quilliam et al., 2013) and biochar applications may be helpful in developing 
more sustainable food production systems (Liu et al., 2017). In this study, biochar, 
cattle dung, NPK or their combination positively affected cowpea growth 
parameters and dry matter yields. This agrees with the result of Suthar (2012). 

The combined insights from the correlation analysis and the GGE biplot 
reveal key relationships between dry matter yield and other agronomic 
parameters, as well as the differential performance of treatments in promoting 
specific traits. The correlation analysis underscores the importance of traits like 
root length and leaf chlorophyll content in driving DMY. The strong positive 
correlation between DMY and RL highlights the critical role of robust root 
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development in cowpea biomass production. Longer roots likely improve water 
and nutrient uptake, particularly under stress conditions, which translates to 
greater dry matter accumulation (Santos et al., 2020). Similarly, the significant 
positive correlations between DMY and LC, particularly at two months after 
treatment application, suggest that maintaining higher chlorophyll content 
during later growth stages is crucial for enhanced photosynthetic efficiency and 
biomass production. Wanjiku et al (2023) observed a significant increase in 
cowpea leaf chlorophyll content as the plant advances in age.  

Leaf length at different growth stages also contributes positively to DMY, 
with LL1MAP and LL2MAP correlating significantly with RL and LC2MAP. This 
indicates that leaf expansion, coupled with enhanced chlorophyll content, 
optimizes photosynthetic capacity and resource capture, thereby supporting 
higher biomass yield. These findings align with Atugwu et al. (2023), who observed 
a significant correlation between cowpea leaf length and dry matter yield. 
Interestingly, vine length at an earlier stage shows a negative correlation with 
DMY, suggesting that excessive early vegetative growth in height may divert 
resources from other processes critical for dry matter accumulation.  

The GGE biplot analysis further complements these findings, explaining 
71.7% of the variation among parameters and showcasing the distinct performance 
of treatments. The “which-won-where” result identifies biochar + NPK as the 
most effective treatment, with DMY, RL, LC, root weight, and number of nodules 
all grouped within its polygon section. This indicates that biochar + NPK 
amendment promotes traits that directly contribute to enhanced biomass 
production, likely due to the synergistic effects of biochar and NPK in improving 
soil fertility, nutrient availability, and root-soil interactions. In contrast, the 
control was ranked low in the biplot analysis which indicates that cowpea 
responds to soil amendments even though it can fix nitrogen through its symbiotic 
relationship (Atugwu et al., 2023; Nkaa et al., 2014). The findings suggest that 
treatments that enhance both root system development and chlorophyll content 
are most effective in boosting biomass production. Yield is a polygenic trait that 
can be enhanced by identifying and modifying the morphological qualities that 
influence it (Chukwudi, 2021). Root traits, including RL and NON, appear to play 
pivotal roles in supporting nutrient and water uptake, which are critical for dry 
matter accumulation. Similarly, the strong relationship between LC and DMY 
highlights the importance of maintaining photosynthetic efficiency during later 
growth stages for maximizing yield. 

Mycorrhizal colonization 

The mycorrhizal colonization results showed the presence of hyphae, 
arbuscules and nodules in the roots. Biochar treated soil had the highest 
arbuscules showing high mycorrhizal colonization. Solaiman et al. (2010) also 
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showed that addition of biochar increases mycorrhizal colonization. In addition, 
cattle dung treated soil also had arbuscules showing mycorrhizal colonization. 
Although cattle dung treated soil had less arbuscules than biochar-treated soil. 
This also is in consonance with Muthukumar and Udaiyan (2002), who noted 
that the effect of organic manure on mycorrhizal colonization depends on the 
organic manure used. The combined application, which shows evidence of 
mycorrhizal colonization. Gryndler et al. (2001) observed that organic manure 
and mineral fertilization increases mycorrhizal colonization by increasing hyphal 
length. The hyphae help in the absorption of nutrients from the soil and transport 
them to the rest of the plant and arbuscules penetrate the cortical cells.  

Mycorrhiza spore count in the soil 

Spores of Glomus species was found in both amended and non-amended 
plots and in greatest number. Several studies of agricultural soil have shown 
dominance of Glomus species (Gunwal et al., 2014; Mathimaran et al., 2005) in 
such soils. The reason for the above observation was as result of the higher 
colonization efficiency of Glomus species than other mycorrhiza species. The 
five isolates reported from this study have also been indicated to be found in 
agricultural soils (Jansa et al., 2005). Except for amended soil, organic manure-
amended plots showed lower spores of mycorrhiza than inorganic fertilizer 
amended plots. It’s assumed that in organic fertilizer-amended plots phosphorus 
availability is higher than in inorganic fertilizer-amended plots (Xin et al., 2022). 
And as such leads to lower mycorrhiza colonization (Garcia and Zimmermann, 
2014). Johnson (2010) observed that nutrient-stressed plants release more 
soluble carbohydrates in root exudates, which support more mycorrhiza than 
plants with sufficient nutrients. It has been noted that in high availability of 
phosphorus, that mycorrhiza colonization or sporulation is low. Other findings 
of mycorrhizal response in organic amended soils have shown diverse opinions. 
Aleklett and Wallander (2012) reported an increase in AMF growth from adding 
N-rich organic residue. Organic residue with low N didn’t affect AMF colonization 
while Hammer et al. (2011) and Gryndler et al. (2009) found an increase in 
plant response to mycorrhiza and spore count. 

Conclusion 

Biochar soil amendments significantly improved mycorrhiza root 
colonization and spore count, root nodulation, root properties and cowpea dry 
matter yield when compared either to control or, in some cases, the other 
treatments that were added to the soil. The study was able to explain the 
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beneficial effect on yield attributed to biochar soil amendment. Correlation 
analyses show that the factors with a high correlation to dry matter yield mainly 
were improved by biochar soil amendment. 
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Abstract. The method of drying fresh tomato (Lycopersicon esculentum 
mill) to prevent quick spoilage, could affect the quality of the product, and 
influence consumer acceptability. This study is focused on determining 
the effect of different pretreatments on the quality of tomato powders 
packaged in polyethylene terephthalate pouches, and stored for 16 weeks 
at room temperature (25±2 ºC). A total of six tomato powder samples, 
which include the blanched ascorbic acid pretreated (BAAP), unblanched 
ascorbic acid pretreated (UAAP), blanched lime juice pretreated (BLJP), 
unblanched lime juice pretreated (ULJP), sundried without pretreatment 
(SDTP), and the control (without pretreatment; dehydrator used for 
drying), was prepared. The total viable counts (TVC) of the stored tomato 
powders were within the range of 4.40-7.31 log10CFU/g. Although the 
TVC of the samples increased within the first few weeks, the values 
reduced as the storage period increased. The SDTP tomato powder 
maintained a higher TVC compared with other stored samples. There was 
a reduction in pH, moisture, ash, titratable acidity, and vitamin C content 
of the powdered tomatoes. The lycopene content of tomato powders was 
within the range of 102.13±1.53-132.70±1.46 mg/100g, while the fruit 
tomato was 18.96±1.27 mg/100g. There were significant differences 
(p<0.05) in the functional properties of the tomato powders, with few 
exceptions. Different pretreatments increased the water absorption 
capacity and bulk density of the samples, but reduced their emulsion 
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stability. The BLJP and BAAP tomato powders had a very high sensory 
rating, whereas the SDTP sample was the least. Based on the overall 
results, blanched ascorbic acid pretreatment is recommended for the 
production of good quality tomato powder. 
 
Keywords: ascorbic acid, blanching, lycopene, postharvest losses, shelf life. 

Introduction 

Tomatoes typically share the characteristics of fruit and vegetable 
(Degwale et al., 2022; Agada et al., 2023). In some literature, tomato is assigned 
the scientific name Solanum lycopersicum L. (Zambare and Kulkarni, 2023; 
Obajemihi et al., 2024), while others refer to it as Lycopersicon esculentum mill 
(Kumar et al., 2016; Adedire et al., 2022). Tomato is recognized by the family it 
belongs to called Solanaceae, while the genus which it is also a member is 
referred as Lycopersicon (Farooq et al., 2020). Historical data provided useful 
evidence that made scientists to believe that tomatoes originated in South 
America, specifically in the Andean region of the continent. Agriculturists 
reported that the subtropical and tropical regions are conducive geographical 
regions for cultivating tomatoes in abundant (Oladipupo et al., 2020).  

A ripe fresh tomato can be eaten raw after it has been properly washed 
with clean water. This is applicable to a lot of fruits and vegetables. Millions of 
people across the world consume fruit tomatoes in various ways. Further 
processing of fruit tomatoes has led to the production of a range of products 
(paste, juice, puree, canned tomatoes, ketchup, dried powders, and pasta 
sauces) (Kumar et al., 2021; Dūma et al., 2022).  

It is estimated that tomatoes produced across the world is more than 171 
million metric tons, annually. In 2018, 2020, and 2021, the global output of fruit 
tomato was 182, 186, and 189 million tons, respectively. After taken a lot of 
factors into consideration, experts projected that 220 million tons of tomatoes 
will be produced in the year 2030 (Collins et al., 2022; Silva et al., 2023; Chabi 
et al., 2024). The countries globally recognized as the major producers of 
tomatoes are China, the USA, Turkey, Egypt, and India (Dube et al., 2020; 
Ogunsola and Ogunsina, 2021). Since the five countries are self-sufficient in 
tomato production, they usually export the excess to foreign countries in need 
of the product. In West Africa, Nigeria is a leading country in tomato production. 
About 6 million tons of tomatoes are produced annually in Nigeria, (Aderibigbe 
et al., 2018; Agada et al., 2023). According to Alabi et al. (2023), the quantity of 
tomatoes produced in 2019 and 2020 in Nigeria is 3,798,939 and 3,693,722 
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tons, respectively. Although Nigeria is not among the top ten tomato producers 
globally, the country occupies the 13th position. The country accounts for  
1.3% and 10.8% of the global and African total tomato output, respectively 
(Tafida et al., 2023). 

The skin of tomatoes is reddish in colour when the fruit is ripe. Studies 
carried out by researchers have linked the reddish colour of ripe tomato to 
lycopene found in the skin of the fruit (Aguda et al., 2021). Fruit tomato is 
enriched with antioxidant compounds beneficial to human health. They include 
phenolic compounds, carotenoids, vitamins C, and D (Xu et al., 2018). Also 
found in fresh tomatoes are phenolic compounds which include phenolic acid 
and flavonoids. It has been well-reported that tomatoes contain carotenoids 
which include lycopene, α- and, β-carotenes (Hirata et al., 2024). Carotene, 
folate, niacin, vitamin A, B1, B2, B6, B12, C, E, K, and H are the vitamins present in 
tomato fruit in varying quantities (Yegrem and Dagnaw, 2022; Chabi et al., 
2024). Several bioactive compounds which include kaempferol, cholin, lutein, 
naringenin, and quercetin have been reported in fruit tomatoes (Abdusalam et 
al., 2023). Minerals such as calcium, sodium, magnesium, phosphorus, zinc, 
iron, copper, manganese, potassium, boron, and sulfur are also found in 
tomatoes in varying quantities (Aggarwal et al., 2016; Farid et al., 2022; Chabi 
et al., 2024). Beta-carotene and lycopene found in tomatoes are linked to health 
benefits. That is why people who eat tomatoes regularly have reduced risk to 
suffer from prostate cancer and cardiovascular diseases (Aderibigbe et al., 
2018; Collins et al., 2022). Prevention of certain diseases such as diabetes, 
atherosclerosis, asthma, and colon cancer are associated with consumption of 
fruit tomato (Aggarwal et al., 2016).  

The moisture content of fruit tomato is usually above 90 %. Freshly 
harvested tomatoes deteriorate very fast as a result of increased activities of 
spoilage microorganisms favoured by high moisture content. Consequently, the 
market value of the fruit tomato depreciates as the days go by (Adejo et al., 
2015; Aderibigbe et al., 2018; Farooq et al., 2020; Ahmad et al., 2022; Degwale 
et al., 2022). Without taking any concrete action after harvesting ripe fruit 
tomato to preserve it, spoilage of the fruits will take place within two weeks 
(Anisuzzaman et al., 2022).  

Massive production of fruit tomato happens during the appropriate 
season in the year. It largely influences tomato output in many countries 
(Oboulbiga et al., 2022). During the season of plenty, the market is flooded with 
fresh tomatoes. The prices drop due to market forces of demand and supply. 
The period fresh tomato is abundant in the market is shorter than the off-
season, when tomato scarcity persist and prices skyrocket, until the arrival of 
another season of harvest. This cycle is usually experienced in many African 
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countries, including Nigeria. In order to meet high demand for tomato especially 
during the off-season, importation of tomato concentrate mainly from China, 
Italy, and Singapore becomes a lucrative business (Oboulbiga et al., 2022; 
Ossamulu et al., 2023). On yearly basis, it is estimated that Nigeria business 
owners import tomatoes worth US$70 million. This development is pathetic 
because the country produces enough quantity of tomatoes to feed her population 
(Amurtiya and Adewuyi, 2020).  

With the intention of extending the shelf life of ripe fruit tomato, modern 
drying methods have been adopted by some researchers different from the 
traditional practice (Kumar et al., 2016; Ladi et al., 2017; Yegrem and Ababele, 
2022). The use of solar dryers, microwave drying, sun tunnel drying, and freeze-
drying are some of the improved drying methods (Yadav and Ali, 2023; 
Zambare and Kulkarni, 2023; Gameh et al., 2024; Obajemihi et al., 2024). 
Despite the benefits of drying fresh tomatoes, the quality of the product is 
affected. Some researchers have noted that the application of various physical 
or chemical pretreatments before drying tomatoes could minimize or resist the 
reduction in quality of the product attributed to the usual drying process. Other 
benefits of pretreatments include reduction in the energy requirement, and 
length of time required for tomato to be properly dried (Yegrem and Dagnaw, 
2022). It has been reported that the functional properties of tomato powder is 
affected during drying. A strategy to cushion the effect of functional property 
loss of dried tomato powder suggested by some researchers is the use of 
preservatives and weak acids prior to drying of tomato powder (Chawafambira 
and Maramba, 2022). The osmotic agents commonly used for pretreatment of 
tomatoes include NaCl, sucrose, potassium metabisulphate, sodium metabisulphite, 
sodium benzoate, calcium chloride, weak acids, and sugar. Thermal blanching 
is another pretreatment fresh tomato could be subjected to before drying. It 
involves the use of hot water or steam. After drying of tomato is properly done, 
the product could be stored in polyethylene bags, high density polyethylene 
(HDPE) bags, aluminum foil pouches, vacuum-packed using a nylon-polyethylene 
bag, polystyrene cups, polyvinylchloride (PVC) trays, metalized polyester film, 
low density polyethylene (LDPE), glass jars, and plastic containers (Yegrem and 
Ababele, 2022). The quality of tomato powder is significantly affected by 
different pretreatments and drying methods (Aderibigbe et al., 2018; Farooq et 
al., 2020; Yegrem and Ababele, 2022). A study was carried out by Sarker et al. 
(2014) to determine the effect of using a cabinet drier to dry sliced tomatoes at 
60 oC. The researchers went further to store the pretreated samples in different 
wrapping materials for six months at ambient temperature. The various 
wrapping materials include (i) medium density polyethylene, (ii) HDPE, and 
(iii) laminated aluminum foil (LAF) pouches. After considering the overall 
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results from the study, the use of LAF pouches to store tomato powder and 
pretreatment of dried tomato powder using a salt solution of 1% CaCl2 and 
0.2% potassium metabisulphite was recommended. 

The traditional method used by rural dwellers in developing countries to 
reduce drastically the moisture content of sliced fruit tomato is to expose the 
raw foodstuff under the sun. This drying method is affordable. The product 
becomes dehydrated after several days of sun-drying. Hot air is another cheap 
drying method adopted by rural dwellers to dehydrate fresh tomatoes (Farid et 
al., 2022). In addition to obvious benefit of drying fresh tomatoes which usually 
extend the shelf life of the product, the process also reduces its bulky size which 
has cost implications of transporting fresh tomato to the final consumer. One of 
the ingredients used in preparing ketchup, canned products, soup premixes, 
and sauces is dried tomatoes (Farooq et al., 2020; Zambare and Kulkarni, 2023).  

Instead of discarding tomatoes that have started spoiling, it can be used 
to produce a highly soluble powder which has a useful application as a 
functional food ingredient. In the last few years, food industries are increasingly 
using tomato powder as a natural food colorant and nutritional additive (Hirata 
et al., 2024; Lyu et al., 2024).  

Microorganisms are present in intact fruit tomatoes harvested from the 
farm. Several factors could influence the microbial population and diversity in 
fruit tomatoes. Bacillus subtilis, Pseudomonas aeruginosa, Klebsiella sp., and 
Proteus mirabilis are bacterial isolates, while fungal isolates which include 
Penicillium sp., Rhizopus sp., Mucor sp., Aspergillus niger, and Rhizopus stolonifer 
have been isolated from the so called “healthy tomatoes”. Some of these 
bacterial and fungal species are involved in the spoilage of tomatoes (Aguda et 
al., 2021). Currently, there is limited information with regards to the bacterial 
and fungal species present in stored tomato powder, subjected to different 
pretreatments before drying, and packaged in different types of materials. 
Published works on tomato powder reported the population of microorganisms 
in the samples, but the researchers did not go further to identify the isolates 
(Sarker et al., 2014; Adejo et al., 2015, Ladi et al., 2017; Obadina et al., 2018; 
Aderibigbe et al., 2018; Leke and Bembur, 2023). Identification of microorganisms 
isolated from stored tomato powder is important because, the presence of 
pathogens in the product is a potential risk to consumers’ health. It is wrong to 
assume that dried tomato powder is free from microbial contaminants that are 
pathogenic. Bawa et al. (2023) reported the presence of Escherichia coli which 
is a coliform bacteria and Salmonella sp. (ubiquitous in the environment) in the 
tomato powder meant for human consumption, but the researchers did not 
identify the yeasts and mold isolated from the samples. In this study, bacterial and 
fungal species isolated from tomato powder subjected to different pretreatments 
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was identified. The effect of different pretreatments and drying methods on the 
quality (physicochemical, nutritional, functional, and sensory properties) of 
tomato powder packaged inside polyethylene terephthalate pouches, and stored 
for 16 weeks at room temperature was determined. 

Materials and methods 

Source of tomatoes 

About 200 kg of fruit tomatoes were purchased from Fruit Garden Market 
in Port Harcourt, Rivers state. The selection of tomato samples was based on 
ripeness and hardness. Soft and damaged tomatoes were separated and discarded 
from good ones. Each fruit tomato was cleaned three to four times with tap water 
and rinsed with distilled water.  

Preparation of pretreatment solutions 

The method describing how pretreatment solutions are prepared as earlier 
stated by Abano and Sam-Amoah (2011) was slightly modified and adopted in 
the present study. Preparation of fresh lime juice solution involved mixing 500 mL 
of lime juice and 500 mL of distilled water. 10% ascorbic acid solution was 
obtained by dissolving 100 g of food grade ascorbic acid powder (Heilongjiang 
NHU Biotechnologies, Europe) in 10 L of distilled water. 

Sample preparation 

Pretreatment of the tomato fruits 

The tomato purchased from the Fruit garden were divided into six (6) 
equal parts. Each of the portions weigh 20 kg. The tomatoes were sliced into 
small irregular slices using a clean kitchen knife sterilized with 90% alcohol. 
The sliced tomato fruits were pretreated as follows:  

(i) Control (CTRL): The sample was not pretreated. It was dried in a food 
dehydrator (model LY-FG2). 

(ii) Sundried tomato powder (SDTP): The sample was not pretreated. It 
was dried under the sun. 

(iii) Blanched lime juice pretreated (BLJP) sample: Tomato fruits was 
blanched with hot water for 1 minute, pretreated with lime juice (soaked for 10 
minutes), and dried in a food dehydrator. 
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(iv) Unblanched lime juice pretreated (ULJP) sample: The tomato fruits 
were not blanched. It was pretreated by soaking it in a lime juice for 10 minutes, 
and dried in a dehydrator. 

(v) Blanched ascorbic acid pretreated (BAAP) sample: The tomato fruits 
were blanched with hot water for 1 minute, pretreated by soaking it in a 10% 
ascorbic acid solution for 10 minutes, and dried in a dehydrator.  

(vi) Unblanched ascorbic acid pretreated (UAAP) sample: The tomato 
fruits were not blanched. It was pretreated by soaking it in a 10% ascorbic acid 
solution for 10 minutes, and dried in a dehydrator. 

 
Drying of samples 

The portion of sliced fruit tomato which was sundried involved exposing 
the sample to direct sunlight for 8 hours. Other portions of sliced fruit tomato 
(i, iii-vi) were dried using a dehydrator sterilized with 90% alcohol. The 
temperature of the dehydrator was adjusted to 55 oC to dry the sliced tomatoes. 
The dried samples of tomato were milled to powder using a sterilized hammer 
mill machine. After milling each portion of the sliced and dried tomatoes, they 
were allowed to cool to room temperature. Without delay, each of the samples 
were packaged in polyethylene terephthalate pouches for storage, and further 
analysis. Each of the samples was properly labeled. 

 
Serial dilution 

Dilution of each sample of dried tomato powder was carried out (ten-fold 
serial dilution) by weighing 5 g of the sample in 45 mL of 0.1% sterile peptone 
water to yield a stock solution. The dilution was performed under aseptic 
conditions. Stepwise dilution of each sample of dried tomato powder was 
performed from the 10-1 dilution until 10-5 dilution was reached. Each stepwise 
transfer was performed using a sterile pipette. 

Microbiological analysis 

Isolation of bacteria and fungi 

Under aseptic conditions, 0.1 mL of dilution 10-2 to 10-5 of the tomato 
powder samples was inoculated into freshly prepared plate count agar (PCA) and 
MacConkey agar (MCA) plates in accordance with manufacturer’s instruction. To 
inoculate the samples on the agar plates, the spread plate method was used. 
Similarly, the diluted samples was aseptically inoculated onto Sabouraud dextrose 
agar (SDA) plates for the isolation of fungal species. The plates intended to 
isolate bacteria from the tomato powder samples were incubated at 37 oC in 
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a Memmert incubator (West Germany) for 48 hours. A longer incubation period 
of another set of plates (SDA) intended to isolate fungi from the samples lasted 
for 5 days at ambient temperature (28±2 oC). The colonies that appeared in 
each culture plate was totaled after counting was done manually and recorded. 
The total viable count (TVC) of each tomato powder sample was calculated and 
expressed in log10CFU/g. Monitoring of bacterial population of the tomato 
powder samples stored at room temperature (25±2 oC) was performed biweekly 
for 16 weeks. 

 
Determination of pure cultures 

Based on unique morphological characteristics of bacteria and fungi that 
appeared in the culture plates (MCA, SDA, PCA) after the incubation period, a 
wire loop sterilized by flaming it in a Bunsen burner was used to pick the 
isolates and subcultured using appropriate agar plates and incubation conditions 
maintained. Nutrient agar (NA) was used to subculture bacterial isolates. Pure 
isolates were identified using standard microbiological methods and molecular 
characterization. Sabouraud dextrose agar (SDA) plates were incorporated with 
antibiotics to prevent the growth of bacterial species which are contaminants. 
Repeated subculturing of each isolate was carried out using freshly prepared 
media until discrete colonies were obtained and transferred into slants. The 
slants were maintained until proper identification, and characterization of the 
isolates were concluded. 

 
Identification of bacterial and fungal isolates  

Distinct bacterial and fungal colonies that appeared on NA and SDA culture 
plates were picked based on the uniqueness of colonial characteristics, respectively. 
Each bacterial colony was characterized based on the colonial morphology, 
pigmentation, Gram reaction, motility, and biochemical tests performed using 
standard methods. The fungal isolates were identified based on lactophenol cotton 
blue stain, and morphological characteristics (Cruickshank et al., 1975; Harrigan 
and McCance, 1976; Samson and Hocstra, 1988; Ire et al., 2020). 

Molecular identification 

DNA extraction 

In order to extract the deoxyribonucleic acid (DNA) present in the isolates, 
a ZR fungal/bacterial DNA mini prep extraction kit was used. The kit was 
imported from Inqaba, South Africa. A pure culture of each isolate that grew very 
well was aseptically transferred into e a ZR bashing bead lysis tube that contain 
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200 µL of isotonic buffer. 750 µL lysis solution was accurately measured and 
poured inside the lysis tube. Afterwards, the lysis tube was placed in a bead 
beater (it has a 2 mL tube holder). To achieve the purpose of releasing the lysed 
DNA inside the cell, machine carrying the lysis tube was operated at full speed for 
5 minutes. Afterwards, the ZR bashing bead lysis tube was transferred to a 
centrifuge and spun for 1 minute at 10,000 x g. After centrifuging the sample, the 
supernatant measuring 400 µL was poured in a collection tube with an orange-
top Zymo-Spin IV spin filter and spun at 8000 x g for 1 minute. The filtrate in the 
collection tubes was mixed with 1200 µL of fungal/bacterial DNA binding buffer. 
The total volume of the solution is 1600 µL. Eight hundred microliter (800 µL) of 
the solution was moved to a Zymo-Spin IIC column which has a collection tube 
and spun at 10,000 x g for 60 seconds. Coming from the collection tube is a flow 
that was discarded. What was left in the collection tube was placed on Zymo-spin. 
Thereafter, it was turned. Two hundred microliter (200 µL) of the DNA prewash 
buffer was added to the Zymo-spin IIC using a collection tube that is new. The 
content of the tube was spun at 10,000 x g for 1 minute. Afterwards, 500 µL of the 
fungal/bacterial DNA Wash Buffer was added, and the tube was spun at 10,000 x 
g for 1 minute. The Zymo-spin IIC column was moved to a clean 1.5 µL centrifuge 
tube. Exactly 100 µL of DNA elution buffer was added to the column matrix, and 
the column was spun at 10,000 x g for 30 seconds to bring out the DNA. The ultra-
pure DNA extracted from the isolates was put in a freezer that maintained a 
temperature as low as -20 oC. The DNA sample was used in subsequent steps that 
involves quantification and sequencing. 

 
DNA quantification 

After the genomic DNA from the isolates were successful extracted, each 
of them was quantified using a Nanodrop 1000 spectrophotometer. Double-
clicking of the Nanodrop icon automatically launched the software installed in 
the equipment. A sterile distilled water measuring 2 µL was used to set up the 
equipment, while normal saline was used to clear it. Two microliters (2 µL) of 
the genomic DNA extracted was put on the lower pedestal in the equipment. 
Thereafter, the upper pedestal was adjusted downwards in order to touch the 
extracted DNA in the lower pedestal. 

 
16S rRNA amplification 

The 16S rRNA region of the rRNA gene of the isolates was amplified. It 
involved the use of two primers namely 27F: 5'-AGAGTTTGATCMTGGCTCAG-3' 
and 1492R: 5'-CGGTTACCTTGTTACGACTT-3'. ABI 9700 Applied Biosystems 
thermal cycler is the equipment used for the amplification. A final volume of 40 
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µL was analysed by the thermal cycler for 35 cycles. A combination of Taq 
polymerase, dNTPs, and MgCl2 referred as X2 Dream Taq Master mix was used 
as the PCR mix. The PCR mix was supplied by Inqaba Biotech., South Africa. The 
concentration of the primers is 0.5 µM, while the template used is the extracted 
DNA. The following PCR conditions were maintained during amplification of 
16S rRNA: temperature of 95 oC was maintained for a period of 5 minutes for 
initial denaturation; the same temperature (95 oC) was maintained for 40 
seconds for denaturation to occur; a lower temperature (52 oC) was maintained 
for 40 seconds for annealing to occur; extension occurred when a temperature 
of 72 oC was maintained for 40 seconds for 35 cycles; and final extension 
occurred within 5 minutes when the temperature was maintained for 72 oC. 
Separation of the product was carried out using a 1% agarose gel operated at 
130 V for 30 minutes. Visualization of the product is made possible and could 
be seen on a blue light transilluminator. 

 
Internal Transcribed Spacer (ITS) amplification 

The ITS region of the isolate was amplified using the ITS1F: 5'-
CTTGGTCATTTAGAGGAAGTAA-3' and ITS4: 5'-TCCTCCGCTTATTGATATGC-3' 
primers on an ABI 9700 Applied Biosystems thermal cycler at a final volume of 
30 µL for 35 cycles. A combination of Taq polymerase, dNTPs, and MgCl2 

referred as the X2 Dream Taq Master mix was obtained from Inqaba Biotech., 
South Africa. The concentration of the primers used was 0.5 µM, while the 
extracted DNA is the template. The PCR conditions were as follows: temperature of 
95 oC was maintained for a period of 5 minutes for initial denaturation; the same 
temperature (95 oC) was maintained for 40 seconds for denaturation to occur; 
a lower temperature (53 oC) was maintained for 40 seconds for annealing to 
occur; extension occurred when a temperature of 68 oC was maintained for 40 
seconds for 35 cycles; and final extension occurred in 5 minutes when the 
temperature was maintained for 68 oC. For a 600bp product, the amplicon 
product was resolved on a 1% agarose gel. The operational condition is 200 V 
for exactly 15 minutes. Viewing of the amplicon was done using a blue light 
transilluminator. 

 
Sequencing of 16S rRNA and ITS 

A BigDye Terminator kit on a 3510 ABI sequencer manufactured by 
Inqaba Biotechnological of Pretoria, South Africa was used for sequencing of 
16S rRNA and ITS. The final volume used for the sequencing was 10 µL. The 
components were as follows: 0.25 µL BigDye® terminator v1.1/v3.1, 2.25 µL of  
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5 x BigDye sequencing buffer, 10 µL of 10 µM Primer PCR primer, 2-10 ng PCR 
template per 100 bp. The following describes the sequencing conditions: 32 
cycles of 96 °C for 10 seconds, 55 °C for 5 seconds, and 60 °C for 4 minutes. 

Physicochemical analysis 

Determination of pH 

The pH values of tomato powder and fruit tomato samples was ascertained 
with the aid of a calibrated pH meter (Hanna model). It is a portable device 
which is carried around with a palm. Before using the pH meter to determine 
the pH of the fruit tomato, the sample was pulverized without adding water to 
it. A blender was used to pulverize the sample and poured into a 100 mL beaker. 
The six tomato powder samples were separately weighed into 100 mL beakers. 
Fifty millilitre (50 mL) of distilled water was added to each of the tomato 
powders inside a beaker to form solutions. The pH of all the samples was 
determined after the digital device was inserted into the solution as instructed by 
the manufacturer. The pH measurements were performed for all the samples. The 
analysis was carried out immediately after the tomato powder samples were 
produced and fresh tomato sampled. Ten replicate samples for each tomato 
preparation were analyzed. The analysis was repeated after the samples were 
stored for 16 weeks, at room temperature (25±2 ºC). 

 
Determination of the vitamin C content 

The vitamin C content of tomato powder and fruit tomato samples was 
determined using the AOAC (2000) titrimetric method. The solution used for 
the analysis was 0.01 g of 2, 6, dichlorophenol-indo-phenol in 100 mL of 
distilled water. Accurately measured 2 mL and 10 mL of glacial acetic acid were 
added to 5 mL of standard ascorbic acid and 25 mL of the sample solutions, 
respectively. While titrating both the standard ascorbic acid and the sample’s 
solutions, indo-phenol was added. Titration continued until a pink colouration 
of the solution was noticed. Immediately it happened, the titre value was noted. 
The analysis was performed immediately after the tomato powder samples 
were produced and fresh tomato sampled. Ten replicate samples for each 
tomato preparation were analyzed. A repeat analysis was carried out for all the 
samples stored for 16 weeks, at room temperature (25±2 ºC). 

