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ABSTRACT
The tanning industry is known for its severe impacts on the environment. Tanning effluents
usually have high levels of hexavalent chromium, high chemical oxygen demand, and high
levels of chlorides, among others. Here we explored two different methods of remediation for
tanning effluents: traditional Fenton oxidation using ferrous sulfate as source of iron and the
use of nanoscale zero-valent iron nanoparticles (nZVI) in a Fenton-like process. Results
show significant effects in the microbial community structure along the remediation process.
We found Fenton to be very effective at decreasing the chemical demand of oxygen (COD)
affecting the relative abundance of several taxa. We also found differences in the effect of
traditional Fenton vs Fenton-like processes. These findings are discussed in light of the
biological and biochemical properties of the affected taxa.

INTRODUCTION
The tanning industry is known as an industry characterized by significant discharges of
wastewater with a complex matrix, owing to its high composition of organic contaminants
such as tannins, fats, and organic solvents, along with heavy metals such as chromium and
other hazardous substances derived from the entire leather tanning process (Mannacharaju
et al., 2020; Zhao & Chen, 2019). The discharge of these untreated effluents or those
treated inadequately pose environmental risks to bodies of water, soil, and air, as well as
public health issues (Nigam et al., 2023).

The microbial community inhabiting wastewater constitutes a dynamic and diverse
ecosystem derived from environmental microorganisms, raw materials, and those introduced
at each stage of tanning process, proliferating in response to available substrates
(Fernandez et al., 2019; C. Li et al., 2021). This community exhibits various metabolic
capacities involved in complex interactions, encompassing microorganisms capable of
bioremediation and detoxification of actual contaminants, but also pathogens of significance
to human health (Abate et al., 2021). Wastewater treatment aims to mitigate the
environmental impact of contaminants generated during leather production. As the effluent
undergoes treatment, physicochemical variables, nutrient availability, and contaminant
concentrations experiment changes that influence the structure and composition of the
microbial communities inhabiting this matrix (Fernandez et al., 2019; Sharma et al., 2021).

Advanced oxidation processes (AOPs) are technologies aimed at the degradation of
persistent pollutants found in tannery wastewater, offering efficient and sustainable solutions
for their remediation (Korpe et al., 2019; Korpe & Rao, 2021; Nigam et al., 2023). The
Fenton reaction involves the generation of highly reactive hydroxyl radicals (•OH) by the
reaction of iron (Fe2+) with hydrogen peroxide (H2O2) under low pH conditions, leading to
the oxidative degradation of organic pollutants and thus reducing the chemical oxygen
demand (COD) of the treated waters (Zhang et al., 2019). Conventional Fenton reaction

https://www.zotero.org/google-docs/?MOsYNQ
https://www.zotero.org/google-docs/?MOsYNQ
https://www.zotero.org/google-docs/?prh05o
https://www.zotero.org/google-docs/?VMUPOD
https://www.zotero.org/google-docs/?Q9Ikcn
https://www.zotero.org/google-docs/?D0tFef
https://www.zotero.org/google-docs/?6ToO6d
https://www.zotero.org/google-docs/?pGk0XI


uses salts like FeSO4 to provide iron to the reaction; however, in recent years, there has
been interest in improving the performance of the Fenton reaction by using iron
nanoparticles as catalysts instead of iron salts due to their unique properties, including high
contact surface area, high reactivity, and catalytic efficiency, promoting better degradation of
contaminants (Gil-Díaz et al., 2021; Xu et al., 2022).

Fenton bioremediation technologies have an impact in the bodies of water where it is
utilized, affecting the microbial communities inhabiting these environments; Drastic changes
in physicochemical conditions, exposure to oxidative stress, and the introduction of chemical
agents can exert selective pressure on microbial populations, leading to changes in
community composition, diversity, and functionality (Medina et al., 2018). The aim of this
study is to elucidate the effects of conventional fenton (fenton-sulfate) and iron nanoparticle
fenton (fenton-nano) on microbial communities in terms of their taxonomy, relative
abundances, biological properties, as well as their relationship with physicochemical
variables that may affect microbial composition.

MATERIALS AND METHODS
Sample Collection:
Samples were collected in the district of Villapinzón, a municipality in the north of
Cundinamarca (5º11’46.86” N, 73º36’26.824” W; Colombia) at 2738 m.a.s.l, where most of
the tanneries in this part of Colombia are located.
Water samples were collected before entering the tanning process (tap water) from the river
that crosses the municipality (Bogotá river); 1,5 Liters of tap water were vacuum filtered
using 0,025µm filter and were preserved in absolute ethanol until its processing. Wastewater
was collected using a mix of beamhouse and tanning effluent in 20:1 proportion, respectively
(tannery wastewater). Before tannery wastewater was collected, it was filtered using a
common cotton filter to eliminate large solid particles. Tannery wastewater was used to
evaluate the effect of the traditional Fenton process using ferrous sulfate as source of iron
(fenton-sulfate), and the use of zero-valent iron nanoparticles (nZVI) in a Fenton-like process
named (fenton-nano); At the end of each fenton treatment, 24 hours were allowed to pass
before sample collection, waiting for the reduction of the foam generated during fenton
process and pH neutralization. Replicates were taken from all these treatments at least 3 or
4 times each. Samples were taken to the lab and kept frozen in glycerol 20% (except tap
water that was conserved in ethanol) until all of them were ready for DNA extraction and
sequencing of the bacterial 16S gene.

Characteristics of sampled water
Physicochemical factors such as chemical demand of oxygen (COD), pH, oxidation -
reduction potential (ORP), sulfates, chlorides, dissolved oxygen (DO) and conductivity were
measured for all the treatments. To carry out these measurements a portable
multi-parameter probe (HI 9828, Hanna Instruments, Woonsocket, RI) was used to test the
pH, dissolved oxygen (DO), and oxidation reduction potential (ORP) for water samples in
real-time. Using the closed reflux colorimetric method 5220, the chemical oxygen demand
(COD) was determined (Water Environment Federation, 2012). Chlorides (Cl) were
measured using Method 9253 (Water Environment Federation, 2012) and titrimetric silver
nitrate. Lastly, Sulfate values were estimated using UV-VIS spectrophotometry according to
the modified approach by (Viggi et al., 2010).
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DNA extraction, library preparation and sequencing:
Samples were centrifuged at 4000 g for 15 minutes, the supernatant was discarded and the
pellet was resuspended in 10 mL of NAP buffer and kept in agitation (120 rpm) overnight in
order to release aggregated microorganisms. After that, samples were centrifuged at 4000 g
for 15 minutes, the supernatant (buffer NAP) was discarded and the pellet was washed with
TE buffer. Finally, the pellet was resuspended in 200uL of salt solution (0.89%). DNA
extraction was performed with NucleoSpin® Soil Kit (Macherey Nagel, REF 740780),
according to the manufacturer’s protocol.

