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Abstract
The process of composting has been proposed as a biological alternative to improve the quality of tannery sludge (TS) by the
action of microbial communities. However, there is limited knowledge about the dynamic of these microbial communities during
the composting process. This study assessed the responses of bacterial and archaeal communities during TS composting using the
16S rRNA sequencing. The composting process occurred within 90 days, and samples of compost were collected on day 7 (d7;
mesophilic stage), 30 (d30; thermophilic stage), 60 (d60; cooling stage), and 90 (d90; maturation stage). The results showed a
succession of microbial phyla during the composting with enrichment of Synergistetes, WS1, and Euryarchaeota at the
mesophilic stage, while at the thermophilic stage, there was an enrichment of Hydrogenedentes, WPS-2, Chloroflexi, and
Deinococcus-Thermus. At the cooling stage, there was an enrichment of Kiritimatiellaeota, and at the maturation stage, there
was an enrichment of Entotheonellaeota, Dadabacteria, Nitrospirae, Dependiatiae, and Fibrobacteres.When analyzing the drivers
influencing microbial communities, Cr and pH presented more negative correlations with general phyla. In contrast, S, C, K,
temperature, and N presented more positive correlations, while Ni, Cd, and P showed fewer correlations. According to niche
occupancy, we observed a decreased proportion of generalists with a consequently increased proportion of specialists following
the composting process. This study showed that different stages of the composting present a specific microbial community
structure and dynamics, which are related to some specific composting characteristics.
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Introduction

Solid wastes generating from tannery industries have been
increased worldwide, being estimated at ~50,000 tons per
year. This solid waste is commonly known as tannery sludge
(TS) and presents high content of organic and inorganic ele-
ments, mainly chromium (Cr) (Miranda et al. 2019). The com-
position of TS has stimulated its potential use in agriculture as
a soil conditioner improving soil pH and fertility (Araujo et al.
2020). However, the high content of Cr found in TS brings an
environmental issue due to the possible contamination in the
long term (Araujo et al. 2020). Recently, the process of
composting has been suggested as an effective strategy to treat
industrial solid wastes, such as textile and tannery sludge
(Araujo et al. 2007; Santos et al. 2011). Indeed, composting
is a suitable biological alternative to improve the quality of TS
and potentially decrease its possible toxicity before using it in
agriculture (Miranda et al. 2019).

Responsible Editor: Diane Purchase

* Ademir Sergio Ferreira Araujo
asfaruaj@yahoo.com.br

1 Soil Quality Lab., Agricultural Science Center, Federal University of
Piauí, Teresina, PI, Brazil

2 Soil Science Department, Federal University of Ceará, Fortaleza, CE,
Brazil

3 Technology Department, São Paulo State University,
Jaboticabal, SP, Brazil

4 Graduate Program in Environmental Science, Campus of
Descalvado, Brazil University, Descalvado, SP, Brazil

5 University of West São Paulo, Presidente Prudente, SP, Brazil
6 Laboratory of Microbial Ecology and Biotechnology, Federal

University of Ceara, Fortaleza, CE, Brazil
7 Cellular and Molecular Laboratory, Center for Nuclear Energy in

Agriculture, University of Sao Paulo, Piracicaba, SP, Brazil

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

/ Published online: 24 July 2021

Environmental Science and Pollution Research (2021) 28:64295–64306

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-021-15585-9&domain=pdf
mailto:asfaruaj@yahoo.com.br


As a known biological process, composting occurs by the
action of several different microbial communities, mainly bac-
teria and archaea (Meng et al. 2019). During the composting
process, the microbial communities act, through enzymatic
activity, on the degradation of organic matter, i.e., proteins,
lipids, cellulose, and lignin (Ren et al. 2016), with a conse-
quent increase in inorganic nutrients, being a key compo-
nent to improve the quality of the compost. Interestingly,
along the process, there is a microbial succession where
different groups of bacteria and archaea are more or less
abundant as influenced by the abiotic factors found in the
composting pile, such as temperature, moisture, pH, and
chemical compounds (Meng et al. 2019). For instance, the
main driver of the microbial shifting during the composting
is the temperature, which varies significantly across the
three main phases of composting, i.e., mesophilic (30–
40°C), thermophilic (60–65°C), and maturation (30 days
at 25–30°C) (Chandna et al. 2013).

Although the composting process has been widely studied,
there is limited knowledge, in terms of technology and high-
throughput sequencing, on how the structure, diversity, and
composition of microbial communities change during the
composting process (Mendes et al. 2017). Some previous
studies have used high-throughput sequencing to assess the
microbial communities during the composting of cow manure
and corn straw (Meng et al. 2019), vegetable wastes and cow
dung (Varma et al. 2018), and even sewage sludge (Piceno
et al. 2017). However, there are no studies about the structure,
diversity, and composition of microbial communities during
TS composting. Considering that TS presents a high amount
of Cr, it is important to understand its influence on microbial
communities during the composting.

