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Abstract: Leather biodegradation is a microbially driven process of increasing interest for the
development of sustainable waste management strategies. In this study, bacterial communities
involved in the biodegradation of leather tanned with different agents (chrome, zeolite, Biole®) were
characterised using high-throughput sequencing. Taxonomic profiling based on 16S rRNA gene
amplification revealed that Proteobacteria, Bacteroidetes, and Patescibacteria were the dominant phyla
across samples. Functional analysis, carried out through metatranscriptomic sequencing of RNA
molecules, identified a total of 1,302 expressed enzymes, of which 46 were classified as proteases. The
most abundant proteases included Endopeptidase La, Endopeptidase Clp, and Methionyl
aminopeptidase. Although collagen samples exhibited the lowest bacterial diversity, they showed
the highest total enzyme expression, whereas chrome-treated samples displayed increased protease
activity, indicating selective pressure associated with heavy metal content. Additionally, distinct
functional enzyme sets were found to be either shared among or exclusive to specific tanning
treatments. Genera such as Acinetobacter, Pseudomonas, and Sphingopyxis were identified as key
contributors to enzymatic activity and potential metal resistance. These results provide new insights
into how tanning agents shape microbial communities and their enzymatic functions, highlighting
specific taxa and enzymes with potential applications in the bioremediation of leather waste and
environmentally friendly processing technologies.

Keywords:  leather  biodegradation;  bacterial = communities;  proteolytic ~ enzymes;
metatranscriptomics; 165 rRNA gene sequencing; tanning agents

1. Introduction

Leather is a durable and flexible material derived from animal hides or skins. It primarily
consists of collagen fibres, which comprise approximately 90% of the protein content[1]. The
remaining components include elastin, keratin, various lipids, minerals, and water. The unique three-
dimensional structure of interwoven collagen fibres gives leather its strength, flexibility, and ability
to resist tearing[2]. Tanning chemically modifies the collagen structure to improve stability and
impart desired properties [3]. Various tanning agents are employed to stabilise and preserve leather
through distinct chemical mechanisms [4]. Among these, chromium salts are the most widely used
mineral tanning agents. These form cross-links between collagen fibres by coordinating with carboxyl
groups, resulting in highly stable and heat-resistant leather [5]. Synthetic tanning agents such as
syntans can mimic vegetable tannins or offer specific properties by forming ionic and covalent bonds
with the collagen matrix [6]. Other mineral-based tanning systems, such as zeolite-aluminosilicate-
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based reagents, have also been explored for their ability to stabilise collagen [7]. Although tanning
significantly enhances the durability and longevity of leather products, it also affects their
biodegradability and environmental impact [8]. The breakdown of leather is a complex biological
process influenced by various microbial groups, with bacteria playing a crucial role[9]. These
microorganisms produce specialised enzymes, such as proteases and lipases, that enable the
degradation of proteins, lipids, and tanning agents present in leather [10]. Bacteria initiate a cascade
of biochemical reactions through these enzymatic activities that gradually decompose the leather
structure and alter its physical properties [11]. Tanning agents, especially those containing heavy
metals such as chromium and aluminium, considerably influence microbial activity during
biodegradation[12]. Chromium, typically present as hexavalent chromium [Cr(VI)], can be toxic to
many bacteria, inhibiting growth and reducing enzymatic functionality [13,14]. Similarly,
aluminium-based tanning agents, known for their astringent properties, further limit microbial
degradation by reducing the accessibility of proteases to the leather matrix and altering its structural
integrity [15,16]. These metals may interfere with microbial metabolic pathways by binding to
essential biomolecules or inducing oxidative stress [17,18]. Consequently, microbial diversity and
enzymatic activity are generally lower in chrome- and aluminium-tanned leathers, favouring the
survival of metal-tolerant or resistant strains [19,20]. Microorganisms have evolved diverse
mechanisms to cope with heavy metal stress [21]. These include complexation with proteins, active
efflux through membrane transporters in prokaryotes, and compartmentalisation of organelles such
as vacuoles in eukaryotes [22]. Additional resistance strategies involve biosorption, bioleaching,
biomineralisation, biotransformation, and intracellular accumulation of heavy metals [23,24].
Understanding the intricate interactions between microbial communities and leather substrates is
essential for developing strategies that enhance or mitigate biodegradation, depending on the
application and environmental context [25,26]. Moreover, this knowledge is critical for advancing
sustainable waste management practices in the leather industry [27]. Typically, the tanning process
uses basic chromium sulphate, of which only 60-70% is absorbed by leather. The remaining portion
is discharged as effluent [28,29], resulting in high levels of Cr in wastewater, ranging from 2.6 to 5.2
g/L after wet-blue production [20]. While Cr(Ill) is generally less toxic, Cr(VI) poses severe
environmental and health risks because of its high solubility and membrane permeability [30]. The
sludge or “chrome cake” generated during wastewater treatment contains 17-20% total chromium,
with approximately 0.04% present as Cr(VI) [31]. Biodegradation using microorganisms has emerged
as a cost-effective and eco-friendly approach for managing waste materials, including plastics and
leather [32]. Several sustainable strategies have been developed to recycle solid tannery waste (STW),
including the production of biogas, biohydrogen, biofuels, fertilisers, construction materials, and
other commercial products such as adsorbents, animal feeds, proteins, fats, and enzymes [33].
Previous studies have explored the compostability and biodegradability of finished leathers [34] and
identified bacterial genera, such as Acinetobacter, Brevundimonas, and Mycolicibacterium, in soil and
aquatic environments[35-38]. These bacteria are associated with enzymatic processes relevant to
protein degradation. However, most investigations have been limited to taxonomic assessments, and
there is still a lack of comprehensive functional profiling of these microbial communities. Specifically,
the detailed metabolic pathways and enzymatic functions responsible for leather degradation remain
unclear. Various approaches have been proposed to address these challenges, including biosorption
technologies [12], alternative tanning agents [39], and life cycle assessments to improve the
sustainability of tanning processes [40]. In recent years, the industry has shown a growing interest in
environmentally conscious practices and innovative waste management techniques to reduce Cr
contamination and its environmental footprint[41,42]. Detailed taxonomic and functional profiling of
microbial communities can provide valuable insights into the biological mechanisms underlying
leather degradation and identify new targets for biotechnological applications. Understanding the
metabolic pathways and microbial interactions involved in collagen and leather component
breakdown can contribute to developing innovative bio-based waste management solutions. This
study aimed to characterise the bacterial communities involved in leather biodegradation by
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examining their taxonomic composition and functional potential. This study uses high-throughput
sequencing techniques to identify variations in microbial populations and metabolic pathways under
different leather treatment conditions. By combining 16S rRNA gene sequencing for taxonomic
profiling and metatranscriptomic analysis for functional profiling, this study provides an integrated
view of microbial dynamics associated with the biodegradation of leather-based materials.