 
Determination of the moisture content 

The air oven drying method described by AOAC (2000) was used as a 
guide to perform the analysis. The samples involved were tomato powder and 
fruit tomatoes. Accurate weighing of the samples and empty crucibles used for 
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the analysis was performed using a calibrated analytical balance. The samples 
was heated at 100 oC for 10 hours. Afterwards, the samples were allowed to cool 
in a desiccator. The moisture analysis was performed immediately after the 
tomato powder was produced and fresh tomato sampled. After storing the 
tomato powder samples for 16 weeks at room temperature (25±2 ºC), the 
moisture content of the samples was determined. The percentage moisture 
content of each sample was calculated using the formula overleaf: 
 

% Moisture content =  
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶 𝑤𝑤𝐶𝐶𝐶𝐶𝑤𝑤ℎ𝑡𝑡 − 𝐹𝐹𝐶𝐶𝐹𝐹𝑆𝑆𝐶𝐶 𝑤𝑤𝐶𝐶𝐶𝐶𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑 𝑠𝑠𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶+𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 +𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶 𝑤𝑤𝐶𝐶𝐶𝐶𝑤𝑤ℎ𝑡𝑡−𝐸𝐸𝑆𝑆𝑆𝑆𝑡𝑡𝐸𝐸 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑤𝑤𝐶𝐶𝐶𝐶𝑤𝑤ℎ𝑡𝑡
  x   100 

 

Determination of the ash content 

The furnace method described by AOAC (2000) was used as a guide to 
perform the test. The samples analyzed were tomato powder and fruit 
tomatoes. Each sample was weighed into an empty crucible which has been 
polished by flame. The sample inside the crucible was heated to ash in a muffle 
furnace at 630 ºC for 3 hours. The crucible containing the ash was brought out 
from the muffle furnace and transferred into a desiccator to cool. Afterwards, 
the crucible containing ash was reweighed. The ash content of the sample was 
calculated. The analysis was performed immediately after the tomato powder 
was produced and fresh tomato sampled. Ten replicate samples for each tomato 
preparation were analyzed. After the samples were stored for 16 weeks at room 
temperature (25±2 ºC), their ash content were also determined. The calculation 
of percentage ash content of each sample involves the formula: 
 
% Ash content =   

𝑊𝑊𝐶𝐶𝐶𝐶𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶+ 𝑠𝑠𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶 − 𝑊𝑊𝐶𝐶𝐶𝐶𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶 𝑆𝑆𝑜𝑜𝑡𝑡𝐶𝐶𝐶𝐶 𝑆𝑆𝑠𝑠ℎ𝐶𝐶𝐹𝐹𝑤𝑤
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 +𝑊𝑊𝐶𝐶𝐶𝐶𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑠𝑠𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶−𝑊𝑊𝐶𝐶𝐶𝐶𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝐶𝐶𝑆𝑆𝑆𝑆𝑡𝑡𝐸𝐸 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 

  x 100 

 
Determination of the titratable acidity 

The titratable acidity as ascorbic acid of tomato powder samples and fruit 
tomato, were determined using the AOAC (2000) titrimetric method. Accurately 
weighed 0.1 g of each sample was transferred into a 250 mL conical flask. 
Afterwards, 100 mL of distilled water was added to the sample inside the conical 
flask. Twenty five milliliters (25 mL) of the solution was dispensed into beakers. 
The solution inside the beaker was used for titration. One drop of phenolphthalein 
that function as an indicator was added to the sample’s solution. The solution was 
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titrated with 0.1 M sodium hydroxide. The titre value was noted immediately a 
pink color change appeared in the solution. The titratable acidity of each sample 
was performed immediately after the production of the tomato powder samples 
and fresh tomato. Ten replicate samples for each tomato preparation were analyzed. 
The analysis was repeated after the samples were stored for 16 weeks at room 
temperature (25±2 oC).  

Determination of the functional properties 

Water absorption capacity 

The capacity of tomato powder to absorb water is reported as water 
absorption capacity. The test was performed using the stepwise procedure 
described by Sosulski et al. (1976). One gram (1 g) of the tomato powder was 
mixed with 10 mL of distilled water. The mixture was kept at room temperature 
(25±2 oC) for 30 minutes. The mixture was poured in tubes and centrifuged at 
3,000 revolutions per minute. The percentage of water bound per gram of 
tomato powder was determined and the value(s) was used to calculate the water 
absorption rate. Ten replicate samples for each dehydrated tomato preparation 
were analyzed. 

 
Oil absorption capacity 

The procedure for determination of oil absorption capacity as described by 
Sosulski et al. (1976) was adopted. Tomato powder were the samples analyzed. 
One gram (1 g) of the sample was accurately weighed using a calibrated 
analytical balance. The weighed sample was mixed with 10 mL of soybean oil 
(Sp. Gravity: 0.9092). The mixture was left undisturbed for 30 minutes at room 
temperature (25±2 ºC). Afterwards, the mixture was transferred in a test tube 
and spun in a centrifuge operated for 30 minutes at 300 rpm (2000 x g). Ten 
replicate samples for each dehydrated tomato preparation were analyzed. 

 
Emulsion stability 

The method described by Yasumatsu et al. (1972) for measuring the 
emulsion activity of food samples was adopted. In this experiment, an emulsion 
was created by adding 1 g of each tomato powder sample to 10 mL of distilled 
water and 10 mL of soybean oil in a calibrated centrifuge tube. The mixture was 
centrifuged at 2, 000 g for 5 minutes. The emulsion activity in the sample was 
calculated by dividing the emulsion layer height by the entire mixture height 
and expressed in percentage. The emulsion inside a calibrated centrifuge tube 
was heated at 80 °C in a water bath for 30 minutes. Afterwards, it was chilled 
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for 15 minutes under running tap water. The centrifuge tube containing the 
emulsion was transferred to a centrifuge and operated at 2, 000 g for 15 minutes. 
Thereafter, the emulsion stability was measured. A ratio of the emulsified layer's 
height to the whole mixture’s height was used to estimate the stability of the 
emulsion. The result was expressed in percentage. Ten replicate samples for 
each dehydrated tomato preparation were analyzed. 
 

Emulsion stability =  𝐻𝐻𝐶𝐶𝐶𝐶𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝐶𝐶𝑆𝑆𝐶𝐶𝐶𝐶𝑠𝑠𝐶𝐶𝑜𝑜𝐹𝐹 𝐶𝐶𝑆𝑆𝐸𝐸𝐶𝐶𝐶𝐶
𝑇𝑇𝑜𝑜𝑡𝑡𝑆𝑆𝐶𝐶 ℎ𝐶𝐶𝐶𝐶𝑤𝑤ℎ𝑡𝑡

 x 100 
 

Foaming capacity 

The foaming capacity (FC) of tomato powder samples was determined by 
using the procedure described by Narayana and Narsinga (1982). Analytical 
balance was used to weigh 1 g of the sample. It was poured in a graduated 
measuring cylinder containing 50 mL of distilled water. The mixture was mixed 
at 30.2 °C. In order to create foam inside the measuring cylinder, the suspension 
was shaken vigorously for 5 minutes. The foam capacity of the sample was 
calculated by measuring the volume of foam, 30 seconds after whipping. Ten 
replicate samples for each dehydrated tomato preparation were analyzed. 
 

Foam capacity (FC) = 𝑉𝑉𝑜𝑜𝐶𝐶𝐶𝐶𝑆𝑆𝐶𝐶 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆 (𝐴𝐴𝑊𝑊)−𝑉𝑉𝑜𝑜𝐶𝐶𝐶𝐶𝑆𝑆𝐶𝐶 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆 (𝐵𝐵𝑊𝑊) 
𝑉𝑉𝑜𝑜𝐶𝐶𝐶𝐶𝑆𝑆𝐶𝐶 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆 (𝐵𝐵𝑤𝑤)

  x 100 
 

Where: AW = after whipping  
BW = before whipping 
 

After whipping the sample for 1 hour, the volume of foam formed was 
recorded. The result was used to calculate the stability of the foam, which is the 
percentage of the original volume of foam. 

 
Bulk density 

The procedure described by Jones et al. (2000) was used as a guide to 
perform the test. A calibrated analytical balance was used to weigh 20 g of 
tomato powder sample. It was poured in a 250 mL cylinder. The cylinder 
containing the sample was placed on a wooden board, and tapped several times. 
It continued until visible loss in volume was not observed any longer. The 
apparent (bulk) density was then determined using the weight and volume. Ten 
replicate samples for each dehydrated tomato preparation were analyzed. 
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Determination of the lycopene content 

The quantity of lycopene present in the tomato powder samples was 
extracted using the procedure earlier described by Fish et al. (2002). One gram 
(1 g) of tomato powder was accurately weighed using a calibrated analytical 
balance. The sample was mixed with 5 mL of butylated hydroxytoluene (BHT) 
dissolved in acetone, 5 mL of ethanol, and 10 mL of hexane (Darmstard, Germany). 
The same procedure was repeated using fruit tomatoes. The ingredients were 
added to a bowl of ice. A magnetic stirring plate was used to swirl the content 
of the bowl for 15 minutes. Exactly 3 mL of deionized water was measured. 
Immediately after adding the deionized water to each sample vial, the solution 
was shaken on ice for 5 minutes at room temperature. Thereafter, it was noticed 
that the samples had been successfully separated into their respective phases. 
The absorbance of the hexane layer (upper layer) was measured at 503 nm in a 
spectrophotometer (UV-visible 754, Siemens, China). Estimated concentration 
of lycopene in the samples was obtained using the Beer-Lambert law that 
involves making the appropriate substitution for the molar extinction coefficient of 
lycopene in hexane. The equation is thus: 
 

Lycopene content (mg/100g) = A503 × 31.2/g tissue 
 

Sensory evaluation 
Sensory evaluation of the tomato powder without pretreatment, pretreated 

samples, and the control wrapped in polyethylene terephthalate pouches, was 
carried out before storage (week 0). Twenty (20) untrained panelists selected 
among the students of the University of Port Harcourt, evaluated the sensory 
properties of the coded samples (BAAP, UAAP, BLJP, ULJP, SDTP, and CTRL) of 
tomato powder for colour, smell, and handfeel, on a 9-point Hedonic scale. On 
this scale, the numbers 1-9 represent the following: 9 = like extremely, 8 = like 
very much, 7 = like moderately, 6 = like slightly, 5 = neither like nor dislike, 4 = 
dislike slightly, 3 = dislike moderately, 2 = dislike very much, and 1 = dislike 
extremely. 

Statistical analysis 
Analysis of Variance (ANOVA) was deployed in statistical analysis of the 

data emanating from the study. In addition, a Duncan’s Multiple Range Test 
(DMRT) was carried out to test for a significant difference at P<0.05, between 
the treatment combinations. In order to carry out the statistical analysis of the 
data with ease, the Statistical Package for the Social Sciences (SPSS) version 23 
software was used. Box plot and regression analysis were carried out using  
R Programming Software for Statistical Analysis.  
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Results 

Bacterial population 
The range of total viable count (TVC) of the stored samples include 

tomato blanched lime juice pretreated tomato powder (4.41-6.64 log10CFU/g), 
unblanched lime juice pretreated tomato powder (4.45-4.95 log10CFU/g), sundried 
tomato powder (5.99-7.31 log10CFU/g), blanched ascorbic acid pretreated tomato 
powder (4.41-4.95 log10CFU/g), unblanched ascorbic acid pretreated tomato 
powder (4.43-5.13 log10CFU/g), and the control (4.57-5.17 log10CFU/g). The 
TVC of the fruit tomato was 4.02 log10CFU/g. The regression analysis shows that 
all the samples experienced a decrease in the total viable count, as indicated by 
the negative slope values (Fig. 1). The rate at which the TVC declined vary 
among the stored tomato powder subjected to different pretreatments, samples 
without pretreatment, including the control, with each sample showing a different 
slope. The SDTP and BLJP tomato powder showed stronger relationships, with 
R² values of 0.602 and 0.329, respectively. This suggests that the effect of sun-
drying and pretreatment on the TVC of the SDTP and ULJP tomato powder, 
respectively, were more predictable and stable throughout the storage period 
(Fig. 2). On the other hand, the Control (R²=0.054), ULJP (R²=0.198), BAAP 
(R²=0.231), and UAAP (R²=0.264) tomato powder showed a weaker relationships, 
as evidenced by their low R² values.  
 

 
Figure 1. Linear regression of total viable count of tomato powder stored for 16 weeks at 
room temperature. Keys: BAAP - Blanched ascorbic acid pretreatment; BLJP - Blanched  

lime juice pretreatment; ULJP - Unblanched lime juice pretreatment; UAAP - Unblanched 
ascorbic acid pretreatment; CTRL - Control sample, without pretreatment, dried with 

a dehydrator; SDTP - Sundried, without pretreatment. 
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Figure 2. Residuals of linear regression for each sample of stored tomato powder for 

16 weeks. Keys: BAAP - Blanched ascorbic acid pretreatment; BLJP - Blanched lime 
juice pretreatment; ULJP - Unblanched lime juice pretreatment; UAAP - Unblanched 

ascorbic acid pretreatment; CTRL - Control sample, without pretreatment, dried  
with a dehydrator; SDTP - Sundried, without pretreatment. 

Microbial species 

The bacterial species isolated from the tomato samples were Bacillus 
cereus, B. anthracis, Proteus mirabilis, Acinetobacter calcoaceticus, and Klebsiella 
pneumonia (Tab. 1), while the fungal isolates were Pichia kudriavzevii, Trametes 
polyzona, Aspergillus foetidus, and Aspergillus novoparasiticus (Tab. 2). The agarose 
gel electrophoresis and accession numbers of the bacterial isolates are presented 
in Fig. 3 and Tab. 2, while the results for the fungal isolates are depicted in Fig. 4 and 
Tab. 3, respectively. Fig. 5 depicts the tomato powder without pretreatment, 
pretreated samples, and the control, stored inside polyethylene terephthalate 
pouches for 16 weeks, at room temperature (25±2 ºC). 

 

 
Figure 3. Agarose gel electrophoresis of the 16 S rRNA gene of the bacterial isolates. 

Lanes 5, 6, 7, 8, 9, and 10 represent the 16S rRNA gene band (1500 bp).  
Lane F represents the 100 bp molecular ladder of 1500 bp. 
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Table 1. Accession number for the bacteria isolated from the tomato powder samples. 

Isolate code Accession number Similarity index Bacterial species 

F5 0N763797 99 Bacillus cereus 

F6 CP073248 96 Proteus mirabilis 

F7 CP101560 70 Klebsiella pneumoniae 

F8 KT362717 100 Bacillus anthracis 

F9 OP160033 58 Acinetobacter calcoaceticus 

F10 OP160033 58 Acinetobacter calcoaceticus 

 
 

 
Figure 4. Agarose gel electrophoresis showing ITS gene of the fungal isolates.  

Lane 1 represents 600 bp; Lane 2 is 550 bp; and Lanes 3 and 4 are 500 bp of the ITS 
gene. F represents a100 bp DNA ladder of 1500 bp. 

 
 

Table 2. Accession number for the fungi isolated from the tomato powder samples. 

 

Isolate code Accession number Similarity index Fungal species 

F1 MK294305 100 Pichia kudriavzevii 

F2 OP482406 100 Aspergillus foetidus 

F3 OL685335 100 Trametes polyzona 

F4 OL711681 100 Aspergillus novoparasiticus 
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Figure 5. Tomato powder without pretreatment, pretreated samples, and the control, 
stored inside polyethylene terephthalate pouches for 16 weeks, at room temperature. 

Keys: BAAP - Blanched ascorbic acid pretreatment; BLJP - Blanched lime juice 
pretreatment; ULJP - Unblanched lime juice pretreatment; UAAP - Unblanched 
ascorbic acid pretreatment; CTRL - Control, without pretreatment, dried with  

a dehydrator; SDTP - Sundried, without pretreatment. 

Physicochemical parameters and nutritional content 

Fig. 6 shows the box plot for the pH, titratable acidity, moisture, ash, and 
vitamin C content of the fruit tomato, tomato powder without pretreatment, 
pretreated tomato powder, and the control, at week 0. Also presented as a box 
plot (Fig. 7) is the pH, titratable acidity, moisture, ash, and vitamin C content of 
the tomato powder without pretreatment, pretreated tomato samples, and the 
control, stored for 16 weeks, at room temperature (25±2 ºC).  

 

 
Figure 6. Boxplot of physicochemical, proximate composition, and vitamin C content 

of fruit tomato, tomato powder without pretreatment, pretreated samples, and  
the control, at week 0. Keys: BAAP - Blanched ascorbic acid pretreatment; BLJP - 
Blanched lime juice pretreatment; ULJP - Unblanched lime juice pretreatment;  

UAAP - Unblanched ascorbic acid pretreatment; CTRL – Control, without 
pretreatment, dried with a dehydrator; SDTP – Sundried, without pretreatment. 
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Figure 7. Boxplot of physicochemical, proximate composition, and vitamin C content 
of tomato powder without pretreatment, pretreated samples, and the control at week 

16. Keys: BAAP - Blanched ascorbic acid pretreatment; BLJP - Blanched lime juice 
pretreatment; ULJP - Unblanched lime juice pretreatment; UAAP - Unblanched 
ascorbic acid pretreatment; CTRL – Control, without pretreatment, dried with  

a dehydrator; SDTP - Sundried, without pretreatment. 
 
 
At week 0, the pH of fruit tomato was 4.96±0.02, while the tomato powder 

samples was within the range of 4.50±0.02-8.25±0.01. The BLJP and ULJP tomato 
powder samples had the least pH, whereas the sundried tomato powder (SDTP) 
had the highest. At week 16, the pH of the stored tomato samples was within the 
range of 4.42±0.10-7.8±0.06. A slight reduction in pH was reported in the stored 
tomato powder samples, with the exception of the control (pH 5.10).  

The moisture content of the fruit tomato was 96.53±0.38%, while the 
tomato powder without pretreatment and the pretreated samples was within 
the range of 12.70±0.30-27.37±0.34%, at week 0. Meanwhile, the moisture 
content of the control sample was 24.18±0.26%. At week 16, the moisture 
content of all the samples of tomato powder within the range of 10.79±0.07-
15.24±0.09% decreased from their initial values at week 0. The moisture 
content of the control sample was 14.55±0.10%. 

The ash content of the tomato powder without pretreatment and the 
pretreated samples at week 0, were within the range of 4.95±0.11-17.15±0.12%. 
Meanwhile, the ash content of fruit tomato and control sample was 0.53±0.06% 
and 6.92±0.10%, respectively. Among the tomato powder samples, sundried 
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tomato powder (SDTP) had the highest ash content, whereas the unblanched 
lime juice pretreated (ULJP) tomato had the least. At week 16, the ash content of 
stored tomato powder samples were within the range of 0.86±0.06-13.02±0.11%. 
SDTP sample also had the highest ash content, whereas the BLJP tomato powder had 
the lowest. The ash content of the control sample was 5.27±0.11%. 

At week 0, the vitamin C content of the fruit tomato, sundried tomato powder, 
and control sample was 0.20±0.03%, 0.56±0.09%, 0.85±0.07%, respectively. The 
vitamin C content of the pretreated tomato powder samples was within the 
range of 0.52±0.05-4.41±0.09%. BLJP and BAAP tomato powder had the lowest 
and highest vitamin C content, respectively. At week 16, the vitamin C content 
of all the samples of stored tomato powder was below 1%.  

The titratable acidity (TA) of fruit tomato was 7.60±0.14%, while the tomato 
powder without pretreatment and pretreated samples was within the range of 
7.57±0.30-30.73±0.10%. The TA of the control sample was 10.37±0.10%. Fruit 
tomato and SDTP sample had relatively the same titratable acidity (7.60%). After 
the tomato samples were stored for 16 weeks, the TA of the products decreased 
from their initial values, with the exception of the control. The TA of the stored 
tomato powder samples were within the range of 0.77±0.08-16.94±0.09%.  

Lycopene content 

The lycopene content of the fruit tomatoes, tomato powder without 
pretreatment, the pretreated samples, and the control are presented  in  Tab. 3.  

 
Table 3. Lycopene content (mg/100g) of fruit tomatoes, tomato powder without 

pretreatment, pretreated samples, and the control at week 0. 
 

 

Values in the last row represent the mean of ten samples ± standard error. Means with different 
superscripts along the row are significantly different at p<0.05. Keys: BAAP - Blanched ascorbic 
acid pretreatment; UAAP - Unblanched ascorbic acid pretreatment; BLJP - Blanched lime juice 
pretreatment; ULJP - Unblanched lime juice pretreatment; CTRL - Control without pretreatment, 

dried with a dehydrator; SDTP - Sundried, without pretreatment; R-Replicate. 

Sample BAAP BLJP CTRL UAAP ULJP SDTP Fruit tomato 
R1 129.84 123.11 134.11 123.15 113.23 100.45 19.90 
R2 130.45 120.45 130.05 121.04 112.45 101.67 16.83 
R3 127.85 119.84 131.66 120.67 108.84 103.80 19.84 
R4 128.34 121.07 132.49 118.85 109.25 101.29 19.17 
R5 131.11 122.21 133.78 121.00 110.43 100.58 19.54 
R6 128.14 121.53 130.99 117.59 111.95 99.99 18.94 
R7 131.02 123.11 132.35 118.77 108.47 104.13 20.34 
R8 129.23 120.89 133.11 119.48 112.80 103.49 19.04 
R9 129.99 118.34 134.39 122.22 112.29 103.33 16.55 
R10 130.14 120.23 134.08 117.11 108.99 102.54 19.48 
Mean 129.61±1.7

5e 
121.08±1.4
9d 

132.70±1.4
6f 

119.11±1.9
6d 

110.87±1.8
6c 

102.13±1.5
3b 

18.96 
±1.27a 
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Ten replicate samples for fruit tomato and dehydrated tomato preparations 
were analyzed. The mean lycopene content of the fruit tomatoes was 
18.96±1.27 mg/100 g, while the tomato powder samples were within the range 
of 102.13±1.53-132.70±1.46 mg/100g. On average, the control sample had the 
highest lycopene content. There is a significant difference (p<0.05) in the lycopene 
content of the tomato samples, with the exception of BLJP and UAAP tomato 
powder. 

Functional properties 

Tab. 4 shows the functional properties of the tomato powder without 
pretreatment, the pretreated samples, and the control, at week 0. Among the 
samples, the blanched ascorbic acid pretreated (BAAP) tomato powder, had the 
highest water absorption capacity (WAC), bulk density, and foaming capacity 
reported as 15.53±1.70%, 1.17±0.32 g/cc, and 61.05±1.70%, respectively. The 
control sample had the lowest WAC (12.05±1.81%) and bulk density 
(0.64±0.07 g/cc), whereas its emulsion stability (55.62±1.88%) was the highest 
among the tomato powder samples.  

The water absorption capacity (WAC) of the tomato powder samples was 
within the range of 12.05±1.81- 15.85±1.45%. The unblanched ascorbic acid 
pretreated tomato powder had the highest WAC, whereas the control sample 
had the least. There is a significant difference (p<0.05) in the WAC of the 
tomato powder samples. 

The oil absorption capacity (OAC) of the tomato powder without 
pretreatment, the pretreated samples, and the control, was within the range of 
12.53±1.57-16.66±1.40%. Among all the samples, the highest and lowest OAC 
were reported in the unblanched ascorbic acid pretreated (UAAP) and blanched 
lime juice pretreated (BLJP) tomato powder, respectively. The OAC of the control 
was 14.25±1.71%. There is no significant difference (p>0.05) in the OAC of the 
control and ULJP tomato samples; BAAP and UAAP tomato powder samples. 

The emulsion stability of the tomato powder without pretreatment, the 
pretreated samples, and the control was within the range of 10.67±1.88-
55.62±1.88%. The sample that had the highest and lowest emulsion stability was 
the control and blanched lime juice pretreated (BLJP) tomato powder, respectively. 
There is a significant difference (p<0.05) in the emulsion stability of the samples, 
with the exception of BLJP tomato powder and sundried tomato powder (SDTP). 

The bulk density of the tomato powder without pretreatment, the 
pretreated samples, and the control was within the range of 0.64±0.07-1.17±0.32 
g/cc. The control and blanched ascorbic acid pretreated (BAAP) tomato powder 
sample had the lowest and highest bulk densities, respectively. There is a significant 
difference (p<0.05) in the bulk density of the tomato samples. 
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The foaming capacity of the tomato powder without pretreatment, the 
pretreated samples, and the control was within the range of 26.02±0.10-
61.05±1.70%. Among the tomato powder samples, blanched ascorbic acid 
pretreatment (BAAP) tomato powder had the highest foaming capacity, whereas the 
sundried tomato powder (SDTP) had the least. There is a significant difference 
(p <0.05) in the foaming capacity among the samples, with the exception of the 
BLJP and the ULJP tomato powder samples. 
 

Table 4. Functional properties of tomato powder without pretreatment, pretreated 
samples, and the control at week 0. 

  

Functional property BAAP BLJP 
Samples 
CTRL UAAP ULJP SDTP 

Water absorption 
capacity (%) 

15.53±1.70c

d  
14.27±1.09
bc  

12.05±1.81
a  

15.85±1.45
d  

14.02±1.30
b  

14.87±1.23b

cd  
Oil absorption capacity 
(%) 

15.73±1.17c  12.53±1.57a  
14.25±1.71
b  

16.66±1.40
c  

14.12±1.38
b  

13.58±1.45a

b  

Emulsion stability (%) 
14.78±1.62
b  

10.67±1.88a 
55.62±1.88
e  

49.81±1.78
d 

25.42±1.80
c  

11.37±1.43a 

Bulk density (g/cc) 1.17±0.32d  0.73±0.11a,b  0.64±0.07a  
0.84±0.09b,

c  
0.88±0.09c  

0.75±0.09a,b,

c  

Foaming capacity (%) 61.05±1.70e 
30.14±1.10
b 

41.06±1.50
d 

32.24±1.80
c 

26.61±1.46
b 

26.02±0.10a 

Values represent the mean of ten samples± standard error. The means with different 
superscripts in the same row are significantly different at p<0.05. Keys: BAAP - blanched 
ascorbic acid pretreatment; UAAP - Unblanched ascorbic acid pretreatment; BLJP - Blanched 
lime juice pretreatment; ULJP - Unblanched lime juice pretreatment; CTRL - Control without 
pretreatment, dried with a dehydrator; SDTP - Sundried, without pretreatment. 

Sensory evaluation 

Tab. 5 shows the results of the sensory evaluation of the tomato powder 
without pretreatment, the pretreated samples, and the control, at week 0. In 
terms of colour, the blanched lime juice pretreated (BLJP) tomato powder had 
the highest average sensory score (8.85±0.00), whereas the sundried tomato 
powder (SDTP) had the least score (3.40±0.82). There is a significant difference 
(p<0.05) in the colour rating of the tomato powder samples, with the exception 
of the unblanched lime juice pretreated (ULJP) and unblanched ascorbic acid 
pretreated (UAAP) tomato powder samples. The sensory rating of handfeel of 
the blanched lime juice pretreated tomato powder (8.30±0.82) was the highest 
among all the tomato samples, whereas the control was the least (6.10±1.20). 
All the tomato powder samples were not significantly different (p>0.05) in 



F. C. EKEH, I. AHAOTU, N. MADUKA 
 
 

 
196 

terms of handfeel, with the exception of the control. With regards to smell as a 
sensory attribute of a product, the blanched lime juice pretreated (BLJP) tomato 
powder was assigned an average sensory score of 8.40±1.07. It is the highest 
sensory score among all the samples, whereas the sundried tomato powder 
(SDTP) was the least (2.40±1.00). There is no significant difference (p>0.05) 
between the control, ULJP, and UAAP tomato powder samples.  
 

Table 5. Sensory evaluation of tomato powder without pretreatment, 
pretreated samples, and the control at week 0. 

Values represent the mean of ten samples±standard error. The means with different 
superscripts in the same row are significantly different at p<0.05. Keys: BAAP - Blanched 
ascorbic acid pretreatment; UAAP - Unblanched ascorbic acid pretreatment; BLJP - Blanched 
lime juice pretreatment; ULJP - Unblanched lime juice pretreatment; CTRL - Control without 
pretreatment, dried with a dehydrator; SDTP – Sundried, without pretreatment. 

Discussion 

Bacterial population of the stored tomato powder 

The result from this study shows that the blanched ascorbic acid 
pretreated (BAAP) tomato powder and unblanched lime juice pretreated 
(ULJP) tomato powder stored for 16 weeks at room temperature (25±2 ºC), met 
the International Commission on Microbiological Specification for Foods 
(ICMSF) standard. Stored samples of the blanched lime juice (BLJP) and 
unblanched ascorbic acid pretreated tomato powders (UAAP) also met the 
ICMSF standard, except at weeks 4 and 6. The ICMSF standard was met by the 
control sample, except at week 6. The bacterial population in 3 out of 6 samples 
of stored tomato powders that exceeded the limit stipulated by the ICMSF at 
week 4 and 6 could be attributed to the initial level of microbial contamination 
of the samples, availability of nutrients, and storage condition. In contrast, the 
stored sample of the sundried tomato powder (SDTP) did not meet the ICMSF 
standard. The ICMSF stipulates that the total bacterial count (TBC) of 
acceptable food should be < 105 (Adejo et al., 2015).  

Parameter 
 
BAAP 

 
CTRL 

Samples 
BLJP 

 
ULJP 

 
SDTP 

 
UAAP 

Colour 8.0±0.92d 6.05±0.89b 8.85±0.00e 7.25±0.85c 3.40±0.82a 7.45±1.0c 
Handfeel 8.10±0.99b 6.10±1.20a 8.30±0.82b 7.40±0.97b 7.30±1.16b 7.40±1.35b 
Smell 8.10±1.00b, c 7.20±1.72b 8.40±1.07c 7.20±1.60b 2.40±1.00a 7.40±1.38b 
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Exposure of tomatoes to the environment during sun-drying could be 
responsible for high bacterial population in the stored samples. Bacteria 
surviving in the air and dust particles especially spore formers could settle on 
the exposed tomato slices during sun-drying. Under a favourable condition, the 
spores would germinate as vegetative cells and increase the bacterial load of 
the product during storage. Consequently, the microbial load of the product is 
most likely to exceed the limit permissible by the ICMSF. The sundried tomato 
powder (SDTP) did not undergo pretreatment which could have reduced the 
microbial population in the product (Obadina et al., 2018; Owureku-Asare et al., 
2022). The control sample which did not undergo pretreatment before a 
dehydrator was used instead of drying it under the sun had a lower bacterial count 
than the SDTP sample. This result is an indication that the use of dehydrator to 
dry tomato was more effective in reducing the bacterial population in the 
samples than the pretreatments. In a related study, Ladi et al. (2017) reported 
that the total bacterial count of the sundried tomato powder stored for 3 and 6 
months is 7.7 x 105 and 7.3 x 105 CFU/g, respectively. Obadina et al. (2018) 
reported that during ambient temperature storage of cherry and plum tomato 
powder which were not pretreated before drying, the population of 
microorganisms in the products steadily increased. The total aerobic count in 
both varieties of dried tomato powder were lower than the results reported in 
this study. This could be as a result of a higher temperature (60 oC, 65 oC, and 
70 oC) used by the researchers to dry the tomato slices compared with 55 oC 
used in this study. Generally, dehydrated food products have a lower microbial 
load, compare with fresh products. The level of microbial load in the product 
that is being dried could be influenced by temperature and other factors. 
Jayathunge et al. (2012) reported that the total plate count (TPC) of tomato 
powder stored inside polypropylene (PP), polystyrene (PS), polyvinyl chloride 
(PVC), and triple laminated aluminum (PET/Al/PE), for six months is within the 
range of 1.06 x102-4.45 x102 CFU/g. The result is lower than the total viable 
count (TVC) of tomato samples reported in this study. Differences in packaging 
material, pretreatment prior to drying, and drying method could be responsible 
for the differences in the TVC of the stored tomato powder.   

Microbial species isolated from the tomato samples 

Two species of Bacillus, one species of Proteus, Acinetobacter, and Klebsiella 
each were isolated from tomato powder without pretreatment, pretreated 
samples, and the control. In a related study, Garg et al. (2013) reported the 
presence of Proteus mirabilis and Klebsiella sp. and other bacterial species in 
tomato puree sold in India. Among the bacterial species isolated from selected 
commercial brands of tomato paste sold in Katsina metropolis, Nigeria, it was 
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reported that Bacillus sp. had the highest percentage occurrence (Dabai et al., 
2020). Bacillus sp. is characterized by its ability to form spores. It gives the 
organism ability to survive in a harsh environmental condition. The bacterium 
is present everywhere. That is why Bacillus species frequently contaminate 
various food products including stored tomato powder. Bacillus sp. is capable 
of surviving in acidic foods such as tomatoes. Possible sources of contamination 
of tomato powder with Bacillus cereus and B. anthracis include, air, soil, water, 
and food handlers (Ire et al., 2020; Akpaetok et al., 2023). According to Ahaotu 
et al. (2021a), ingestion of food contaminated with large population of Bacillus 
cereus and B. anthracis could manifest severe symptoms of foodborne illness. In 
humans and animals, Klebsiella pneumoniae could be isolated from their 
respiratory and intestinal tracts. The bacterium is commonly encountered in 
foods such as powder foods specially prepared for babies. Consumption of food 
contaminated with K. pneumoniae could cause infections in humans. Findings 
from this study shows that two species of Aspergillus, one species of Pichia and 
Trametes each were also isolated from the tomato samples. The environment 
where the tomato samples were prepared could be the source of the fungal 
species isolated from the samples. In a related study, Aliyu et al. (2018) isolated 
Aspergillus fumigatus, A. flavus, A. oryzae, A. niger, and a few other fungal species 
from the sundried tomato chips sold in Sokoto metropolis, Nigeria. Suleiman et 
al. (2023) tested the capability of fungi isolated from dry tomato chips sold in 
Keffi, Nigeria, to produce mycotoxins. The study reported that some of the fungal 
species produced aflatoxin, fumonisins, patulin, ochratoxin, and cyclopiazonic 
acid toxin. The presence of Aspergillus sp. and other fungal species in tomato 
paste were reported by Dabai et al. (2020). Going by the information currently 
available on dried tomato powder, this report could be considered as the first 
time microorganisms isolated from dehydrated tomato powder, subjected to 
different pretreatments, was identified using molecular methods. With this 
information, the health risk of consuming tomato powder contaminated with 
potential pathogenic microorganisms have been brought to the knowledge of 
tomato farmers, consumers, and the relevant regulatory bodies.  