PCR amplicons were generated using the primers recommended by (Kozich et al., 2013) for
the 16s rRNA gene V3V4 hypervariable region. The 3’ ends of these primers were modified
to accommodate the Illumina adapters. All PCR reactions were carried out in a 25uL final
volume. PCR products were purified with magnetic beads. Illumina indexes (Nextera XT V2)
were added in a second PCR reaction. PCR products were visualized by agarose
electrophoresis in order to verify the expected amplicon size. Library was prepared by mixing
PCR amplicons into a pool and quantified by fluorescence using Qubit 2.0 (Invitrogen).
Library was normalized to 13ng/uL.
Illumina Miseq PE250 platform was used for sequencing. The library was diluted to 10 pM
and mixed with 20% PhiX in order to increase sequence diversity.

Bioinformatics:
Sequencing files in FASTQ format were evaluated with FastQC (Andrews, 2010) and
MultiQC (Ewels et al., 2016). Trimming was performed with Trimmomatic (Bolger et al.,
2014), with the following parameters: SLIDINGWINDOW: 4:20 and a minimal length of
130nt. Trimmed sequences were imported into QIIME2 (Bolyen et al., 2019). Sequence
denoising was performed with DADA2 as implemented in QIIME2. Sequences were
deduplicated and ASVs were generated using QIIME’s standard protocol.
Samples were rarified to 32000 sequences since sequence saturation was reached way
below that point for all the samples. Samples were evaluated in terms of alpha and beta
diversity. ASVs were classified using the classify-sklearn plugin, using the SILVA 138
database as source of 16S data (Quast et al., 2012)

Statistical Analyses:
Alpha diversity metrics, including Shannon index, Simpson diversity index and Chao1, were
calculated as implemented in QIIME2.

Differences in treatments: tap water, tannery wastewater, fenton-nano and fenton-sulfate
were subjected to statistical analysis such as Kruskal Wallis (differences among all samples)
and Dunn’s Test (paired samples). Mantel tests, Pearson correlation and canonical
correspondence analysis were performed to explore the relationship between bacterial
community structure and physicochemical variables. Variables associated with
physicochemical properties and bacterial taxa were ranked using the randomForest package
in R.

Relative bacterial abundance was determined and community structures were visualized
using principal coordinate analysis (PCoA). Linear discriminant analysis and effect size
(LEfSe) analysis were performed at phylum and genus level (Segata et al., 2011).
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For all statistical analyses the chosen statistical significance was P < 0.05. All statistical
analyses were performed using R 4.3.2 (R Core Team 2023).

Graphics were generated using a mixture of QIIME’s python scripts, R packages: vegan
(Dixon, 2003), phyloseq (McMurdie & Holmes, 2013), ggplot2, and in-house scripts.

RESULTS AND DISCUSSION
Alpha and Beta diversity Analysis of microbial communities
The 𝛼-diversity results indicate microbial diversity is high for all treatments (Fig 1). Shannon
diversity index was higher for fenton-nano in comparison with tannery wastewater (P<0.05),
however, no significant difference was found between fenton-sulfate and tannery
wastewater, despite the number of ASVs being higher for the former than for the latter (1271
vs 826 ASVs, respectively). This apparent increase in bacterial diversity after Fenton
treatment might be attributed to chemical oxidation, given the fact that oxidation can produce
less complex and more biodegradable molecules, which increases the productivity of certain
taxa (Liao et al., 2019; Medina et al., 2018; Shi et al., 2024). Another explanation may be
related to the inability of certain microorganisms to grow in the highly polluted environments
existing before the Fenton treatment (Gou et al., 2019; W. Li et al., 2023).

Figure 1. Boxplot showing Alpha diversity in Shannon entropy index for all treatments.
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Figure 2. Boxplot showing Alpha diversity in Faith index for all treatments.

Furthermore, the statistically significant difference observed for fenton-nano treatment, but
not for fenton-sulfate, may be attributed to a better oxidation rate of contaminants in the
fenton-nano process. This is related to a higher reactivity of zerovalent iron compared to iron
salts used in the conventional Fenton treatment. These properties allow more active sites
where the Fenton reaction can occur, leading to a more efficient generation of hydroxyl
radicals. Additionally, zerovalent iron can release Fe(II) ions that can further catalyze the
fenton reaction, thereby increasing the oxidation of contaminants (Cuervo Lumbaque et al.,
2019). Recently (W. Li et al., 2023) observed that the microbial community reveals more
significant changes in soils contaminated with hydrocarbons when treated using Fenton
reaction compared to only H2O2. This is because iron accelerates the production of free
radicals, which intensifies the oxidation of contaminants. The application of fenton-nano
treatment has demonstrated greater effectiveness in the oxidation of contaminants by
significantly reducing the Chemical Oxygen Demand (COD) compared to conventional
fenton, which have been reported before by (Vilardi et al., 2018). This could stimulate the
growth of low abundance microorganisms and, consequently, significantly increase microbial
diversity.

Phylogenetic diversity, as measured by the Faith index (Fig. 2), shows statistically significant
differences between tap water and tannery wastewater (P<0.05), being tap water the more
diverse of the two, implying more divergence at the genus level that in tannery wastewater,
perhaps because tap water originates from a metabolically more diverse environment: soil,
surface water, and groundwater, contributing to the high phylogenetic diversity (K. Li et al.,
2021). In contrast, tannery wastewater has more controlled microbiota primarily derived from
animal skins processed during leather production (Abate et al., 2021). Moreover, the
chemical treatments employed in the tannery process create selective pressures that limit
the survival and growth of some microbial species (Lu & Lu, 2014), resulting in reduced
microbial diversity compared to tap water.
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For 𝛽-diversity Bray Curtis and Unweighted index analysis show a data grouping consistent
for each treatment (Fig. 3), however, in PERMANOVA analysis, only fenton-nano treatment
presented statistically significant differences (p-value < 0.05) against tap water and tannery
wastewater (Table 1). This may be related with the previously discussed nutrient availability,
which enriches some taxa on the community and could slightly change microbial
composition. Moreover, it was observed that fenton-nano treatment has a minor effect, but
not significant in the impact of gram negative bacteria compared to fenton-sulfato, which will
be discussed later. This bias could influence the microbial divergence of this treatment.

A

B

Figure 3. Beta Diversity. A) Bray Curtis Dissimilarity B) Unweighted index.