2. Materials and Methods

2.1. Determination of Leather Degradability by Microorganisms’ Assay (150:20136:2020)

A leather biodegradation test (Method B) was performed following the ISO 20136:2020
guidelines [43]. The inoculum consisted of a 50:50 mixture of tannery and municipal sewage
wastewater, with one modification: 600 ml of inoculum was used instead of the standard 150 ml. For
research purposes, this adjustment was made to increase the microbial concentration in the assay.
Municipal wastewater was sourced from a local treatment facility (Elda, Spain), whereas tannery
wastewater was obtained from Curtidos Segorbe S.L. (Segorbe, Spain)[44]. For each sample, 0.18-0.19
g/L of leather was added to individual Erlenmeyer flasks containing minimal salts and the inoculum.
For positive control, pure collagen derived from bovine Achilles tendon (Sigma-Aldrich®, St. Louis,
Missouri, USA) was utilised [45]. The assay was performed for 336 h (14 days) instead of 28 days
since the aim was to study microbial and enzymatic shifts in the exponential phase of the assay. This
study analysed three leather samples processed using different tanning methods. Each sample's total
organic carbon content was determined through elemental analysis, as presented in Table 1, allowing
the calculation of the theoretical maximum carbon dioxide evolution as an indicator of
biodegradation.

Table 1. Elemental composition (%C, %N, %H, %S) of leather samples used in this study. Collagen was
purchased from (Sigma-Aldrich (MO, USA). Louis, Missouri, USA) was used as the positive control.

Sample Tanning type % 12C % N % H % S
Collagen None 51.0 10.3 7.0 0.9

M3- Chrome AV-1821 Chromium 432 7.8 2.4 0.0
Mé6-Zeolite Zeolite 42.2 6.2 23 0.0
M?7-Biole Synthetic 45.2 7.5 2.5 0.0

2.2. Sample Collection and Preparation

Samples were drawn at different stages of an ongoing leather biodegradation assay (ISO 20136
assay) [45]. Table 2 shows the samples collected from each Erlenmeyer flask, and the time at which
they were withdrawn after the start of the assay. Taxonomic profiling through 16S rRNA gene
sequencing was performed without replicates and corresponded to the first five samples listed in
Table 2. For functional profiling, triplicate samples were prepared for each sample to accurately
estimate variations across different media. These values correspond to the remaining samples in the
table.

Table 2. Overview of samples collected during the leather biodegradation assay (ISO 20136), including
withdrawal times and corresponding analyses for taxonomic and functional profiling. An inoculum ratio of 50:50
corresponded to the initial inoculum used for the biodegradation assay. Samples marked with “rRNA”

correspond to the taxonomic profiling samples.