Vitamin C content of the tomato samples 

A striking result from this study is that the quantity of vitamin C in the 
fresh tomato was lower than the dried tomato powder without pretreatment 
and the pretreated samples prior to storage. Low moisture content and 
pretreatment of the dried tomato powder could be responsible for higher 
vitamin C content of the product compared with the fresh fruit. The temperature 
of drying could also influence the quantity of vitamin C in the tomato powder. 
Ranjan and Shankar (2024) reported that the amount of vitamin C in the tomato 
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powder dried using a dehydrator set at 60 and 100 oC is 15 mg/100g and 10 
mg/100g, respectively. Meanwhile the vitamin C content of the sample dried 
under the sun for 2 weeks is 13mg/100g. The use of ascorbic acid in the 
pretreatment of tomato powder could be responsible for high vitamin C content 
of the BAPP (4.37±0.0%) and UAAP (2.82±0.1%) tomato powder samples. In a 
related study, Farooq et al. (2020) reported that the pretreatment of tomato 
powder with 0.5% ascorbic acid and 0.5% citric acid could be responsible for 
the increase in quantity of ascorbic acid (mg/100g) present in the product. At 
week 16 of storage, the UAAP tomato powder had the highest vitamin C content 
(0.19±0.0 %), whereas the blanched ascorbic acid pretreated (0.09±0.0 %) and 
blanched lime juice pretreated (0.09±0.0 %) tomato powder were the least. This 
result suggest that blanching of the tomato slices before drying it affected the 
vitamin C content of the product. Notably, the vitamin C content of all the 
tomato powder samples decreased during the period of storage. This is in 
agreement with the findings from a related study by Dufera et al. (2023). 
Vitamin C is highly sensitive to oxidation when it is stored (Caritá et al., 2020). 
This could be the reason for the reduction in the vitamin C content of the tomato 
samples during storage at room temperature. The sample with the least capability 
to retain vitamin C during storage, was the sundried tomato powder (SDTP). In 
contrast, the blanched lime juice pretreated (BLJP) tomato powder had the greatest 
ability to retain vitamin C among all the tomato powder samples. According to 
Dufera et al. (2023), the ability of any food to retain vitamin C shows the extent 
the food can also retain other nutrients. The researchers reported that the 
vitamin C content of tomato powder stored inside low density polyethylene 
bags for six months is within the range of 31.84±3.4-50.57±0.025 mg/100 g DM.  

pH and titratable acidity of the tomato samples 

The pH of all the tomato powder samples including the control were 
slightly acidic, with the exception of the sundried tomato powder (SDTP) which 
was non-acidic. It was also observed that the pH of fresh tomato was higher 
than the dried pretreated samples. This result is in agreement with a similar 
study by Degwale et al. (2022). The researchers reported that the pH of  
fresh tomato (4.567±0.10408) is higher than the tomato powder (4.55±0.05-
4.267±0.05774). The use of lime during pretreatment could have contributed 
to the slight reduction in the pH of the BLJP and ULJP tomato powder samples. 
Farooq et al. (2020) reported that the pH of hot-air and freeze-dried tomato 
powder (with or without pretreatment), monitored for 30 days is within the 
range of 4.39±0.25-5.53±0.25. According to Sarker et al. (2014), the pH 
requirement that makes it most suitable for tomatoes to be processed into 
different products is 3.77. The researchers used 1% calcium chloride and 0.2% 
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potassium metabisulphite as a salt solution to pretreat tomato slices before it 
was dried, and packaged using three different packaging materials (LAF, HDPE, 
and MDPE). Each of the packaged tomato powder was stored at ambient 
temperature for six months. The pH of the samples is within the range of 3.58-
4.30. This result is lower than the pH of stored tomato samples reported in this 
study. The variety of tomato, the osmotic agent used for the pretreatment, the 
activities of microorganisms present in the tomato, and the type of packaging 
material used for storing the product, could be responsible for the variations in 
pH. During industrial processing of tomatoes, it is recommended that the final 
pH of the product should not exceed 4.7. This condition will inhibit the growth 
of spoilage microorganisms, and extend the shelf life of the product (Sarker et 
al., 2014). The samples that met the requirement (pH > 4.7) were BLJP, UAAP, 
and ULJP tomato powder. Pretreatment of the tomato powder samples with 
lime and ascorbic acid could be partly responsible for the reduction in pH. 

Most of the dried tomato powder samples had a relatively high values of 
titratable acidity (TA). This observation could be attributed to the concentration 
of organic acids in the tomato samples due to drying. A similar result was 
reported by Aderibigbe et al. (2018) and Obadina et al. (2018) from related 
studies. The observation that the TA of fresh tomato was lower than the 
pretreated tomato powder samples is in agreement with the findings from a 
related study by Degwale et al. (2022). The researchers reported that the TA of 
fresh tomato is 0.1433±0.00577%, while the dehydrated tomato powder samples 
were within the range of 0.2867±0.01528-0.4933±0.05508%. The breakdown 
of organic acids during storage of tomato powder could be the reason why the 
stored samples had a lower TA compared with the freshly prepared tomato 
powder samples. According to Aderibigbe et al. (2018), TA influences the taste, 
quality, and flavour of food products.  

Ash and moisture content of the tomato samples 

The ash content of sundried tomato powder (17.15±0.12%) at week 0 
reported as the highest among all the samples could be attributed to mineral 
concentration due to the drying process. The fact that the fresh tomato 
(0.53±0.06%) had the least ash content compared to the dried tomato samples 
could be as a result of not drying the sample. Drying of tomatoes at different 
temperatures could also affect the ash content of the product. A study carried 
out by Ranjan and Shankar (2024) reported that the tomato powder dried 
under the sun; using a dehydrator set at 60 oC, and 100 oC is 5.00%, 5.20%, and 
4.80%, respectively. Oladipupo et al. (2020) reported that the ash content of 
tomato powder stored for 6 weeks, using a black polyethylene and white 
polyethylene bag, is within the range of 10.2 to 10.80%. This result is partly in 
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agreement with our findings. Sarker et al. (2014) reported that the ash content 
of the tomato powder prepared using a salt solution (1% calcium chloride and 
0.2% potassium metabisulphite) to pretreat the sample before it was dried, and 
stored inside a high density polyethylene (HDPE), medium density polyethylene 
(MDPE), and laminated aluminum foil (LAF) for 6 weeks is within the range of 
9.22-9.52, 9.22-9.55 and 9.22-9.45%, respectively.    

The moisture content (MC) of the fruit tomato was quite higher than the 
tomato powder samples (without pretreatment, the pretreated samples, and 
the control). Generally, freshly harvested fruits and vegetables have a high MC. 
It is one of the reasons fruits and vegetables have a short shelf life (Obiaocha-
Nwaogwugwu et al., 2024). Low MC of the tomato powder samples could be 
attributed to the effect of drying, which resulted in moisture loss of the fruit 
tomato. It has been reported that the temperature of drying could influence the 
MC of tomato power. Ranjan and Shankar (2024) reported that the MC of 
sundried tomato powder is 10%, while the samples dried at 60 oC and 100 oC is 
10% and 20%, respectively. According to Nanelo and José (2023), the MC of 
dried tomatoes that ranges from 50-55% is acceptable. The MC of the tomato 
powder samples partially met the Commission économique pour l´Europe des 
Nations unies (CEE-ONU) standard which ranges from 12 to 18%. A very firm 
texture is one of the physical properties of the dried tomatoes that met the 
standard (Oboulbiga et al., 2022). In a related study that involved subjecting 
tomatoes to different pretreatments and storage conditions for a period of 60 
days, Nanelo and José (2023) reported that the MC of the samples is within the 
range of 20.30±2.61-94.24±1.29%. The reduction in the MC of the stored samples of 
tomatoes, could be attributed to the metabolic activities of microorganisms present 
in the samples during storage. Moisture content within the range of 12.5 to 14.5% 
was reported by Oladipupo et al. (2020), in a study that involved storing the 
tomato powder pretreated with 1% CaCl2 solution and 1% KMS, before it was 
dried and stored inside a laminated aluminum foil, black polyethylene, and 
white polyethylene bags, for 6 weeks. Sarker et al. (2014) reported that the MC 
of the tomato powder prepared using a salt solution (1% calcium chloride and 
0.2% potassium metabisulphite) to pretreat the sample for 10 minutes, before 
it was dried, is 8.12%. 

Lycopene content of the tomato samples 

The lycopene content of the sundried tomato without pretreatment and 
tomato powder subjected to different pretreatments using weak acids were 
higher than the fruit tomato. This result is in agreement with the report by 
Degwale et al. (2022). According to the researchers, the increase in the lycopene 
content of the dehydrated tomatoes could be attributed to water loss. They also 
noted that the amount of lycopene in the tomato powder is concentrated after 
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the moisture content in the product is reduced. The lycopene content of the 
control sample was higher than other tomato powder samples subjected to 
different pretreatments. This result could be attributed to the leaching effect of 
nutrients caused by blanching and soaking the samples in the pretreatment 
solutions. Nishizono et al. (2023) reported that the lycopene content of three 
varieties of raw tomato fruit is within the range of 6.69±0.885 to 10.03±1.711 
mg/100g. The lycopene content of the tomato powder stored in low density 
polyethylene bags for six months is within the range of 58.487±5.25 to 
102.5±0.057 mg/100 g DM (Dufera et al., 2023). The lycopene content of the 
fruit tomato (18.96±1.27 mg/100g) evaluated in this study is lower than 85.33 
mg/100g reported by Chen (2005) in the Tau-tai-lan T93 tomato variety. 
Studies have shown that different varieties of tomatoes have varying quantities of 
lycopene. The differences in lycopene content could be attributed to environmental 
factors and farming practices (Abushita et al., 2000).  

The lycopene content of tomatoes is influenced by the variety, growing 
area, varying temperature conditions, and agricultural methods, and equipment. 
According to Dūma et al. (2022), the lycopene content in the cherry tomato is 
higher than the big sized tomato. Drying of fruit tomato or subjecting the tomato 
slices to pretreatments before drying, could be responsible for the increase in 
lycopene content of tomato powder. Low moisture content of tomato powder 
compared with the fruit tomatoes could be responsible for "concentration 
effect”, which increased the lycopene content of the product. The lycopene 
content of the sundried tomato powder was lower than other pretreated tomato 
powder, and the control samples. This result could be attributed to long period 
of sun-drying of tomato at an uncontrolled temperature, compared with quick 
drying of samples using a dehydrator at a high temperature (55 oC). According to 
Yusuf et al. (2013), the increase in temperature and duration of heat treatment 
of tomatoes could be responsible for lycopene degradation.  

Functional properties of the tomato powders 

It was observed that the bulk density of tomato powder without 
pretreatment, pretreated samples, and the control was low. Furthermore, the 
result indicate that pretreatment of the tomato powder samples dried in a 
dehydrator increased its bulk density. The way a food product is packaged is 
influenced by its bulk density. Packaging of any food product influences the final 
cost of the product. Bulk density is a parameter that determines the extent dried 
food products or powder will occupy space. Low bulk density is an indicator 
that a particular food is suitable to use in formulating a complementary food 
that is rich in nutrients. Therefore, tomato powder that were subjected to different 
pretreatments is more valuable than the fresh tomato. The size of particle, 



TOMATO POWDER PROCESSING INVOLVING DIFFERENT PRETREATMENTS 
 
 

 
203 

protein, and starch content of a food substance influences its bulk density (Hussein 
et al., 2016; Ahmad et al., 2022). Low bulk density of tomato powder reported 
in this study is an indication that during handling, storage, and distribution of 
the product, reduction in its volume, will not occur. This is in agreement with 
the report by Ahmad et al. (2022). The researchers reported that the bulk density 
of the sundried tomato and the tomato powder packaged in a polyethylene bag 
is 0.61±0.01 mg/100 g each.  

The water absorption capacity (WAC) of pretreated tomato powder and 
the control indicate that pretreatment improved the WAC of the samples. 
According to Hussein et al. (2016), ‘juiciness’ of a food material could be rated 
using the parameter referred as water absorption index (WAI). Ahmad et al. 
(2022) reported that the WAC of sundried tomato and tomato powder packaged 
in polyethylene bags is 2.26±0.23 and 2.30±0.0.35 mg/100 g, respectively. The 
result is far lower than the WAC of tomato powder without pretreatment, 
pretreated samples, and the control. According to Ahmad et al. (2022), high WAC 
translate to low moisture content of a food product. In essence, the product 
shelf life is prolonged due to very slow activities of spoilage microorganisms. 
The ingredients that possess high water hydration capacity are recommended 
for food manufacturers to use as a thickening agent. Such ingredients can also 
be added to foods that contain too much water in order to reduce syneresis 
(Bhat et al., 2023).  

According to Ahaotu et al. (2021b), oil absorption capacity (OAC) indicate 
the level of entrapment of oil by a food material. It is not only the mouth feel of 
a food product that is improved when the capacity of the food to absorb oil is 
increased, but also its flavour. Therefore, the unblanched ascorbic acid pretreated 
(UAAP) tomato powder ought to have the best sensory rating in terms of 
mouthfeel and flavour because the sample had the highest OAC compared with 
other tomato powders. A contrary sensory rating should involve the blanched 
lime juice pretreated (BLJP) tomato powder.  

The blanched ascorbic acid pretreated (BAAP) tomato powder had the 
highest foaming capacity, whereas the least involved sundried tomato powder 
(SDTP). This result could be attributed to higher nutritional composition of the 
BAAP tomato powder, which caused the surface tension between water and air 
to reduce (Kaushal et al., 2012). The unfolded protein that assemble at the 
boundary that separate the aqueous phase from the air phase is referred to as 
foams. Some researchers have suggested that the improvement in the foaming 
capacity (FC) and foaming stability (FS) by the formation of bubbles that are 
more uniform in size and adsorb faster, could be achieved with higher protein 
concentrations (1% w/w) (Mateo-Roque et al., 2024). 
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Our result indicate that pretreatment of tomato powder reduced the 
emulsion stability of the samples compared with the control. The emulsion 
stability of powders is an important functional property taken into consideration, 
while making and keeping emulsions stable in many food products (cake, coffee 
whiteners, and frozen desserts etc.). Owing to different components which they 
are made up of, the preparation of the above listed food products require different 
processes; their emulsifying and stabilizing requirements varies (Adebowale et al., 
2005).  

Sensory report of the tomato powders 

Blanched lime juice pretreated (BLJP) tomato powder was assigned the 
highest sensory score with regards to colour, smell, and handfeel of the samples, 
followed by the blanched ascorbic acid pretreated (BAAP) tomato powder. It is 
important to note that the three sensory attributes of BLJP and BAAP tomato 
powder samples were assigned average sensory scores interpreted as like very 
much. This sensory rating could be attributed to the combined effects of 
blanching, the use of ascorbic acid or lime juice during processing of the tomato 
powder, which contributed in stabilizing the colour and appearance of the 
product. Our sensory result is in agreement with the report by Latapi and Barrette 
(2005). According to the researchers, dipping tomatoes in 6% or 8% sodium 
metabisulphite for 5 minutes before drying, tremendously improved the colour 
of the product. Masamba et al. (2013) also reported that the fruit samples 
exposed to 1% sodium metabisulphite and lemon juice pretreatment before 
dying, had a better colour than the control sample. In terms of handfeel, the 
panelists recruited to carry out sensory evaluation of the samples regarded BLJP 
tomato powder as the most preferable product. In a related study, Panagiotou 
(1998) reported that the texture of vitamin C and honey-treated fruit samples 
were assigned a higher sensory score than the control sample. Overall sensory 
result from this study indicate that the sundried tomato powder (SDTP) was the 
least preferred sample. The sensory panelists had a moderate dislike for the colour 
of the SDTP, while the smell was disliked very much. Lack of pretreatment and 
exposure of the tomato sample to direct heat from the sun probably affected the 
sensory attribute of the product. According to Ramya et al. (2017), the ability of 
any dried food product to retain the original colour when it is still fresh, 
influences the choice of consumers and the market price of the product. Poor 
sensory rating of the SDTP sample could be attributed to higher fermentative 
activities of spoilage microorganisms from the environment on the sliced tomato 
during sun-drying. In addition, sun-drying of tomato powder could degrade the 
colour of the product by browning (Hameed et al., 2018; Degwale et al., 2022; 
Leke and Bembur, 2023). Our result clearly shows that the different pretreatments 
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applied during the production of tomato powder positively impacted the sensory 
attributes of the product. To some extent, the method of drying also played a 
role in the sensory attributes of the dehydrated tomato powder. In a related 
study, Ladi et al. (2017) reported that the oven-dried tomato powder had a 
better sensory rating in terms of colour, consistency, taste, flavour, and overall 
acceptability, compared with the sundried tomato powder.  

Conclusions 

Drying of the sliced tomato under the sun or the use of a dehydrator 
significantly reduced the moisture content of the fresh fruit tomato. It also 
influenced the nutrient composition, functional properties, and sensory attributes 
of the tomato samples. Blanched ascorbic acid pretreatment, unblanched ascorbic 
acid pretreatment, blanched lime juice pretreatment, and unblanched lime juice 
pretreatment, influenced the reduction in the microbial load of the dehydrated 
tomato powder, and reasonably improved the sensory attributes, functional 
properties, and quantity of lycopene and vitamin C in the product. Notably, 
different pretreatments of tomatoes affected the quantity of lycopene content 
in the dehydrated tomato powder, while exposure of sliced tomato to the 
environment during sun-drying is largely responsible for high bacterial load of 
the product. Although all the samples of stored tomato powders were packaged 
in polyethylene terephthalate pouches, there is possibility that the packaging 
material also influenced the quality of the product during storage. Based on the 
overall results, blanched ascorbic acid pretreatment is recommended for 
tomato slices, before drying the food material. 
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Abstract. The implications of applying organic fertilizers made from 
dried cow dung and food waste on the seedling development and growth 
of Amaranthus viridis at different soil horizons was examined in the current 
study. The experiment was set up in a completely randomized design, with 
6 profile depths x 3 fertilizer treatments x 3 replicates each, totaling 54 
bowls. The set up was left for 5 weeks. The findings demonstrated that 
cow dung manure provided adequate plant nutrients for enhancing 
seedling growth A. viridis. Although 0.05 g seeds of A. viridis was sown in 
the bowls, emergence capacities under varying soil conditions differed. 
Amending the soils with food waste manure hampered emergence 
capacities of the test plant. There were only six (06) sprouts at the first 
week compared to 46 in the control. Despite the observation that soil 
horizon and organic fertilizer application had no discernible effect on the 
root length of 5 - week - old seedlings (which varied between 1.3 cm and 
2.3 cm), the use of manure was associated with a decrease in foliar chlorosis 
incidence. Without manure, foliar chlorotic incidence was 58 % in the 61 – 
75 cm soil profile depth, compared to 35.0 – 35.2 % when soils were  
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amended with either cow - dung or dried food waste manure. Ultimately, 
while deeper soil horizons initially posed challenges for growth, soil 
amendment successfully alleviated these unfavorable conditions. 
 
Keywords: soil horison, food waste manure, cow dung manure, 
nutrient availability, foliar chlorosis 
 

Introduction 

Soil composition is dynamic and varies significantly across different 
levels due to various factors, including organisms, plants, microbes, and human 
activities (Kumar, 2020). This variability affects soil structure, fertility, and overall 
productivity. Human activities, such as deforestation, intensive farming, and 
urbanization, have profound impacts on soil health. Urbanization, in particular, 
has led to widespread soil degradation, erosion, and loss of arable land. 

The consequences of human population expansion and urbanization on 
farmland are alarming. Farmlands intended for agricultural use have been 
rapidly taken over by estate developers and mining support businesses, resulting 
in soil excavation, environmental harm, and decreased food production (Oluwatosin 
and OjoAtere, 2001). This trend is exacerbated by the growing demand for 
housing, infrastructure, and natural resources. As a result, fertile soils are being 
irreversibly damaged, threatening food security and sustainable development. 

Ensuring sustainable food production and soil management presents 
formidable challenges globally. The continuous expansion of the world’s 
population is expected to intensify the strain on already burdened food systems 
(United Nations, 2020). Additionally, the increasing conversion of land due to 
urbanization, which involves significant topsoil removal for construction, 
contributes substantially to soil degradation and erosion (Wainaina et al., 2022; 
Pimentel, 2006).   

Healthy soil is essential for the maintenance of vital ecosystem services, 
such as the filtering of water and the sequestration of carbon (Gong & Chen, 
2011; Lal, 2015). However, the processes of soil excavation and erosion can 
severely compromise soil quality and fertility, negatively affecting agricultural 
productivity and disrupting these critical ecosystem services (Zhao et al., 2021; 
Kumar, 2020). In Nigeria’s peri-urban areas, the practice of unmanaged soil 
excavation has resulted in substantial environmental deterioration, a decline in 
biodiversity, and adverse impacts on the livelihoods of local communities 
(Wainaina et al., 2022).   
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This study aims to address the urgent problems of soil degradation, 
diminished crop productivity, and the need for environmental sustainability by 
examining how different soil horizons influence crop development, with a 
specific focus on Amaranthus viridis. Specifically, the research will investigate 
the effects of varying soil horizons on the growth, yield, and nutritional value of 
A. viridis, a crop of significant importance for food security and nutrition in 
numerous communities. Furthermore, by evaluating the potential of organic 
fertilizer formulations derived from common household waste, this research 
seeks to contribute to the enhancement of agricultural output, the promotion of 
longterm food security, and the strengthening of ecosystem resilience.  

Materials and methods  

Study location 

This research was conducted at the University of Benin’s Ugbowo campus, 
specifically near the Department of Plant Biology and Biotechnology’s screen 
house, located in Benin City, Edo State, Nigeria. 

Experimental design 

The study employed a completely randomized design (CRD) to investigate 
the effects of different soil profiles and organic amendments on crop development. 
The treatments consisted of soils from different profiles amended with cow 
dung manure (CDM), soils from different profiles amended with food waste 
manure (FWM), and a control group without any amendments. Each treatment 
was replicated three times. 

Soil sampling 

Soil samples were collected from three random farm locations in 
Ovia North-East Local Government, Edo State, Nigeria (Figure 1). The sampling 
area was carefully selected, and surface litter was removed. When soils were 
collected, all soils were pooled to obtain a composite sample, which was thereafter 
used for the experiment. 

For profile soil sampling, four profile pits were dug using a shovel and 
digger, and composite sampling was carried out to mix the same horizon from 
different pits. Samples were taken from the first horizon to avoid contamination.  
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Figure 1. Map of soil collection locations 

 
Each soil horizon was extracted and transferred into labelled nylon bags. Soil 
samples were collected from 0 to 75 cm depth, with 15 cm intervals, except for 
the topmost soil (0-10 cm and 11-15 cm). This resulted in six samples each, 
representing different horizons within the soil profile (Figures 2 and 3). 
 
 

   
(a)                                                  (b) 

Figure 2. Excavating one of the pits to obtain soil samples from various profile depths 
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(a)                    (b) 

Figure 3. Image capturing the pit and its profiles 

Development of organic fertilizers 

This section outlines the procedures for developing two organic fertilizers 
used in the study.  

Cow dung manure  

Dried cow dung was sourced from the Aduduwa Cattle Market in Edo 
State. The dung was sun - dried to constant weight to ensure optimal moisture 
removal and readiness for use. 

Dry food waste manure 

The development of dry food waste manure (FWM) involved several key 
steps. Initially, food waste was collected from various locations, including Ekosodin 
and Uselu markets in Benin City, as well as local vendors. The collected waste 
was then sorted to separate different components. The composition of the dried 
food waste consisted of various organic materials, including orange peels (1800 g), 
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onion peels (500 g), plantain peels (1000 g), pineapple peel (400 g), watermelon 
(200 g), yam peels (300 g), potato peels (180 g), vegetables (300 g), eggshells 
(50 g), and dried leaves (200 g). 

The food waste components underwent further processing to create the 
FWM. Each component was sun - dried to constant weight for 30 days to ensure 
optimal moisture removal. The dried components were then blended into a fine 
powder using a local mill. Finally, the powdered components were mixed together 
to create a homogeneous blend. This resulting FWM, along with CDM, was used 
as an organic fertilizer to amend the soil samples in the experiment, providing 
a nutrient - rich medium for plant growth. 

Separation into bowls 

The soil from each horizon was divided among three bowls, labeled A,  
B, and C, and then replicated. This resulted in a total of 54 bowls, based on  
the experimental design: 6 profile depths × 3 fertilizer treatments × 3 replicates 
each. The bowls, with a total surface area of 304.84 cm², were modified  
to prevent waterlogging. Five evenly spaced perforations were made in the 
bottom of each bowl using a nail, allowing for adequate percolation and 
drainage. 

Treatment application 

This research utilized 54 bowls, divided into three categories: A, B, and C. 
Categories A and B consisted of six bowls each, with different soil profiles mixed 
with CDM and dry FWM, respectively. Category C comprised 18 unamended soil 
profiles as controls. For the amended bowls (A and B), organic fertilizers were 
added on a weight/weight basis at a 10 % w/w concentration, with 1.6 kg of 
CDM or FWM added to 16 kg of soil dry weight per bowl. 

Sowing 

Following a one - week period, A. viridis seeds were broadcast - sown at 
0.05 g per treatment. To facilitate even seed distribution and prevent overcrowding, 
this method was chosen. The bowls, with a surface area of 304.84 cm², received 
1000ml of water after seeding and were then moved to their permanent 
locations. The resulting seed application density was 0.048 g per 304.84 cm², 
equivalent to 0.164 mg/cm². 
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Cultural practices and parameter measurement 

The bowls were watered every two days for the first two weeks, then 
daily thereafter. Regular hand weeding was performed at intervals. To assess 
plant growth and development, several parameters were measured: plant 
height, chlorosis, leaf color, number of leaves, root length, and biomass. 
Specifically, plant height was measured using a meter rule on an index plant in 
each bowl. Chlorosis was evaluated by observing yellowing foliage as plants 
aged. Leaf color was assessed visually using a physical color namer map. The 
number of leaves in each bowl was counted and recorded. Root length was 
measured by carefully removing the index plant from each bowl and using a 
meter rule. 

Determination of soil physico - chemical characteristics  

Soil samples were collected at 3 random areas within pooled random 
depths (0 – 15 cm) within the area where soil was obtained, just before 
determination of plant identification and determination for soil seed bank 
assessment. Top soil was collected. Soils were analyzed for soil physico - 
chemical parameters according to methods described by Hanway and Heidel 
(1952); Metson (1961); Nelson and Sommers (1982); APHA (1985). 

Isolation of bacterial and fungal isolates  

Bacterial and fungal isolates were isolated using established microbiological 
protocols (Cheesebrough, 2000). Soil samples from each treatment underwent 
serial dilution and plating on selective media (nutrient agar for bacteria and 
potato dextrose agar for fungi). Following incubation at optimal temperatures 
(28 °C for bacteria and 25 °C for fungi) for 24 - 48 hours, colonies were counted 
and isolated based on distinct morphological features. Isolated microorganisms 
were purified through successive subculturing and preserved on agar slants at 
4 °C for subsequent identification and analysis (Cheesebrough, 2000). 

Data analysis 

Results are reported as means of three replicates. Single- - factor analysis 
of variance (ANOVA) was employed to evaluate treatment effects. Statistical 
analysis was performed using IBM SPSS Statistics version 23 and Paleontological 
Statistics (PAST) software version 2.17c, where necessary, to assess significant 
differences between treatments and provide a comprehensive understanding 
of the data. 
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Results  

The microbial populations in the organic fertilizers used in the study, 
analyzed just prior to soil application, are presented in Figure 4. Notably, the 
bacterial counts differed significantly between the two fertilizers. The dry FWM 
harbored a mean bacterial count of 6.50 ± 2.12 x 104 CFU/g, whereas the CDM 
had a significantly higher count of 11.75 ± 1.06 x 104 CFU/g. In contrast, fungal 
counts were relatively similar, with FWM exhibiting 1.07 ± 0.42 x 104 CFU/g 
and CDM showing 0.93 ± 0.36 x 104 CFU/g. 
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Figure 4. Bacterial and fungal counts in the materials used as organic fertilizer  

just before application to soil 
 

The culturable bacterial and fungal composition of organic fertilizers 
used in the study, analyzed just before soil application, is presented in Table 1. 
The comparative analysis revealed a higher diversity of bacterial isolates in cow 
dung compared to dried food waste. Specifically, Proteus mirabilis was the 
predominant bacterial isolate in cow dung. In contrast, Serratia marcescens 
emerged as the dominant bacterial species in dried food waste. Regarding 
fungal composition, Aspergillus fumigatus and Rhizopus stolonifer were the 
predominant species in the organic fertilizers. Nutrient analysis, illustrated in 
Figure 5, showed significant differences between the two organic fertilizers. 
Cow dung exhibited a higher nitrogen content (12.43 %) compared to dried 
food waste. Conversely, dried food waste contained more potassium (36.34 %) 
than cow dung (28.12 %). These variations in microbial and nutrient composition 
may influence soil fertility and plant growth. 
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Table 1. Culturable bacterial and fungal composition of materials used  
as organic fertilizer just before application to soil 

Isolates Cow dung Dry Food 
waste 

Bacterial Isolates   
Bacillus subtillis  -  + 
Proteus mirabilis +++  -  
Serratia marcescens + +++ 
Escherichia coli + + 
Pseudomonas aeruginosa  +  -  
Klebsiella oxytoca +  -  
 

  

Fungal Isolates   
Aspergillus niger  -  + 
Aspergillus fumigatus + + 
Rhizopus stolonifer + + 
Trichoderma sp. +  -  
Penicillium sp.  -  + 

Legend: + present; - absent 

Dry Food waste Cow dung
0

10

20

30

40

50

Phosphorous
Potassium

Nitrogen

Organic fertilizer

N
ut

rie
nt

 c
om

po
si

tio
n 

(%
)

 
Figure 5. Nutrient composition of materials used as organic fertilizer just before 

application to soil 
 

The emergence capacity of A. viridis seeds varied significantly under 
different soil conditions, as shown in Figure 6(a - c). Initially, 0.05 g of seeds 
were sown in each bowl. In unamended soils, collected from a depth of 0 - 10 cm, 
seed emergence was moderate, with 46 sprouts observed within the first week of 
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observation. This number increased to 69 sprouts by the third week, indicating 
continued germination and growth. In contrast, amending the soil of the same 
depth with CDM resulted in enhanced seed emergence, with 67 sprouts recorded 
in the first week (Figure 3). 

However, amending the soil with FWM had a detrimental effect on seed 
emergence. After the first week, only six sprouts emerged in FWM - amended 
soil collected from 0 - 10 cm depth, and merely one sprout was observed in 
FWM - amended soil collected from 46 - 60 cm depth. This suggests that FWM 
may inhibit initial seed germination. Nevertheless, by the third week, rapid 
growth was observed in FWM - amended soils, indicating potential for delayed 
but accelerated development (Figure 6).  
 

 
(a) 

 
(b) 

 
(c) 

Figure 6. Amount of sprouts of Amaranthus viridis sown from 0.05 g seeds by broadcast 
on soils collected at different depth profiles 0 - 10, 11 - 15, 16 - 30, 31 - 45, 46 - 60 and  

61 - 75cm respectively and amended with food waste manure (FMW),  
cow dung manure (CDM), and unamended (na). 
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Figure 7. Plants grown on soils obtained from the various horizons 

 
Figure 8 illustrates the growth of A. viridis seedlings in soils of varying 

profile depths at 5 weeks post - sowing. Notably, unamended soils supported 
the growth of 85 individual seedlings from 0.05 g of seeds. In contrast, soils 
amended with dried CDM exhibited depth - dependent effects. At the 0 - 10 cm 
depth, CDM - amended soils yielded 86 sprouts, while the 31 - 45 cm depth 
profile produced 97 sprouts. Remarkably, the same depth profile with CDM 
amendment resulted in 113 sprouts, indicating optimal growth conditions. 
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Figure 8. Number of individual Amaranthus seedlings grown in soils of differing 

profile depth at 5 weeks after sowing and soil amendments 
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The impact of soil depth on seedling growth was further underscored by 
the poor performance of seeds sown in deeper profiles (61 - 70 cm), regardless 
of amendment type. This depth range yielded only 55 - 68 sprouts, suggesting 
potential limitations in soil fertility, aeration, or moisture retention. In contrast, 
shallower depths (0 - 45 cm) demonstrated improved growth, particularly 
when amended with CDM.  

Figure 9 illustrates the percentage of A. viridis seedlings with chlorotic 
foliage, indicating potential stress incidence. Notably, plants in deeper soil 
profiles (61 - 75 cm) exhibited higher foliar chlorosis (58 %) compared to those 
near the surface. However, manure application significantly reduced chlorotic 
incidence, with CDM and FWM amendments lowering rates to 35.0 - 35.2 %.  
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Figure 9. Percentage of leaves with chlorosis at 5 weeks  

after sowing and soil amendments. 
 
 
The impact of soil amendments on seedling growth was further 

investigated. Without manure, leaf production remained stagnant (4 - 6 leaves 
per plant) across various soil profile depths. In contrast, adding CDM increased 
leaf production to 7 - 10 leaves per plant (Figure 10). This enhancement 
underscores the benefits of organic fertilizers on plant development. Root 
length, measured at 5 weeks, remained relatively consistent (1.3 - 2.3 cm) 
across soil horizons and fertilizer treatments (Figure 11). This suggests that 
root growth was not significantly influenced by soil depth or organic fertilizer 
application. Additional visual documentation of the experiment’s setup at  
3 weeks is provided in Figure 7. 
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Figure 10. Number of leaves per plant at 5 weeks after sowing and soil amendments. 
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Figure 11. Root length of Amaranthus viridis seedlings at 5 weeks  

after sowing and soil amendments. 
 