Bray-Curtis
Index

Group 1 Group 2 Sample size pseudo-F p-value q-value

fenton_nano
fenton_sulfate 7 1,08047832 0,196 0,196
tannery_waste_water 7 1,91403551 0,025 0,117
tap_water 7 2,70739373 0,039 0,117

fenton_sulfate tannery_waste_water 6 1,65570236 0,096 0,1296
tap_water 6 2,38682862 0,108 0,1296

tannery_waste_water tap_water 6 2,06915806 0,104 0,1296



Unweighted
Index

fenton_nano
fenton_sulfate 7 0,99356351 0,515 0,515
tannery_waste_water 7 1,53649045 0,037 0,111
tap_water 7 3,50244961 0,032 0,111

fenton_sulfate tannery_waste_water 6 1,32003581 0,096 0,1272
tap_water 6 3,1006387 0,106 0,1272

tannery_waste_water tap_water 6 2,48075366 0,094 0,1272
Table 1. PERMANOVA analysis of Beta-diversity for all treatments

Characteristics of microbial communities
The total microbial communities among all the samples consisted of 49 phyla, 125 classes,
and 773 genera. The 5 most abundant phyla across all the samples were Proteobacteria
(48.5% ± 21), Firmicutes (20.8% ± 18), Bacteroidota (12.2% ± 9.5), Actinobacteriota (6% ±
6) and Verrucomicrobiota (1.6% ± 2.7).

For tap water samples, the most abundant phyla were Proteobacteria (68% ± 19),
Bacteroidota (20% ± 15), Verrucomicrobiota (5.1% ± 4), Actinobacteriota (1.8% ± 1), and
Bdellovibrionota (1.2% ± 0.9), whereas for tannery wastewater the most abundant phyla
were Proteobacteria (57% ± 23), Firmicutes (29.5% ± 29), Bacteroidota (4.4% ± 4),
Actinobacteriota (2.1 ± 1.8), and Campilobacteriota (0.9% ± 1.4). Most of the bacteria found
in tap water correspond to gram negative environmental species, Proteobacteria in
particular, which has been reported as being one of most prevalent phyla in freshwater and
soils (de Oliveira et al., 2015; Zhang et al., 2021). These environmental bacteria are
significantly reduced once this water is utilized in the tanning process and mixed with cattle
hide residues, producing water that is rich in gram positive bacteria mostly related to cattle
microbiota, with species related to reservoirs such as skin and intestines. Several of the
Proteobacteria found in tannery wastewater have been shown as useful in remediation of
contaminated matrices with high concentrations of chromium (Zhu et al., 2008; Thesai et al.,
2020; Abate et al., 2021; Maurya et al., 2022).

The most abundant phyla for fenton-nano treatment were Proteobacteria (27.4% ± 8),
Firmicutes (27.2% ± 11.7), Actinobacteriota (12.7% ± 6.6), Bacteriodota (12.3% ± 7), and
Chrloroflexi (3% ± 2.8). The most abundant taxa for fenton-sulfate treatment were
Proteobacteria (48.3% ± 10), Firmicutes (24.3% ± 8.7), Bacteroidota (12.3% ± 6.1),
Actinobacteriota (5.2% ± 1.8), and Desulfobacteriota (2% ± 1.4). It is important to note that
Firmicutes appears markedly after Tannery wastewater and remains at high abundance in
both fenton treatments. Firmicutes has been widely reported in tannery sludge and
wastewater (Abate et al., 2021; Araujo et al., 2021; Liang et al., 2016; Verma & Sharma,
2020). The increase of Firmicutes in tannery wastewater may be related with the exposure
to fluids of ruminant animals in early stages of hide processing; Bovine rumen is
characterized by a high presence of Firmicutes (Pinnell et al., 2022; Weimer, 2015).
Furthermore, several members of this group are biofilm formers (Abate et al., 2021; Peng et
al., 2018) which could enable them to withstand chemical treatments, potentially explaining
the prevalence of this phylum after both Fenton treatments.

Dominant genera for all the samples differed significantly. For tap water the most abundant
genera were Rhodoferax (found in stagnant waters), Limnohabitans (usually found in
freshwater reservoirs), Pseudarcicella (freshwater species very susceptible to environmental
changes (B. Wang et al., 2020), Polaromonas (a psychrophile), and Sediminibacterium,
whereas for tannery wastewater the most abundant genera were: Enterococcus,
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Pseudomonas, Stenotrophomonas, Vibrio and Brevundimonas, genera with at least some
pathogenic or opportunistic species. This result shows that the environmental microbiota
was completely replaced by the tanning process microbiota.

Effect of Fenton treatments on the microbial community of tannery wastewater
In relation to tannery wastewater, both Fenton processes had a significant effect on relative
abundances of bacterial taxa (Fig. 4). We found a weak, but still significant bias of both
Fenton processes towards the reduction of gram-negative bacterial populations
(Kruskal-Wallis, P= 0.004, Dunn test, P=0.07). This may be related to the fact that the
peptidoglycan layer of gram-positive bacteria is thicker than for gram-negative bacteria,
making it more difficult for iron ions to attack the cell, resulting in gram positives more
resistant to the Fenton treatment. Our results show the abundance of the following taxa
being reduced to minimum levels after both Fenton treatments: Enterococcus,
Acetoanaerobium, Shewanella, Achromobacter, Pedobacter, Variovorax, Aeromonas,
Hydrogenophaga, Vagococcus, Tissierella and a taxon belonging to the family
Alcaligenaceae. The great majority of the aforementioned taxa are gram negatives. This bias
may be related to the findings of (Huang et al., 2012), where they found gram-negative
bacteria more susceptible to HO radicals than gram-positive bacteria. HO radicals are
produced in traditional Fenton reactions and Fenton-like reactions like the one studied here,
and could explain the bias in the abundances of gram positives and gram negatives. This
bias appears to be slightly stronger for fenton-sulfate than for fenton-nano, although the
difference is not statistically significant. This shows that fenton-nano is as effective in
reducing bacterial populations as fenton-sulfate. Previous reports have shown a similar
effect in bacterial populations (Manzoor et al., 2021).

The genus Pseudomonas is still abundant after both Fenton treatments. Other two genera
that are present after both Fenton treatments are Stenotrophomonas and Brevundimonas,
although their abundances are lower than in tannery wastewater. Pseudomonas lacks the
OmpF and OmpC general trimeric porins that are usually present in other gram-negative
bacteria like Escherichia coli, lowering Pseudomonas membrane permeability to only 1-8%
of the permeability found for E. coli (Zgurskaya et al., 2015). Moreover, Pseudomonas is
well-known as highly resistant to antibiotics, a phenomenon that is related to membrane
permeability, but also to its ability to form biofilms which can restrict the diffusion of
antibiotics (Pang et al., 2019). Likewise, Stenotrophomonas and Brevundimonas are
considered as opportunistic pathogens with similar antibiotic resistance mechanisms in
terms of membrane permeability and biofilm formation (Gil-Gil et al., 2020; Lepe &
Martínez-Martínez, 2022; Soares et al., 2023). The presence of biofilm may restrict the
contact of OH radicals with the cell membrane and the low membrane permeability confers
some resistance for these microorganisms to the Fenton process, compared to other
gram-negative bacteria.
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Figure 4. Relative abundances of gram-positive vs gram-negative bacteria among
treatments.