Erlenmeyer Position Sample Sample number  Time (hours)
- Inoculum 50:50 220645 0
10 Collagen-16S rRNA 220649 65
11 Chrome 16S rRNA 220653 65

12 Zeolite-165 rRNA 220657 65
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13 Biole-16S rRNA 220661 65
10 Collagen 220646C 65
11 Chrome 220650C 65
12 Zeolite 220654C 65
13 Biole 220658C 65
10 Collagen 220647C 113
11 Chrome 220651C 113
12 Zeolite 220655C 113
13 Biole 220659C 113
10 Collagen 220648C 240
11 Chrome 220652C 240
12 Zeolite 220656C 240
13 Biole 220660C 240

Each time, 50 mL of the sample was extracted and mixed with 100 mL of RNAprotect®, followed
by centrifugation at 4,500 rpm for 10 min. The supernatant was discarded, and the samples were
stored at 4°C until all extractions were completed. The samples were then resuspended in appropriate
volumes of RNAprotect® [46], centrifuged at 13,000 rpm for 1 min, and the supernatant was
discarded before further processing.

2.3. RNA Extraction and Quality Control

RNA isolation was performed according to the protocol provided in the QIAGEN® 'RNA
QIAsymphony' kit [47]. This procedure included mechanical cell lysis and enzymatic treatment. The
quality and concentration of extracted RNA were assessed using a NanoDrop spectrophotometer.
Samples designated for transcriptomic analysis were extracted in triplicate, and the QIAGEN®
'RNAse MinElute' kit [48] was used to clean and concentrate RNA from low-volume samples. A
subsequent NanoDrop analysis was performed to measure RNA concentration and quality.

2.4. 165 and Transcriptomic Libraries Preparation

Amplicon libraries specific to bacterial DNA were prepared to capture taxonomic profiles of the
samples. DNA (50 ng) was extracted and amplified using Illumina's 16S Metagenomic Sequencing
Library Preparation protocol (Illumina 15044223 Rev. B). Amplification was performed using a two-
step PCR protocol targeting the hypervariable V3-V4 region of the 165 rRNA gene, enabling precise
differentiation between the bacterial taxa [49]. In the first amplification step, primers were designed
with a dual structure: (1) a universal linker sequence to facilitate the incorporation of indices and
sequencing primers, using the Nextera XT Index kit (Illumina, Inc. San Diego, California, USA) [50],
and (2) universal primers targeting the V3-V4 region of the 16S rRNA gene[49]. The second
amplification step incorporated the index sequences necessary for library preparation. The resulting
16S libraries were quantified using fluorometry with the Quant-iT™ PicoGreen™ dsDNA Assay
(Thermo Fisher Scientific)[51] to ensure adequate quality and quantity for downstream applications.
Quality control of the libraries was further verified using automated electrophoresis on the Agilent
TapeStation system (Agilent Technologies, Santa Clara, California, USA), ensuring that the libraries
met the required standards for high-quality sequencing. RNA depletion was performed using
RiboZero-Plus (Illumina, Inc. San Diego, California, USA)[52] and a custom probe for
metatranscriptomic libraries. This step effectively removes the majority of ribosomal RNA molecules,
enriching the samples for mRNA to enhance sequencing efficiency and functional analysis [52].

2.5. 165 and Transcriptomic Libraries Sequencing

Once sequencing libraries for the 16S products were prepared, they were loaded onto the MiSeq
platform (Illumina, Inc. San Diego, California, USA), using a 300 bp x 2 paired-end design.
Transcriptomic libraries were sequenced using the NovaSeq 6000 platform (Illumina Inc. San Diego,
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California, USA), using a 150 bp x 2 paired-end design. This setup provided a significantly higher
number of reads of improved quality. Sequencing was completed within approximately 56 hours.
Image analysis, base calling, and data quality control were performed on the MiSeq platform using
the MiSeq Control Software (MCS v3.1).

2.6. 16S Analysis

Amplicon Sequence Variants (ASVs) were filtered to exclude those with fewer than ten
sequences per sample. Rarefaction curves were generated to evaluate the relationship between the
sequencing depth and the number of taxa detected at various taxonomic levels. Taxonomic
assignments were performed using a hybrid approach, starting with BLASTN [53]against the NCBI
16S ribosomal RNA database and refining assignments with the NBAYES classifier [54]and SILVA
v.138 database [55] for sequences with less than 97% identity. The bioinformatic analysis involved
quality filtering, ASV generation, and taxonomic classification. Paired-end reads were merged using
the PEAR program [56], and sequencing adapters were removed using Cutadapt v3.4 [57]. Quality
filtering was performed with Reformat, removing reads shorter than 200 nucleotides or with a quality
score below 20. DADA2 [58] generated ASVs by modelling sequencing errors and eliminating
chimeric sequences. Taxonomic classification of ASVs was conducted using BLASTN [59] with
additional assignments from the SILVA database for cases requiring further refinement. The genus-
level classification was provided as the standard, whereas species-level annotations were included
when identity percentages were sufficiently high, ensuring a robust taxonomic framework for
downstream analysis.

2.7. Metatranscriptomic Analysis

Metatranscriptomic samples were subjected to a quality filtering process, in which sequences
shorter than 50 nucleotides and those with a quality score below 20 were removed. Functional
annotation of the metatranscriptomic data was performed using HUMANN3[60], which utilises the
UniRef protein database[61]. This database includes various functional protein domains, enabling the
identification of known proteins and predicting functions in organisms not explicitly represented in
the database. Specific functional annotations were obtained following annotation with UniRef to
provide a comprehensive view of the functional state of each sample. These included Gene Ontology
(GO) terms[62], Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways[63], enzyme
commission (EC) codes, metabolic pathways, RXN codes for metabolic reactions[64], and CAZy
codes related to carbohydrate metabolism[65]. This multilayered annotation approach allowed for a
more detailed characterisation of the functional potential of the samples.