Figure 12 presents the total seedling dry weight of A. viridis after 5 weeks, 
originating from 0.05 g seeds. The data reveals significant effects of soil 
amendment and depth on biomass production. At the 0 - 10 cm horizon, 
seedlings without soil amendment had a biomass of 0.74 g, which increased to 
0.89 g with cow dung amendment. Notably, the mean biomass across all 
amendment regimens within this horizon was 0.87 g. In contrast, seedlings in 
the 11 - 15 cm horizon exhibited higher biomass (1.05 g), while those in the 
deepest horizon (61 - 75 cm) had lower biomass (0.76 g). 
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Figure 12. Total seedling biomass  

Discussion 

This study focused on the impact of soil depth on the growth of A. viridis 
after amendment with organic fertilizer. A primary role of soils is to provide 
plant roots with the nutrients required for growth and productivity (Miki et al., 
2010). Soil is the largest pool of terrestrial organic carbon in the biosphere, 
storing more carbon than is contained in plants and the atmosphere combined 
(Schlesinger 1997).  

The abundance of organic carbon in the soil affects and is affected by 
plant production, and its role as a key control of soil fertility and agricultural 
production has been recognized for more than a century. In agricultural 
production systems, plant roots grow below 25 cm and the deeper soils are 
important for crop yield, because top soils may dry out quickly during summer 
months, limiting the ability of roots to absorb water and nutrients in the upper 
layers of the soil profile. (Perkons et al., 2014). Since plant growth is dependent 
on edaphic factors, the plant - soil interactions at different soil depths play a 
role in the abundance and composition of soil microbial communities. Although 
most studies have focused on nutrient rich topsoil, the roots of agricultural 
crops can grow as deep as 200 cm (Perkons et al., 2014).  

The subsoil which is also known as the B horizon contains some nutrients 
thereby making it capable of plant growth. Subsoils range in texture from gravel 
to heavy clay, in reaction from very acid to strongly alkaline, in fertility from 
very low to very high, and in structure and consistence from granular and 
friable to blocky, hard and plastic, or even cemented (Winters and Simonson, 
1959; Reuss and Campbell, 1961). 
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Soils require nitrogen and phosphorus, with manure applications further 
enhancing response. Microbial abundance and diversity typically decrease with 
soil depth; this decrease can alter soil properties, while fertilizer incorporation 
improves crop yields, soil organic matter, and nutrient content (Gao et al., 2015; 
Choudhary et al., 2018). 

Agboola and Unama (1991) emphasized the importance of maintaining soil 
organic matter in agricultural systems through practices that prevent its destruction 
or by consistently adding organic materials. Soil contains essential nutrients, 
and organic fertilizers enhance their availability for increased plant uptake and 
yield (Ref…). Applying organic fertilizers to the soil surface can provide a rich 
food source for microorganisms, significantly increasing microbial community 
composition and diversity (Chang et al., 2007; Diacono and Montemurro, 2010). 

Organic wastes such as animal manures, by - products of several kinds 
and composted residues can be used as amendments to increase soil fertility, 
since they are important sources of nutrients for growing crops and means for 
enhancing the overall soil quality (Davies and Lennartsson, 2005). Managing 
agricultural nutrients to provide a safe food supply and secure the environment 
remains one of the immense challenges of the 21st century. Crop nutrient 
uptake and crop yields are the principal factors that determine optimal fertilization 
practices. Therefore, it is very important to apply fertilizers in an efficient way 
to minimize loss and to improve the nutrient use efficiency.  

Soil organic matter plays an important role in long - term soil conservation 
and/or restoration by sustaining its fertility, and hence in sustainable agricultural 
production, due to the improvement of physical, chemical and biological properties 
of soils (Sequi, 1989). The organic matter content is the result of the inputs by 
plant, animal and microbial residues, and the rate of decomposition through 
mineralization of both added and existing organic matter. Fertilization with 
manure improves soil’s physical, chemical, and biological qualities, primarily by 
decreasing soil bulk density and improving structure (Ullah et al., 2020; Du et al., 
2020). Organic fertilizers are applied to soil in precise amounts to increase soil 
organic carbon (SOC) and other vital plant nutrients, particularly N - P - K and 
micronutrients (Akhtar et al., 2018; Iqbal et al., 2021).  

Soil organic carbon sequestration can be enhanced by fertilization such 
as incorporation of crop residues or the direct application of manure, which 
implies by high carbon inputs (Cai et al., 2016). Based on 153 field experiments 
in China, Chen et al. (2014) observed an increase in crop yields of approximately 
8.5 - 14.2 Mg ha−1 following fertilization with manure without any increase in 
nitrogen (N) fertilizer. According to literature, food waste cannot be used 
directly as a fertilizer. When food waste is used as a raw material for fertilization, 
various problems such as excessive salt content, mixing of impurities and odor 
arise (Chen et al., 2021).  
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Conclusions 

This study investigated the impact of soil horizons on the growth of 
Amaranthus viridis and the effects of organic fertilizer amendments. The results 
indicate that deeper soil horizons present less favorable conditions for seedling 
development. Seedling emergence and overall growth were notably influenced by 
soil depth, with shallower soil profiles generally supporting better development. 
The application of organic fertilizers, particularly cow dung manure, enhanced 
seedling growth and reduced foliar chlorosis. While food waste manure initially 
hampered seed emergence, it supported growth at later stages. These findings 
underscore the potential of organic amendments to improve soil conditions and 
promote Amaranthus viridis growth, particularly in less fertile soil horizons.   
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Abstract. Personality traits have been shown to be influenced by 
environmental and internal factors, hunger being one of the most 
important. The resulting behavior fluctuates greatly depending on the 
feeding ecology of the different species and intraspecific individual variation.  

In this study, we used eight captive-born juvenile ball pythons to examine 
the relationship between personality traits, namely shyness and exploratory 
tendencies, and the chronological postprandial-induced psychobiological 
effects on a seven-day interval that concluded with the installation of hunger. 

We found a strong correlation between shyness and hunger. Regarding 
exploratory predispositions, we found high individual variation at the 
beginning and middle of the postprandial cycle that evened out as hunger's 
influence started to be perceived. 

Notably, this study's outcomes have the potential to enhance our 
understanding of captive animal management techniques and contribute 
to improving zoo animal welfare. 
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Introduction 

Although concepts like animal personality and animal personality traits 
are nowadays widely accepted as cutting-edge topics of the behavioral sciences 
(Gosling, 2001; Thaler et al., 2022; Knight et al., 2013; Wilson et al., 2019; 
Stamps and Groothuis, 2010), reptiles and particularly snakes have seldom 
received the attention of the scientific community. This gap in the literature 
contains only a few existing studies (Thaler et al., 2022; Skinner et al., 2022; 
Waters et al., 2017; Šimková et al., 2017), all of which suggest that snakes 
display consistent personality differences that profoundly affect their behavior. 
However, empirical documentation about the personality trait-behavior relation 
is extremely sparse. Beyond its fundamental approach, the potential application 
of this research topic in conservation management and captive animal welfare 
(Nagabaskaran et al., 2022; MacKinlay and Shaw, 2022) makes it even more 
relevant in the future. 

Due to its high adaptability, relaxed temper, and low aggressiveness, 
Python regius, Shaw 1802, is one of the most popular snakes in the pet trade and 
has long been kept and bred in captivity (Toudonou et al., 2022). In addition, 
the ball python is an important species for teaching, education, and raising 
awareness about herpetofauna conservation. 

A personality trait can be considered a relatively consistent bias, habit, or 
disposition that, when combined with various environmental factors, causes 
individuals to behave in a certain way (Skinner et al., 2022). However, these 
traits can sometimes be challenging to comprehend in terms of variation and 
evolution, as they may consistently differ on individual and group levels. Stamps and 
Groothuis suggest (2007) that a better way to understand these variations is to 
consider the functional connections between those traits and physiological 
processes.  

The foraging behavior of snakes is typically predatory, and their individual 
and species-specific personality is highly affected by intrinsic physiological 
factors. Of these physiological factors, hunger is one of the more important 
(Perry and Pianka, 1997; Vitt and Pianka, 2007). 

Studies on the postprandial behavior of snakes are rare and are mostly 
field experiments (Crotalus spp - Beck, 1996; Elaphe obsoleta - Blouin-Demers 
and Weatherhead, 2001; Boiga irregularis - Seirs et al., 2018). In addition, we 
are unaware of any study that has formally examined post-prandial personality 
trait variation and its expression in behavior. Given the strong psychobiological 
effect of hunger (Beaulieu and Blundell, 2020; Ramond, 1954; Cooper, 2000), we 
expect to see a consistent correlation between hunger and behavior, especially in 
the risk aversion/risk tolerance region.  
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Indirect evidence and anecdotal observations suggest that Boidae and 
Pythonidae are ambush-hunting predators. However, using a direct technique 
(radiotelemetry, videography) to prove that ambush hunting is their primary 
feeding strategy is a complicated process covered by only a few studies (Morelia 
spilota - Slip and Shine, 1988; Corallus hortulanus - Esberad and Vrcibradic, 2007; 
Morelia viridis - Wilson et al., 2007). There is no extensive documentation to prove 
that the ball python is an exclusive ambush predator (Hanscom et al., 2023), but 
according to Waas et al. (2010), the species is more on the sit-and-wait side of 
the specter. Therefore, a drop in activity levels with increasing hunger is expected 
as a sign of foraging activity initiation. However, ambush/active hunter is a 
broad behavioral classification; therefore, we would like to see if the ambush 
predation strategy is a strong, preprogrammed, instinctual behavioral pattern 
and it overwrites the individual personality trait variation or is more a personality-
driven activity, with different personality individuals reacting in a slightly different 
manner to hunger (i.e., the reaction to hunger differs across individuals in the 
expression of the studied personality traits and the corresponding behaviors). 

Therefore, the present study investigates the post-feeding personality 
trait variation of Phyton regius in controlled laboratory conditions, with the 
experiment focusing on two hypothetical questions: 

1. Where is the ball python located on the ambush-active hunting scale? 
More precisely, we wanted to find out if hungry snakes are more prone to risky 
behavior or if they will lower their activity levels and go into ambush mode. 

2. How flexible is the ball python´s hunting strategy? Is there a group-
consistent, preprogrammed, instinctual behavioral response to hunger? And if 
there is one, to what extent will it take over the individual personality trait 
variation? 

We conclude by discussing the results of the study and its possible 
applications in captive reptile management and welfare. 

Materials and methods 

The study was conducted between July and August 2023 in the herpetology 
laboratory of the Babeș-Bolyai University`s Vivarium. The study was conducted 
in accord with the highest humane and ethical principles, according to the 
ARRIVE guidelines for In Vivo Experiments and WAZA (World Association of 
Zoos and Aquariums, 2023) code of ethics and animal welfare. 

To test our hypotheses, we used eight juvenile (2 months old) ball 
pythons (Python regius, IUCN near threatened, numbered P1-P8), a constrictor 
species native to West and Central Africa (D’Cruze et al. 2020), obtained by 
captive breeding.  
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To create a more compact experimental group, we used only females with 
no significant variation in size and weight (mean length ± SD = 528.50 ± 12.78 mm 
and mean mass ± SD = 64.12 ± 1.96 g). 

For a seven-day acclimation period and during the next seven-day 
experiment, the subjects were housed separately in opaque, Tupperware-type 
plastic containers (27 cm x 17 cm x 8 cm) provided with bark mulch substrate, 
a hiding place, and a water bowl, indirect ambient sunlight illumination, and 
night-time/day-time temperature variation of 20/27° C (Westhoff, 2005). 

Before the experiment and during the acclimation period, the snakes 
were fed once a week (Martinez, 2020) and provided with water ad libitum. 

During the seven-day experiment, we performed four tests (on days 1, 3, 
5, and 7) for two personality trait values: shyness and exploratory tendencies. 
Although these parameters are considered personality traits, in our experiment, 
they are foremost the expression of the measurement of a specific behavior. 

The shyness test measured the time (seconds) the animals took to emerge 
from the shelter in a novel arena. Each animal was placed in a roughly 200 ml 
half-sphere shelter with a 2 x 2 cm covered opening on the side. The shelter was 
then positioned in the center of a 55 cm L x 45 cm W x 40 cm H arena, high 
enough so the snakes could not escape during testing. After a 1-minute settling 
period, the opening was uncovered, and the timing began while the experimenter 
quietly withdrew his hand from the test area.  

The tests were filmed with a GoPro 7 camera placed 40 cm above the 
arena. Playing back the videos (Windows Media Player), we measured the 
elapsed time between the beginning of the trial and the complete emergence of 
the head from the shelter (“complete head out”) – an indication of how soon the 
animal starts to investigate the arena.  

The exploratory tendencies test used the open field method (Bergeron  
et al., 2013; Montiglio et al., 2010; Gould et al., 2009) and was a continuation of 
the shyness test in which we examined a 10 minutes time-frame with the 
”complete head out” being the T0 moment. With an alcohol-based permanent 
marker, we drew three concentric rectangles: 1, 2, and 3, so that we delimited 
four areas (the limit for area no. 4 was the external wall of the arena) in increasing 
order, with one being the closest and four the furthest from the shelter. The 
rectangles had the following dimensions: 10 cm x 25 cm, 20 cm x 33 cm, 27 cm 
x 42 cm, and 55 cm x 45 cm, respectively. We considered that the snake entered 
one area when the total length of its head was located inside that area. 

To record and measure the snake`s exploratory tendencies, we recorded 
the distance covered in terms of all areas visited and the number of transitions 
between areas. For both variables, we computed their median. We used the 
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median of the area numbers instead of their mean, because it is a better 
indicator for overall movement and for the distance traveled from the center. 

While designing the arena, we faced the problem of arena size. Theoretically, 
we should have used an arena as large as the distance a snake would cover in a 
straight line at maximum speed within 10 minutes (testing time). However, 
such an area is technically impossible to provide in laboratory conditions. To 
compensate for this shortcoming, we introduced a variable – total time spent in 
area 4 (TR4). We considered a high value of this variable to be a strong indicator 
that the test animal would have gone further than the limits of the arena and 
has a greater propensity for exploration. The arena was cleaned with water and 
soap to remove the scent and thoroughly rinsed after each trial. 

Both personality trait value tests were repeated four times, at two-day 
intervals, to allow the changes in the animal`s motivational state to impact their 
reaction. Day one of the experiment was the first day after feeding, and the 
snakes were considered satiated. Seven days after their last meal (in test no. 4 – 
day seven of the experiment), the animals were considered hungry but not post-
absorptive (McCue, 2007; Spencer et al., 2020).  

Data analyses 

First, we tested the distribution of the four variables we recorded: shyness 
(s), distance covered – D (median of areas visited), number of transitions between 
areas, and time spent in area 4 – TR4 (s), with the help of the Shapiro-Wilk test. 
We subsequently used non-parametric comparison methods for variables that 
were not normally distributed. We log-transformed the values for shyness and 
obtained a normal distribution. For all normally distributed values, we subsequently 
used one-way ANOVA.  

To check for the influence of hunger on shyness, we checked for the 
influence of trials (equivalent to time since the last feeding) with the help of a 
linear mixed effect model (lmer, RStudio 2023). We tested the effect of the trial 
(time since feeding, corresponding to day 1, 3, 5, or 7 after feeding) on shyness 
as a fixed effect and “individual” as a random effect. 

To analyze the exploratory tendencies in terms of distance covered, the 
number of transitions between areas, and the time spent in the fourth area 
(TR4), we used the Kruskal-Wallis rank sum test (Kruskal.test, RStudio 2023), 
followed in case of significant differences by a Dunn-test (dunnTest, RStudio 
2023) with P-values adjusted with the Benjamini-Hochberg method to compare 
trials and individuals separately. All analyses and plots were performed in 
RStudio (RStudio, 2023). 
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Results 

Shyness significantly increased with time in each of the four trials. The 
mixed effect model indicated that the fixed effect trial (time) had a strong 
influence on the shyness parameter (Estimate23 = 0.17, SE = 0.07, t = 2.64, P = 
0.015, Fig. 1), and the random effect explained only 5.49% of the total variation 
in the shyness-value (Variance Random Effect „Individual” (intercept) = 0.04, 
SD = 0.21; Variance Random Effect of residuals = 0.79, SD = 0.83). 

 
Figure 1. Log-transformed values of the Shyness parameter (time the animals took  
to emerge from the shelter) in each experimental trial (T1-T4). Boxplots represent 
median values (thick line inside the box), interquartile range (the box), maximum  

and minimum values (whiskers), and outliers (empty circles). 

 
Figure 2. Median distance covered by individuals in different areas of the arena during  

the four Trials. Boxplots represent median values (thick line inside the box), interquartile 
range (the box), maximum and minimum values (whiskers), and outliers (empty circles). 
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We found no significant differences between the distances covered by the 
individuals in the four trials (Kruskal-Wallis test: χ23= 1.85, P = 0.603). However, 
the median distance covered in the first trial by all individuals was shorter than 
the distance covered in the following two trials. In trial T4, the distance was 
slightly longer than in T1 but shorter than in T2 and T3, indicating a tendency 
to decrease from T2 towards T4 (Fig. 2). 

We found significant differences between distances covered by individuals 
in the first three trials but not in the fourth (Table 1). However, when 
Benjamini-Hochberg-adjusted P-values were consulted, only the second trial 
showed a truly high variation of distances covered by each individual (Fig.3.). 
Some individuals tended to explore only the first area of the arena most of the 
trials, whereas others were more explorative. Individuals P6, P7, and P8 did not 
leave the shelter for the whole length of two trials (P8 in T1 and P6 and P7 in T4). 
 

Table 1. Results of the comparisons between median distances (D) covered by 
individuals in each trial (individual Pythons are numbered P1-P8). 

 
Trial Kruskal-Wallis test result Significant differences in D found 

between individuals 
Benjamini-Hochberg-adjusted  

P-values of the Dunn posthoc test 
T1 χ27 = 22.02 - 

P = 0.003 
T2 χ27= 31.37 P1-P2: P = 0.012 

P < 0.001 P1-P5: P = 0.010 
 P1-P7: P = 0.011 
 P1-P8: P = 0.010 
 P2-P4: P = 0.009 
 P3-P5: P = 0.009 
 P3-P7: P = 0.018 
 P3-P8: P = 0.011 
 P4-P7: P = 0.011 
 P4-P8: P = 0.014 

T3 χ27 = 19.09 P2-P4: P = 0.016 
 P = 0.008  
T4 χ27 = 13.57 - 
 P = 0.059  
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Figure 3. Distances covered by individual pythons in the second trial (T2). Boxplots 

represent median values (thick line inside the box), interquartile range (the box), 
maximum and minimum values (whiskers), and outliers (empty circles). 
 
The number of transitions between areas of the arena did not differ 

significantly between trials (one-way ANOVA: F3 = 2.22, P = 0.108) and between 
individuals (one-way ANOVA: F7 = 0.47, P = 0.844). However, in the fourth trial, 
the individuals tended to make fewer transitions between areas (Fig. 4). 

 

 
Figure 4. The number of transitions between areas of the arena recorded for all python 

individuals in the four trials. Boxplots represent median values (thick line inside  
the box), interquartile range (the box), maximum and minimum  

values (whiskers), and outliers (empty circles). 
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We found no significant differences between the times spent by all python 
individuals in the fourth area of the arena – TR4 (Kruskal-Wallis test: χ23 = 4.28, 
P = 0.233) per trial. We can, however, notice that most of the time spent  
by pythons in the fourth area of the arena was in the second and third trials  
(Fig. 5). Similarly, there were no significant differences detected between the 
time spent in the fourth area between individuals (Kruskal-Wallis test: χ27 = 
8.72, P = 0.274). Considering individuals, we could notice that P1, P3, and P6 
had a median of 0 time spent in the fourth region in all trials, whereas the other 
individuals spent between 25 and 444 s in the fourth region.  

 

 
Figure 5. Time spent in the fourth area of the arena (TR4) by all python individuals in 
each trial. Boxplots represent median values (thick line inside the box), interquartile 
range (the box), maximum and minimum values (whiskers), and outliers (empty circles). 

Discussion 

Personality is what the animals are, behavior is what the animals do, and 
what they do is an intricate mesh between personality and the environment, 
internal or external. Therefore, we will interpret our results in behavioral terms 
primarily for practical purposes. 

If we look at the statistical results, it becomes evident that there are two 
ways of interpretation. 

First, if we consider only statistical significance, it is clear that shyness 
increases with time (Fig. 1) and consequently with hunger. Strictly speaking, 
animals take more and more time to stick their heads out of the shelter. This 
result describes the typical ambush predator behavior, in which the animals 
slowly and progressively adopt a sit-and-wait attitude perfectly correlated with 
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hunger. This interpretation would also answer our initial hypothetical question 
No. 1. And we would more or less leave out of the discussion the exploratory 
tendencies of the animals (distance covered, number of transitions between 
areas of the arena, and time spent in the fourth area of the arena) because there 
were no statistically significant differences found between the four trials. 

However, if we look beyond the statistical significance, it becomes evident 
that there are also important, even pattern-like, differences between the activity in 
the four testing sessions and that these should be addressed in this discussion. 

So, in this alternative way of interpretation, we emphasize that shyness 
significantly increased with hunger, but the activity and exploration of the animals 
decreased. Not linearly, like shyness, but more like an unimodal distribution pattern 
found in all three measured exploratory variables (Fig. 2, 4, and 5). According 
to Hanscom et al. (2023), a true ambush-hunting snake has three distinct 
behavioral stages: 1) an initial search for an ambush site, 2) a prolonged wait 
while remaining cryptic, and 3) the actual targeting and striking of potential prey. 

A common characteristic of the behavioral patterns found in our 
experimental lot is that in T1, T2, and T3, the animals were more prone to 
exploration (T1, however, with lower values). They were at peak energy after 
digestion and before hunger, and they became relatively familiar with the arena 
after the first trial. Even though they were shyer than in T1, they ventured 
further and explored more of the arena than in T1 and T4. 

The behavior of our experimental animals in T2 and T3 contradicts 
Clark`s asset protection principle (Clark, 1994), so at high energetics, they do 
not exhibit low activity and high levels of shyness but rather the opposite. 
However, the behavior mentioned above corresponds with stage 1 of the ambush 
behavioral pattern (Hanscom et al., 2023) and, most likely, has to do with  
an active search for a suitable ambush site (small mammal pathways and nodes 
in the pathway networks, Clark, 2004), with a high probability of predation 
success. 

Another characteristic of this second way of interpretation is the further 
increase in shyness (Fig. 1) and the decrease in exploratory activities in T4, 
compared with T2 and T3 (Fig. 2, 4, and 5). Again, this behavior opposes Clark's 
asset protection principle, which stipulates that at a low energy budget, they 
should be very bold and embark on risky activities to avoid starvation. 
However, it corresponds fully with stage 3 of the ambush behavioral pattern 
described by Hanscom et al. (2023). 

When analyzing the data, we noticed that the initial levels of exploratory 
behavior (particularly in T2, see Table 1) varied significantly between individuals. 
However, later in T4, it looks like suddenly, abruptly, all individual variation 
stopped, and they all became very shy. Although the name of the personality trait 
test is shyness, this is a manifestation of the species' ambush foraging behavior. 
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The values recorded in the first testing session, T1, turned out to be quite 
puzzling and challenging to explain in terms of this species' ecology and life 
history. The animals were freshly fed, so a typical digestion behavior was expected, 
with low exploratory activity and high shyness. The exploratory activity was 
indeed low (Fig. 2, 4, and 5), or at least lower than in T2 and T3, but also the 
levels of shyness were at the lowest level (fig 1). They were more curious but 
less explorative, a very counterintuitive combination. They were sticking their 
head out of the shelter quicker but staying close to the shelter. It was their first 
testing trial; they were in unknown territory; maybe they were curious, but not 
that curious to explore further than the immediate vicinity of the shelter. 
Overall, we found no reasonable explanation for this personality-trait value 
association in the formal or anecdotic literature and got stuck in the realm of 
speculation. Nevertheless, one thing is for sure: all eight experimental animals 
exhibited the same low shyness levels in the digestion stage. 

Besides the fundamental aspect of our research, there are also practical 
ways in which our results can be helpful. The personality trait-based technique 
described here can be used as a complementary tool, besides the more direct but 
difficult ones (telemetry, videography), in assessing the feeding strategies applied 
by different snake species. More precisely, it can be a more accessible method of 
pinpointing the snake species´ location on the ambush-active hunting scale. 

The ball python is one of the most popular pet reptiles, with many captive 
specimens and well-known captive management techniques. However, there is 
always room for continual improvement; this is where our study could have 
another practical use and make a significant difference. Concerning enclosure 
design, the low activity in T4 emphasizes the importance of a shelter so the 
animal can behave as closely as possible to its instincts. The presence of the 
shelter will not only increase the feeding/hunting efficiency but will most 
certainly be very beneficial for the psychological welfare of the animal. It is 
common knowledge that handling any snake species right after feeding is not 
recommended because of the risk of vomiting up the food. Our results propose 
that another such time is just before eating, at least in ambush species. Causing 
discomfort in the prandial cycle's ambush phase may easily detour the snake 
from eating. The stubborn refuse of food and lengthy fasts the ball pythons are 
known for (Barten and Mader, 2013) may also be a direct result of unrestricted 
handling. So, if the animal is shyer and less active than usual, we recommend 
disturbing it as little as possible. Besides solving some of the fasting issues, this 
will also decrease the risk of getting bit. Any ambush snake species in captivity 
can benefit from the information mentioned above. 

Time spent in the outer ring of the experimental arena suggests that even 
if they seem to get by in a smaller enclosure (McCurley, 2006; Rizzo, 2014; 
Hollandt et al., 2021), ball pythons have a higher exploratory inclination (Fig. 5) 
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before entering the ambush foraging mode (T3 in our experiment). Setting up a 
larger terrarium is not always possible, so a multi-level enclosure design could 
be a solution to meet the animal´s exploration needs. 

Conclusion 

From the perspective of our starting hypotheses, there is a group-consistent 
response to hunger, and the significant personality trait variation between 
individuals is only visible in the satiated state. In other words, the feeding strategy 
is not driven by personality. Once hunger sets in, the ambush-foraging state of 
mind overrides all personality variation, and there is no individual inclination 
towards a more active hunting style.  
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Abstract. Cave ecosystems comprise specialized microbial communities 
that play essential roles in biogeochemical cycles; yet their metabolic 
capabilities and ecological functions are not fully understood. As conventional 
cultivation techniques provide limited insights into the metabolic capabilities, 
methods based on direct functionality screening may improve our knowledge 
of cave microbial activity. In this study, the Community-Level Physiological 
Profiling (CLPP) based on Biolog® EcoPlate™ approach was applied to 
assess carbon (C) substrate utilization by microbial communities associated 
with 36 environamental samples collected from five karstic caves (Cloșani, 
Ferice, Leșu, Muierilor, and Topolnița) in Romania. Principal Component 
Analysis (PCA) and Generalized Additive Models (GAMs) statistics were 
employed to infer the patterns of C substrate metabolization and their 
environmental drivers. Environmental variables such as sodium (Na) and 

mailto:diana.bogdan@ubbcluj.ro
mailto:horia.banciu@ubbcluj.ro
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0001-6890-0433
https://orcid.org/0000-0001-7278-8448
https://orcid.org/0000-0002-1818-3285
https://orcid.org/0000-0002-0145-0287
https://orcid.org/0000-0002-1262-0675
https://orcid.org/0000-0002-6563-3226


D. F. PANAIT, A. M. PANAIT, A. CRISTEA, E. A. LEVEI, O. T. MOLDOVAN, H. L. BANCIU 
 
 

 
246 

electrical conductivity (EC) significantly impacted C substrate utilization 
capabilities as indicated by both PCA and GAM. The latter analysis elucidated 
non-linear relationships between variables, such as EC, Na, and Mg, and 
microbial metabolic diversity indices. However, distinct C substrate utilization 
patterns were detected among sampled sites and chemical types. Unlike 
moonmilk samples where associated microbial communities appeared as 
exhibiting low C substrate utilization, the highest activity was shown in cave 
pool water samples with the associated microbial communities extensively 
consuming D-galacturonic acid and Tween 80. Conversely, substrates like L-
threonine and α-ketobutyric acid showed limited utilization across all cave 
samples. Average Well Color Development (AWCD) and Shannon diversity 
indices indicated that microbial communities associated to samples from 
Cloșani and Muierilor caves demonstrated the highest metabolic diversity. 
Our findings suggested that metabolic profiling using Biolog® EcoPlate™ 
method combined with multivariate statistical methods might prove 
a suitable analysis approach to effectively screen for cave microbial 
functionality and the probable environmental drivers. Besides, this work 
distinguishes from similar studies by relying on GAM analysis to predict 
the environmental factors governing the microbially-mediated organic 
carbon degradation in subterranean ecosystems. 
 
Keywords: caves, community-level physiological profile, generalized 
additive models, microbial communities, organic carbon substrates. 
 

Introduction 

The nutrient-limited subterranean ecosystems are inhabited by 
microorganisms with slow metabolism and growth rates (Epure et al., 2014). 
These cave-dwelling microbes are assumedly involved in biogeochemical cycles 
of major elements such as C, N, P or S. Therefore, investigation of taxonomic and 
metabolic diversity is crucial in enlarging our understanding of the interactions 
and ecological roles of cave microorganisms (Barton and Northup., 2007). Yet, 
investigating the microbial taxonomic and functional diversity in cave ecosystems 
poses significant challenges, including the limitations of the traditional culturing 
techniques, which recover only a small fraction of the members of microbial 
communities (Jones et al., 2015). Additionally, culture-dependent techniques 
provide limited understanding of microbial activity in situ, failing to capture the 
complexity of functional relationships within microbial communities. Therefore, 
complementary rapid and effective methods to directly assess the metabolic 
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potential of cave microbial communities are beneficial. For example, the Community-
Level Physiological Profiles (CLPP) using EcoPlate™ plates (Biolog® Inc., Hayward, 
CA, USA) approach may be useful in characterizing the community functionality, 
offering a clearer view of microbial functional diversity and ecological potential in 
cave environment. The Biolog® EcoPlate™ is a time- and cost-effective tool that 
has been used to monitor the spatio-temporal carbon substrate preferences of 
microbial communities inhabiting a diverse range of habitats including groundwater 
(Melita et al., 2023), surface freshwater (Boteva et al., 2024), brackish-to-saline 
waters (Cristea et al., 2014), wetlands (Teng et al., 2020), agricultural soils 
(Rutgers et al., 2015), rhizosphere (Cacchio and Del Gallo, 2019), volcanic soils 
and mud (Amaresan et al., 2018; Asif et al., 2024), and limestone monuments 
(Andrei et al., 2017). Moreover, this versatile approach has been applied to 
assess the carbon utilization by bacterial communities in karst caves (Yun et al., 
2018) and lava tube ice caves (O’Connor et al., 2021). Overall, the noteworthy 
benefit of this method is that it is comparable to high-resolution, yet more 
resource-consuming molecular techniques such as metagenomics. Although the 
Biolog® EcoPlate™ method provides a limited information on microbial metabolic 
capabilities, its rapidity in profiling the community-wide metabolic activity makes it 
a valuable complementary tool for metabolic fingerprinting with potential to 
enhance our understanding of functional diversity within cave ecosystems. 

Despite the increasing interest in exploring cave microbial communities, 
considerable gaps remain in understanding both individual and community-
driven microbial metabolic processes in caves. Present limitations result from 
focusing on taxonomy rather than functionality, scarcity of in situ studies, 
metabolite profiling, and a poor understanding of biogeochemical processes in 
caves or other subterranean environments. Here, we aimed to employ the 
Biolog® EcoPlate™ tool to survey the carbon substrate utilization patterns of 
microbial communities inhabiting cave pool water, water sediment (limon), dry 
sediments, and moonmilk (white precipitate with aggregates of fine carbonate 
crystals) from five Romanian caves, thereby addressing the diversity of carbon 
metabolization traits and the delineation of their main environmental drivers. 

Materials and methods  

Sampling sites 

Five karstic caves (Cloșani, Ferice, Leșu, Muierilor, and Topolnița) were 
sampled in this study (Figure 1). A brief description of sampled caves is provided 
below. 
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Figure 1. Geographic and altitudinal distribution of the sampled karstic Romanian 
caves. The map was generated using R Studio with topographic data using the 
‘geodata’ package with the data source from Shuttle Radar Topography Mission 
(SRTM), specifically the hole-filled CGIAR-SRTM (90 m resolution) from 
https://srtm.csi.cgiar.org/. 

 
Cloșani Cave is located in Southern Carpathians (near Cloșani village). It has 

a narrow entrance found at an altitude of 443 m above sea level (a.s.l). The two 
galleries have a length of 1100 m, and temperatures of about 11°C in the depth 
of the cave, increased humidity and a lack of air currents (Bleahu et al., 1976). 

Ferice Cave is located in North-Western Romania, Apuseni Mountains at 
an elevation of 410 m a.s.l. in a region with oceanic climate influences. A low-
flow stream crosses the main horizontal passage, which measures around 260 
meters in length. During the winter season a small number of bats frequent the 
cave. The temperature within the cave ranges from 11.4°C to 12.7°C and the 
humidity from 80% (lowest value during May) to 95% (November) (Moldovan 
et al., 2023). 

Leșu Cave (Peștera cu Apă din Valea Leșului) is situated in the Apuseni 
Mountains and designated protected area classified as a natural reserve (type 
IV IUCN). The Leșu cave system features a primary gallery approximately 1 km 
long, traversed by a meandering water stream for the initial 300 m, forming 
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alluvial terraces. The annual air temperature within the cave averages between 
8.5° and 10°C. The cave has a significant hibernation colony of multiple bat 
species, primarily near the entrance (Zoltan and Szántó, 2003; Bücs et al., 2012). 