In general the Fenton treatment, either fenton-nano or fenton-sulfate, seems to favor the
abundances of some genera compared to their abundances in tannery wastewater. The
genus Acinetobacter is the best representative of this observation, going from an abundance
of 0.57% +/- 0.66 in tannery wastewater to abundances of 9.29% +/-2.77 after fenton-nano
treatment and 17.51% +/- 19.56 after fenton-sulfate treatment. Interestingly, there are other
taxa whose relative abundances also increased with both treatments, and that taxa have
new nomenclature, such as: Christensenellaceae R-7 group, Rikenellaceae RC9 gut group,
NK4A214 group and UCG_005 group from the Oscillospiraceae family. As described above,
the increase of relative abundances of certain taxa might be due to the availability of less
complex molecules after fenton treatment, which allows the growth of low abundant taxa.

DIFFERENCES BETWEEN TREATMENTS
In order to identify differential taxa across treatments, we conducted a LefSe analysis which
displays significant differences in abundances. The phylum Proteobacteria was significantly
enriched in tap water, a result that is consistent with most of its taxa corresponding to gram
negative environmental bacteria. Fibrobacterota and Actinobacterota were enriched for
fenton-nano; the first is abundant in cattle microbiota as most of its members are able to
degrade cellulose (Gharechahi et al., 2022). The role of Actinobacerota is still unknown as it
only represents about 3% of the rumen microbiota (Suľák et al., 2012). No other phyla was
found as significantly enriched for the other treatments. At the genus level 15 taxa were
enriched for fenton-nano, five of them environmental species such as Shingobium,
Aminicentales, Arthrobacter, Porticiccus, and Pseudoarthobacter. Two of these (Arthrobacter
and Pseudoarthobacter) have been associated with bioreactor and bioremediation
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processes in the past (Guo et al., 2019; Naeimi et al., 2021). The remaining taxa has been
associated with mammalian gut microbiota, some of them include taxa such as Fibrobacter,
Bacteroidales F082, Colidextribacter, and bacteria of the group Ruminococcaceae. Several
of these taxa organize themselves in biofilms in the rumen, the genus Fibrobacter and the
family Ruminococcaceae among the best described (De Mulder et al., 2016; Huws et al.,
2018). Biofilms and the exopolysaccharides (EPSs) associated with them may act as a
protective barrier against oxidation processes such as Fenton. The protective properties of
biofilms against oxidation have been reported in soils (W. Li et al., 2023).

For fenton-sulfate, 8 taxa were enriched at the genus level, two of them mostly
environmental (Pantotea and Delftia) and 6 of them associated with mammalian microbiota
(Bacteroidales p251 o5, Prevotellaceae UCG 003, Acetitomaculum, Ruminococcus,
Comamonas, and Acinetobacter). The fact that more environmental taxa (gram negatives)
appeared as significantly enriched for fenton-nano than for fenton-sulfate suggests
fenton-nano is less aggressive with environmental gram-negative bacteria than
fenton-sulfate.

ASSOCIATION OF BACTERIAL TAXA WITH PHYSICOCHEMICAL VARIABLES
Physicochemical variables, as well as the relative abundance of taxa between treatments
were used to identify the variables that seem to affect the microbial composition the most.

It appears to be a strong correlation between the evaluated physicochemical variables. The
most correlated variables were oxidation-reduction potential (ORP) and dissolved oxygen
(DO) (Pearson correlation > 0.9), followed by pH, chlorides, chemical oxygen demand (COD)
and conductivity (Pearson correlation > 0.7). Sulfate, on the other hand, doesn’t appear
highly correlated with any of the other physicochemical variables (Fig. 5). The high
correlation existing between physicochemical variables implies that any association of
bacterial abundance with physicochemical variables will also show association with other
highly correlated variables.
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Figure 5. Heatmap showing Pearson correlation between physicochemical variables.

Physicochemica
l/ Treatment

Tap water Tannery
wastewater

Fenton sulfate Fenton nZVI

COD (mg/L) 128 +/- 10 16050 +/- 3281 4016 +/- 28 3271 +/- 118

pH 8.51 +/- 0.08 12.96 +/- 0.68 8.49 +/- 0.046 8.65 +/- 0.1

Chlorides
(mg/L)

2307 +/- 18 26410 4176 +/- 227 2289 +/- 42

DO (mg/L) 3.1 +/- 0.61 0.08 +/- 0.017 3.5 +/- 0.36 3.4 +/- 0.23

Conductivity
(mS/cm)

13.8 +/- 0.84 18.1 +/- 0.48 12.8 +/- 2.31 13.2 +/- 0.97

ORP (mV) 306 +/- 5.1 -518 +/- 11 310 +/- 0.17 298 +/- 1.96

Sulfate (mg/L) 59 +/- 1.2 667 +/- 24 1525 +/- 114 479 +/- 29

Table 2. Values of evaluated physicochemical variables. COD: chemical oxygen demand,
ORP: oxidation-reduction potential, DO: dissolved oxygen



Water quality parameters showed significant variation. For tap water COD mean was 128
mg/L, whereas for tannery wastewater this value increased to a mean of 16050 mg/L,
indicative of a high concentration of organic matter. However, after Fenton treatment, COD
levels were reduced in at least 12000 units, with a COD removal of 74.9% for fenton-sulfate
and 79.61% for fenton-nano, demonstrating the effectiveness of both Fenton processes.
Interestingly, fenton-nano resulted in an overall better process, being almost 5% more
efficient than fenton-sulfate at COD removal.

Sulfate concentrations showed a substantial increase in tannery wastewater (667 mg/L), and
a further increase for fenton-sulfate (1525 mg/L). Since fenton-nano doesn’t use ferrous
sulfate to cause oxidation, sulfate levels remain similar to tannery wastewater.

phylum COD chlorides conductivity DO ORP pH sulfates
p__Campilobacterota 0,041 0,017
p__Deinococcota 0,066
p__Firmicutes 0,071 0,053 0,063 0,075 0,062
p__Fusobacteriota 0,084 0,076
p__Nitrospirota 0,095
P-value < 0.1
Table 3. P-values (P < 0.1) for Mantel test relating physicochemical variables and taxa at the
phylum level.