3. Results

3.1. Determination of Leather Degradability by Microorganisms’ Assay (15S0O:20136:2020)

Biodegradation results for the leather samples described in Section 2.1 are shown in Figure 1,
which shows the biodegradation assay. These biodegradation curves show the percentage of leather
biodegradation throughout the assay (14 days); the times shown in Table 3 (Section 2.2) correspond
to the time (h) in this graph. There was an initial (65h), exponential (113h), and final (240h) phase of
leather biodegradation for all the samples at different biodegradation percentages. Collagen was
used as a positive control because it was fully degraded in approximately 30 days. At the final stage
of the assay, 336 h after the start of the assay, the biodegradation percentages for collagen, chrome,
zeolite, and Biole were 55.68 %, 1.72%, 40.52%, and 14.52 %, respectively. It is important to note that
the assay was conducted over 14 days, which is half the typical duration (28 days) for standard
biodegradation tests. Therefore, the measured biodegradation values likely underestimate the full
biodegradation potential of the samples.

d0i:10.20944/preprints202504.0304.v1
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Figure 1. The biodegradation results of the ISO 20136 assay were performed with three different types of leather
samples (chrome, zeolite, and Biole). The graph shows biodegradation percentage versus time for each sample.
Collagen was purchased from (Sigma-Aldrich (MO, USA). Louis, Missouri, USA) used as a positive control
sample 3.2.

3.2. 165 and Transcriptomic Libraries Sequencing

The resulting RNA concentration and quality, assessed using Nanodrop, are presented in Table
S1 in the supplementary materials section. RNA concentration was found to be optimal for all
amplicon and transcriptomic samples. The RNA concentration, measured with PicoGreen for the
constructed libraries, was optimal for all amplicons and transcriptomic samples, allowing for library
sequencing. The sequencing results are shown in Table 4.

Table 4. Sequencing results for the constructed libraries, detailing the sample reference, read orientation, total
number of raw sequences obtained, average read length, total sequenced bases measured in megabases (Mb),
and average quality score for forward reads (R1). Samples labelled with "165 rRNA" correspond to RNA

extraction for transcriptomic analysis.

Sample Reference Num. Secs Length Total Md  Quality
Inoculum 50:50 220645 195009 300.67 58.63 31.24
Collagen-16S rRNA 220649 179119 300.10 53.75 31.69
Chrome 16S rRNA 220653 192821 300.75 57.900 31.40
Zeolite-16S rRNA 220657 149047 299.06 44.57 31.74
Biole-165 rRNA 220661 185073 298.56 55.26 31.37
Collagen 220646C 40,779,401 146.73 5983.51 35.61
Chrome 220650C 27,157,015 144.75 3930.9 35.57
Zeolite 220654C 44,536,186 145.3 6471.05 35.53
Biole 220658C 45,961,880 146.2 6719.83 35.6
Collagen-2 220647C 42,666,212 144.72 6174.63 35.63
Chrome-2 220651C 35,226,190 147.57 5198.21 35.55
Zeolite-2 220655C 79,759,376 145.74 11624.14 35.56
Biole-2 220659C 48,060,016 146.31 7110.58 35.68
Collagen-3 220648C 54,492,337 145.85 7947.63 35.6
Chrome-3 220652C 31,816,911 145.14 4617.97 35.57

Zeolite-3 220656C 47,159,552 145.68 6870.22 35.59
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Biole-3 220660C 49,271,570 146.86 7235.78 35.68

In all analysed transcriptomic samples, the number of reads exceeded 20,000,000, with an
average of 45 million reads per sample.

3.3. Bacterial Communities 16S Analysis

The taxonomic assignment of the representative sequences (ASVs) followed a mixed strategy to
ensure a broader and more precise classification, as described in Section 2.7. This hybrid approach
successfully assigned taxonomy at the family level for 89.5% of ASVs, and at the genus level for 77.8%
of ASVs. Figures 2 and 3 present the bacterial profiles of the analysed samples at the phylum and
family levels, respectively, along with the beta diversity index (local contribution to beta diversity,
LCBD). The LCBD index identifies diversity patterns among samples, with higher values indicating
markedly distinct bacterial compositions [66]. Among the nine phyla with a relative abundance
greater than 1%, the most prevalent were Proteobacteria (44 + 8%), Bacteroidetes (17+ 5%), and
Patescibacteria (15 + 5 %). Notably, the “Inoculum” sample represents the initial microbial community
introduced in all experimental conditions, serving as a baseline reference. As the biodegradation
assay progressed, the microbial communities in each leather sample (collagen, chrome, zeolite, and
Biole) diverged from this initial inoculum, reflecting microbial selection and adaptation driven by the
different chemical properties of the leather samples and tanning agents. This microbial shift
highlights the influence of substrate composition on shaping the structure and diversity of bacterial
communities during the biodegradation process.
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Figure 2. Bar plots at the phylum level representing the taxonomic profiles and LCBD values of the bacterial
communities in the analysed samples. The “Inoculum” sample corresponds to the microbial inoculum used in
the biodegradation assay. All samples shown refer to those analysed for 165 rRNA-based taxonomic profiling,
as listed in Table 2. The “Others” category includes bacterial taxa with annotations that do not reach the phylum

level and/or exhibit low relative abundance across samples.