Muierilor Cave is located in the Southern Carpathians near Baia de Fier, 
Gorj County, at approximately 645 m a.s.l. Its karstic system has multiple 
chambers and a total length of over 8000 m. The cave system includes pristine 
sections and a show cave (Level 2 – accessible for visitors). It is a protected 
natural monument with designated scientific reserves (Mirea et al., 2021). 

Topolnița Cave is located in the Southern Carpathians, at an elevation of 
~400 m a.s.l. It is distinguishable by its extensive karst system covering more 
than 20 km² and by significant bat colonies that produce large guano deposits 
(Cleary et al., 2019; Moldovan et al., 2023). 

 

Sample collection and Biolog® EcoPlate™ assay 

Environmental samples were collected from the studied cave sites, including 
cave water and substrate (limon), dry sediment, and moonmilk (Table 1). Pool 
substrate samples (limon) were further considered and processed as ‘sediment’ 
samples. All samples were collected from areas free from human impact, 
including samples from show caves like Muierilor. Five grams of fresh sediment 
(including limon and moonmilk samples) were suspended in 50 mL NaCl 0.85% 
solution and stirred for about 30 minutes on a water-bath shaker (150-200 rpm) 
at 23ᵒC. After one hour of on-the-table sedimentation, 100 µL of the resulted 
cellular suspension was inoculated in each well from the EcoPlate™ plates (Biolog® 
Inc., Hayward, CA, USA) under a laminar airflow hood, ensuring the prevention 
of contamination throughout all procedures. The 96-well Biolog® EcoPlate™ 
contains a total of 31 carbon substrates in triplicate and three wells without 
substrate serving as a control. One plate was used for each sample. No additional 
biological or technical replicates were included beyond the plate’s built-in 
triplicates.  

The optical density measurements at 590 nm (OD590) were performed 
on a plate reader (FLUOstar® Omega, BMG Labtech, Offenburg, Germany). 
Plates were incubated up to 8 days (200 hours) at 16 °C (chosen as near-
environmental value) and specific intervals of time between readings were 
established based on the literature review which mostly depends on the color 
development on plates (Garland, 1997; Ițcuș et al., 2016). A 12-hour interval 
between measurements was established and carried out until no changes in 
both color development and OD590 values were detected. Variability in microbial 
inoculum size, inherent to environmental samples, may contribute to the observed 
differences in metabolic profiles.  
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Table 1. Summary of the sampled caves and sample types used in this study. 

Sample nr. Cave Sample ID Sample type 
1 

Cloșani 

PCDF2-APA water 
2 PCDF3-APA water 
3 LAB1 sediment 
4 LAB2 sediment 
5 LAB3 sediment 
6 GHICA1 sediment 
7 GHICA2 sediment 
8 GHICA3 sediment 
9 PCDF1 sediment 

10 PCDF2-LIMON limon (sediment) 
11 PCDF3-LIMON limon (sediment) 
12 

Ferice 

PFDF1 sediment 
13 PFDF2 sediment 
14 PFDF3 sediment 
15 PFDF4-SOL sediment 
16 PFDF2MM moonmilk 
17 PFDFMMC moonmilk 
18 PFDF4-APA water 
19 PFDF4-LIMON limon (sediment) 
20 

Muierilor 

PMDF9-APA water 
21 PMDF10-APA water 
22 PMDF2 sediment 
23 PMDF5 sediment 
24 PMDF11 sediment 
25 PMDF5A sediment 
26 

Leșu 

PLDF1 sediment 
27 PLDF1A sediment 
28 PLDF1B sediment 
29 PLDF4 sediment 
30 PLDF2 sediment 
31 PLDF1B-APA water 
32  PLDF2-APA water 
33 PLDF3-APA water 
34 

Topolnița 
PTDF1 sediment 

35 PTDF2 sediment 
36 PTDF3 sediment 
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Physico-chemical analyses 

The pH and electrical conductivity (EC) were assessed in water samples 
and 1/5 sediment-to-water extracts using the Seven Excellence multiparameter 
(Mettler Toledo, Greifensee, Switzerland). To measure the concentration of 
elements, one gram of dried sediment was digested with aqua regia (21 mL of 
12 M HCl and 7 mL of 15.8 M HNO3), subsequently filtered and diluted to 100 
mL with 0.5 M HNO3. The aqua regia-extractable fraction includes both 
physiologically available and unavailable metals. Water samples were acidified 
with 15.8 M HNO3 and filtered using cellulose acetate membrane filters with a 
pore size of 0.45 μm for the determination of dissolved metals and phosphorus 
contents. The concentrations of Na, Mg, K, Ca, and P in water, as well as Na, Mg, 
K, Ca, P, Al, Fe, S, and Mn in sediments, limon and moomilk were quantified 
using inductively coupled plasma optical emission spectrometry with an 
Optima 5300DV (Perkin Elmer, Waltham, MA, USA) spectrometer. Additionally, 
the concentrations of Al, Fe, As, Cr, Mn, Co, Ni, Cu, and Zn in water, along with 
As, Cr, Co, Ni, Cu, and Zn in sediments, were determined via inductively coupled 
mass spectrometry utilizing an Elan DRC II (Perkin Elmer, Waltham, MA, USA). 
The carbon, and nitrogen contents in sediments were quantified using a Flash 
2000 CHNS/O analyzer (ThermoFisher Scientific, Waltham, MA, USA). Total 
nitrogen (TN) in water was quantified using catalytic combustion, followed by 
the oxidation of nitrogen monoxide to nitrogen dioxide using ozone, and 
subsequent detection via chemiluminescence with a Multi N/C 2100S Analyser 
(Analytik Jena, Jena, Germany). Dissolved carbon (DC) and dissolved inorganic 
carbon (DIC) were measured in water samples filtered via 0.45 μm PTFE 
syringe filters using catalytic combustion and infrared detection of CO2 utilizing 
a Multi N/C 2100S Analyser (Analytik Jena, Jena, Germany). Dissolved organic 
carbon (DOC) was derived by subtracting dissolved inorganic carbon (DIC) 
from total carbon (DC). Sulfate (SO42−), nitrate (NO3−), chloride (Cl−), and 
phosphate (PO43−) were quantified using ion chromatography on a 761 Compact 
IC (Metrohm, Switzerland). 

Data acquisition, preprocessing and processing 

Data from OD590 measurements were extracted from individual .xlsx files 
using readxl package. Data from some samples from Lesu Cave described in 
Bogdan et al. (2023) were reanalyzed in a comparative context and with a more 
comprehensive statistical analysis. Each sample was identified by its unique 
sampling site, sample type and the hour of incubation. The absorbance (OD590) 
values were corrected against water blanks using designated wells and averaged 
across triplicate measurements for each carbon substrate. Further, the dataset 
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was processed to remove negative values after correction. Some samples were 
read up to 360 hours, but given that no changes were detected in the color 
development or OD590 measurements we excluded the timepoints after 204 hours. 
All analyses were performed using R (R Core Team, 2020) and key packages 
included the following: readxl version 1.4.3, dplyr version 1.1.4 and tidyr version 
1.3.1 for data processing; mgcy version 1.9-1 for GAMs; factoextra version 1.0.7 
for PCA; ggplot2 version 3.5.1 and pheatmap version 1.0.12 for data visualization. 

Calculation of microbial metabolic diversity metrics 

Microbial metabolic diversity metrics were calculated for each sample 
based on the formulas and indices from the literature (Zak et al., 1994; Feigl et 
al., 2017) (Table 2). The principal microbial metabolic diversity metrics provide 
insights into both the metabolic capacity and functional evenness of the 
microbial communities. 

 
Table 2. Microbial metabolic diversity indices and equations used for calculations 

Index Equations Definition 
Average Well Color 
Development 
(AWCD) 

AWCD= Σ𝐶𝐶−𝑅𝑅
𝑁𝑁

, 
C-OD590 values of each well  
R-OD590 values of the control well 
N-number of substrates (31) 

Calculated by the differences between the 
OD590 of the wells containing individual 
carbon sources and the control wells 

Richness - Represents the number of substrates 
utilized, defined as those with an 
absorbance greater than 0.25 

Shannon diversity 
(H index) 

𝐻𝐻 = −∑𝑝𝑝𝑖𝑖  𝑙𝑙𝑙𝑙𝑙𝑙(𝑝𝑝𝑖𝑖) 
pi-proportion of each 
substrate’s utilization 

Quantifies the diversity of microbial 
communities by considering both the 
richness and the proportional utilization 
of carbon substrates; higher values of H 
indicate greater diversity, as more 
substrates are being used more evenly 
across the microbial community.  

Shannon evenness 
(E) 

E=H/log (R) 
R – substrate richness 

Measures how evenly the carbon 
substrates are utilized by the microbial 
community, and is derived by dividing 
the Shannon diversity (H) by the 
logarithm of substrate richness (R); 
values close to 1 indicate a more uniform 
distribution of substrate utilization, while 
values closer to 0 suggest that a few 
substrates dominate the activity. 
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Statistical analyses 

Generalized Additive Models (GAMs) 

Generalized Additive Models (Simpson, 2024) were employed to explore 
the link between microbial metabolic diversity metrics and geochemical 
factors. GAMs allow for non-linear relationships between predictor variables 
(e.g. values of geochemical or physico-chemical parameters) and response variables 
(e.g. microbial metrics). These models were fitted using the mgcy package, which 
applies smooth functions to each predictor. The microbial metrics, including 
richness, Shannon diversity, and Shannon evenness, were modeled as response 
variables with smooth terms for key geochemical predictors: pH, EC, and the 
concentrations of N, C, Na, Mg, K, Ca, P (Equation 1).  

 
Equation 1. The formula for the GAMs which was applies smooth functions to 

each predictor. 
 

𝑌𝑌 = 𝛽𝛽0 + 𝑠𝑠(𝑝𝑝𝐻𝐻) + 𝑠𝑠(𝐸𝐸𝐸𝐸) + 𝑠𝑠(𝑁𝑁) + 𝑠𝑠(𝐸𝐸) + 𝑠𝑠(𝑁𝑁𝑁𝑁) + ⋯+ 𝜖𝜖  
 
Where: 
• Y is the microbial metric (Richness, Shannon Diversity, or Evenness), 
• s(⋅) denotes a smooth function applied to each geochemical predictor. 

 
These models allowed us to capture non-linear effects and interactions 

between environmental conditions and microbial diversity. Moreover, the 
GAMs were visually inspected for their goodness of fit using residual diagnostics. 
Model checks and plots of the smooth functions for each predictor were generated 
to assess the relationship between diversity and geochemical factors.  

Principal Component Analysis (PCA) 

The Principal Component Analysis (PCA) was used to investigate the joint 
variation in microbial community metabolic metrics and environmental 
geochemistry, by reducing the dimensionality of the dataset by identifying the 
principal components (PCs) that capture most of the variation in the datasets. 
Particularly, this is a powerful tool for identifying correlations between microbial 
metabolism (community-physiological profiles) and geochemical properties. In 
this case, PCA was applied to the combined dataset of microbial metrics such as 
AWCD, richness, Shannon diversity, Shannon evenness and physico-chemical 
variables (pH, EC, N, C, Na, Mg, K, Ca, P) using the factoextra package. These 
variables were scaled to ensure the comparability between measurements with 
different units for which the relationship between the principal components and 
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the original standardized variables was established with the equation presented 
below (Equation 2), in which, Z represents the matrix of principal components, 
W is the weight matrix that defines the linear combination of the original 
variables, and X denotes the matrix of original standardized variables which 
includes microbial metrics and chemical parameters. 

 
Equation 2. The formula used to reduce the dimensionality of the dataset while 

capturing the most significant variance, facilitating the interpretation of underlying 
patterns in microbial and chemical interactions. 

 
𝑍𝑍 = 𝑊𝑊 ×  𝑋𝑋, 

 
Biplots were created to visualize the relationship between microbial metrics 

and geochemical factors, displaying the sample clustering and contribution of 
variables.  

Data visualization 

Boxplots and line plots were used for the representation of microbial 
activity (AWCD and diversity metrics) across sample types and time points. 
Heatmaps coupled with hierarchical clustering were created to display metabolic 
activity patterns across carbon sources, samples and hours. The PCA biplot was 
used to explore the relationship between microbial metrics and geochemical 
factors. At the same time, the results of the GAMs depict the non-linear trend 
between chemistry and microbial diversity. 

Results 

Physico-chemical characteristics of cave water and sediment samples 

Physico-chemical parameters, including pH, EC and the concentration of 
major elements (N, C, Na, Mg, K, Ca, P) were measured from sediment (limon and 
moonmilk included here) and water samples, with total nitrogen (TN) and total 
carbon (TC) considered for N, and C respectively (Table 3). Sediments show high 
calcium (Ca) concentrations, particularly in LAB3 (454,682 mg/kg) and LAB2 
(226,206 mg/kg), reflecting the limestone-rich environment. The phosphorus (P) 
levels were highly variable, with some sediments, such as PMDF11 (41167 mg/kg) 
showing higher concentrations compared to PFDF2MM (104 mg/kg). On the other 
hand, in water samples, the electrical conductivity (EC) was notably higher, 
specifically PFDF4-APA showing the highest value (359 µS/cm). Overall, the pH 
of all the samples was basic with variations from 7.8 in sediment sample GHICA2 to 
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9.3 in LAB1 (sediment) and PFDFMMC (moonmilk). Carbon concentrations varied 
widely in sediments, ranging from < 100 mg/kg (e.g., PTDF1, LAB1) to 98,400 mg/kg 
(PMDF2), highlighting localized carbon hotspots. In water, concentrations were 
more consistent, ranging from 17.3 mg/L to 50.0 mg/L, reflecting its role in 
transporting dissolved carbon species. Sediments consistently exhibited higher 
concentrations of elements compared to water, indicating their function as 
nutrient and mineral reservoirs. The geochemical data were merged with the 
microbial metabolic diversity metrics by sample ID, allowing for a combined 
analysis of microbial community structure and environmental chemistry. However, 
certain elements (Al, Fe, S, Mn, As, Cr, Co, Ni, Cu, Zn) and water-specific 
parameters (TN, DC, DIC, DOC, SO₄2-, NO₃-, Cl-, PO₄3-) were excluded from the PCA 
due to either their low concentrations or the inability to integrate both sediment 
and water sample data in the same PCA. Nevertheless, aluminum (Al) and iron (Fe) 
dominated the sediment samples, with maximum concentrations of 63,089 mg/kg 
and 55,572 mg/kg, respectively. At the same time, sulfur (S) and trace metals like 
copper (Cu) and zinc (Zn) showed localized enrichment. In contrast, water samples 
exhibited significantly lower and more uniform concentrations, with aluminum 
peaking at 7.84 µg/L and sulfate reaching 48.6 mg/L, reflecting dilution effects 
and contrasting physico-chemical attributes between sediments and water 
(Table S2). 

 

Patterns of carbon source utilization in cave samples 

The carbon substrate metabolization patterns significantly varied across 
all assayed cave samples (Figure 2). A higher OD590 was recorded for the 
samples inoculated in the wells containing Tween 40, putrescine and D-xylose, 
indicating a higher rate of microbial activity toward degradation of these 
compounds. Conversely, lower OD590 values after substrate consumption were 
exhibited in the wells containing 2-hydroxy benzoic acid and L-threonine 
suggesting limited microbial capacity to metabolize these compounds. The 
compounds such as pyruvic acid methyl ester and D-galacturonic acid were 
overall metabolized in most samples, though with considerable variation in OD 
values, suggesting functional redundancy in the community.  

The average OD for selected carbon substrates indicated that the microbial 
community from the water samples exhibited the highest metabolic activity for 
a wide range of carbon sources (Table 4). D-galacturonic acid (mean OD590 = 
1.22 ± 0.75), D-mannitol (1.05 ± 0.85), N-acetyl-D-glucosamine (1.03 ± 0.72), 
and Tween 80 (1.03 ± 0.79). In contrast, the microbial communities associated 
to the moonmilk samples showed the lowest ability to utilize organic C-
substrates, with OD590 values remaining below 0.5 for most carbon sources. 
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Table 3. Physico-chemical parameters measured in cave sediment (including limon and 

moonmilk) and water samples. Total nitrogen (TN) was considered as N,  
and total carbon (TC) as C, for water samples. 

 
Sample ID pH EC N C Na Mg K Ca P 

Sediments 
  µS/cm mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

PMDF2 8.80 69.0 < 100 98359 79 2833 1336 322967 4843 
PMDF5 8.40 73.6 3500 18700 65 1123 2918 29137 9803 

PMDF11 8.40 120.5 3180 19086 452 1850 3321 194933 41167 
PMDF5A 8.59 102 2452.31 29280 182 6386 2395 112533 14963 
PTDF1 8.50 49.7 < 100 417 161 6590 3407 11583 1135 
PTDF2 8.80 57.6 < 100 < 100 125 6383 3298 10997 293 
PTDF3 8.98 110.7 < 100 16636 170 6820 1806 113666 2022 
LAB1 9.30 64.8 < 100 < 100 380 13578 3676 189052 739 
LAB2 8.50 112.3 < 100 76500 235 1406 2209 226206 420 
LAB3 8.60 104.6 < 100 85700 201 1313 3634 454682 346 

GHICA1 8.00 73.9 < 100 1000 444 1810 5557 13265 276 
GHICA2 7.80 160.2 < 100 3800 466 1809 5609 16741 501 
GHICA3 8.10 89.9 1200 19900 441 1817 5202 65313 498 
PCDF1 8.20 40.9 < 100 < 100 111 5873 3433 10023 9990 
PFDF1 8.72 77.4 7839 9810 95 17307 5437 31733 879 
PFDF2 8.62 69.3 7012 < 100 119 13847 6863 9400 1267 
PFDF3 8.34 121.6 7300 3500 157 50533 4653 31757 7107 

PFDFMMC 9.30 67.2 2800 97600 329 78570 921 150947 451 
PFDF2MM 9.20 58.9 1600 121000 188 85871 518 211096 104 

PLDF1 8.67 53.4 2686 37876 60 32210 1248 63833 1367 
PLDF1A 8.60 83.9 5550 50429 123 5134 2192 110933 4247 
PLDF1B 8.48 80.1 5339 17015 73 2950 2992 60733 1870 
PLDF4 8.58 83.5 3079 11243 62 2143 1851 49667 3380 
PLDF2 8.12 114.5 6584 34213 125 4297 1982 69000 8930 

Water 
  µS/cm mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

PMDF9-APA 8.20 287.5 15.1 18.0 1.625 1.346 5.734 55.90 0.31 
PMDF10-APA 8.60 353.3 17.7 19.9 1.686 2.305 8.213 69.72 0.453 
PCDF2-APA 8.10 168.4 <0.7 17.3 0.585 2.151 1.036 69.17 48.88 
PCDF3-APA 7.90 189.4 <0.7 19.2 0.515 0.742 0.225 45.40 0.17 
PFDF4-APA 8.30 359.2 <0.7 50.0 0.642 24.12 0.389 43.64 0.016 

PLDF1B-APA 8.10 147.5 0.94 19.1 0.572 0.476 0.398 35.41 0.014 
PLDF2-APA 8.10 171.3 0.86 22.2 0.487 0.451 0.373 40.64 0.032 
PLDF3-APA 7.90 209.2 <0.7 26.4 0.493 0.873 0.483 48.97 0.004 
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Table 4. Average OD₅₉₀ (± standard deviation) for selected carbon sources measured 
using the Biolog® EcoPlate™ method in water and sediment cave sample. 

 
Carbon Source Water  

(Mean ± SD) 
Sediment  

(Mean ± SD) 
Moonmilk  

(Mean ± SD) 
D-mannitol 1.05 ± 0.85 0.63 ± 0.82 0.05 ± 0.03 
N-acetyl-D-glucosamine 1.03 ± 0.72 0.42 ± 0.60 0.02 ± 0.01 
L-serine 0.80 ± 0.68 0.55 ± 0.68 0.00 ± 0.00 
Tween 80 1.03 ± 0.79 0.49 ± 0.60 0.20 ± 0.24 
D-galacturonic acid 1.22 ± 0.75 0.60 ± 0.63 0.13 ± 0.13 

 

Further on, the temporal dynamics based on median absorbance values 
for the carbon source utilization was assessed across the sample types (Figure 2). 
An overall higher C substrate utilization compared to the other samples was 
noted in water samples, specifically for substrates such as D-galacturonic acid, 
pyruvic acid methyl ester, Tween 40 and N-acetyl-D-glucosamine (Table 4). 
Certain C-sources, like putrescine and L-arginine, represent substrates for 
bacterial enzymatic activity, indicating similar patterns in sediment and water, 
but with generally higher utilization by water-associated communities. The 
moonmilk microbial communities overall show the lowest C-substrate utilization 
with many substrates exhibiting little to no increase in absorbance over time 
(e.g., γ-amino butyric acid, β-methyl-D-glucoside, D-cellobiose), except for D-
xylose and 2-hydroxy benzoic acid which depict a higher median absorbance 
compared to sediment and water samples.  

Similarly, the differences in temporal dynamics of median absorbances 
across the carbon substrates were assessed between sampling sites. The 
samples from Muierilor Cave showed the highest microbial-driven C-substrate 
utilization with preference for D-galacturonic acid, L-serine, D-malic acid, L-
asparagine, and D-mannitol, suggesting that the communities from this sampling 
site can utilize a wide variety of substrates. On the other hand, the microbial 
communities associated to samples from Topolnița Cave generally show the 
lowest activity, except for 2-hydroxy benzoic acid. To illustrate differences 
between samples and the metabolic capabilities of their microbial communities, 
separate graphs were generated for each sample type (Figures S2–S4). For 
example, microbial communities in Cloșani water samples exhibit notably high 
OD values over 1, for 19 carbon sources (Figure S2), suggesting that Cloșani 
water is the most metabolically active among the water samples. In contrast, 
the utilization of organic C sources by the microbial communities associated to 
the Muierilor Cave water samples has a lower activity (OD590 values < 0.5) with 
a few exceptions for substrates like 2-hydroxy benzoic acid, D-malic acid,  
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D-xylose, L-arginine, L-asparagine, Tween 40 and Tween 80. The sediment samples 
(Figure S3) show almost similar activity in samples from Leșu and Muierilor 
caves, yet higher in Leșu, whereas Cloșani, Ferice and Topolnița caves depict 
approximately similar lower activity except for 2-hydroxy benzoic acid (Topolnița), 
α-keto-butyric Acid (Cloșani) and L-serine (Ferice). In the moonmilk samples 
from a single sampling point (Ferice; Figure S4), median absorbance indicates 
that Tween 80 was the most rapidly consumed substrate, followed by Tween 
40 and L-phenylalanine. 

 
 

 
 

Figure 2. Box plot showing the median absorbance for the metabolization of 31 
carbon substrates by microbial communities, highlighting differences in organic 
carbon substrate utilization and associated metabolic activity. Each box represents 
the interquartile range (IQR), with whiskers extending to 1.5 times the IQR, and 
individual dots showing outlier data points. The color coding differentiates the 
substrates but does not carry a specific meaning.  
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Estimation of overall carbon metabolization by Average-Well Color 
Development (AWCD)  

The average-well color development (AWCD) at each sampling point for 
200 hours provides information on the rates of organic carbon substrate 
consumption, thus insights into the overall metabolic activity. The overall trend 
across all sampling locations showed increased substrate utilization after 50 
hours of incubation, with site-specific differences in utilization rates. Samples 
from Muierilor Cave exhibited the fastest changes and highest AWCD values, 
followed by those from Leșu, Cloșani, Ferice, and Topolnița caves (Figure 3). 

The overall substrate metabolization patterns among the three different 
cave sample types (water, sediment, and moonmilk) were also investigated by 
the AWCD parameter (Figure 4 and Table S1). 

 

 
Figure 3. Average-well color development (AWCD) over time for all samples across 

five sampling sites: Closani, Ferice, Lesu, Muierilor, and Topolnița. 
 
 
Water samples displayed the highest C-substrate utilizing activity, with a 

sharp increase in AWCD after 50 hours, reaching a final value of 0.8. The AWCD 
measured in sediment samples showed moderate, steady increase, reaching 
approximately 0.5 by the end of the incubation. Moonmilk samples exhibited the 
lowest AWCD, with a minimal and gradual increase. The overall AWCD patterns 
across the sample types might reflect significant differences in microbially-
mediated organic substrate utilization across these distinct cave niches. 
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Figure 4. Average-well color development (AWCD) over time measured  

for the three cave sample types (water, sediment, and moonmilk). 
 

Microbial metabolic diversity metrics across cave samples 

Temporal dynamics of metabolic richness and diversity 

Shannon diversity metrics were used to assess microbial metabolic 
diversity for each sampling location (Figure 5) and sample type (Figure S3), 
whereas maximum richness and H index by sample type were also calculated 
(Table 5). The Cloșani cave samples showed the highest median values of Shannon 
diversity metrics (2.83) among all sampled caves (Figure 5), which might indicate 
that both water and sediment samples likely support the most metabolically 
diverse microbial communities among tested caves. When comparing sample 
types, the water samples showed the highest median values of diversity indices 
(2.9), indicating that the cave aquatic communities are likely more metabolically 
diverse (i.e. with a broad C-substrate preference) than their sediment or moonmilk 
counterparts that exhibited lower median values of metabolic diversity indices of 
2.75 (sediments), and 2.67 (moonmilk) (Figure S3).  

Noteworthy, the moonmilk samples collected from Ferice Cave had the 
lowest calculated indices (Table S1 and Figure S3), possibly due to a more 
specialized or less diverse community. The samples from Leșu and Muierilor 
caves showed moderate metabolic diversity metrics with a median value for 
Shannon diversity of 2.81 (Leșu) and 2.82 (Muierilor) (Figure 5) with a higher 



CARBON SUBSTRATE UTILIZATION BY CAVE MICROBIAL COMMUNITIES 
 
 

 
261 

C-substrate metabolization diversity in sediments compared to water (Table S1). 
The lowest Shannon diversity values (~2.6) was calculated for samples collected 
from Topolnița (2.66) and Ferice (2.61) caves. Overall, these findings revealed 
that metabolic diversity toward organic carbon substrate use differed significantly 
among sampling locations and sample types, with Cloșani cave samples and water-
associated communities, respectively, exhibiting the greatest metabolic diversity. 

 

 
Figure 5. Box plot of Shannon diversity indices based on substrate utilization 
patterns for microbial communities across sampling sites (Cloșani, Ferice, Lesu, 
Muierilor, and Topolnița caves). The box colors correspond to different sampling 
sites, while the black dots represent outliers in Shannon diversity values. 

 
Table 5. Maximum richness and Shannon diversity index by sample type across sampling 
sites. Richness represents the total number of substrates metabolized, while the Shannon 

diversity index reflects both the richness and evenness of substrate utilization. 
 

Sample 
location 

Max 
Richness 
(Water) 

Max 
Richness 

(Sediment) 

Max 
Richness 

(Moonmilk) 

Shannon 
Diversity 
(Water) 

Shannon 
Diversity 

(Sediment) 

Shannon 
Diversity 

(Moonmilk) 
Closani 54 76 - 6.45 26.98 - 
Ferice 24 78 4 3.16 14.28 6.13 
Lesu 56 101 - 8.64 14.94 - 
Muierilor 49 62 - 6.19 11.84 - 
Topolnita - 29 - - 8.62 - 
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Correlation of the AWCD and richness values 

To illustrate both temporal dynamics of C-substrate utilization and diversity 
of substrate utilization a scatter plot combining AWCD and richness values 
associated with each sampling site and sample type was generated (Figure 6). The 
observed values and ranges are reported to illustrate variability across sampling 
sites and sample types than measures of central tendency (mean or median). 
Despite some site-specific variations, AWCD was positively correlated with richness 
(Figure 6). The results indicated that Cloșani Cave may support communities with 
greater metabolic versatility and a broader diversity of consumed substrates 
than the other cave sites. Richness values converged at lower AWCD values (0.0-0.5), 
suggesting baseline diversity despite limited activity. For AWCD values between 
0.5 – 1.0, richness increased more consistently among sites (e.g., Leșu, Muierilor, 
Ferice) and a broader spread can be seen. Interestingly, Cloșani Cave had a wider 
spread in terms of both AWCD and richness with a positive trend, but mostly 
extended to the highest AWCD values (1.0 – 1.5) and maximum richness (close to 
30). Also, a few samples from Ferice Cave also showed a positive trend, but this site 
actually depicted an intermediate metabolic activity and metabolic diversity richness. 
The widest range of richness and AWCD values have been counted for sediment, 
followed by water samples (Figure S4) the latter encountering the highest richness 
values. On the opposite, the moonmilk samples showed the lowest richness (< 10) 
and metabolic activity (< 0.1). 

 
Figure 6. The scatter plot of AWCD and richness values measured at different time 

points over a total duration of 0-204 hours for all samples and sampling site. 
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Correlations between microbial metrics and chemistry 

Correlation analysis identified key relationships between microbial activity 
metrics and environmental chemistry. AWCD correlated significantly with 
sodium (r = 0.56, p < 0.01) and phosphorus (r = 0.45, p < 0.05), while Shannon 
diversity correlated with electrical conductivity - EC (r = 0.49, p < 0.05) and 
magnesium (r = 0.55, p < 0.05). These results suggest that Na and P are 
positively associated with overall carbon substrate utilization rates (as indicated 
by AWCD), while EC, Na, and Mg contribute to shaping substrate preference 
patterns across microbial communities, as seen in the multivariate PCA analysis 
(Table 6, Figure 8). 

 
 

Table 6. Pearson correlation coefficients for microbial activity metrics and 
environmental chemistry parameters. A single asterisk (*) denotes significance at the 

p < 0.05 level, and a double asterisk (**) denotes significance at the p < 0.01 level. 
 

Metric Na P EC Mg K 

AWCD 0.56** 0.45* 0.39 0.55* 0.37 

Richness 0.44* 0.32 0.48* 0.49* 0.30 

Shannon Diversity 0.50* 0.40 0.49* 0.55* 0.41* 

 

Analysis of microbial activity and carbon utilization in cave sediments 

To assess microbial metabolic diversity across cave samples, hierarchical 
clustering and heatmaps were generated (Figure 7). These analyses revealed 
distinct metabolic profiles among sediment, water, and moonmilk samples. 

Hierarchical AWCD clustering identified four microbial activity clusters 
(Supplementary Figure S5). Sediment samples from Cloșani and Muierilor caves 
showed consistently lower AWCD values, while water samples (e.g., PCDF2-APA, 
PLDF1B-APA) formed separate clusters with higher values, indicating greater 
microbial activity. Moonmilk samples (e.g., PFDF2MM and PFDFMMC) clustered 
with sediments, suggesting similar metabolic constraints. Similarly, substrate 
richness clustering highlighted high diversity in water samples (e.g. PCDF2-APA, 
PMDF9-APA, and PMDF10-APA) especially at later time points (116–204 hours), 
while samples like PFDF1 and PFDFMMC exhibited persistently low richness. 
High diversity was observed in GHICA2, PCDF2-APA, PMDF9-APA, and PMDF10-
APA, whereas PFDF2, GHICA1, and PLDF3-APA displayed lower metabolic 
diversity, reflecting reduced microbial evenness. 
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Figure 7. Heatmap plot of the median absorbance of microbial metabolic diversity 
across the carbon source types over time. The color scale represents absorbance 
values, with yellow indicating higher metabolic activity and purple indicating 
lower activity. Hierarchical clustering was applied to both carbon sources (rows) 
and time points (columns), revealing patterns of substrate utilization by the 
microbial communities over time. 

 
Hierarchical clustering analysis was performed to examine microbial 

activity patterns based on carbon source utilization over time (Figure S7). Key 
findings indicated that L-asparagine and D-galacturonic acid show the highest 
metabolic activity after 120 hours (Figure S7). Noteworthy, Tween 40 and Tween 80 
displayed increasing absorbance between 80 and 204 hours, suggesting delayed 
metabolism, likely due to shifts in microbial community structure or composition 
(Figure S7). Other carbon sources, including L-threonine, α-cyclodextrin, and α-keto 
butyric acid, exhibit minimal metabolic activity throughout the entire time period. 

L-asparagine, Tween 80, and D-galacturonic acid were widely utilized 
across most of the samples, while L-threonine and α-keto butyric acid showed 
minimal microbial metabolization. Samples of sediment and moonmilk exhibit 
diminished overall metabolic activity, with the majority of carbon sources 
presenting low absorbance values, indicating a more restricted range of substrate 
use relative to water. 
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Environmental drivers of carbon substrate utilization 

PCA was employed to examine the relationships between microbial 
metrics, including richness, Shannon diversity, and evenness along with several 
physico-chemical variables such as pH, EC, N, C, Na, Mg, K, Ca, and P. The first 
two components (PC1 and PC2) explained a significant proportion (>53%) of 
the data variation. The third component (PC3) gave an additional 10.9%, 
resulting in a cumulative explained variance of 64.6%. Water samples were 
strongly associated with higher microbial activity and substrate utilization 
diversity metrics (AWCD, richness, and Shannon diversity), driven primarily by 
EC. In contrast, sediment and moonmilk exhibited weak associations with all 
variables. An inverse correlation of Na and K with richness and AWCD suggests 
that increased concentrations of these ions may inhibit microbial activity and 
substrate utilization diversity (Figure 8).  