Therefore, this study assessed the responses of microbial
communities during TS composting using the 16S rRNA se-
quencing. In addition, we evaluated what are the main drivers
influencing the responses of themicrobial communities’ struc-
ture, diversity, and composition.

Material and methods

Composting process, sampling, and chemical analysis

The composting pile (2.0 m length × 1.0 m width × 1.0 m
height) was prepared with a mixture of TS, sugarcane straw,
and cattle manure (1:3:1, v:v:v). The composting process oc-
curred within 90 days under artificial turnings at 7, 15, 30, 60,
and 90 days. The moisture content was kept at 50–60% by
adding water. The samples of compost were collected from
four different points of the composting pile on day 7 (d7;
mesophilic stage), 30 (d30; thermophilic stage), 60 (d60;
cooling stage), and 90 (d90; maturation stage). The collected
samples were stored at −20°C for further DNA extraction. The

remaining samples were dried, and the chemical properties
(pH, C, N, P, K, S, and Cr) were analyzed according to
USEPA (1996). Temperature levels at the four points of sam-
pling were measured by a digital thermometer. These chemi-
cal properties are shown in Table 1.

DNA extraction and sequencing

DNA was extracted from 0.5 g (total humid weight) of com-
post using the PowerLyzer PowerSoil DNA Isolation Kit
(MoBIO Laboratories, Carlsbad, CA, USA), according to
the manufacturer’s instructions. The DNA extraction was per-
formed in triplicate for each soil sample. The quality and con-
centration of the extracted DNA were determined using the
NanoDrop 2000 spectrophotometer (Thermo Scientific,
Waltham, USA).

The V4 region of the 16S rRNA gene was amplified with
region-specific primers (515F/806R) (Caporaso et al. 2011).
Each 25-μL PCR reaction contained the following: 12.25 μL
of nuclease-free water (Certified Nuclease-free, Promega,
Madison, WI, USA), 5.0 μL of buffer solution 5× (MgCl2
2Mm), 0.75 μL of a solution of dNTPs (10 mM ), 0.75 μL
of each primer (515 YF 40 μM e 806 R 10 μM), 1.0 unit of
Platinum Taq polymerase High Fidelity in a concentration of
0.5 μL (Invitrogen, Carlsbad, CA, USA), and 2.0 μL of tem-
plate DNA. Moreover, a control reaction was performed by
addingwater instead of DNA. The conditions for PCRwere as
follows: 95°C for 3 min to denature the DNA, with 35 cycles
at 98°C for 20 s, 55 °C for 20 s, and 72°C for 30 s, with a final
extension of 3 min at 72°C to ensure complete elongation.

After indexing, the PCR products were cleaned up using
Agencourt AMPure XP PCR purification beads (Beckman
Coulter, Brea, CA, USA), according to the manufacturer’s
manual, and quantified using the dsDNA BR assay kit
(Invitrogen, Carlsbad, CA, USA) on a Qubit 2.0 fluorometer
(Invitrogen, Carlsbad, CA, USA). Once quantified, equimolar
concentrations of each library were pooled into a single tube.
After quantification, the molarity of the pool was determined
and diluted to 2 nM, denatured, and then diluted to a final
concentration of 8.0 pM with a 20% PhiX (Illumina, San
Diego, CA, USA) spike for loading into the Illumina MiSeq
sequencing machine (Illumina, San Diego, CA, USA).

Sequence data were processed using QIIME 2 version
2019.10. Firstly, the sequences were demultiplexed, and qual-
ity control was carried out using DADA2 (Callahan et al.
2016), using the consensus method to remove any remaining
chimeric and low-quality sequences. Afterward, samples were
rarefied to 93,000 sequences, following the number of the
lowest sample, and singletons and doubletons were removed.
The taxonomic affiliation was performed at 97% similarity
using the Silva database v. 132 (Quast et al. 2013), and the
generated matrix was further used for statistical analyses. The
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sequences are submitted to the NCBI Sequence Read Archive
under the identification PRJNA714913.

Data analysis

The statistical analyses were performed comparing the four
different points of the composting pile (i.e., on days 7, 30,
60, and 90). Initially, the data were checked for normal
distribution using the Shapiro-Wilk test and homogeneity
of variance using Levene’s test, which indicated normal
distribution. Thus, to evaluate the bacterial and archaeal
communities’ structure and correlate with composting
chemical parameters, we used redundancy analysis
(RDA). To verify the significance of the composting chem-
ical parameters upon the microbial community, we used
forward selection (FS) followed by the Monte Carlo permu-
tation test with 1000 random permutations. Then, to test
whether the sample categories harbor significantly different
bacterial communities, we used the permutational multivar-
iate analysis of variance (PERMANOVA) (Anderson
2001). Richness and Shannon’s diversity index were calcu-
lated based on the taxonomic matrix at the OTU level and
compared based on Tukey’s HSD test. RDA analysis was
conducted using Canoco 4.5 (Biometrics, Wageningen,
The Netherlands), and PERMANOVA and diversity mea-
surements were calculated using PAST 4.01 software
(Hammer et al. 2001).