Alphaproteobacteria and Gammaproteobacteria were generally present in similar proportions,
except in the inoculum, where Alphaproteobacteria were predominant. Notable taxa included
Lysobacter brunescens in the zeolite and Biole samples, Pararheinheimera in collagen, and Acinetobacter
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in nearly all samples and of interest for its protease activity relevant to leather tanning. Additionally,
Pseudomonas, known for its protein-degrading potential, accounts for 2% of the collagen sample [67].
Patescibacteria, a phylum of small-sized bacteria with reduced genomes[68], accounted for 10-20% of
all samples. These bacteria, often called nanobacteria or Candidate Phyla Radiation (CPR) groups,
exhibit unique metabolic capabilities and act as symbionts within microbial communities[68]. Key
taxa included Candidatus Campbellbacteria, Saccharimonadales, and Candidatus Pacebacteria, although
taxonomic precision remains limited because of the phylum's underrepresentation in databases.
Bacteroidetes, another dominant phylum, includes the family Flavobacteriaceae, which is known for
carbohydrate metabolism and habitat diversity in marine, soil, and freshwater environments [69].
Despite their prominence, only a few genera, such as Mariniflexile sp. and marine NS9 groups, were
consistently identified across samples. Given the low representation of bacteria isolated from aquatic
and terrestrial environments in existing databases, achieving precise taxonomic assignment at the
genus level remains challenging. Despite this limitation, a genus-level profile was successfully
obtained for the analysed bacterial communities, as shown in Figure 3. The bar plots illustrate the
relative abundance of bacterial genera across different sample groups, highlighting the taxonomic
composition within each condition.
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Figure 3. Bar plots at the genus level representing the taxonomic profiles and LCBD values of the bacterial
communities in the analysed samples. The “Inoculum” sample corresponds to the microbial inoculum used in
the biodegradation assay. All samples shown refer to those analysed for 165 rRNA-based taxonomic profiling,
as listed in Table 2. The “Others” category includes bacterial taxa with annotations that do not reach the phylum
level and/or exhibit low relative abundance across samples.In the collagen sample, the microbial community
was enriched in Pararheinheimera and Lysobacter, whereas chrome, zeolite, and Biole exhibited greater diversity
in genus composition with the presence of genera such as Pseudomonas, Flavobacterium, and Mesorhizobium.
Sphingopyxis is known for its ability to survive in extreme conditions and degrade various xenobiotics and
environmental contaminants [70]. Acinetobacter, known for its metabolic versatility[13], were present across
multiple sample types, suggesting their potential role in microbial interactions within these environments. The
Local Contribution to Beta-Diversity (LCBD) values, represented by dot sizes at the bottom of each bar plot,
indicate the uniqueness of each microbial community compared with the others. The inoculum sample exhibited
a distinct composition, potentially reflecting its role as a baseline microbial population before exposure to the

experimental conditions.
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3.4. Alpha Diversity

Alpha diversity was assessed using Shannon and Simpson indices and species richness to
evaluate the microbial diversity within each sample (Figure 4). These metrics were computed using
the vegan package in R [71], which enables organism-abundance relationship analysis. The Shannon
index quantifies species biodiversity, ranging from 0 (indicating a single species) to higher values as
diversity increases [72]. The Simpson index (A) measures the probability that two randomly selected
individuals belong to the same species, with lower values indicating species dominance and higher
values reflecting a more evenly distributed community [73]. Additionally, species richness estimates
the total number of species within a sample, increasing proportionally with sample size[71]. All
samples were normalised to 107,703 reads using rarefaction implemented using the Phyloseq
package in R [74]to ensure comparability. The results showed that the inoculum and chrome samples
exhibited higher alpha diversity, whereas collagen and Biole had lower diversity levels. Simpson
index supported these findings, reinforcing the dominance of specific taxa in samples with lower
diversity. However, due to the lack of sample replicates, statistical comparisons between groups
could not be performed, and alpha diversity values should be interpreted as descriptive rather than
indicative of significant differences [75,76].
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Figure 4. Boxplot of alpha diversity at the Amplicon Sequence Variant (ASV) level based on the studied

variables. The displayed parameters correspond to the Richness, Simpson index (Simpson), and Shannon index.