 

 
Figure 8. Principal Component Analysis (PCA) biplot showing the relationships 
between microbial metrics and cave chemistry variables across sample types.  
The first two principal components explain 34.6% and 19.1% of the variance, 
respectively. Microbial metrics such as average richness and AWCD are positively 
associated with EC, while pH, Ca, and Mg are negatively associated with microbial 
diversity metrics. The grouping of samples highlights distinct clustering based on 
sample type, with water samples clustering along higher EC values and sediment 
samples more spread out based on nutrient concentrations (Na, P, N, K). 
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Generalized Additive Models (GAMs) analysis  

To capture complex, non-linear relationships between environmental 
variables and diversity metrics that usually evade the simpler PCA, GAMs have 
been employed to improve the accuracy of ecological predictions. The GAMs 
revealed that richness (Figure 9) and Shannon diversity (Figure 10) are strongly 
influenced by chemical variables, explaining 89.1% (first model) and 91.2% 
(second model) of the deviance. Richness showed nonlinear relationships with 
pH, K, and P (p < 0.05), while N and C had significant linear effects. Shannon 
diversity was significantly influenced by the nonlinear effects of EC and K  
(p < 0.005), while phophorus (P) was showing an exploratory trend toward 
significance (p = 0.077). A minor negative correlation was noticed between pH 
and Shannon diversity, suggesting that more basic environments may result in 
a slight decrease in diversity of consumed substrates (Figures 9 and 10). 

Electrical conductivity (EC) emerged as a key factor influencing Shannon 
diversity (microbial substrate consumption diversity), showing a distinct 
nonlinear relationship (Figure 10). Shannon diversity peaked at intermediate 
EC levels (100–150 µS/cm) but declined at both lower and higher extremes. 
This aligns with the idea that intermediate ionic strength supports microbial 
functional diversity by optimizing nutrient transport without imposing osmotic 
stress. This suggests that EC below 100 may enhance substrate preference 
diversity, while fluctuations at higher levels (120–200) could have a negative 
impact. However, EC did not significantly affect Shannon evenness, suggesting 
its influence is more pronounced in shaping functional diversity in terms of 
microbial carbon substrate utilization rather than the uniformity of substrate 
preferences across the microbial community. 

Phosphorus (P) had a strong negative effect on richness and evenness, 
but its relationship with Shannon diversity was non-linear, which peaked at 
intermediate P levels before declining at higher concentrations, suggesting that 
phosphorus may support certain taxa while reducing overall richness and 
evenness (Figures 9 and 10). The impact of chemical variables on Shannon 
evenness was investigated (Figure 11). The adjusted R² was 0.87, with 94.4% 
of the deviance explained. For example, variables such as sodium (Na) and 
magnesium (Mg), showed weak effects on richness (Figure 9) and Shannon 
diversity (Figure 10). However, Na displayed a non-linear relationship with 
Shannon evenness (Figure 11), suggesting that concentrations around 100 
mg/kg may support a more even distribution of microbial substrate utilization 
preference, while extreme levels (<50 mg/kg or >200 mg/kg) could lead to 
disruption of evenness. Magnesium (Mg) did not show a strong effect on 
evenness (Figure 11). Potassium (K) had a strong negative effect on richness, 
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showing with increasing K levels (Figure 11), while with Shannon diversity it 
showed a non-linear relationship, peaking at intermediate levels before declining 
(Figure 10), suggesting that excessive K levels might reduce microbial metabolic  
C-utilization preferences. Lastly, calcium (Ca) was positively correlated with evenness 
(Figure 11), suggesting that elevated levels might promote a more even distribution 
of substrate utilization preference, whereas carbon (C) exhibited a slight decline with 
Shannon evenness, suggesting that higher concentrations might affect the 
distribution negatively. 

 
Figure 9. Generalized Additive Model plots showing the relationship between 
average richness and chemical factors (pH, EC, N, C, Na, Mg, K, Ca and P) in the 
analyzed cave samples. The solid lines represent the fitted smooths for each 
variable, while the dashed lines indicate the 95% confidence intervals. Variables 
with statistically significant relationships (p < 0.05) include pH, K, and P; variables 
with non-significant or marginal effects are included for completeness. 
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Figure 10. GAM plots showing the links between Shannon diversity and chemical 
factors (pH, EC, N, C, Na, Mg, K, Ca, and P). Solid lines represent the fitted smooths 
for each variable, while dashed lines indicate the 95% confidence intervals. 
Statistically significant relationships (p < 0.05) were found for EC and K; 
phosphorus (P) exhibited an exploratory trend toward significance (p ≈ 0.077), 
while the other variables were not significant. 

 
 
Besides sodium (Na), potassium (K) and carbon (C) which exhibited negative 

trends with evenness, EC, pH and N did not significantly influence evenness 
(Figure 11), suggesting that while some chemical variables might drive shifts in 
the distribution of microbial substrate utilization patterns, others have a more 
direct role in shaping the overall functional diversity. 



CARBON SUBSTRATE UTILIZATION BY CAVE MICROBIAL COMMUNITIES 
 
 

 
269 

 
Figure 11. GAM plots of average Shannon evenness and different chemical factors 
(pH, EC, N, C, Na, Mg, K, Ca, and P). Solid lines represent the fitted smooths for each 
variable, while dashed lines indicate the 95% confidence intervals. No statistically 

significant relationships (p < 0.05) were observed; variables are shown  
for exploratory purposes. 

Discussion 

Variability and constraints in the analysis of carbon substrates utilization 

After 200 hours of incubation, the C-substrate degradation patterns differed 
across water, sediment and moonmilk samples from Cloșani, Ferice, Muierilor, 
Leșu and Topolnița caves. Although the same volume of inoculum was applied to 
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each well, we must take into consideration that there might be a variability in 
microbial inoculum size which may introduce inconsistencies in the results. 
Variability in microbial inoculum size likely contributed to discrepancies in 
optical density values, as showed by variations in wells containing the same 
substrate (Figure S1). Water samples showed greater C-substrate utilization 
potential and thus in microbial activity compared to sediment and moonmilk 
samples, supporting previous studies indicating that aquatic environments rich 
in organic matter support metabolically diverse communities (Obusan, 2023; 
Tobias-Hünefeldt et al., 2023). Aquatic microbial communities are shaped by 
dynamic factors, including temperature and availability of organic carbon, which 
enhance their metabolic capabilities (Zheng et al., 2014; Li et al., 2021), 
suggesting that water environments can support a broader range of microbial 
taxa that can utilize diverse carbon sources. Thus, we could reasonably speculate 
on the relevance of aquatic microbial communities as key contributors to cave 
organic carbon degradation. Conversely, the stability of sediment and moonmilk 
geochemistry may restrain microbial diversity and its derived activity, with 
moonmilk samples displaying certain organic substrate degrading versatility. To 
the best of our knowledge, the present study is the first to evaluate the organic 
substrate utilization in moonmilk based on Biolog®EcoPlate™ approach and the 
few investigations on the metabolic potential of microorganisms associated with 
moonmilk formations prevent us from further assumptions.  

The measurement of optical density in the Biolog®EcoPlate™ involves 
repeated handling and exposure to external environments, which increases the 
risk of contamination, especially for the plates incubated at temperatures 
higher than the room temperature (e.g., 37ᵒC). Incubation was performed at 
16ᵒC to mitigate contamination risks and mimic cave conditions. Lower 
temperatures maintain microbial community structure while potentially 
decreasing metabolic activity, thereby improving the reliability of experimental 
outcomes (Akbari and Ghoshal, 2015; Tang et al., 2017; Adekanmbi et al., 2022). 

Diversity analysis based on organic substrate metabolization 

Despite the individual sample variation there are more metabolically active 
communities associated with higher microbial metabolic richness (Figure 5). 
Substrate utilization patterns varied by sample type, indicating variations in 
nutrient availability and environmental conditions. Sediment and water samples 
demonstrated greater microbial community-based substrate utilization diversity, 
whereas moonmilk associated microbial communities displayed intermediate 
richness. The findings correspond with research that associates substrate richness 
with improved metabolic functionality across various environmental conditions 
(Li et al., 2017; Patsch et al., 2018; Zhang et al., 2020). 
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Hierarchical clustering and temporal analysis of substrate utilization 
showed distinct differentiation among sample types with distinct patterns across 
water, sediment, and moonmilk samples. Sediment samples demonstrated 
significant microbial metabolic versatility, employing various carbon sources 
as a result of the community heterogeneous composition (Meyer et al., 2022). 
D-galacturonic acid, a major constituent of of pectin, is preferentially metabolized 
by microorganisms that colonize plant-associated environments. For instance, 
studies in Antarctic soils have revealed that the capacity to utilize D-galacturonic 
acid contributes to the metabolic diversity of resident microbiota, underscoring 
its ecological relevance in nutrient-poor and extreme environments (Pop et al., 
2025). Also, Agrobacterium tumefaciens have been demonstrated to possess 
dehydrogenases specific for D-galacturonic acid, facilitating its oxidation and 
subsequent use in central meteabolic pathways (Boer et al., 2009; Parkkinen et 
al., 2011). Here, sediment samples showed moderate C-substrate utilization 
with clear preferences for L-serine and L-arginine, but compared to water 
samples indicated a much lower metabolic efficiency. Koner et al. (2021) 
evaluated carbon substrate use patterns in limestone caves, demonstrating that 
microbial communities in sediment samples exhibited diverse metabolic activity. 
Their findings indicate that nutrient availability affects microbial growth, with 
sediment samples demonstrating greater richness and diversity than water 
samples, which contained more specialized communities. The clustering pattern of 
water samples exhibited selective carbon utilization, likely influenced by nutrient-
rich yet special conditions (Pašić et al., 2010; Power et al., 2018; Tobias-
Hünefeldt et al., 2021). Additionally, members of the Fusobacteria have shown 
differential utilization of amino acids. Specifically, Fusobacterium varium has 
been reported to metabolize L-arginine, a capacity that distinguishes it from closely 
related species such as Fusobacterium nucleatum, which exhibit alternative 
substrate specificities (Ramezani et al., 1999). 

The microbial communities from moonmilk samples exhibited distinct 
substrate utilization patterns, especially for amino acids and amides, probably 
influenced by geological conditions such as high calcium carbonate content, low 
organic matter availabitlity, and stable microclimatic conditions chracateristic 
of moonmilk deposits (Nyyssönen et al., 2014).  

The broad range of metabolic activity inferred to Cloșani and Muierilor 
caves sediments underscores their microbial diversity and metabolic potential, 
aligning with findings from aquifer microbiome research (Wu et al., 2015). 
Again, the separation of moonmilk samples in the dendrogram suggests that their 
distinct chemistry and environmental conditions support a specialized microbial 
community. Zheng and Gong (2019) and Theodorescu et al. (2023) evaluated 
niche differentiation within microbial communities and discovered that varying 
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environmental conditions can result in differences in microbial diversity and 
composition. Their findings support the idea that microbial communities within 
the moonmilk samples may have distinct metabolic requirements shaped by 
their environmental settings.  

Moreover, it is important to consider that the findings of this study 
provide valuable insight into the functional potential of microbial communities 
but represent a temporal snapshot from a single season, spring. Despite the 
relative temperature of the caves it might be of interest to capture seasonal 
variations in microbial metabolic dynamics. Additionally, the set of carbon 
sources of Biolog® EcoPlates™ may not fully encompass the range of substrates 
utilized by the microbial communities, limiting insights into specific metabolic 
pathways or microbial identities. Future research combining metagenomics 
and broader substrate profiling could offer a more comprehensive understanding 
of the ecological roles of these communities. 

Influence of environmental chemistry on C-substrate utilization 
capability 

The Principal Component Analysis (PCA) illustrates clustering based on 
sample type, associating water samples with microbial metabolic diversity metrics 
(Shannon diversity, evenness, richness) and electrical conductivity, whereas 
sediment samples showed correlation with nutrient gradients, including potassium 
(K), phosphorus (P), and nitrogen (N). Moonmilk samples exhibited decreased 
associations, indicating unique microbial responses. The findings correspond 
with research emphasizing the impact of dissolved ions and nutrient gradients 
on microbial community structure and metabolic activity (Shaw et al., 2008; 
Haegeman et al., 2013; Park et al., 2020 ).  

Nutrient availability facilitated microbial growth in sediments, whereas 
elevated sodium concentrations were inhibitory, aligning with findings from 
cave and reservoir systems (Mandal et al., 2017; D'Angeli et al., 2019). Electrical 
conductivity influenced microbial metrics in water, influencing both diversity 
and activity (Shen et al., 2022).  

Generalized Additive Models (GAMs) further illustrated both linear  
(e.g., N, Na) and non-linear (e.g., K, P, Ca) influences of chemical variables on 
microbial metabolic diversity indices. Additionally, pH and electrical conductivity 
also showed non-linear effects. This underscores the significant impact of chemical 
environments on richness and metabolic potential of the microbial communities, 
similar to the study of Liu et al. (2023) in which GAMs were employed to examine 
the impact of different environmental variables on communities inhabiting the 
macrobenthos near Xiaoqing Estuary (Laizhou Bay, China) and their findings 
indicated that chemical factors, including salinity, organic matter, and nutrient 
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concentrations, significantly impacted biodiversity indices that are presumably 
linked to the metabolic activity, revealing both linear and non-linear relationships. 
Moreover, the study of the phytoplankton community structure in Lake Longhu 
(Jiang et al., 2023) and the study of spatial patterns of biodiversity in a large 
marine ecosystem (Dencker et al., 2017) revealed that environmental factors, 
including nutrient concentrations, had significant effects on the community 
variability. 

 

Conclusions 

In this study, we assessed the microbial metabolic diversity in cave sediment, 
water, and moonmilk samples using the Biolog® EcoPlate™ method, which enables 
rapid screening of carbon substrate utilization. Hierarchical clustering revealed 
significant differences between sample groups, with distinct functional profiles 
based on the sample’s origin and geochemistry. Notably, this study is the first to 
apply Biolog® EcoPlates™ to moonmilk samples from karstic caves, highlighting 
the significance of employing novel approaches to explore the metabolic potential of 
microbial communities in cave environments. 

The results revealed that microbial communities populating the cave 
water samples were the most metabolically versatile, utilizing a broad range of 
carbon substrates compared to those in sediment and moonmilk samples. D-
galacturonic acid, L-asparagine, and Tween 80 were the most readily degraded 
C-substrates. Cave water hosted the most metabolically diverse microbial 
communities, playing a critical role in carbon turnover in studied cave systems, 
suggesting an important role in priming organic matter and facilitating nutrient 
cycling within the aquatic compartments of the caves. Sediment-associated 
communities exhibited more restricted metabolic profiles, favoring specific 
substrates like L-serine and L-arginine, reflecting potential specialization for 
recycling available organic substrates under more stable geochemical conditions. 
In contrast, moonmilk samples showed the least metabolic activity, with a narrow 
substrate range, indicating a specialized microbial community. Additionally, the 
application of Generalized Additive Models (GAMs) in cave microbiology is 
novel, providing a powerful approach for analyzing complex relationships between 
microbial metabolic diversity and environmental factors. GAMs revealed a 
positive correlation between Shannon diversity and intermediate values of 
electrical conductivity, indicating that moderate EC levels enhance microbial C-
utilization.  
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Overall, this work offers fresh insights into the metabolic capacities of 
cave microbial communities and their adaptation to environmental variables, 
shedding light on their ecological significance in carbon cycling in cave 
environments. The observed patterns suggest that microbial communities might 
play key roles in carbon cycling in these subterranean karst ecosystems. 
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Supplementary materials 
 

 
Figure S1. Random selection of pictures showing the degradation patterns within 

Biolog® EcoPlates™ after an incubation period of 200 hours (PC – Closani Cave) 
 

 
Figure S2. Median absorbance over time by carbon and sampling site  

for water samples only. 
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Figure S3. Shannon diversity (metabolic diversity) index of microbial communities in 
moonmilk, sediment, and water samples. Water samples show the highest diversity, 

followed by moonmilk and sediments. Boxplots display median,  
interquartile range, and outliers. 

 

 
Figure S4. Scatter plot of AWCD versus richness of substrate degradation for sediments, 

moonmilk, and water samples, measured over time (0–204 hours). 
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Figure S5. Heatmap of the average-well color development by sample and hour with 

clustering. See Table 1 for corresponding sample types and codes. 
 

 
Figure S6. The heatmap showing the clustering of substrate richness by sample and 
hour. All the sample types are included in the analysis. The color scale represents 
species richness, with yellow indicating higher richness and dark purple representing 
lower richness. Hierarchical clustering was applied to both samples (rows) and time 
points (columns), revealing distinct temporal and sample-specific patterns in microbial 
diversity. See Table II.1 for corresponding sample types and codes. 
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Figure S7. Dendrogram heatmap showing the clustering of Shannon diversity across 
different samples over time. The color scale represents Shannon diversity, with yellow 
indicating higher diversity and purple representing lower diversity. Hierarchical 
clustering was applied to both samples (rows) and time points (columns), revealing 
distinct temporal and sample-specific patterns in microbial diversity. 

 
 

Table S1. Maximum AWCD values for water, sediment, and moonmilk samples  
across the sampling sites. 

 
Site Max AWCD  

(Water) 

Max AWCD  

(Sediment) 

Max AWCD  

(Moonmilk) 

Cloșani 1.67 1.32 - 

Ferice 1.01 1.01 0.07 

Leșu 0.95 1.07 - 

Muierilor 1.08 0.84 - 

Topolnița - 0.41 - 

 



 

 

Table S2. List of geochemical parameters excluded from the PCA analysis, including elements (Al, Fe, S, Mn, As, Cr, Co, Ni, Cu, Zn)  
and water-specific parameters (DIC, DOC, SO₄2-, NO₃-, Cl-, PO₄3-), excluded for either low concentrations or incompatibility  

between sediment and water sample data. 
 

Parameters 
 Al Fe S Mn As Cr Co Ni Cu Zn DIC DOC SO₄2- NO₃- Cl- PO₄3- 

sediments 
Sample ID mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg - - - - - - 
PMDF2 3903 4617 68.4 214 52.7 4.0 1.3 4.6 11.0 60.3 - - - - - - 
PMDF5 14847 27613 196 158 15.6 38.0 3.4 9.3 467 242 - - - - - - 
PMDF11 14370 14303 286 570 33.5 17.0 3.1 12.3 19.8 784 - - - - - - 
PMDF5A 16427 23567 322 195 8.2 6.0 1.8 6.4.0 35.1 56.0 - - - - - - 
PTDF1 24903 33967 92.7 586 6.1 66.0 12.7 29.3 22.6 83.3 - - - - - - 
PTDF2 25773 34367 37 635 5.5 59.0 12.9 28.2 21.0 64.6 - - - - - - 
PTDF3 14866 23100 206 81.2 5.3 8.5 1.7 5.0 3.4 9.2 - - - - - - 
LAB1 33362 30139 27.6 1097 5.1 49.7 19.7 51.7 51.2 156 - - - - - - 
LAB2 24540 22837 46.7 186 13.5 42.2 6.7 40.2 28.9 489 - - - - - - 
LAB3 38107 28104 39.6 138 11.9 34.0 5.2 32.5 21.5 153 - - - - - - 
GHICA1 62997 55572 61.1 313 13.9 93.7 8.2 69.7 46.4 148 - - - - - - 
GHICA2 63089 53824 85.8 305 14.1 89.7 8.2 72.8 47.1 154 - - - - - - 
GHICA3 57706 45181 47.3 304 13.1 89.0 8.1 73.1 49.6 156 - - - - - - 
PCDF1 27557 39667 30.9 945 6.2 44.0 14.1 30.0 32.7 96.5 - - - - - - 
PFDF1 28283 32257 59.0 622 20.2 38.0 7.7 27.0 15.8 130 - - - - - - 
PFDF2 25933 31157 31.8 998 17.2 38.0 10.6 31.5 17.1 111 - - - - - - 



 

 

Table S2 continued 
Parameters 

 Al Fe S Mn As Cr Co Ni Cu Zn DIC DOC SO₄2- NO₃- Cl- PO₄3- 
PFDF3 40033 32097 67.8 686 19.7 46.0 11.0 23.9 17.6 170 - - - - - - 
PFDFMMC 12768 6089 24.5 128 29.6 13.4 1.8 17.6 1.6 31.3 - - - - - - 
PFDF2MM 3286 1853 86.2 66.3 5.6 5.6 1.2 6.0 0.3 14.7 - - - - - - 
PLDF1 9543 16157 36 411 23.8 13 5.5 13.9 5.5 28.5 - - - - - - 
PLDF1A 19853 26813 734 161 13.4 5 1.5 5.0 5.4 16.3 - - - - - - 
PLDF1B 18113 25193 176 832 53.3 21 8.3 27.8 26.0 134 - - - - - - 
PLDF4 12183 22273 128 745 51.0 19 7.3 25.1 28.5 134 - - - - - - 
PLDF2 18173 27787 801 272 13.8 4.7 1.8 5.9 8.7 51.4 - - - - - - 

water 
 µg/L µg/L - µg/L µg/L µg/L µg/L µg/L µg/L µg/L mg/L mg/L mg/L mg/L mg/L mg/L 
PMDF9-APA <0.2 30.0 NA 0.20 0.50 1.00 <0.2 <0.2 0.7 5.1 16.9 3.3 13.5 61.5 1.9 13.5 
PMDF10-APA <0.2 30.0 NA 0.20 0.80 1.20 <0.2 0.4 0.9 3.5 19.8 2.1 28.0 78.5 2.7 28.0 
PCDF2-APA 7.8 6800 NA 0.30 0.30 <0.2 <0.2 0.3 0.4 7.4 18.9 1.6 7.5 1.9 0.8 7.5 
PCDF3-APA <0.2 160 NA 0.40 <0.20 <0.2 <0.2 0.4 0.3 11.9 19.9 2.5 5.1 1.4 0.8 5.1 
PFDF4-APA <0.2 100 NA 0.70 0.70 <0.2 <0.2 <0.2 0.3 5.5 48.6 0.2 6.4 1.2 1.0 6.4 
PLDF1B-APA <0.2 10.0 NA 0.40 0.90 <0.2 <0.2 0.3 0.3 4.6 17.0 0.8 4.6 4.3 0.8 4.6 
PLDF2-APA <0.2 10.0 NA 0.30 1.40 <0.2 <0.2 <0.2 0.1 2.7 19.5 0.9 4.7 4.2 0.7 4.7 
PLDF3-APA <0.2 20.0 NA 0.30 0.70 1.50 <0.2 <0.2 0.3 10.2 24.2 1.0 7.7 2.3 0.7 7.7 
PMDF9-APA <0.2 30.0 NA 0.20 0.50 1.00 <0.2 <0.2 0.7 5.1 16.9 3.3 13.5 61.5 1.9 13.5 
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Abstract. Analyzing the behavior of birds offers insight into the conservation 
of biodiversity, a heavily discussed subject in the fields of ecology as well 
as ornithology. As it has been previously proven (Rushton et al., 1994), 
slow-flowing areas of rivers represent important habitats for birds all 
throughout the year and the conservation of this type of habitats has been 
known to have a positive effect on the population of many water bird 
species (Rolls et al., 2012). Therefore, this study explores the dynamic of 
interspecific interactions between water birds in open water areas from 
the Afon Peța portion of the Crișul Repede River in Bihor, Romania. We 
collected data over 8 months, from October 2022 to May 2023 and identified 
23 bird species and three types of interactions between them: cooperation 
for foraging, for grooming, and aggression. The frequency of various 
interactions was directly proportional to the number of individuals observed 
on the area, however, we found no connection to the month or the season. 
Additionally, we detected no preference regarding the interaction partner 
species. We found a strong correlation between the number of individuals 
and the number of interactions in all species. The results obtained through 
this study will help broaden the knowledge about common aquatic bird 
species in the area, as well as the dynamic of behaviours over the course 
of three seasons.  
 

Keywords: aggression, cooperation, Crișul Repede River, interspecific 
behaviour, water birds. 
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Introduction 

Birds have been an object of fascination for people for centuries, as 
evidenced by Aristotle’s belief that Redstarts become Robins as soon as winter 
begins (Lohmann, 2018). Since the debut of experimental work conducted on 
birds in the late 1800’s (Birkhead & Charmantier, 2009), the number of published 
studies has been increasing exponentially (Bibby, 2003), many conservation 
biologists using them as great indicators for assessing the state of the environment 
(Grimes, 2005). Along with the appearance of ornithology came animal behavior, 
with pioneers such as C. Lloyd Morgan and Tinbergen publishing their work 
(Birkhead & Charmantier, 2009). The study of behavior in animals has been a 
crucial tool in conservation biology by allowing us to predict migrations (Chapman 
et al., 2011) and the spread of invasive species (Cote et al., 2010), one study 
focusing on developing a distribution model of bird populations in regard to 
interspecific interactions (Zurell, 2017). This type of behavior refers to a form 
of communication between two individuals from different species (Dhondt, 
2012; Abrams, 2001), yet they are often short in duration and difficult to 
observe in nature and, as a result, there is a general lack of studies in this area.  

The conservation of riverine habitats has been tightly linked to many 
benefits for humans and ecosystems alike; we can only benefit from regulating 
and cultural ecosystem services if we maintain the habitat quality (Arthington 
et al., 2009). By preserving riverine habitats, we are ensuring connectivity 
between the habitats, as well as refugia for many species (Rolls et al., 2012). 
Slow-slowing rivers play a crucial part in regulating nutrient cycling and sediment 
transport, all of which contribute to increasing biodiversity in freshwater 
ecosystems (Tickner et al., 2020). 

The purpose of this paper is to explore the dynamic of the interspecific 
interactions within water bird communities during passage and wintering 
seasons. In this context, the aims of our study were: i) the identification of 
interspecific interactions in the observed species, ii) the analysis of interspecific 
interactions in relation to the observation period and the qualitative and 
quantitative dynamics of avifauna. 

Materials and methods  

Study area 

The Crișul Repede River’s spring is in the Gilăului Mountains in the Apuseni 
Mountains (N-W Romania). It belongs to the hydrographic network of the Tisa 
River, forming the big three Crișuri rivers after which the Crișana area was 
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named, along with the Crișul Alb and Crișul Negru rivers (Telcean et al., 2007). 
The Crișul Repede river that flows throughout the Apuseni Mountains is passing 
through Dealurile de Vest and Câmpia de Vest (Posea, 1977). Therefore, the 
drainage slope varies from steep in the mountain region to a very gentle one in 
the vicinity of Oradea (Măhăra, 2010). Here, the river meanders and the waterflow 
slows down, creating lakes such as the Afon Peța Lake (Blaj et al., 1979) (Fig. 1). 
 

 
 

Figure 1. Map of the study area showing Afon Peța lake with four observation points 
(Google Earth image generated at 07.09.2023) 

 
The studied area is situated in the Sântion town from Bihor county, next 

to Balta Sântion, a fishing pond. The portion has been analyzed from 4 observation 
points (Fig. 1), depending on the visibility and presence or absence of the species. 
The observation area has a surface of 55 m2 and has a perimeter of approximately 
1,39 km; the observation points were chosen in order to maximize visibility over 
the water surface. Near the river bank, there is a patch of reed that is used by 
the birds as a refuge, covering about 5% of the study area. Surrounding the 
Crișul Repede, some Rosa canina bushes can be found, separating the agricultural 
corn fields from the river, as well as meadows that locals use for cattle grazing. 

Sampling 

For data collection, 51 single visits have been made in the Afon Peța part 
of the Crișul Repede river, for which the following materials have been used: an 
observation sheet for each visit, Vortex Diamondback HD 8x42 binoculars, 
Canon PowerShoot ZOOM monocular camera, ornithological identification guide 
(Svensson, 2009). The data was collected in 2 sessions, one in the morning 
(anywhere between 08-11) and one in the afternoon (between 13-16). 

Each monitoring visit began with a water bird species inventory from the 
studied area, followed by the counting of individuals in each species. An 
ethogram was completed over the course of 60 minutes, following the direct 
observations, the species and their behaviors observed being written on the 
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sheet along with the meteorological, and date and time aspects. The interactions fit 
into one of the two categories: aggression (A) or cooperation, the latter being 
divided into cooperation for feeding (CoF), CoG (for grooming), CoA (for attack), 
and CoD (for defence). In order to collect the data, we have organized four field 
visits per month, of which two in the morning and another two in the afternoon, 
the study taking place from October 2022 to May 2023. 

A series of criteria was taken into consideration for an interaction to be 
placed into a category. For instance: aggression (A) implies that an individual 
will stake an attack stance (by raising their wings, extending the neck towards 
the enemy, and opening the bill). Cooperation for feeding (CoF) takes place 
when two individuals from different species are feeding simultaneously in close 
proximity to one another, similar to the grooming cooperation (CoG). For 
cooperation for attack (CoA) to take place, multiple species must aggress, at the 
same time and place, another species. For an interaction to be considered 
cooperation for defence (CoD), it has to imply an attack on another species, and 
a counterattack response from individuals that belong to another species than 
the aggressed one. 

Data analysis 

Bird interactions were recorded as interaction counts. We summarized 
the number of all interactions per species over 8 months of observations. We 
classified the types of interactions into the four observed categories: aggression (A), 
Cooperation for feeding (CoF), Cooperation for grooming (CoG), and Cooperation 
for aggression (CoA). Additionally, we categorized species into “instigator” and 
“reactor” depending on the role they assumed in the interaction behavior. 

To check for differences between species, we computed the percentage of 
interactions per species and the role (instigator/reactor) in which they were 
observed. We also computed the percentage of interactions per type of interaction 
with other present species in each species that interacted the most. Interaction 
preference was tested only in the case of those species that significantly 
interacted more than others due to the larger number of values for interaction 
counts usable in statistical tests. Data was checked for normal distribution with 
the help of the Shapiro-Wilk test. For non-normally distributed data, we used 
the Kruskal test to check whether there are significant differences, followed, in 
case of significant results, by a Dunn post-hoc test with Benjamini-Hochberg 
adjusted p-values. We also performed a correlation analysis between the two 
components of interactions (instigation/reaction) and between the number of 
individuals and the number of interactions by using Spearman’s rank correlation 
test. All data analyses were performed in RStudio (Posit team, 2024). 
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Results and discussions 

During the study period, there have been observed a total of 23 species of 
birds (Table 1). In order to assess the species’ dynamic, their monthly presence 
was noted, with the highest number of species per month appearing during 
April, with 18 species (Fig. 2). One possible explanation for the large number of 
birds during April 2022 (which represents the period between the cold and 
warm season) is the overlap (partially or completely) of migratory periods, the 
numbers of migratory populations being cumulated with those of sedentary 
populations (Dimitrie, 1984). The second most prolific month was January, with 
13 observed species, closely followed by November with 12 bird species that 
spend winter in the slow-flowing rivers of Bihor. During October, February, 
March and May, 11 species inhabited the area, with the lowest number registered 
being recorded in December. The lack of diversity during these months is likely 
due to the competition between species, caused by limited sources of food, 
which leads to the maximizing of survival chances of the existing species 
(Dhondt, 2012). 
 

Table 1. A complete list of species present during the study, including the shortened 
version of the names used during the statistical analysis. 

 

Name of the species Code 
Actitis hypoleucos Acti hypo 
Anas penelope Anas pene 
Anas platyrhynchos Anas plat 
Anas querquedula Anas quer 
Anser fabalis Anse faba 
Ardea alba (Casmerodius albus) Casm albu 
Ardea cinerea Arde cine 
Aythya ferina Ayth feri 
Aythya fuligula Ayth fuli 
Chroicocephalus ridibundus Chro ridi 
Cygnus cygnus Cygn cygn 
Cygnus olor Cygn olor 
Egretta garzetta Egre garz 
Fulica atra Fuli atra 
Gallinula chloropus Gall chlo 
Himantopus himantopus Hima hima 
Larus michahellis Laru mich 
Nycticorax nycticorax Nyct nyct 
Phalacrocorax carbo Phal carb 
Podiceps cristatus Podi cris 
Sterna hirundo Ster hiru 
Tachybaptus ruficollis Tach rufi 
Vanellus vanellus Vane vane 
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Figure 2. The species’ dynamic over the course of 8 months. 

 

 
Figure 3. Numerical evolution of the Eurasian Coot population. 

 
Out of the 23 species, three have been consistently present in the study 

area, with the most abundant being the Eurasian Coot (Fulica atra), 168 
individuals being observed in one visit. The Black-headed Gull (Chroicocephalus 
ridibundus) is remarkable in numbers due to it having the largest number of 
individuals/species in one sitting (180 individuals). The third most notable 
species is the Tufted Duck (Aythya fuligula) with 32 birds observed at one time. 
Nevertheless, the Eurasian Coot population numbers have decreased drastically 
since February (Fig. 3); the Black-headed Gulls have presented a consistent 
numerical decrease over the entire course of the study (Fig. 4). Contrary to the 
coots, the Tufted Ducks have made their debut to Afon Peța in December and 
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had an exponential growth until their decline in May, when no individuals were 
observed (Fig. 5). However, such changes in the number of individuals may also 
be due to the expected fluctuations in food over time (Keller et al., 2009). 

 

 
Figure 4. Numerical evolution of the Black-headed Gull population. 

 

 
Figure 5. Numerical evolution of the Tufted Duck population. 