At phyla level Firmicutes show a significant correlation with chemical oxygen demand
(COD). This phylum was one of the most abundant for tannery wastewater as it originates
from bovine rumen (Pinnell et al., 2022). This, along Protebacteria and Bacteroidota are
three phyla that have been shown as being the most abundant in the anaerobic phase of
experiments related to municipal waste water decomposition (Yang & Song, 2019). In
general, Firmicutes are high in all treatments, except tap water, which given the fact that it is
a high oxygen level environment, doesn’t favor the appearance of Firmicutes. Values for
COD (16050 +/- 3281), and dissolved oxygen (OD) (0.08 +/- 0.01 ) are consistent with
tannery wastewater being an anaerobic environment.

genus COD chlorides conductivity DO ORP pH sulfates
g__Acetitomaculum *

g__Acetoanaerobium * * *
g__Achromobacter * * * * * *
g__Acinetobacter *
g__Aeromonas * * * *
g__Alkalibacterium * * * * * *
g__Brevundimonas * * * * * *

g__Candidatus_Berkiella *
g__Caulobacter * * * * * *
g__Comamonas *
g__Denitromonas *
g__Enterococcus * * * *
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g__Eoetvoesia * * * * * *
g__Erysipelothrix * * * * *
g__Halolactibacillus *
g__Hydrogenophaga * * * * *
g__Incertae_Sedis *
g__Jeotgalibaca * * * * * *
g__Leucobacter * * * * * *
g__Macrococcus *
g__Neisseria *
g__Ochrobactrum * * * * * *
g__Pantoea *
g__Prevotellaceae_UCG-
001 *
g__Prevotellaceae_UCG-
003 *
g__Proteocatella * *
g__Pusillimonas * * * * * *
g_ Rheinheimera * * * * * *
g__Ruminococcus *
g__Shewanella * * * * *
g__Sphingobacterium *
g__Sphingopyxis * * * * *
g__Stenotrophomonas * * * * * *
g__Tissierella * * * *
g__Vagococcus * * * *
g__Variovorax * * * *
g__Verticiella * * * *

* P <0.01
* P <0.05

Table 4. P-values for Mantel test relating physicochemical variables and taxa at the genus
level.



Figure 6. Effect of physicochemical variables on bacterial community composition at the
genus level.

At genus level, 35% of the community structure is explained by axis1, and 15% of it
explained by axis2. Overall, it appears that the variables with most influence (explanation
power) in the community structure are chemical oxygen demand (COD) + Sulfates, which we
will emphasize in this work.

At genus level, the Mantel test shows that all physicochemical variables affect the
composition of bacterial communities (P<0.05). It is worth noting that once a microorganism
is affected by one of the highly correlated physicochemical variables (COD, pH, Chlorides,
Conductivity), it appears that it is affected by the rest of them.

We found several taxa significantly associated with chemical oxygen demand (COD), and
interestingly, most of these taxa have been somehow used for bioremediation processes.
For instance, Achromobacter has been found to have a battery of at least 100 genes
associated with the degradation of PHAs (Shi et al., 2024). Aeromonas shows
bioaccumulation of metals such as Cu and Ni and is a promising candidate for heavy metal
bioremediation of polluted areas (Qurbani et al., 2022). Brevundimonas has been isolated
from oil contaminated areas and can use diesel as its sole source of carbon, with a fuel
biodegradation percentage of up to 65% (Wang et al., 2016). Eoetvoesia and Jeotgalibaca
species have been isolated from activated sludges of wastewater and pesticide plants
(Felföldi et al., 2014; Geng et al., 2023). Leucobacter chromiireducens have been previously
isolated from tannery contaminated soils and shows ability to reduce Cr(VI) both aerobically
and anaerobically (Tahri Joutey et al., 2016). Same Cr(VI) bioremediation potential has been
shown for Ochrobactrum anthropi (Cheng et al., 2010). Pusilimonas shows potential as a
biodegrader of landfill leachates (Remmas et al., 2017). Rheinheimera shows increased
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resistance to high mercury levels, shows bioaccumulation and potential for the
bioremediation of mercury contaminated sites (Yadav et al., 2023). Shewanella has a long
history in bioremediation, removing toxic elements from groundwater, given the versatility of
its respiratory electron transport chain system (Tiedje, 2002). Stenotrophomonas can
degrade many xenobiotic compounds, making it a good candidate for bioremediation as well
(Ryan et al., 2009).

We also employed the Random Forest algorithm to investigate the genera correlated with
physicochemical variables among treatments (tap water, tannery wastewater, and treated
tannery wastewater with traditional fenton-sulfate and nanoparticle fenton (fenton-nano)).
Several of our results show a significant correlation between COD levels and the presence
of Shewanella and Stenothophomonas (Mantel test, Random Forest), an also
Acetoanaerobium, Pseudoarthrobacter and Achromobacter (Random Forest), which
emphasizes the roles of these taxa in bioremediation and wastewater treatments.

Sulfate levels were correlated with Ruminococcus, Acetitomaculum (Mantel test, Random
Forest), as well as Comamonas, Jeotgalibaca, and Prevotella(ceae) (Mantel test).
Comamonas is a genus with a nonfermentative chemoorganotrophic metabolism, it is quite
ubiquitous in the environment, has been isolated from soil and water and shows ability to
degrade PHAs (Shah et al., 2008). The genus Prevotella, recently separated from
Bacteroides has been shown to use chondroitin sulfate (a component of cartilage) as source
of carbon (Encyclopedia of Food Microbiology, n.d.), and cause infection of cartilage in
humans (Derouane et al., 2019).

CONCLUSIONS
This study shows the effect of Fenton oxidation on the microbial communities associated
with the tanning process. Results show that almost all environmental bacteria is replaced by
cattle microbiota and tannery-related microbiota. We also found a slight, but not statistically
significant difference in the effect of traditional fenton-sulfate vs fenton-nano, being the latter
less aggressive than the former over gram-negative environmental bacteria. Since all these
bioremediated waters return to the environment eventually, fenton-nano appears to be
superior to fenton-sulfate in this regard. Further studies will be necessary to corroborate this
finding. Overall, these findings underscore the potential of Fenton-based treatments,
especially with nanoparticles for mitigating the environmental impact of tannery wastewater.

AUTHOR CONTRIBUTIONS

FUNDING
We thank MinCiencias (regalias contract #####).

ACKNOWLEDGEMENTS
We thank Sergio Cohecha for his contribution to the methodology of this paper.