3.5. Metatranscriptomic Analysis

A total of 1,302 enzymes were detected across all samples, with the most abundant being EC
2.7.7.6: DNA-directed RNA polymerase, an enzyme that catalyses the synthesis of RNA using a DNA
template [77], EC 5.2.1.8: peptidylprolyl isomerase, an enzyme that catalyses the cis-trans
isomerisation of prolyl peptide bonds[78], EC 3.4.21.53: Endopeptidase La, an ATP-dependent serine
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proteinase, EC 3.4.21.92: an endopeptidase Clp which hydrolyse proteins to small peptides, and EC
1.16.3.1: Ferroxidase a multicopper oxidase, which plays a crucial role in iron homeostasis by
catalysing the oxidation of Fe(II) to Fe(III) [79] (Figure 5).
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Figure 5. Normalized expression counts per million (CPM) for the total enzymes detected in the analysed
samples. Sample numbers corresponding to each leather type are provided in Table 2. The 30 most abundant
enzymes are individually annotated, while enzymes with lower relative abundance are grouped under the

category “Others” for clarity.

Among these, 446 enzymes were shared across all samples, whereas 32 enzymes were present
exclusively in Biole, Zeolite, and Collagen, meaning they were absent in the chromium-treated
samples (Figure 6). Additionally, a group of 15 enzymes was found to be common to all samples
except Chrome and Biole, suggesting that these enzymes may be associated with microbial activity
specific to certain tanning conditions and could be inhibited by the presence of heavy metals such as
chromium. Moreover, 53 enzymes were unique to Collagen, and 10 were exclusive to Zeolite,
highlighting distinct functional profiles files in these environments.


https://doi.org/10.20944/preprints202504.0304.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 April 2025

11 of 22

500 o
30
400 4
300 o
8
w0
g
1]
E 200 <
100 J
53
az
18
10 & a
ol — > 2 1 [} 0 [1} o [1}
I BIOLE® ? 1
I BIOLE® 1 1 i
I~ BIOLE® 1
I ZEOLITE2
I 7EOLITE L
I  /EOLITE
I CHROME2
I CHROME 1
I CHROME
I COLLAGEN 2 b
I O ACEN y
|
— - — I COLLAGEN J
aoo 600 300 i}
Set Size

Figure 6. Number of shared and uniquely expressed enzymes among the different leather sample groups. The

total number of enzymes for each comparison is displayed at the top of the bars.

Given that tanned leather is primarily composed of proteins (~50%), along with water (~10%),
dichloromethane-soluble material (~11%), water-washable material (~3%), and non-water-washable
tanning agents (~24%)[34,80], further analysis was conducted to identify and classify proteases in the
metatranscriptomic dataset. The protein composition of tanned leather includes approximately 89.8%
collagen, 6.2% keratin, 3.1% albumin, and 0.9% elastin [81], making proteases particularly relevant.
Of the detected enzymes, 46 were classified as proteases (EC 3.4.-), as shown in Figure 7. The most
abundant proteases included EC 3.4.21.53: Endopeptidase La (37 + 6%), which hydrolyses proteins in
the presence of ATP; EC 3.4.21.92: Endopeptidase Clp, which hydrolyses proteins and small peptides
in the presence of ATP and Mg? (16.5 + 1.3%); and EC 3.4.11.18: Methionyl aminopeptidase,
responsible for the cleavage of N-terminal methionine residues (10.9 + 1.7%) [82].
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Figure 7. Normalized expression counts per million (CPM) of proteases detected in the analysed samples.
Sample codes corresponding to each leather type are detailed in Table 2. The 31 most abundant proteases are
individually annotated, while those with lower relative abundance are grouped under the category “Others” for

improved readability.

3.5.1. Alpha Diversity

To assess functional diversity, Shannon and Simpson indices were calculated for the different
sample groups shown in Figure 8). The collagen samples, followed by zeolite and Biole, exhibited the
highest functional diversity indices, which contrasts with the taxonomic analysis where collagen
showed the lowest bacterial diversity (Figure 4). Although with lower values, a similar pattern was
observed when analysing alpha diversity considering only proteases shown in Figure 9.
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Figure 8. Boxplot of alpha diversity for the functional expression profile of the analysed samples. The displayed
parameters correspond to the Simpson index (Simpson) and the Shannon index (Shannon).
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Figure 9. Boxplot of alpha diversity for the functional expression profile of proteases present in the analysed
samples. The displayed parameters correspond to the Simpson index (Simpson) and the Shannon index

(Shannon).

3.5.2. Beta Diversity

Beta diversity provides insights into the functional differences between microbial communities.
To assess it, a dissimilarity matrix was calculated based on Bray-Curtis distances and visualized using
Principal Coordinates Analysis (PCoA) (Figure 10). The X-axis (PC1) accounted for 71.37% of the
variability among the samples, while the Y-axis (PC2) explained 15.82%. In this analysis, clear
groupings were observed among samples belonging to the same experimental group, indicating

distinct functional profiles across conditions.
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Figure 10. Principal Coordinates Analysis (PCoA) showing enzymatic-level differences between the analysed

groups, based on the Bray-Curtis distance matrix.