 
There are two major limiting factors to be taken into consideration when 

analyzing animal behaviours: space and food availability. As the density of 
individuals increases, the average reproductive rate will decrease; it has also 
been shown that habitat heterogeneity within the territories occupied by 
individuals will affect each individual differently, therefore the species that 
compete for a territory will vary (Dhondt et al., 1992; Ferrer et al., 2006, Martinez 
et al., 2008). Food is a limited resource during the wintering season, which 
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incites interspecific competition, having effects on the survival of individuals 
and implicitly on the size of the population that can reproduce (Dhondt, 2012). 
The bird species present in the area are part of different feeding guilds 
depending on the water depth at which they feed; in this context, surface-level 
feeders are terns and gulls, shallow water feeders are herons, egrets and Mallards, 
with the diving species observed being cormorants, the Tufted Duck, Common 
Pochard and the Eurasian Coot (Liordos & Kontsiotis, 2020). Thus, the feeding 
cooperation between several species which have different niches presents 
numerous benefits for birds, such as reducing the risk of predation, which has 
been studied by several authors (Lima, 1986, 1993; Pulliam and Caraco, 1984). 
An indirect result is reduced individual vigilance due to the safety provided by 
the group, which explains an increase in feeding rate (Beauchamp, 1998). 

Of the 23 species observed, only 17 manifested interspecific interaction 
behaviors with other bird species. The Eurasian Coot and Tufted Duck represented 
the species with the most observed total interactions, manifesting three of four 
interaction types. At the same time, the Black-headed Gull and Yellow-legged 
Gulls (Larus michahellis) were the species where we observed all four interaction 
types (Fig. 6). The Little Egret (Egretta garzetta) and the Grey Heron (Ardea cinerea) 
were observed to interact very rarely and only with one interaction type (Fig. 6). 

 
 

 
 

Figure 6. Total number of interspecific interactions and proportion of each interaction type 
per bird species observed during the passage, overwintering, and reproduction period 

2022-2023. (CoA – cooperation for aggression, CoG – cooperation for grooming,  
CoF – cooperation for feeding, A – aggression) 
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We analyzed the species’ preferences during interactions and concluded that 
the Tufted Duck had significantly more interactions as an instigator than the Great 
Crested Grebe, the Common Moorhen, the Mallard, and the Grey Heron (Fig. 7). The 
Eurasian Coot had significantly more interactions as instigator than Common 
Moorhens, Great Egrets and Mallards. Black-headed Gulls had significantly more 
interactions as instigators than Moorhens and Great Egrets (Fig. 7). Tufted 
Ducks consume aquatic plants at the bottom of the basin, and they are excellent 
divers, but spend less time the longer they dive (Stephenson et al., 1986). 
Moreover, they spend most of their time feeding (Sutherland, 2009), similar to 
coots. An important result of the present study is the finding of a link based on 
continuous cooperation between Coots and Tufted Ducks between December 
and April, different trophic niches representing a plausible explanation for this 
result. Analyzing the ecology of coots, it has been shown that they spend ¾ 
(about 70%) of their time feeding to cope with intensive metabolic processes 
(Baaziz and Samraoui, 2008; Benlaharche and Boulakhssaim, 2018), but also that 
they feed more often in disturbed environments (Hafner et al., 2004). The feeding 
behavior of the species has been documented in numerous studies (Horsfall, 1981; 
Draulans and Vanherck, 1987; Irwin and O'Halloran, 1997; Alouche, 1988; Pelsy-
Mozzimann, 1999; Tamiser and Dehorter, 1999), from which we can describe 3 types 
of feeding: on the surface, through short-term diving or "grazing" (when the coots 
consume plant material from the shore); in early and mid-winter they forage on the 
surface and from February they start grazing on shore grasses, which is more energy 
efficient (Cramp and Simmons, 1980), also in preparation for the mating season. 
 

 
 

Figure 7. Number of interactions observed for each species in the role of instigator during 
eight months of observations. Boxplots represent the median (thick line inside the box), 
interquartile (box), minimum and maximum values (whiskers), and outliers (circles). 
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Thus, considering the time allocated to this behavior, but also the fact that coots 
are rarely aggressive during the winter period (Baaziz and Samraoui, 2008), it 
can be explained why it is the species that cooperates most often for food. 
Furthermore, their tendency to feed quantitatively more in autumn and less in 
winter (Paulus, 1988) has also been observed, intriguing in this context is the 
finding that coots tend to feed more so in environments where human influence 
is more intense (Hafner et al., 2004). 

In comparison to the rate of instigating behaviors manifested by the 
species, coots had significantly more interactions as reactors than Mallards, Grey 
Herons, Great Egrets, Moorhens, and Crested Grebes (Fig. 8). Coots had significantly 
more interactions as reactor than Great Crested Grebes, Common Moorhens, 
Great Egrets and Mallards. Black-headed Gulls had significantly more interactions 
as reactor than Mallards, Great Egrets and Common Moorhens (Fig. 8). Black-
headed Gulls were present throughout the entire study period, the interspecific 
competition initiated by this species being based only on food, and after a 
period of feeding, their aggressiveness decreases significantly, so the seagulls 
do not have preferences for the places where they groom. Thus, a study that 
aimed to analyze the effects of the vegetation structure on Black-headed Gulls 
shows that the number of aggressions increases when the species is in an area 
with sparse and tall vegetation, with aggression occurring mainly in juveniles 
(Bukacińska and Bukaciński, 1993). Also, territory size has been shown to be 
influenced by interspecific interactions (Orians and Willson, 1964; Murray, 1971), 
so aggression could secure a territory in the case of interspecific competition (Reed, 
1982). The most attacks initiated by this species were recorded in October, with 
the number of interactions decreasing every month. A possible explanation is 
abundant food, which can cause intense competition due to niche overlap with 
other species (Dhondt, 2012). Moreover, it is possible that individuals choose 
places densely populated with other bird species precisely to find food sources, 
preferring to tolerate other species at any other time of the day but when 
feeding. The connection between this behavior and the feeding of the species is 
explained by the dynamics of grooming behaviors during the 8 months, the 
frequency of joint grooming with other species decreasing along with the 
amount of food available on Crișul Repede. 

The components of the interaction behavior: “instigation” and “reaction” 
were strongly and significantly correlated (Spearman Rank correlation: Rho = 
0.937, P < 0.001), meaning overall that species showing more interactions 
interacted in both roles equally. Overall, some species (Tufted Duck, Black-
headed Gull and Eurasian Coot) manifest significantly more interactions than 
others (Figs. 7 and 8). 
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Figure 8. Number of interactions observed for each species in the role of reactor during 
eight months of observations. Boxplots represent the median (thick line inside the box), 

interquartile (box), minimum and maximum values (whiskers), and outliers (circles). 
 
 

Considering all species and the whole observation period, the most 
frequent interaction observed was cooperation for feeding (CoF, 54.20% ± 
37.51 SD), followed by cooperation for grooming (CoG, 30.07% ±30.74 SD), 
aggression (A, 12.28% ± 22.35 SD), and cooperation for aggression (CoA, 3.45% 
± 12.13 SD). Tufted Ducks preferred to cooperate for feeding in 76.80% of the 
cases, while cooperation for grooming and aggression was observed in 18.40% 
and 4.80%, respectively. Black-headed Gulls was observed to perform a similar 
percentage of the interaction types CoG (39.32%,) A (30.95%,) and CoF (28.57). 
However, it also displayed cooperation for aggression (CoA, 1.19%) to a small 
extent. Eurasian Coots preferred to cooperate for feeding in 69.85% of the 
observed cases while also displaying cooperation for grooming (CoG, 25.74%) 
and aggression (A, 4.41%) to a smaller extent (Fig. 9). 

We found a strong positive correlation between the number of individuals 
and the number of interactions in all species (Spearman’s rank correlation: Rho = 
0.62, P < 0.001), meaning that the more individuals were present on the lake, 
the more interactions we found, and is also the first indicator that individual 
densities tend to rule over species preferences. 
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Figure 9. Barplot showing the percentage of interaction types performed by each 
species during the eight months of observations (CoA – cooperation for aggression, 

CoG – cooperation for grooming, CoF – cooperation for feeding, A – aggression). 
 

For the three most interactive species (Eurasian Coot, Black-headed 
Gull, Tufted Duck), this relationship was also true with various correlation 
coefficients: Eurasian Coot– Spearman’s rank correlation: Rho = 0.47, P = 0.002; 
Black-headed Gull – Spearman’s rank correlation: Rho = 0.47, P = 0.002; Tufted 
Duck– Pearson’s correlation: r = 0.36, P = 0.037. 

We found no significant differences between months when all types of 
interactions were considered (Kruskal test: all P values > 0.05), which can be 
explained by the fact that abundant food in spring and summer does not 
generate interspecific competition, but the lack of food in winter should (DuBowy, 
1988). However, since the temperatures during the winter of 2022 were 
abnormally high (up to 15OC during the day), it is possible that more food 
sources, including smaller lakes that usually froze, became available to the 
species, leading to a similar quantity and quality of food throughout winter and 
spring/autumn. Moreover, we found no significant differences between months 
when just CoF was considered (Kruskal test: χ2 = 10.50, df = 7, P = 0.162), which 
supports our hypothesis.  

For the most interactive species, we found no significant differences 
between the proportions of all types of interactions with other species (ANOVA 
or Kruskal test P > 0.05 in all cases), indicating there is no preference for 
interacting with a particular species in one specific way. 
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Conclusions 

After observing the water bird community in the Afonul Peța part of the 
Crișul Repede river for 8 months, the 23 species engaged in 3 out of the 4 types 
of interactions we have analyzed. The most interactive species were the Eurasian 
Coot, Black-headed Gull and Tufted Duck, with the most often encountered 
interaction type being the cooperation for feeding (CoF), closely followed by 
cooperations for grooming, defence interactions being the rarest of all. Tufted 
Ducks and Eurasian Coots are the two most common instigators for interactions, 
while Coots and Black-headed Gulls are the main reactor species. Surprisingly, 
interactions did not differ significantly throughout the months and seasons, and 
species generally did not interact with a preferred species more than with the 
others. For future research, we believe that more studies should focus on 
interspecific interactions in water birds, especially using data from several 
years of study in the current context of climate change and global warming. 
Moreover, it would be beneficial for future studies to look at the community as 
a whole rather than to observe two of the species in the area, since it might 
provide a more cohesive view on the context of the interactions taking place in 
the area. 
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Abstract. Tumor necrosis factor-alpha (TNF-α) plays a pivotal role in the 
bi-directional dialogue between macrophages and neutrophils during the 
pre- and post- lesional stages of atherogenesis. This pro-inflammatory 
cytokine orchestrates a complex interplay between these immune cells, 
leading to the activation and recruitment of additional leukocytes, and 
the modulation of endothelial cell function, which collectively drive 
plaque formation and progression. Elevated levels of TNF-α result in the 
upregulation of adhesion molecules on the surface of endothelial cells. 
The cross-talk between macrophages and neutrophils, mediated by TNF-α, 
also leads to the release of soluble factors that have profound effects on 
the endothelium. Notably, these factors induce endothelial cell apoptosis 
via mechanisms involving caspase-3 activation, further contributing to the 
dysfunction and eventual denudation of the endothelial layer, a hallmark of 
atherogenesis. At molecular level, TNF-α exposure significantly upregulates 
the expression of pro-inflammatory mediators in macrophages, including 
interleukin-1 beta (IL-1β), inducible nitric oxide synthase (iNOS), and the 
activation of key signaling pathways such as the activation of mitogen-
activated protein kinase (MAPK) signaling pathway and stress-activated 
protein kinase/c-Jun N-terminal kinase (SAPK/JNK). This bi-directional 
dialogue not only sustains chronic inflammation, but also amplifies the 
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pathogenic processes underlying atherosclerosis, suggesting that targeting 
TNF-α and its downstream effects could represent a therapeutic strategy 
to mitigate disease progression. In this study, we aimed at investigating the 
dialogue between macrophages and unpolarized neutrophils, by assessing 
the biomarkers leading to cells activation and their differentiation towards 
a pro-inflammatory phenotype. The effects of TNF-α were explored in the 
context of inflammation in the arterial wall, for a better understating of 
atherogenesis. The study results indicated a low intensity inflammatory 
response, characterized by the up-regulation of key molecules involved 
in cell signaling for differentiation towards an inflammatory phenotype 
but not in the production of significant amounts of cytokines and enzymes. 
 
Keywords: atherosclerosis, endothelial cells, macrophages, neutrophils, 
TNF-α  

Introduction  

Atherosclerosis, a chronic inflammatory condition underlying cardiovascular 
disease, involves complex interactions between different types of cells in the 
arterial wall (Farahi et al., 2021). The two-way dialogue between macrophages 
and neutrophils is a crucial determinant of disease initiation and progression 
by vascular inflammation and atherosclerotic plaque development (Hansson et al., 
2015). Macrophages and neutrophils, essential components of the innate immune 
system, contribute to atherosclerotic plaque formation by releasing cytokines, 
chemokines, and other signaling molecules (Hou et al., 2023; Zhang et al., 2023). 
Tumor necrosis factor-alpha (TNF-α), a key pleiotropic cytokine, plays a central 
role in regulating this dialogue, shaping the atherosclerotic microenvironment 
(Zhang et al., 2009; Gough et al., 2020). 

TNF-α, a master regulator of inflammation, mediates and amplifies the 
macrophage – neutrophil crosstalk in atherosclerosis through its multiple 
effects. TNF-α modulates the adhesive interactions between these immune cells 
and the endothelium, promoting their recruitment to the inflamed arterial wall 
(Ikuta et al., 1991; Iademarco et al., 1995). TNF-α stimulates the secretion of 
pro-inflammatory factors and vascular adhesion molecules. In addition to 
atherosclerosis, this communication also plays a key role in myocardial infarction, 
following the hypoxic injury to the cardiac muscle (Tian et al., 2015).  

Attracted by cytokines and cellular debris, the first cells to arrive at the 
site of the hypoxic injury are neutrophils, as they play an active role in 
promoting the initial phases of inflammation by secreting soluble factors and 
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reactive oxygen species (Frodermann et al., 2017; Horckmans et al., 2017; 
Chalise et al., 2021). Neutrophils sensitize the endothelium, favoring the 
migration of other immune cell types from the vascular compartment to the 
extravascular compartment (Dimasi et al., 2013). Circulating monocytes adhere 
to the endothelium and traverse the vascular compartment arriving in the 
subendothelial compartment, where they differentiate into resident macrophages, 
exposed to signaling molecules produced by neutrophils and cellular debris, 
further differentiating into a pro-inflammatory phenotype (Butterfield et al., 
2006; Čejková et al., 2016). The pro-inflammatory phenotype is characterized 
by the production of pro-inflammatory signaling molecules such as interleukin 
1 beta (IL-1β), TNF-α, and inducible nitric oxide synthetase (iNOS). In addition, 
there are many other molecules with pro-inflammatory properties involved 
(Wang et al., 2020; Kadomoto et al., 2022).  

The mechanisms involved in macrophage activation are intensively 
studied (Feng et al., 1999; Moore et al., 2010; Parameswaran and Patial, 2010), 
but not yet fully understood. It appears that a major role in macrophage 
activation is played by the transcriptional protein Nuclear Factor κB (NF-κB), 
which regulates gene expression of pro-inflammatory cytokines. NF-κB binds 
to specific DNA sequences in the promoter region of the target genes and 
stimulate or inhibit their transcription (Takashiba et al., 2010). Another key 
transcriptional factor involved in macrophage activation is activating protein-1 
(AP-1) which is usually activated by the mitogen-activated protein kinase 
(MAPK) phosphorylation cascade, including the extracellular signal-related 
kinase (ERK) and the stress-activated protein kinase/c-Jun N-terminal kinase 
(SAPK/JNK) (Biggs et al., 1999; Rao, 2001). After the differentiation of macrophages 
towards a pro-inflammatory phenotype, there is a sudden increase in cytokine 
production. More interestingly, macrophages change their shape from round-
like cells to a more spindle-like morphology, suggesting that pro-inflammatory 
macrophages might have migratory properties, which can lead to plaque 
microenvironment remodeling or some degree of subendothelial remodeling 
(Lee, 2019).  

During the dynamic dialogue, after the secretion of cytokines, an amplification 
of the inflammatory response takes place due to the autocrine signaling effects 
of TNF-α on macrophages, which become even more activated (Xie et al., 1998). 
The soluble factors released by macrophages as well as by neutrophils have 
different effect on the endothelium, depending on the degree of resolution of 
the inflammatory processes in the subendothelial microenvironment (Xu et al., 
2022). At high concentrations, TNF-α exhibits cytotoxic effects on endothelial 
cells and on other immune cell types involved in atherogenesis (Larrick et al., 
1990). Other authors have noticed that the exposure of endothelial cells to high 
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concentrations of cytokines leads to cell death by apoptosis. There is evidence 
suggesting that endothelial cell apoptosis is the main initiator of atherosclerotic 
plaque rupture and thrombus formation, as the non-thrombogenic surface of 
the blood vessel is disrupted (Polunovsky et al., 1994; Kavurma et al., 2005).  

Despite extensive research, several gaps in knowledge related to the role 
of TNF- α in macrophage – neutrophil signaling remain to be elucidated. The 
cell-specific signaling pathways, the context-specific outcomes influencing the 
pro-inflammatory versus regulatory effects of the cytokine, the temporal dynamics 
and the crosstalk with other cytokines are underexplored research pathways, 
important for advancing therapeutic strategies.  

The dialogue between macrophages and neutrophils, mediated by TNF-
α, is particularly important for endothelial cells in atherosclerosis, since it 
directly affects endothelial integrity, activation and function. The immortalized 
line of human umbilical endothelial cells Ea.hy926 proved to be suitable for 
research of vein or artery endothelium in different pathologies (Deng et al., 2017). 
Recent investigations have shown that the dialogue between pro-inflammatory 
macrophages and smooth muscle cells found within the arterial wall leads to 
the remodeling of the vascular wall as a consequence of up-regulation of 
metalloproteases and production of extracellular matrix components by the smooth 
muscle cells, which leads to the narrowing of the lumen and the destabilization 
of the atherosclerotic plaque (Macarie et al., 2025). Other studies have shown 
that the dialogue between macrophages and neutrophils generates different 
outcomes depending on the phenotype of these cells at the time of the dialogue. 
Neutrophils from patients with different conditions are temporally polarized 
into pro-inflammatory (N1) and anti-inflammatory (N2) subpopulations. When 
exposed to activated neutrophils type N1, macrophages acquire a pro-inflammatory 
phenotype with improved efferocytotic properties, while exposure to soluble 
factors released by N2 neutrophils leads to an anti-inflammatory phenotype 
(Macarie et al., 2018; Mihăilă et al., 2024).  

The present study aims to explore the molecular changes that takes place 
during the cross-talk between unpolarized neutrophils (N0) and resting 
macrophages (MΦ), to ascertain whether the secretome triggers an inflammatory 
response in endothelial cells. Also, for mimicking the inflammatory conditions 
found within the vascular wall in the atherosclerotic lesion site during the 
cross-talk, the cells were exposed to different concentrations of TNF-α or 
lipopolysaccharides (LPS) to further investigate the complex interplay and 
cellular differentiation towards a pro-inflammatory phenotype.  
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Materials and methods  

Chemicals and reagents 

Monoclonal antibodies, anti-iNOS (#2982), anti-NF-κB (#3033), anti-
SAPK/JNK (#9252), anti-phosphorylated SAPK/JNK (#9255), anti-phosphorylated 
ERK1/2 (#4377), anti-caspase-3 (#9662) and anti-β-tubulin (#2146) were 
purchased from Cell Signaling Technologies (Danvers, Massachusetts, USA). Anti-
ICAM-1 (710278) was purchased from Thermo Scientific (Waltham, Massachusetts, 
USA), anti-IL-1β (MAB 601) and anti-ERK1/2 (MAB1576) were procured from 
R&D Systems (Minneapolis, Minessota, USA), anti-TNF-α (SC-52746) was 
purchased from Santa Cruz (Dallas, Texas, USA), anti-caspase-1 (MAB-6215) 
was purchased from Novus Biologicals (Centennial, Colorado, USA). Human IL-1β 
ELISA kit (DuoSet) was purchased from R&D Systems (Minneapolis, Minnesota, 
USA). Human recombinant TNF-α and LPS were purchased from Sigma-Aldrich 
(St. Louis, Missouri, USA), culture media were provided by Corning Life Sciences 
(Corning, New York, USA) and Gibco (Waltham, Massachusetts, USA). Cell 
culture microplates were purchased from TPP AG (Trasadingen, Switzerland) 
and the co-culture inserts were from Falcon Plastics (Brookings, South Dakota). 
Other reagents and materials were from Sigma-Aldrich (St. Louis, Missouri, 
USA), Eppendorf (Hamburg, Germany), Bio-Rad (Hercules, California, USA), and 
Gibco (Waltham, Massachusetts, USA). 

Cell cultures 

THP-1, HL-60 and EA.hy926 cell lines used in this study were purchased 
from ATTC (American Type Culture Collection, Manassas, USA). Frequently 
used in cancer and drug research, THP-1 cells (ATCC TIB-202TM) are 
immortalized human monocytes from the peripheral blood of a patient with 
acute monocytic leukemia. THP-1 cells were grown in suspension in RPMI-1640 
culture media supplemented with 10% heat-inactivated FBS and were split 1:5 
twice a week. Monocytes (1 x 106 cells) were plated in a 24-well plate and 
differentiated towards resting macrophages (MΦ) by exposure to 100 nM 
phorbol myristate acetate (PMA) for 3 days. As suggested by other authors 
(Butoi et al., 2016), PMA activation induces an unpolarized MΦ macrophage 
phenotype or a certain degree of classical activation (M1 phenotype). HL-60 
(ATCC CCL-240TM) is an immortalized line of pro myeloblasts isolated from a 
36-year-old white woman with acute promyelocytic leukemia by leukapheresis. 
Briefly, HL-60 human neutrophils were grown in suspension in RPMI 1640 
culture medium and were split 1:5 twice a week. Undifferentiated macrophages 
were co-cultured with neutrophils in RPMI-1640, without serum and antibiotics. 
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The entire co-culture system was exposed to different concentrations (10-100 
ng/mL) of TNF-α or 1μg/mL LPS for 24h at 37°C and 5% CO2. After 24h, the 
conditioned medium was collected under sterile conditions. EA.hy926 endothelial 
cells (ATCC CRL-2922TM) were maintained in DMEM supplemented with 10% 
FBS and 1% PSA at 37°C under 5% CO2. The cultures were starved of FBS 24h 
before exposure to conditioned medium. EA.hy926 cells were indirectly co-
cultured using conditioned media resulting from macrophage – neutrophil 
cross-talk in the presence of TNF-α or LPS. 

Experimental design: the co-culture system 

Human neutrophils were plated on the filter inserts (lumenal side) in 
RPMI at a density of 106 neutrophils/insert. Human monocytes THP-1 were 
plated on the bottom of the transwell co-culture chamber (basolateral side) at 
a density of 106 cells/well and cultured in RPMI-1640 for macrophages 
differentiation, by exposure to 100 nmol/L PMA. After 3 days, the co-culture 
system was constructed by placing the inserts with neutrophils (N0) on the top 
of the microplate wells. The co-cultures were incubated for 24h at 37°C into an 
atmosphere enriched with 5% CO2. Control groups were maintained in serum-
free RPMI-1640. At the end of the cell co-culture period, the conditioned media 
resulting from the cross-talk was collected and used for further investigations 
and treatment of EA.hy926 endothelial cell monolayers.  

The experimental groups were: 

- MΦ: negative control group consisting of resting macrophages; 
- MΦ + N0: resting macrophages co-cultured with unpolarized neutrophils; 
- LPS: resting macrophages co-cultured with unpolarized neutrophils 

treated with 1 μg/mL LPS; 
- LPS: resting macrophages co-cultured with unpolarized neutrophils 

treated with 10 ng/mL TNF-α; 
- LPS: resting macrophages co-cultured with unpolarized neutrophils 

treated with 50 ng/mL TNF-α; 
- LPS: resting macrophages co-cultured with unpolarized neutrophils 

treated with 100 ng/mL TNF-α.  

Cell differentiation and microscopic evaluation  

THP-1 cells were exposed to 100nM PMA for 72h to induce differentiation. 
After 24h of culture in the presence of PMA, the cells adhered to the polystyrene 
surface were examined by microscopy. Untreated endothelial cells and endothelial 
cells exposed to conditioned media from unpolarized macrophages (MΦ) were 
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used as negative controls. Experimental groups were exposed to conditioned 
media from TNF-α treated leucocytes (MΦ + N0). Cell morphology was examined 
under an DMi1 inverted microscope with phase contrast (Leica, Weltzar, Germany).   

Western blot analysis 

The protein expression of cytokines and other signaling molecules was 
assessed in the total extract of macrophages, neutrophils, and endothelial cells 
obtained by homogenizing the cells in Laemmli electrophoresis sample buffer 
(Sx2). Obtained cell lysates were incubated at 95°C for 5 minutes and then 
sonicated for 10 seconds on ice. The samples were kept on ice to inhibit protein 
degradation by exogenous and endogenous proteases. We determined the total 
protein concentration/sample by amido black staining and measured the 
absorbance using a microplate reader (TecanM200Pro) at 620 nm. 1µL of each 
sample was applied on a nitrocellulose membrane and then the membrane was 
washed with a fresh solution of 50% MeOH and stained for 10 seconds with 
0.1% amido black solution. The obtained stained spots were collected in 400 µL 
0.1M NaOH and vortexed for 10 seconds. Equal quantities of proteins were 
electroblotted through a 10% polyacrylamide gel and were then transferred 
onto a nitrocellulose membrane (Sigma-Aldrich, St. Louis, Missouri, USA). The 
membranes were blocked in 1% fish skin gelatin, 1% BSA, and 0.1% Tween-20 
at room temperature for 1h before incubation with primary antibodies overnight at 
4°C. Following washing three times with TBST, the membranes were incubated 
with the secondary antibody at room temperature for 1h. The following molecules 
were analyzed: pNF-κB, SAPK/JNK, ERK, iNOS, TNF-α for macrophages  
and VCAM-1, ICAM-1, vinculin, integrin αVβ5 and caspase-3 for endothelial 
cells, respectively. The blots were developed using SuperSignal West Pico 
chemiluminescent substrate (Thermo Fisher Scientific, Whaltman, Massachusetts, 
USA) and quantified by densitometry employing gel analyzer system Luminescent 
image analyzer LAS-4000 (Fujifilm, Tokyo, Japan) and ImageJ software version 
1.54 (National Institutes of Health, Bethesda, Maryland, USA) (Schneider et al., 
2012). 

IL-1β quantification by ELISA 

IL-1β antigens were quantified in the collected conditioned medium using 
the ELISA kit (R&D systems, Abingdon, UK), according to the manufacturer’s 
instructions. Briefly, strips were coated with the capture antibody overnight at 
room temperature. Following incubation with the capture antibody, the strips 
were washed 3 times with washing buffer. Then, the plates were blocked with 
diluent reagent for one hour at room temperature. The detection antibody and 
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streptavidin HRP was added, and later, the substrate. After substrate addition, 
the plate was incubated in the dark at room temperature for 20 minutes, and 
the reaction was stopped using 2N H2SO4. Optical density of each well was read 
using a microplate reader (Tecan M200 Pro) at λ = 450 nm. 

Statistical analysis  

All experiments were performed in duplicates and statistics was applied 
using the Microsoft Office 2017 Excel software. The data obtained were 
expressed as mean values ± standard deviation (SD). For ELISA, statistical 
evaluation was carried out by one-way ANOVA followed by Dunnett’s multiple 
comparisons test using GraphPad Prism version 10.0.0 for Windows, GraphPad 
Software (Boston, Massachusetts, USA). 

Results  

The present study explored the dialogue between unpolarized neutrophils 
and macrophages, by assessing the biomarkers leading to cells activation and 
their differentiation towards a pro-inflammatory phenotype. In this regard, 
EA.hy926 endothelial cells were exposed to the conditioned media resulting 
from macrophage – neutrophil cross-talk and various concentrations of TNF-α. The 
experimental design was based on a co-culture system using HL-60 neutrophils 
and resting macrophages (MΦ) differentiated from THP-1 monocytes, respectively 
(Figure 1A).  

Microscopic evaluation of activated leucocytes and endothelial cells 

Cell differentiation and activation was assessed microscopically. THP-1 
cells grow in suspension and do not adhere to the plastic surface of the culture 
plates. To induce terminal differentiation to unpolarized MΦ macrophages or 
partially polarized toward an M1 pro-inflammatory phenotype, THP-1 cells 
were exposed to PMA. After 24h of culture in the presence of PMA, the cells 
adhered to the polystyrene surface of the cell culture plate and showed a specific 
spindle-like morphology, suggesting the activation and change in phenotype 
(Figure 1B). Microscopic evaluation revealed the formation of apoptotic bodies 
in the experimental groups treated with conditioned media from TNF-α treated 
leucocytes (Figure 1C). The presence of apoptotic cells in the endothelium 
monolayer suggested that the conditioned medium from the macrophage – 
neutrophil dialogue contained soluble pro-apoptotic signaling molecules that 
could affect the endothelial cells by promoting apoptosis. These images 
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demonstrate the hallmark sequential features of apoptotic cells detected by 
phase-contrast microscopy, including blebs, echinoid spikes, and surface 
blisters (Willingham, 1999) (Figure 1D).  

 

 
Figure 1. A. Co-culture design: endothelial cells (EC) were exposed to the conditioned 
media resulting from macrophage – neutrophil cross-talk and various concentrations of 
TNF-α or lipopolysaccharides (LPS). B. Induction of differentiation of THP-1 cells by PMA 
stimulation. THP-1 cells were incubated for 24h without or with 100 nM PMA. 
Undifferentiated macrophages were polarized towards an inflammatory phenotype (M1) 
by exposure to neutrophils (N0) and different concentrations of TNF-α, observed in phase 
contrast microscopy. C. Endothelial cells show a specific spindle-shaped-like morphology 
in phase contrast microscopy. Morphology of macrophages at the end of the 24h co-
culture with HL-60 neutrophils, revealed polarized, spindle-shaped macrophages 
suggesting the activation and change in phenotype. Microscopic aspects in phase contrast 
microscopy showing the accumulation and presence of apoptotic cells in the endothelium 
monolayer, suggesting that conditioned media (CM) coming from M/N dialogue contains 
soluble pro-apoptotic signaling molecules that can affect the endothelial cells by 
promoting apoptosis. D. Morphology of apoptotic bodies in endothelial cell culture: the 
images demonstrate sequential features of apoptotic cells, including blebs, echinoid 
spikes, and surface blisters, detected by phase-contrast microscopy.  
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Macrophage activation by soluble factors released after cross-talk 
and TNF-α exposure 

To get an insight into the molecular mechanisms involved in macrophage 
activation, we determined the relative expression levels of NF-κB, ERK, and 
SAPK/JNK, proteins involved in the activation of genes encoding cytokines.  

Our results showed that, compared to basal expression, the relative 
expression level of the phosphorylated nuclear factor κB (pNF-κB) is upregulated 
upon exposure to TNF-α. This increase in expression is proportional to the TNF-
α concentration, indicating a dose-dependent relationship between NF-κB 
activation and the levels of TNF-α. In the context of macrophage – neutrophil 
interaction, there is a slight up-regulation, exhibiting high variability. Additionally, 
LPS does not seem to induce a stronger response than MΦ. Therefore, TNF-α is 
a potent activator of NF-κB, whereas LPS and N0 have a weaker effect on NF-κB 
activation in macrophages (Figure 2A).  

The SAPK/JNK pathway also demonstrated significant activity under high 
concentrations of TNF-α, observed in the relative expression and activation 
levels of the p54 and p46 isoforms. For p54, an increase in phosphorylation was 
observed in the presence of TNF-α and LPS, with the highest upregulation 
occurring at 50 and 100 ng/mL TNF-α, suggesting a dose-dependent activation. 
Meanwhile, exposure to LPS and 10 ng/mL TNF-α resulted in a more moderate 
response. For p46, phosphorylation did not appear to be affected by TNF-α 
exposure, as expression levels remain similar across concentrations, with a 
slight decrease compared to MΦ. MΦ exhibited high variability, which may 
indicate a spontaneous activation of p46 in some replicates. Therefore, we 
found that p54 is more strongly activated in the context of macrophage – 
neutrophil interaction compared to p46. TNF-α and LPS significantly induced 
p54 activation, whereas p46 activation did not appear to be affected, suggesting 
that this subunit is either less active in this context or is regulated by alternative 
signaling pathways (Figure 2B).  

In the case of ERK, the relative expression and activation levels of the 
ERK1 (p44) and ERK2 (p42) isoforms were investigated. ERK1 phosphorylation 
was not influenced by the cross-talk between macrophages and neutrophils or 
by exposure to TNF-α. Electrophoretic analyses revealed that the relative 
expression level of ERK1 does not exceed basal conditions, whereas ERK2 
showed preferential activation. The interaction between macrophages and 
neutrophils appeared to significantly upregulate ERK2 activation. Additionally, 
LPS induced an inflammatory response that, while weaker, is still more 
pronounced than the basal expression level observed in MΦ macrophages. 
Moreover, ERK2 activation appeared to be dependent on TNF-α concentration. 
ERK pathway was prominently activated by TNF-α. Phosphorylation of ERK1/2 
led to downstream effects that promote pro-inflammatory cytokine production 
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and contributed to the broader inflammatory response. The dose-dependent 
activation of the ERK pathway suggested that multiple signaling cascades are 
converging to amplify macrophage activation in response to TNF-α (Figure 2C).  
 