SUPPLEMENTARY MATERIAL

https://www.zotero.org/google-docs/?cFngb1
https://www.zotero.org/google-docs/?dQZHpl
https://www.zotero.org/google-docs/?SgIJJk
https://www.zotero.org/google-docs/?InlXFl
https://www.zotero.org/google-docs/?VsgdnU
https://www.zotero.org/google-docs/?Kd7iPC


Bibliography

Abate, T. A., Desta, A. F., & Love, N. G. (2021). Evaluating tannery wastewater treatment

performance based on physicochemical and microbiological characteristics: An

Ethiopian case study.Water Environment Research, 93(5), 658–669.

https://doi.org/10.1002/wer.1364

Araujo, A. S. F., de Pereira, A. P. de A., Antunes, J. E. L., Oliveira, L. M. de S., de Melo, W.

J., Rocha, S. M. B., do Amorim, M. R., Araujo, F. F., Melo, V. M. M., & Mendes, L. W.

(2021). Dynamics of bacterial and archaeal communities along the composting of

tannery sludge. Environmental Science and Pollution Research, 28(45),

64295–64306. https://doi.org/10.1007/s11356-021-15585-9

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible trimmer for Illumina

sequence data. Bioinformatics, 30(15), 2114–2120.

https://doi.org/10.1093/bioinformatics/btu170

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A.,

Alexander, H., Alm, E. J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J. E., Bittinger,

K., Brejnrod, A., Brislawn, C. J., Brown, C. T., Callahan, B. J., Caraballo-Rodríguez,

A. M., Chase, J., … Caporaso, J. G. (2019). Reproducible, interactive, scalable and

extensible microbiome data science using QIIME 2. Nature Biotechnology, 37(8),

852–857. https://doi.org/10.1038/s41587-019-0209-9

Cheng, Y., Yan, F., Huang, F., Chu, W., Pan, D., Chen, Z., Zheng, J., Yu, M., Lin, Z., & Wu, Z.

(2010). Bioremediation of Cr(VI) and Immobilization as Cr(III) by Ochrobactrum

anthropi. Environmental Science & Technology, 44(16), 6357–6363.

https://doi.org/10.1021/es100198v

Cuervo Lumbaque, E., Lopes Tiburtius, E. R., Barreto-Rodrigues, M., & Sirtori, C. (2019).

Current trends in the use of zero-valent iron (Fe0) for degradation of pharmaceuticals

https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M


present in different water matrices. Trends in Environmental Analytical Chemistry, 24,

e00069. https://doi.org/10.1016/j.teac.2019.e00069

De Mulder, T., Goossens, K., Peiren, N., Vandaele, L., Haegeman, A., De Tender, C.,

Ruttink, T., De Wiele, T. V., & De Campeneere, S. (2016). Exploring the methanogen

and bacterial communities of rumen environments: Solid adherent, fluid and

epimural. FEMS Microbiology Ecology, fiw251. https://doi.org/10.1093/femsec/fiw251

Derouane, F., Lambert, M., De Greef, J., Malghem, J., & Lecouvet, F. E. (2019). Primary

infectious costochondritis due to Prevotella nigrescens in an immunocompetent

patient: Clinical and imaging findings. Skeletal Radiology, 48(8), 1305–1309.

https://doi.org/10.1007/s00256-019-3148-0

Dixon, P. (2003). VEGAN, a package of R functions for community ecology. Journal of

Vegetation Science, 14(6), 927–930.

https://doi.org/10.1111/j.1654-1103.2003.tb02228.x

Encyclopedia of Food Microbiology. (n.d.). ScienceDirect. Retrieved February 28, 2024, from

http://www.sciencedirect.com:5070/referencework/9780123847331/encyclopedia-of-f

ood-microbiology

Ewels, P., Magnusson, M., Lundin, S., & Käller, M. (2016). MultiQC: Summarize analysis

results for multiple tools and samples in a single report. Bioinformatics, 32(19),

3047–3048. https://doi.org/10.1093/bioinformatics/btw354

Felföldi, T., Vengring, A., Kéki, Z., Márialigeti, K., Schumann, P., & Tóth, E. M. (2014).

Eoetvoesia caeni gen. Nov., sp. Nov., isolated from an activated sludge system

treating coke plant effluent. International Journal of Systematic and Evolutionary

Microbiology, 64(Pt_6), 1920–1925. https://doi.org/10.1099/ijs.0.058875-0

Fernandez, M., Pereira, P. P., Agostini, E., & González, P. S. (2019). How the bacterial

community of a tannery effluent responds to bioaugmentation with the consortium

SFC 500-1. Impact of environmental variables. Journal of Environmental

Management, 247, 46–56. https://doi.org/10.1016/j.jenvman.2019.06.055

Geng, K., Liu, L., Wu, N., Cheng, D., Shao, J., He, J., & Shen, Q. (2023). Jeotgalibaca caeni

https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M


sp. Nov., isolated from biochemical tank sludge. International Journal of Systematic

and Evolutionary Microbiology, 73(10), 006116.

https://doi.org/10.1099/ijsem.0.006116

Gharechahi, J., Sarikhan, S., Han, J.-L., Ding, X.-Z., & Salekdeh, G. H. (2022). Functional

and phylogenetic analyses of camel rumen microbiota associated with different

lignocellulosic substrates. NPJ Biofilms and Microbiomes, 8(1), 46.

https://doi.org/10.1038/s41522-022-00309-9

Gil-Díaz, M., Rodríguez-Alonso, J., Maffiotte, C. A., Baragaño, D., Millán, R., & Lobo, M. C.

(2021). Iron nanoparticles are efficient at removing mercury from polluted waters.

Journal of Cleaner Production, 315, 128272.

https://doi.org/10.1016/j.jclepro.2021.128272

Gil-Gil, T., Martínez, J. L., & Blanco, P. (2020). Mechanisms of antimicrobial resistance in

Stenotrophomonas maltophilia: A review of current knowledge. Expert Review of

Anti-Infective Therapy, 18(4), 335–347.

https://doi.org/10.1080/14787210.2020.1730178

Guo, X., Xie, C., Wang, L., Li, Q., & Wang, Y. (2019). Biodegradation of persistent

environmental pollutants by Arthrobacter sp. Environmental Science and Pollution

Research, 26(9), 8429–8443. https://doi.org/10.1007/s11356-019-04358-0

Huang, L., Xuan, Y., Koide, Y., Zhiyentayev, T., Tanaka, M., & Hamblin, M. R. (2012). Type I

and Type II mechanisms of antimicrobial photodynamic therapy: An in vitro study on

gram-negative and gram-positive bacteria. Lasers in Surgery and Medicine, 44(6),

490–499. https://doi.org/10.1002/lsm.22045

Huws, S. A., Creevey, C. J., Oyama, L. B., Mizrahi, I., Denman, S. E., Popova, M.,

Muñoz-Tamayo, R., Forano, E., Waters, S. M., Hess, M., Tapio, I., Smidt, H., Krizsan,

S. J., Yáñez-Ruiz, D. R., Belanche, A., Guan, L., Gruninger, R. J., McAllister, T. A.,

Newbold, C. J., … Morgavi, D. P. (2018). Addressing Global Ruminant Agricultural

Challenges Through Understanding the Rumen Microbiome: Past, Present, and

Future. Frontiers in Microbiology, 9.

https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M


https://www.frontiersin.org/articles/10.3389/fmicb.2018.02161

Korpe, S., Bethi, B., Sonawane, S. H., & Jayakumar, K. V. (2019). Tannery wastewater

treatment by cavitation combined with advanced oxidation process (AOP).