Taxonomic analysis of protease-associated enzymes revealed that the genera Aminobacter,
Sphingopyxis, Pseudomonas, and Mesorhizobium contributed most significantly to the enzymatic profile.
Proteases from Sphingopyxis were consistently found across all sample groups, whereas those from
Aminobacter were absent from the chrome sample. The DESeq2 program was used to identify 242
significantly differentially expressed enzymes (functional markers) across sample groups. A subset
of these enzymes, specifically those related to protein degradation, was selected to examine the
potential contributors to leather degradation, as illustrated in Figure 8 The DESeq2 results indicated
that most peptidases were predominantly expressed in chrome, zeolite, and Biole samples, in contrast
to collagen, which exhibited lower expression levels. The only enzyme with higher expression in the
collagen sample was EC 3.4.16.4, a carboxypeptidase that removes D-alanine residues from bacterial
cell wall precursor proteins [83]. This enzyme is primarily expressed in Pseudomonas sp. TC11[84].
The most pronounced differences in differential expression were observed between the collagen and
other sample groups. The only peptidase found to be underexpressed in the chrome sample
compared to all other groups, except in the collagen sample, which exhibited even lower expression
levels, was the HslU-HslV peptidase. This enzyme functions as a proteolytic complex responsible for
degrading damaged cytoplasmic proteins [85], and is mainly expressed by Aminobacter

aminovorans[86].
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Figure 11. Summary heatmap of functional marker identification using DESeq2. Enzyme codes highlighted in
red indicate higher expression in the first compared group, whereas those highlighted in blue indicate higher
expression in the second compared group. The statistical significance levels were as follows: (.) p <0.1, (*) p <
0.05, (**) p <0.01.