 
Figure 2. Relative expression levels of NF-κB (A), SAPK/JNK (B), ERK (C), in 
macrophages before and after exposure to neutrophils and TNF-α. p54 revealed a 
dose-dependent relationship based on the TNF-α concentrations between 10 and 50 
ng/mL TNF-α. At 100ng/mL, TNF-α displayed cytotoxic effects which could interfere 
with the real expression level of p54. p46 did not exhibit the same pattern. ERK2 also 
showed the same dose-dependent pattern, while ERK1 did not. NF-κB was highly up-
regulated after cross-talk and exposure to high TNF-α concentrations. 

Macrophage identity and pro-inflammatory phenotype 

For the analysis of macrophage activation, the relative expression levels 
of proinflammatory molecules characteristic to M1 macrophages were determined. 
Electrophoretic investigations revealed significant changes in the expression 
levels of key pro-inflammatory markers, specifically iNOS and TNF-α, following 
cross-talk with neutrophils in the presence of varying concentrations of TNF-α. 
A dose-dependent increase in iNOS expression was observed in macrophages 
co-cultured with neutrophils under stimulation with different TNF-α concentrations, 
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indicating a strong induction of the macrophages’ antimicrobial and inflammatory 
functions. At low TNF-α concentrations, iNOS levels showed a modest elevation 
compared to the control. Low TNF-α concentrations, neutrophils and LPS failed 
to induce a strong activation of iNOS, comparing to basal levels. TNF-α production 
by macrophages significantly increased in response to the combined stimuli of 
neutrophil interaction and 10 ng/mL TNF-α exposure. 

However, expression levels of TNF-α confirmed the autocrine signaling effect 
of macrophages (Figure 3). Overall, the study results revealed that macrophages, 
upon interacting with neutrophils and in the presence of TNF-α, exhibited a 
substantial upregulation of iNOS and TNF-α. The observed dose-dependent 
relationship with TNF-α concentration indicated that this cytokine plays a critical 
role in modulating macrophage identity towards a pro-inflammatory state. 

 

 
Figure 3. The relative expression levels of iNOS (A) are highly up-regulated in 
macrophages exposed to high TNF-α concentrations while TNF-α (B) is highly 
expressed in macrophages exposed to 10ng/mL TNF-α, as a peak of cytokine 

production after autocrine signaling effects of TNF-α. 
 

We aimed to investigate the production of IL-1β in response to the cross-
talk between macrophages and neutrophils, both in the presence and absence 
of TNF-α. THP-1 cells and immortalized neutrophils were co-cultured under various 
conditions, and IL-1β levels in the conditioned medium were quantified by ELISA 
assay. In the absence of TNF-α stimulation, both THP-1-derived macrophages 
and neutrophils did not produce IL-1β, indicating that neither cell type alone nor in 
co-culture without additional stimulation significantly induces IL-1β production. 
However, when macrophages were exposed to TNF-α, a modest increase in IL-
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1β level was observed. This increase was more pronounced when macrophages 
were co-cultured with neutrophils (MΦ+N0), suggesting that the interaction 
between these cell types enhances IL-1β production, even under basal conditions. 
Interestingly, the production of IL-1β in response to TNF-α was not dose-dependent. 
Macrophages and neutrophils co-cultured and stimulated with 50 ng and 100 ng of 
TNF-α produced only slight increases in IL-1β levels. In contrast, the experimental 
group exposed to 10 ng TNF-α exhibited a substantial increase in IL-1β production, 
indicating a peak in cytokine release at this concentration (Figure 4). This suggested 
that there is an optimal concentration of TNF-α that maximally induces IL-1β 
production in this co-culture system. 

 
Figure 4. ELISA quantification of IL-1β revealed up-regulated levels of IL-1β in the 
case of macrophages co-cultured with neutrophils in the presence of 10 ng/mL 
TNF-α, this demonstrates a dose-dependent relation between IL-1β secretion and 
TNF-α concentration. Unstimulated macrophages and neutrophils showed little to 
no IL-1β production whereas for THP-1 cells there was no production of IL-1β. 
Data are expressed as the mean ± SD of three experiments for each set of 
experimental conditions * p < 0.1 and **** p < 0.0001 vs control. 

Soluble factors released after the cross-talk enhance the adhesive 
properties of endothelial cells  

Hypothesizing that the dialogue between the two cell types can lead to 
increased adhesion properties, we examined the relative protein expression 
levels of integrin αVβ5, VCAM-1, ICAM-1 and vinculin, well-known markers of 
cell adhesion. An increased expression of integrin αVβ5 in response to higher 
concentrations of TNF-α was observed (Figure 5A), suggesting that endothelial 
cells become more adhesive, promoting interactions with circulating immune 
cells or other cell types during inflammatory responses. VCAM-1, another critical 
adhesion molecule, is involved in the binding of leukocytes to the endothelium. Its 
upregulation was also observed (Figure 5B), further supporting the hypothesis 
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that TNF-α enhances endothelial cell adhesiveness through multiple pathways, 
reinforcing the role of endothelial cells in mediating inflammatory processes. 
Interestingly, ICAM-1, another adhesion molecule, did not show a significant 
change in expression levels despite the presence of TNF-α (Figure 5C). This 
could indicate a more selective or context-dependent role of ICAM-1 in TNF-α-
induced adhesion processes, or perhaps that its expression is regulated by other 
factors or under different conditions. Vinculin also did not exhibit significant 
changes (Figure 5D). Therefore, we observed that while TNF-α upregulates 
integrin αVβ5 and VCAM-1, it might not directly affect the intracellular 
components linked to adhesion, such as vinculin, or that vinculin's role is more 
stable and less susceptible to modulation by TNF-α alone. 

 
Figure 5. Electrophoretic investigations of endothelial cells exposed to the conditioned 
medium containing soluble factors released after the neutrophil-macrophage 
cross-talk revealed up-regulated levels of integrin αVβ5 (A), VCAM-1 (B), but not 
ICAM-1 (C) and vinculin (D). 



MΦ - N0 DIALOGUE AFFECTS THE ENDOTHELIUM 
 
 

 
317 

The selective upregulation of integrins and VCAM-1 in response to TNF-
α, without corresponding increases in ICAM-1 and vinculin, highlights the 
complex regulatory mechanisms governing endothelial cell adhesion. This 
selective enhancement of adhesion molecule expression may be crucial for the 
specific recruitment and attachment of leukocytes during inflammation, 
ensuring a targeted and efficient immune response. Additionally, these findings 
underscore the importance of considering the specific pathways activated by 
cytokines like TNF-α, as they may differentially regulate adhesion molecules 
and intracellular components involved in endothelial cell adhesion. 

Soluble factors released after cross-talk induced apoptosis in 
endothelial cells  
As a result of the bi-directional dialogue between macrophages and 

neutrophils, soluble factors are released by both cell types and they have major 
effects on the endothelium. Following this dialogue, in the presence or absence 
of TNF-α, these cell types undergo activation, and in particular, macrophages 
switch to a secretory phenotype releasing soluble cytokines. Our investigations 
showed that the conditioned culture medium contained TNF-α as a result of 
autocrine signaling of macrophages, IL-1β and iNOS. All three molecules exhibit 
profound effects on the endothelium. However, the dialogue between these cell 
types in an inactive state was not sufficient to induce a strong inflammatory 
response. The conditioned medium resulting from the classic dialogue still had 
effect on the endothelium, but its magnitude was not comparable to the effects 
produced by conditioned medium coming from co-cultures exposed to high 
concentrations of TNF-α. Endothelial cells exposed to high concentrations of 
TNF-α underwent cell death through a mechanism involving the activation of 
caspase-3 (Figure 6).  

 
Figure 6. Electrophoretic investigations of the relative expression level of caspase-3 
in endothelial cells exposed to conditioned medium derived from macrophage – 
neutrophil dialogue. It can be observed that upon exposure to conditioned media the 
endothelial cells present a sudden increase in caspase-3 levels at 50 ng/mL TNF-α, 
suggesting the activation of apoptotic pathways that would ultimately lead to 
endothelial cell death. 
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These results corroborate well with the microscopic observations 
showing an increase in the number of apoptotic bodies in endothelial 
monolayers, proportional with the increase of soluble factors released by the 
macrophage – neutrophil dialogue. Macrophage – neutrophil dialogue and TNF-α 
exposure induce endothelial cells apoptosis, suggesting that during the acute 
inflammatory stages of atherogenesis, the vessel lumen might suffer denudation 
leading to plaque instability and rupture. 

Discussion 

In this study, we demonstrated that the dialogue between macrophages 
with undecided fates and neutrophils leads to an inflammatory response in the 
presence of TNF-α, releasing pro-inflammatory molecules as a result of 
intracellular signaling processes that activate transcription factors controlling 
their expression.  

The macrophages and neutrophils secretome, exerts pro-apoptotic and 
pro-inflammatory effects on endothelial cells. Macrophages, phagocytic cells of 
the innate immune system, originate from circulating monocytes that cross the 
vascular wall and reach the sub-endothelial space, where they differentiate 
(Moore et al., 2011). Upon exposure to stress factors, macrophages further 
differentiate into pro-inflammatory macrophages that release pro-inflammatory 
molecules into the extracellular space (Lee, 2019). These immune cells undergo 
morphological and functional differentiation upon exposure to soluble factors 
released by neutrophils and TNF-α (Parameswaran and Patial, 2010). The 
exposure triggers a signaling cascade that leads to macrophage activation, 
typically initiated by the interaction of TNF-α with the tumor necrosis factor 
receptor-1 (TNFR-1) expressed on the macrophage surface. Following ligand-
receptor interaction, TNF receptor-associated death domain protein (TRADD) 
is recruited, along with an entire signal transduction complex, which interacts 
with NF-κB, leading to its activation (Hayden et al., 2014).  

Our results show that NF-κB is activated upon exposure to neutrophils to 
LPS, and different concentrations of TNF-α, the activation being dose-dependent 
and proportional to TNF-α concentration. SAPK/JNK, a widely investigated 
kinase in the context of cellular signaling in inflammation (Dérijard et al., 1994; 
Yan et al., 2024) is involved in a phosphorylation cascade that activates 
transcription factors like c-Jun and c-Fos, which form the AP-1 complex that 
regulates cytokine gene expression (Yin et al., 2009). SAPK/JNK has two distinct 
isoforms, p54 and p46, encoded by different genes and presenting alternative 
splicing variants, that leads to high variability. p46 is more commonly associated 
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with fast responses, whereas p54 may have prolonged roles. Specifically, p54 is 
strongly activated by cellular stress, inflammation, and cytokines such as TNF-
α and IL-1β, whereas p46 can be regulated by stimuli such as growth factors 
(EGF, NGF), cytoskeletal signaling via Rho GTPases, hypoxia, and metabolic stress 
(Chan et al., 1997). Both p54 and p46 can phosphorylate the same transcription 
factors (c-Jun, ATF2) but with varying efficiency. In some instances, p46 is more 
likely involved in cell survival, while p54 plays a greater role in apoptosis and 
inflammation. There is evidence that p46 may have spontaneous activity in 
macrophages differentiated from THP-1 cells, which may explain the high 
expression of p42 under basal conditions in our experimental design (Tournier 
et al., 2001). THP-1-derived macrophages express both p46 and p54, but their 
basal levels vary depending on the used stimuli (PMA, LPS, TNF-α). Additionally, it 
has been observed that p46 may exhibit higher basal activity than p54 in certain 
cell types, including macrophages (Tournier et al., 2000). Under specific conditions, 
p46 activation can occur without exogenous stimulation, for example, in the 
presence of FBS, which contains residual growth factors (Xia et al., 2000).  

Regarding ERK, the activation of p44 (ERK1) and p42 (ERK2) isoforms is 
involved in a phosphorylation cascade and subsequently activates transcription 
factors (Wortzel and Seger, 2011). Although ERK1 and ERK2 are often considered 
functionally equivalent, recent findings (Wong et al., 2021) indicate that ERK2 
plays a more dominant role in certain cellular contexts. ERK2 is more involved 
than ERK1 in cell proliferation and survival, which may be relevant in the 
context of TNF-α exposure as it induces both an inflammatory response and 
compensatory survival mechanisms. Higher ERK2 activity can be explained by the 
presence of the upstream kinase MEK1/2, which is influenced by TNF-α exposure 
and macrophage – neutrophil interactions (Trouba et al., 2004). Additionally, 
the lower ERK1 activity could be due to its transient presence or its degradation 
due to a highly regulated expression.  

Our previous results showed that pro- or anti-inflammatory neutrophils 
can induce a pro- or anti-inflammatory profile of macrophages (Macarie et al., 
2025). In the present study, we aimed to evaluate whether the dialogue between 
unpolarized macrophages and neutrophils could possibly lead to inflammation. To 
characterize the secretome resulting from macrophage – neutrophil dialogue in 
the presence of TNF-α, we evaluated the relative expression levels of hallmark 
pro-inflammatory molecules in macrophages, specifically iNOS and TNF-α.  

iNOS is an enzyme involved in nitric oxide production, predominantly 
expressed in macrophages, endothelial cells, and hepatocytes in response to 
pro-inflammatory stimuli (Nathan and Xie, 1994). By producing NO, these enzymes 
contribute to vasodilation and increased vascular permeability. Besides its pro-
inflammatory effects, iNOS can induce cell apoptosis through interactions with 
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free radicals (Nitsch et al., 1997). Unlike its counterparts eNOS and nNOS, which 
produce small, constitutive amounts of NO, iNOS generates large amounts of NO 
(Persichini et al., 2006). Our results showed that iNOS is strongly expressed by 
macrophages interacting with neutrophils and exposed to 50 or 100 ng/mL TNF-α, 
with a proportional increase in iNOS expression relative to TNF-α concentration.  

TNF-α, the cytokine central to this study, is well known for both its pro-
inflammatory and anti-inflammatory effects. However, in this context, a pro-
inflammatory effect is evident. TNF-α expression is strictly controlled by NF-
κB, which, once activated, stimulates TNF-α production and secretion, leading 
to autocrine signaling in macrophages that amplifies the inflammatory response via 
a feedback loop (Xaus et al., 2000). Additionally, NO activity from iNOS further 
enhances NF-κB activation, leading to even greater TNF-α expression. To 
characterize the secretome, we also quantified the relative level of IL-1β. 
Macrophages interacting with neutrophils and exposed to 10 ng/mL TNF-α 
produced the highest levels of IL-1β. However, overall IL-1β production remained 
low with minor variations. It was evident that N0, THP-1, and MΦ cells either 
did not express or expressed very low levels of IL-1β, while LPS and higher TNF-α 
concentrations induced a slight increase in IL-1β production. These findings indicate 
that the secretome resulting from macrophage – neutrophil dialogue contains 
pro-inflammatory molecules such as IL-1β, iNOS, and TNF-α. It is likely that this 
secretome includes additional pro-inflammatory molecules beyond those identified.  

Based on previous determinations, we decided to explore the effects of 
IL-1β, TNF-α, and iNOS on the expression of cell adhesion molecules. After 
exposing endothelial cells to these pro-inflammatory conditions, which are also 
common in atherogenesis, we evaluated the relative expression levels of VCAM-1, 
ICAM-1, integrin αVβ5, and vinculin. Our results indicate that TNF-α plays a 
central role in regulating adhesion molecule and anchoring protein expression 
in endothelial cells exposed to macrophage – neutrophil dialogue. VCAM-1 and 
integrin αVβ5 were upregulated in a dose-dependent manner upon TNF-α 
exposure. We observed that endothelial cells treated with conditioned media from 
MΦ and MΦ+N0 exhibited lower VCAM expression than basal levels, possibly 
indicating either suppression of inflammatory effects due to the presence of 
anti-inflammatory molecules or a paradoxical effect of TNF-α. Unlike VCAM-1, 
ICAM-1 showed relatively stable expression levels, with increased expression 
only in response to conditioned media from MΦ, suggesting that MΦ secretes 
molecules that selectively induce ICAM-1 expression. Vinculin, a molecule involved 
in endothelial focal adhesions, interaction with extracellular matrix and cytoskeletal 
stability (James et al., 2024), exhibited relatively stable expression, suggesting 
that TNF-α does not dramatically affect the structure and organization of endothelial 
focal adhesion points. In the case of integrin αVβ5, we observed increased 
relative expression compared to the control and MΦ, with the conditioned 
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media from macrophage – neutrophil dialogue inducing a smaller increase 
compared to TNF-α alone. Integrins are transmembrane receptors that facilitate 
cell-extracellular matrix adhesion, as well as cell-cell interactions (Banerjee et al., 
2022). However, low vinculin and ICAM-1 levels may also indicate an experimental 
design limitation, as decreasing expression could be artificial due to endothelial cell 
apoptosis induced by high concentrations of pro-inflammatory molecules and 
serum starvation. Recent studies also show that conventional 2D plastic culture 
systems are typically hypoxic, meaning that hypoxia, along with other factors, 
inevitably leads to cell death (Tan et al., 2024).  

All these findings demonstrate that macrophage – neutrophil dialogue 
can lead to endothelial cell activation, while this cross-talk in the presence of 
TNF-α inevitably results in the upregulation of cell adhesion molecules. After data 
analysis and microscopic observations showing an accumulation of spherical, 
apoptotic cells, we decided to evaluate caspase-3 expression, a well-known 
apoptosis-related caspase. Our results indicate that caspase-3 is expressed in a 
TNF-α dose-dependent manner and that macrophage – neutrophil dialogue can 
induce apoptosis. 

Conclusions 

In this study, we aimed to mimic vascular inflammation conditions in 
vitro to investigate the cross-talk between macrophages and neutrophils. The 
secretome resulting from the interaction between these two immune cell types 
had significant effects on endothelial cells. Following cellular cross-talk and 
exposure to pro-inflammatory molecules, macrophages become activated through 
signaling pathways that lead to the phosphorylation of NF-κB, activation of 
SAPK/JNK, and ERK pathways and also differentiated into a pro-inflammatory 
phenotype characterized by increased expression and production of iNOS, TNF-α, 
and IL-1β. In the presence of TNF-α, VCAM-1 and integrin αvβ5 adhesion molecules 
were upregulated, while ICAM-1 and vinculin did not show significant changes. In 
addition to the increased expression of specific adhesion molecules, endothelial cells 
underwent apoptosis due to the cytotoxic effects of high TNF-α concentrations. 
This was confirmed both by microscopic examination and electrophoretic 
analysis of endothelial monolayers. Our study provides clear evidence that the 
cross-talk between the two immune cell types can lead to endothelial cell 
activation and even death. The outcomes of the study highlight the importance 
of the interaction and of the signaling molecule TNF-α as potential targets for 
the development of novel molecular therapies aimed at reducing arterial wall 
inflammation in various pathologies such as atherosclerosis. 
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Abstract. Gold nanoparticles (AuNPs) obtained by green synthesis using 
plant extracts from the genus Allium have attracted significant scientific 
interest due to their potential applications as antimicrobial agents in the 
biomedical field. This study investigates the antimicrobial potential of 
AuNPs obtained by green synthesis using extracts of Allium sativum and 
Allium ursinum. These plant extracts are rich in sulfur compounds (allicin), 
flavonoids and polyphenols, which not only facilitate the formation of 
nanoparticles, but also confer them increased antimicrobial properties. 
The nanoparticles thus obtained were characterized by spectroscopic 
methods (UV-Vis) and were tested for antimicrobial activity. Microbiological 
tests performed in vitro demonstrated an antimicrobial activity of the 
nanoparticles against Gram-positive (Staphylococcus aureus) and Gram-
negative (Escherichia coli) bacteria but also against Candida albicans and 
Candida parapsilosis. The results support the idea that gold nanoparticles 
functionalized with Allium extracts may constitute a promising alternative in 
the development of natural antimicrobial compounds with applications 
in medicine, the food industry and the pharmaceutical field. 
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Introduction 

The synthesis of metal nanoparticles (NPs) often requires the use of toxic 
materials and high costs, limiting their clinical use. Nanoparticles of various 
multifunctional metals and metal oxides have been produced, such as gold, 
silver, platinum, zinc oxide, nickel oxide, iron oxide, cesium oxide, magnesium, 
and several others (Ezhuthupurakkal et al., 2017; Cui et al., 2021; Uddin et al., 
2021; Chowdhury et al., 2025). Recently, green synthesis methods have helped 
to overcome these problems. Extracts from plants, algae, yeast, actinomycetes, 
fungi and even bacteria are used in green synthesis methods (Abdelsattar et al., 
2024; El-Gebalya et al., 2024; Bogale et al., 2025). The use of metal oxide 
nanoparticle materials that possess antimicrobial characteristics presents a 
significant benefit: a better equilibrium between therapeutic benefits and adverse 
effects when compared to traditional antibiotics (Ma et al., 2024). Plants contain a 
variety of therapeutically beneficial bioactive compounds or phytochemicals, 
such as alkaloids, flavonoids, terpenoids, saponins, amino acids, tannins, steroids, 
glycosides and polyphenols, vitamins, and minerals providing routes for the 
synthesis of easier and non-toxic nanoparticles (Tan et al., 2023; Chowdhury et al., 
2025). Nanoparticles derived from noble metals like gold, silver, and platinum 
have been widely applied in various fields, including medicine, cosmetics, 
biological sensors, and catalysis (Yulizar et al., 2017). Currently, nanoparticles 
of gold, iron, zinc, cobalt, and silver are widely utilized in the early diagnosis 
and treatment of various diseases caused by pathogens, viruses, and parasites. 
They also show significant potential in addressing refractory conditions such as 
cancer (Rabiee et al., 2020; Baran et al., 2023). 

In plant-based synthesis methods, phytochemicals extracted from different 
plant parts—such as fruits, leaves, flowers, or roots—using either hot or cold 
extraction serve as reducing agents for metal ions while also stabilizing the 
metallic core. The synthesis process can be controlled by adjusting the ratio of 
reducing/stabilizing agents to metal salts, as well as modifying ambient conditions 
like temperature and pH. This allows the precise control of nanoparticle size and 
shape (Tan et al., 2023). 

Garlic (Allium sativum) has been valued since ancient times for its culinary, 
seasoning, medicinal, nutraceutical, and insecticidal properties. Traditional 
remedies utilizing garlic for various health conditions are well-documented 
across different cultures and historical texts. The health advantages of garlic 
arise from the combined effects of its complex chemical components. It is a rich 
source of essential minerals, including potassium, phosphorus, sulfur, zinc, 
selenium, and germanium, along with major amino acids and moderate amounts 
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of vitamins A and C (Suleria et al., 2015, Subbanna et al., 2020). Garlic is a rich 
source of bioactive compounds, particularly organosulfur compounds and thiols, 
which constitute up to 2.3% of its total nutritional composition. Allicin (allyl  
2-propenethiosulfinate, diallyl thiosulfinate, or S-allyl cysteine sulfoxide) is the 
most abundant thiosulfinate in fresh garlic, making up approximately 70% (w/w). 
It is an unstable, volatile molecule formed through an enzymatic reaction catalyzed 
by alliinase, which converts its precursor amino acid into allicin (Suleria et al., 
2015).  

Garlic extract and its isolated bioactive compounds serve as excellent 
reducing and capping agents in the synthesis of various metal and metal oxide-
based nanoparticles. This effectiveness stems from garlic's rich composition of 
phytochemicals, particularly organosulfur compounds, which offer superior 
chemical interactions with metal and metal oxide components compared to 
other plant-based bioactives. A key advantage of nano-based formulations is 
their ability to release active ingredients gradually and in a controlled manner 
at the targeted site. The antimicrobial properties of garlic extract are primarily 
attributed to allicin, a highly abundant dithiosulfinate. Allicin modifies sulfhydryl 
groups, inhibiting essential sulfhydryl-containing enzymes in bacterial cells, 
ultimately leading to cell death (Subbanna et al., 2020). 

In addition to A. sativum extract, A. ursinum is also noteworthy. The allicin 
component of A. ursinum extract is comparable to that of garlic extract, giving it 
antimicrobial properties (Barbu et al., 2023). Due to the proven antimicrobial 
properties of these extracts, but also to the numerous existing studies in which 
gold nanoparticles were synthesized using A. sativum extracts, this study aims 
the synthesis and testing gold nanoparticles using both extracts. To our 
knowledge, gold nanoparticles using hydroalcoholic extract of A. ursinum have 
not been tested before. 

Materials and methods  

Extracts preparation 

Bulbs of Allium sativum were collected from a private garden, while 
leaves of Allium ursinum were gathered from the “Alexandru Borza” Botanical 
Garden in Cluj-Napoca. In both cases, samples were obtained from mature 
plants cultivated under natural conditions without any special treatment. The 
preparation of the extracts followed protocols previously described in the 
literature (Barbu et al., 2023). 
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Au-Nanoparticles biosynthesis and characterization 

For the gold nanoparticles synthesis, a protocol by Coman et al. (2013) 
was followed. 25 ml of a 0.2 mM HAuCl4x4H2O solution was brought to a boil 
and 50 µl of A. sativum extract were added to the boiling solution under vigorous 
stirring. A rapid colour change could be observed in about 30s. The mixture was 
left to boil for another 5 minutes. In the case of A. ursinum, because of the 
difference in extract concentrations, 120 µl were added to the tetrachloroaurate 
solution and the mixture was left to boil for 15 minutes. The amounts were 
chosen based on author recommendations as well as several incremental tries 
starting at 30 µl for A. sativum and at 60 µl for A. ursinum, all these solutions 
having a blue colour and being deemed unstable (Coman et al., 2013).  

The Allium AuNPs were characterised through UV-Vis spectroscopy. The 
UV-Vis absoption spectra were recorded on a Jasco V-630 spectrophotometer. 
The measurements were performed in the 400-1000 nm wavelength range, 
with a spectral resolution of 1 nm, using quartz cuvettes with 1 cm optical path.  

Antimicrobial activity 

The antimicrobial activity of the nanoparticles was evaluated by disk-
diffusion method against Escherichia coli ATCC 25922, Staphylococcus aureus 
ATCC 25923, and two Candida species: Candida albicans ATCC 10231 and 
Candida parapsilosis ATCC 22019 on Mueller–Hinton agar (MH) in which 5 mm 
wells were made using a sterile cut pipette tip. A 0.5 McFarland standard 
suspension of each pure microbial culture was evenly inoculated onto the agar 
surface using a sterile swab. Sterile cotton discs, 5 mm in diameter, were placed 
in the wells, and 150 µL of each AuNP suspension, along with 150 µL of 30% 
alcohol as a control, was pipetted onto the discs. Sulfamethoxazole, cefuroxime 
and voriconazole were used as controls. The plates were incubated at 37 °C for 
24 hours, after which the zones of inhibition were measured. All tests were 
conducted in triplicate, and results are reported as the mean ± standard error 
(Barbu et al., 2023). 

Results  

Characterization of AuNPs by UV-Vis spectrometry  

The A. sativum AuNPs have a maximum peak at 539 nm, while the  
A. ursinum have the plasmonic band at 571 nm as shown in Figure 1. Both peaks 
are in accordance with the ones indicated in literature for gold nanoparticles, 
the red-shift indicating larger nanoparticles were formed with A. ursinum 
extract (Huang and El-Sayed, 2010). The A. sativum nanoparticles have a much 
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sharper peak, indicating less polydispersity than the A. ursinum ones, which have a 
broader band. The A. ursinum ones display a double colour in solution, indicating 
the possibility of existence of at least two different shapes that interact differently 
with light.  

 

 
Figure 1. UV-Vis spectra of AuNPs biosynthesized using a bulb extract of  

A. sativum and leaves extract of A. ursinum 
 
Stability of nanoparticles in time was assessed by comparing the UV-Vis 

spectra at day 0 and day 20. The broadening of the bands indicate the 
aggregation of the nanoparticles, and thus a lack of stability in time. The AuNPs 
from Allium sativum perform more effectively than those from Allium ursinum, 
which have almost completely dissolved within 20 days. 

 

 
Figure 2. A. UV-Vis spectra of A. sativum AuNPs on day 0 and day 20; B. UV-Vis 

spectra of A. ursinum on day 0 and day 20. 
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Antimicrobial activity 

Gold nanoparticles showed better effects on the two tested bacterial 
species than on the Candida species, as illustrated in Figure 3. The nanoparticles 
synthesized using A. sativum extract had similar effects on both bacterial 
species, with inhibition zones of 14 mm for E. coli and 13 mm for S. aureus. The 
effects on E. coli are even comparable to those of cefuroxime, used as a control. 
Nanoparticles obtained using A. ursinum extract showed weaker effects on S. 
aureus compared to sulfamethoxazole, used as control, with inhibition zones of 
11 mm and 20 mm, respectively. For the two tested Candida species, the effects 
of the gold nanoparticles synthesized with both extracts were lower compared 
to voriconazole, used as control, showing inhibition zones of 7–8 mm versus 
25–35 mm. 

 
Figure 3. The antimicrobial effect of AuNPs obtained with Allium sativum and A. ursinum 

extracts on S. aureus (C1 – sulfamethoxazole), E. coli (C1 – cefuroxime), C. albicans and  
C. parapsilosis (C1 – voriconazole). The values represent the mean of three  

measurements ± standard deviation; ** p < 0.005, according to one-way ANOVA. 

Discussion 

Silver and gold nanoparticles, classified as noble metallic nanoparticles, 
have attracted significant attention due to their outstanding biological and 
physicochemical properties (Dauthal and Mukhopadhyay 2016; Saeed et al., 2023).  

In UV–Vis spectroscopy, the surface plasmon resonance (SPR) peak of gold 
nanoparticles typically lies between 510–580 nm, depending on size, shape, and 
surrounding medium (Huang and El-Sayed 2010). The red-shifted SPR band 
indicates larger or more irregularly shaped nanoparticles, consistent with findings 
from Sharma et al. (2009) and Jain et al. (2007) who showed that anisotropic 
AuNPs (e.g., rods, triangles) absorb light at higher wavelengths compared to 
spherical ones (Jain et al. 2007; Sharma, Yngard, and Lin 2009). 
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The A. sativum-AuNPs had a sharper and narrower peak, indicating a 
monodisperse or uniform size distribution. In contrast, the A. ursinum extract 
produced a broader, less defined peak, suggesting higher polydispersity. This 
finding aligns with previous results of Bastus et al. (2011), which demonstrated 
that monodisperse nanoparticles produce sharper SPR peaks, while heterogeneous 
mixtures result in broader bands. The phytochemical composition of A. sativum 
(especially the higher concentration of allicin and other sulfur-containing 
compounds) may have led to better capping and size control during nanoparticle 
formation (Bastús, Comenge, and Puntes 2011). 

The A. ursinum-AuNP solution showed a dual color, suggesting a mixture 
of particle shapes. In literature, this is often linked to the presence of anisotropic 
nanoparticles, which can display multiple SPR modes. For instance, gold nanorods 
or triangular prisms can show both transverse and longitudinal absorption peaks, 
leading to solution colors ranging from violet to blue-green (Link and El-Sayed 
2000). Mixed shapes can also arise when the reaction kinetics are slower or less 
controlled, possibly due to lower phytochemical concentrations or weaker 
reducing/stabilizing agents in A. ursinum (Huang & El-Sayed 2010). 

The UV–Vis spectral analysis supports that both Allium sativum and 
Allium ursinum can mediate the green synthesis of gold nanoparticles, but with 
notable differences in nanoparticle characteristics. A. sativum-derived AuNPs 
exhibit smaller size, lower polydispersity, and greater homogeneity, likely due 
to more efficient capping and reducing action of its bioactive sulfur compounds. 
In contrast, A. ursinum results in larger, more diverse nanoparticle populations, 
possibly due to variations in phytochemical content or weaker stabilization capacity. 
These differences may influence the physicochemical behavior nanoparticles and 
biological activity, reinforcing the importance of extract composition in green 
nanoparticle synthesis. 

The antimicrobial activity of gold nanoparticles (AuNPs) synthesized 
using Allium species extracts are similar to previous findings emphasizing 
previous studies emphasizing the broad-spectrum antibacterial potential of biogenic 
AuNPs, particularly against Gram-negative and Gram-positive bacteria. In this 
study, AuNPs showed greater efficacy against E. coli and S. aureus than against 
Candida species. Gabriel et al. (2022) tested different concentrations of nanoparticles 
with Allium, and their study showed that as the concentration increased, the 
inhibition zone also increased. At concentrations of 100 mg/mL, they obtained 
inhibition zones of 19 mm for E. coli and 17 mm for S. aureus. The results obtained 
in our study are comparable to those of Gabriel et al. (2022) at the concentration of 
40 mg/mL (S. aureus 15 mm, E. coli 14 mm, and S. aureus 13 mm, E. coli 13 mm, 
respectively). 
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Meanwhile, AuNPs synthesized with A. ursinum extract exhibited a weaker 
antibacterial effect on S. aureus (11 mm inhibition zone), lower than that of 
sulfamethoxazole (20 mm). The lower efficacy may be linked to differences in 
nanoparticle characteristics, such as larger particle size or greater polydispersity, as 
inferred from the broader UV-Vis absorbance band observed in A. ursinum-
derived AuNPs (Huang and El-Sayed 2010; Franci et al., 2015). Larger or more 
polydisperse nanoparticles often show reduced antimicrobial potency due to 
decreased surface area-to-volume ratios and less efficient cellular interactions 
(Sondi and Salopek-Sondi 2004). 

In contrast, both nanoparticle formulations demonstrated poor antifungal 
activity, with inhibition zones between 7–8 mm against Candida species, much 
lower than those observed with voriconazole (25–35 mm). 

Conclusions 

Our study confirms that biologically synthesized gold nanoparticles, especially 
those obtained with A. sativum extract, are promising antibacterial agents, but 
further optimization (e.g., size control, functionalization) may be necessary to 
enhance their antifungal and antibacterial effectiveness. 
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