Ultrasonics Sonochemistry, 59, 104723.

https://doi.org/10.1016/j.ultsonch.2019.104723

Korpe, S., & Rao, P. V. (2021). Application of advanced oxidation processes and cavitation

techniques for treatment of tannery wastewater—A review. Journal of Environmental

Chemical Engineering, 9(3), 105234. https://doi.org/10.1016/j.jece.2021.105234

Kozich, J. J., Westcott, S. L., Baxter, N. T., Highlander, S. K., & Schloss, P. D. (2013).

Development of a Dual-Index Sequencing Strategy and Curation Pipeline for

Analyzing Amplicon Sequence Data on the MiSeq Illumina Sequencing Platform.

Applied and Environmental Microbiology, 79(17), 5112–5120.

https://doi.org/10.1128/AEM.01043-13

Lepe, J. A., & Martínez-Martínez, L. (2022). Resistance mechanisms in Gram-negative

bacteria. Medicina Intensiva (English Edition), 46(7), 392–402.

https://doi.org/10.1016/j.medine.2022.05.004

Li, C., Pan, G., Wang, X., Qiang, X., & Qiang, T. (2021). The effects of non-metallic organic

tanning agents on the microbial community structure in wastewater. Journal of

Cleaner Production, 279, 123553. https://doi.org/10.1016/j.jclepro.2020.123553

Li, K., Hu, J., Li, T., Liu, F., Tao, J., Liu, J., Zhang, Z., Luo, X., Li, L., Deng, Y., & Che, R.

(2021). Microbial abundance and diversity investigations along rivers: Current

knowledge and future directions.WIREs Water, 8(5), e1547.

https://doi.org/10.1002/wat2.1547

Li, W., Wang, H., Yang, Y., Li, S., Liu, Y., Meng, X., Sun, Y., Liu, P., & Wang, Y. (2023).

Insights into the effects of hydrogen peroxide and Fenton oxidation on PAHs removal

and indigenous microorganisms in a coking-contaminated soil. Environmental

Technology & Innovation, 31, 103235. https://doi.org/10.1016/j.eti.2023.103235

Liang, H., Ye, D., Li, P., Su, T., Wu, J., & Luo, L. (2016). Evolution of bacterial consortia in an

https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M


integrated tannery wastewater treatment process. RSC Advances, 6(90),

87380–87388. https://doi.org/10.1039/C6RA19603A

Lu, X.-M., & Lu, P.-Z. (2014). Characterization of Bacterial Communities in Sediments

Receiving Various Wastewater Effluents with High-Throughput Sequencing Analysis.

Microbial Ecology, 67(3), 612–623. https://doi.org/10.1007/s00248-014-0370-0

Mannacharaju, M., Somasundaram, S., & Ganesan, S. (2020). Treatment of post tanning

wastewater with minimum sludge generation using sequential anoxic/oxic bioreactor

and its microbial community profile. Journal of Water Process Engineering, 35,

101244. https://doi.org/10.1016/j.jwpe.2020.101244

McMurdie, P. J., & Holmes, S. (2013). phyloseq: An R Package for Reproducible Interactive

Analysis and Graphics of Microbiome Census Data. PLoS ONE, 8(4), e61217.

https://doi.org/10.1371/journal.pone.0061217

Medina, R., David Gara, P. M., Fernández-González, A. J., Rosso, J. A., & Del Panno, M. T.

(2018). Remediation of a soil chronically contaminated with hydrocarbons through

persulfate oxidation and bioremediation. Science of The Total Environment, 618,

518–530. https://doi.org/10.1016/j.scitotenv.2017.10.326

Naeimi, M., Shavandi, M., & Alaie, E. (2021). Determining the impact of biofilm in the

bioaugmentation process of benzene-contaminated resources. Journal of

Environmental Chemical Engineering, 9(1), 104976.

https://doi.org/10.1016/j.jece.2020.104976

Nigam, M., Mishra, P., Kumar, P., Rajoriya, S., Pathak, P., Singh, S. R., Kumar, S., & Singh,

L. (2023). Comprehensive technological assessment for different treatment methods

of leather tannery wastewater. Environmental Science and Pollution Research,

30(60), 124686–124703. https://doi.org/10.1007/s11356-022-21259-x

Pang, Z., Raudonis, R., Glick, B. R., Lin, T.-J., & Cheng, Z. (2019). Antibiotic resistance in

Pseudomonas aeruginosa: Mechanisms and alternative therapeutic strategies.

Biotechnology Advances, 37(1), 177–192.

https://doi.org/10.1016/j.biotechadv.2018.11.013

https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M


Peng, Y., Li, J., Lu, J., Xiao, L., & Yang, L. (2018). Characteristics of microbial community

involved in early biofilms formation under the influence of wastewater treatment plant

effluent. Journal of Environmental Sciences, 66, 113–124.

https://doi.org/10.1016/j.jes.2017.05.015

Pinnell, L. J., Reyes, A. A., Wolfe, C. A., Weinroth, M. D., Metcalf, J. L., Delmore, R. J., Belk,

K. E., Morley, P. S., & Engle, T. E. (2022). Bacteroidetes and Firmicutes Drive

Differing Microbial Diversity and Community Composition Among

Micro-Environments in the Bovine Rumen. Frontiers in Veterinary Science, 9.

https://www.frontiersin.org/articles/10.3389/fvets.2022.897996

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., &

Glöckner, F. O. (2012). The SILVA ribosomal RNA gene database project: Improved

data processing and web-based tools. Nucleic Acids Research, 41(D1), D590–D596.

https://doi.org/10.1093/nar/gks1219

Qurbani, K., Khdir, K., Sidiq, A., Hamzah, H., Hussein, S., Hamad, Z., Abdulla, R., Abdulla,

B., & Azizi, Z. (2022). Aeromonas sobria as a potential candidate for bioremediation

of heavy metal from contaminated environments. Scientific Reports, 12(1), 21235.