4. Discussion

The results of this study provide comprehensive taxonomic and functional characterization of
the bacterial communities involved in leather biodegradation. The quality and purity of the extracted
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DNA was optimal across all samples, ensuring reliable sequencing data. Sequencing results revealed
a high number of reads, with amplicon libraries exceeding 100,000 reads and transcriptomic libraries
surpassing 20 million reads after quality filtering. This sequencing depth allowed for a robust
assessment of microbial diversity and functional potential. Taxonomic profiling of the 165 rRNA
sequences revealed that Proteobacteria, Bacteroidetes, and Patescibacteria were the dominant phyla
across all samples. These phyla are commonly found in wastewater and aquatic environments and
have been associated with xenobiotic degradation and metal tolerance[87]. In wastewater treatment
plants, Proteobacteria have been reported to be the dominant bacterial communities. A metagenomic
study of a wastewater treatment plant in South Korea found that the phylum Proteobacteria,
especially potentially pathogenic species belonging to the genus Acinetobacter, dominated wastewater
treatment plants [88]. Similarly, in the heavy metal-contaminated agricultural soils of West Bengal,
India, y-Proteobacteria were found to be the most abundant bacterial community, followed by other
bacterial phyla [89]. Proteobacteria have also been observed to play a significant role in
phytoremediation processes. They have been reported to be the primary colonisers of the rhizosphere
and root endosphere of Typha species growing in both contaminated and non-contaminated
environments [90]. This adaptability is attributed to their ability to use various carbon sources and to
exert biochemical activities that contribute to plant growth and tolerance to heavy metals. Moreover,
Alphaproteobacteria and Gammaproteobacteria have been identified as active degraders of organic
pollutants such as toluene in clean and heavy metal-polluted soils [91]. The initial bacterial inoculum,
which was a mixture of tannery and municipal wastewater, served as the baseline microbial
community. Notably, shifts in bacterial composition were observed across all treatment groups,
suggesting that exposure to different tanning agents, such as chrome, zeolite, and synthetic (Biole),
influences microbial community dynamics and selection. The genera Acinetobacter and Pseudomonas
appeared consistently across multiple samples, suggesting their potential relevance to leather
degradation processes, primarily because of their well-documented enzymatic capabilities[86].
Acinetobacter is particularly noteworthy for its dual role in collagen degradation and Cr reduction. It
has been isolated from tannery effluents and shown to effectively remediate 8-16 mg/L of Cr(VI)
across a broad temperature range (25-37°C), particularly at pH 7 within 63.3 hours[92]. Additional
studies have identified Acinetobacter strains, such as MKPF7, capable of optimally reducing Cr(VI) at
40°C and pH 7.0[93]. Pseudomonas, a genus frequently associated with proteolytic activity, was
especially abundant in collagen-treated samples, where enzymatic breakdown was likely the most
active. Several Pseudomonas strains such as Pseudomonas sp. Cr13 exhibits high tolerance to Cr(VI) (up
to 250 mg/L) and Cd(II) (50 mg/L), achieving Cr(VI) removal rates of up to 94% in contaminated soils
[94]. Other species like P. aeruginosa san ai, demonstrate resistance to cadmium concentrations up to
7.2 mM and exhibit considerable biosorption potential[95]. Moreover, P. aeruginosa KUJM, isolated
from a sewage treatment plant, showed simultaneous resistance to multiple heavy metals, including
As(Ill), As(V), Cd, Co, Cu, Cr, Ni, and Zn [96]. Certain Pseudomonas species, such as P. putida and P.
aeruginosa, also produce metallothioneins and metal-binding proteins, with potential applications in
the bioremediation of Pb and Cd contamination[97,98]. Metallothioneins are cysteine-rich, low-
molecular-weight proteins found in various taxonomic groups, including microorganisms [99]. These
proteins exhibit a high affinity for heavy metals, enabling microbial cells to bind, detoxify, and store
toxic ions such as cadmium, zinc, and copper. For example, in yeast, MTs such as CUP1 and Crsb
primarily bind copper but also chelate zinc and cadmium ions, whereas in cyanobacteria, the SmtA
protein plays a key role in maintaining intracellular metal homeostasis through its strong affinity for
zinc and cadmium [100]. Recent studies have also demonstrated the potential of cell surface
engineering to enhance microbial metal-binding capacity. By fusing metal-responsive peptides with
outer membrane anchoring proteins (OMPs), certain microorganisms can be tailored to adsorb and
dissociate specific metals directly at the cell surface[101], offering promising strategies for the
removal of heavy metals from contaminated environments. Interestingly, although the collagen
samples displayed the lowest bacterial diversity at the taxonomic level, they exhibited the highest
overall enzyme expression, highlighting that functional capacity does not necessarily correlate with
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taxonomic richness. This underscores the importance of integrating both taxonomic and functional
analyses when evaluating the roles of microbes in complex biodegradation environments. A total of
1,302 enzymes were detected in the metatranscriptomic data, 46 of which were classified as proteases
(EC 3.4.-). The most abundant were EC 3.4.21.53 (Endopeptidase La), EC 3.4.21.92 (Endopeptidase
Clp), and EC 3.4.11.18 (Methionyl aminopeptidase), all of which play a role in protein hydrolysis.
These enzymes are likely to be key actors in the degradation of leather proteins, such as collagen and
keratin. Notably, chrome-treated samples exhibited the highest expression of proteases, suggesting
that the chromium tanning process selects microbial taxa with specialized enzymatic pathways to
overcome the inhibitory effects of heavy metals. Interestingly, the HslU-HslV proteolytic complex,
essential for degrading damaged cytoplasmic proteins [102], was underexpressed in chrome-treated
samples, implying that chromium may directly suppress certain enzymatic functions. The absence of
Aminobacter-associated proteases in these samples further supports the hypothesis that Cr exerts
selective pressure on the microbial community, limiting the abundance and expression of sensitive
genera. In contrast, collagen samples exhibited the most extensive enzymatic diversity but lower
protease-specific activity, indicating that while metabolic activity is high, it may not be solely directed
towards protein degradation. This is further supported by the alpha diversity metrics: collagen
samples showed higher functional diversity (Shannon and Simpson indices), whereas taxonomic
diversity was lower. Such discrepancies between taxonomic and functional diversity underscore the
importance of integrating metatranscriptomic data into microbial ecology studies. The presence of
446 enzymes shared across all samples indicates a conserved core microbiome function, while the
detection of enzymes exclusive to specific tanning conditions (e.g., 53 unique to collagen and 10 to
zeolite) suggests functional adaptations driven by the chemical properties of the substrates. In
particular, 32 enzymes were shared only among collagen, zeolite, and Biole samples, absent in
chrome-treated samples, highlighting the potential inhibitory effect of chromium. Additionally, a
subset of 15 enzymes was found in all samples except chrome and Biole, possibly reflecting selective
pressures induced by synthetic or heavy-metal-based tanning agents. Beta diversity analysis further
demonstrated distinct functional clustering of samples based on tanning treatment, with clear
separation observed via PCoA. These findings reinforce the role of the tanning process in shaping
both taxonomic and functional microbial profiles. Altogether, these results support the hypothesis
that specific bacterial taxa possess unique enzymatic capabilities that are influenced by leather
composition and tanning agents. Future studies should incorporate enzyme activity assays to
validate the expression data, and metaproteomic analyses to confirm protein-level functionality. The
role of bacterial consortia and synergistic enzymatic actions also warrants further investigation,
particularly under long-term biodegradation conditions.

5. Conclusions

This study offers valuable insights into the taxonomic and functional diversity of bacterial
communities involved in leather biodegradation. High-throughput sequencing enabled the
identification of dominant phyla such as Proteobacteria, Bacteroidetes, and Patescibacteria, with
genera like Acinetobacter and Pseudomonas potentially contributing to degradation processes. Among
the 1,302 detected enzymes, 46 proteases were identified, underscoring the relevance of microbial
enzymatic activity. Notably, collagen samples showed the highest overall enzyme expression, while
chrome-treated samples exhibited increased protease activity, suggesting that tanning agents may
influence enzymatic dynamics. These findings advance our understanding of microbial roles in
leather degradation and point to potential enzymatic targets for future biotechnological applications
in sustainable leather processing.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Concentration (ng/uL), purity ratios (A260/280 and A260/230), and RNA
integrity number equivalent (RINe) for DNA and RNA samples extracted under different conditions. Samples
labelled with "16S rRNA" correspond to RNA extraction for transcriptomic analysis.
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