https://doi.org/10.1038/s41598-022-25781-3

Remmas, N., Roukouni, C., & Ntougias, S. (2017). Bacterial community structure and

prevalence of Pusillimonas-like bacteria in aged landfill leachate. Environmental

Science and Pollution Research, 24(7), 6757–6769.

https://doi.org/10.1007/s11356-017-8416-8

Ryan, R. P., Monchy, S., Cardinale, M., Taghavi, S., Crossman, L., Avison, M. B., Berg, G.,

van der Lelie, D., & Dow, J. M. (2009). The versatility and adaptation of bacteria from

the genus Stenotrophomonas. Nature Reviews Microbiology, 7(7), Article 7.

https://doi.org/10.1038/nrmicro2163

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., & Huttenhower,

C. (2011). Metagenomic biomarker discovery and explanation. Genome Biology,

12(6), R60. https://doi.org/10.1186/gb-2011-12-6-r60

https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M


Shah, A. A., Hasan, F., Hameed, A., & Ahmed, S. (2008). Biological degradation of plastics:

A comprehensive review. Biotechnology Advances, 26(3), 246–265.

https://doi.org/10.1016/j.biotechadv.2007.12.005

Sharma, P., Pandey, A. K., Kim, S.-H., Singh, S. P., Chaturvedi, P., & Varjani, S. (2021).

Critical review on microbial community during in-situ bioremediation of heavy metals

from industrial wastewater. Environmental Technology & Innovation, 24, 101826.

https://doi.org/10.1016/j.eti.2021.101826

Shi, J., Yang, Y., Zhang, S., Lin, Q., Sun, F., Lin, H., Shen, C., & Su, X. (2024). New insights

into survival strategies and PCB bioremediation potential of resuscitated strain

Achromobacter sp. HR2 under combined stress conditions. Journal of Hazardous

Materials, 465, 133242. https://doi.org/10.1016/j.jhazmat.2023.133242

Soares, G. G., Campanini, E. B., Ferreira, R. L., Damas, M. S. F., Rodrigues, S. H., Campos,

L. C., Galvão, J. D., Fuentes, A. S. da C., Freire, C. C. de M., Malavazi, I.,

Pitondo-Silva, A., Cunha, A. F. da, & Pranchevicius, M.-C. da S. (2023).

Brevundimonas brasiliensis sp. nov.: A New Multidrug-Resistant Species Isolated

from a Patient in Brazil. Microbiology Spectrum, 11(3), e04415-22.

https://doi.org/10.1128/spectrum.04415-22

Suľák, M., Sikorová, L., Jankuvová, J., Javorský, P., & Pristaš, P. (2012). Variability of

Actinobacteria, a minor component of rumen microflora. Folia Microbiologica, 57(4),

351–353. https://doi.org/10.1007/s12223-012-0140-7

Tahri Joutey, N., Bahafid, W., Sayel, H., Nassef, S., & El Ghachtouli, N. (2016). Leucobacter

chromiireducens CRB2, a new strain with high Cr(VI) reduction potential isolated

from tannery-contaminated soil (Fez, Morocco). Annals of Microbiology, 66(1), Article

1. https://doi.org/10.1007/s13213-015-1125-y

Tiedje, J. M. (2002). Shewanella—The environmentally versatile genome. Nature

Biotechnology, 20(11), Article 11. https://doi.org/10.1038/nbt1102-1093

Verma, S. K., & Sharma, P. C. (2020). NGS-based characterization of microbial diversity and

functional profiling of solid tannery waste metagenomes. Genomics, 112(4),

https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M


2903–2913. https://doi.org/10.1016/j.ygeno.2020.04.002

Viggi, C. C., Pagnanelli, F., Cibati, A., Uccelletti, D., Palleschi, C., & Toro, L. (2010).

Biotreatment and bioassessment of heavy metal removal by sulphate reducing

bacteria in fixed bed reactors.Water Research, 44(1), 151–158.

https://doi.org/10.1016/j.watres.2009.09.013

Vilardi, G., Di Palma, L., & Verdone, N. (2018). On the critical use of zero valent iron

nanoparticles and Fenton processes for the treatment of tannery wastewater. Journal

of Water Process Engineering, 22, 109–122.

https://doi.org/10.1016/j.jwpe.2018.01.011

Wang, X., Wang, X., Liu, M., Zhou, L., Gu, Z., & Zhao, J. (2016). Bioremediation of marine

oil pollution by Brevundimonas diminuta: Effect of salinity and nutrients. Desalination

and Water Treatment, 57(42), 19768–19775.

https://doi.org/10.1080/19443994.2015.1106984

Weimer, P. J. (2015). Redundancy, resilience, and host specificity of the ruminal microbiota:

Implications for engineering improved ruminal fermentations. Frontiers in

Microbiology, 6.

https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2015.00296

Xu, W., Yang, T., Liu, S., Du, L., Chen, Q., Li, X., Dong, J., Zhang, Z., Lu, S., Gong, Y., Zhou,

L., Liu, Y., & Tan, X. (2022). Insights into the Synthesis, types and application of iron

Nanoparticles: The overlooked significance of environmental effects. Environment

International, 158, 106980. https://doi.org/10.1016/j.envint.2021.106980

Yadav, V., Manjhi, A., & Vadakedath, N. (2023). Mercury remediation potential of

mercury-resistant strain Rheinheimera metallidurans sp. Nov. Isolated from a

municipal waste dumping site. Ecotoxicology and Environmental Safety, 257,

114888. https://doi.org/10.1016/j.ecoenv.2023.114888

Yang, S., & Song, L. (2019). Succession of bacterial community structure and metabolic

function during solid waste decomposition. Bioresource Technology, 291, 121865.

https://doi.org/10.1016/j.biortech.2019.121865

https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M


Zgurskaya, H. I., López, C. A., & Gnanakaran, S. (2015). Permeability Barrier of

Gram-Negative Cell Envelopes and Approaches To Bypass It. ACS Infectious

Diseases, 1(11), 512–522. https://doi.org/10.1021/acsinfecdis.5b00097

Zhang, M., Dong, H., Zhao, L., Wang, D., & Meng, D. (2019). A review on Fenton process for

organic wastewater treatment based on optimization perspective. Science of The

Total Environment, 670, 110–121. https://doi.org/10.1016/j.scitotenv.2019.03.180

Zhao, C., & Chen, W. (2019). A review for tannery wastewater treatment: Some thoughts

under stricter discharge requirements. Environmental Science and Pollution

Research, 26(25), 26102–26111. https://doi.org/10.1007/s11356-019-05699-6

https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M
https://www.zotero.org/google-docs/?7wyc1M