To compare the composition of the microbial communities
among the treatments, we used the Statistical Analysis of
Metagenomic Profile (STAMP) software (Parks et al. 2014).
For this, the OTU table at the phylum and genus level was
used as input. P values were calculated using a two-sided
Tukey-Kramer test, and the correction was made using the
Benjamini-Hochberg false discovery rate (Benjamini and
Hochberg 1995). For visualization, a heatmap was construct-
ed based on z-score transformed phylum abundance using the
“pheatmap” package in R (R Development Core Team). To
further predict the relevant potential functions of the commu-
nity, we performed a functional annotation using the
FAPROTAX database (Louca et al. 2016), using a table of

frequency of taxa at the genus level as input and converted
into a putative functional table.

To explore the relationship between the relative abundance
of microbial groups at the phylum level and soil properties, we
calculated Spearman’s rank correlation coefficients using the
“multtest” package in R, and the correction was made using
Benjamini-Hochberg FDR. For visualization, a heatmap was
constructed using the R package “corrplot.”We also correlat-
ed the composting chemical parameters with the microbial
diversity using the R package “ggpubr.”

Then, the microbial community dynamic was assessed
by comparing the four different time points. First, the niche
occupancy was verified by the multinomial species classi-
fication method using the “vegan” package and the function
“clamtest” in R, with individual test alpha of 0.05 and a
coverage limit of 10. This test classifies the microbes into
specialists, generalists, and too rare (Pedrinho et al. 2020).
Also, to assess the complexity of interactions between taxa,
we performed network analysis using the python module
“SparCC” (Friedman and Alm 2012). For this, a table of
frequency of OTUs with >50 sequences was included,
which represent >95% of the total sequences. The SparCC
correlations were calculated, and only strong (SparCC >0.9
or < −0.9) and highly significant (P < 0.01) were selected.
The networks were created with the software Gephi
(Bastian et al. 2009), and the comparison was based on a
set of measurements, including the number of nodes and
edges, modularity, number of communities, average node
connectivity, average degree, diameter, and average path
length.

Results

The temperature and some chemical parameters shifted during
the composting process (Table 1). The temperature increased
from the beginning of composting (d7) to the thermophilic
phase (d30) and decreased to maturation (d90). The pH de-
creased, while C, N, P, K, and S increased during the

Table 1 Shifts on temperature
and chemical properties during
the composting

d7 d30 d60 d90

Temperature (°C) 23.1 +1.3 62.3 + 2.5 32.7 + 1.8 23.2 + 1.1

pH (H2O) 9.4 + 0.5 8.2 + 0.3 7.9 + 0.5 8.1 + 0.4

C (g kg−1) 162.7 + 7.1 166.0 + 6.3 178.3 + 6.9 188.1 + 8.2

N (g kg−1) 1.3 + 0.13 1.4 + 0.15 1.6 + 0.21 1.7 + 0.26

P (g kg−1) 1.9 + 0.23 2.1 + 0.26 1.8 + 0.21 3.9 + 0.42

K (g kg−1) 1.8 + 0.16 1.9 + 0.20 2.2 + 0.19 2.4 + 0.22

S (g kg−1) 5.5 + 0.87 6.1 + 0.93 6.7 + 1.0 7.0 + 1.4

Cr (mg kg−1) 16357 + 467 12523 + 381 6796 + 138 2322 + 103
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composting. Interestingly, Cr content decreased significantly
from the beginning to the end of composting.

The redundancy analysis (RDA) compared the structure of
the prokaryotic communities and how they relate to the TS
characteristics during the composting (Figure 1A). Thus,
RDA analysis clustered the samples according to the stage
of composting (PERMANOVA F = 5.37, P = 0.0001), and
the first two axes of the graph explained 49.5% of the total
variation. Axis 1 explained the highest variation and separated
d7 and d30 from d60 and d90. According to RDA, the micro-
bial communities found during the mesophilic (d7) and ther-
mophilic stages (d30) were closely correlated with pH and
temperature, respectively, and both stages presented a corre-
lation with a high Cr rate. In contrast, the microbial commu-
nities of the cooling (d60) and maturation stages (d90) were
correlated with high rates of P. The composting process also
increased the microbial richness and diversity (Fig. 1B, C).
Specifically, the lowest and highest microbial richness and
diversity were found in d7 and d90, respectively.

The microbial communities comprised 39 phyla, being dom-
inated by Proteobacteria (22.6% of the total sequences), follow-
ed by Firmicutes (16.7%), Chloroflexi (16.1%), Actinobacteria
(16%), Bacteroidetes (7.8%), Gemmatimonadetes 5%),
Planctomycetes (4%), unclassified Bacteria (3.5%),
Euryarchaeota (2.1%), Patescibacteria (2%%), and
Acidobacteria (1.6%), all of them with a relative abundance
higher than 1% (Fig. 2). The results showed a succession of
microbial phyla during the composting with enrichment of
groups in the beginning (d7), being significantly enriched the
phyla Synergistetes, WS1, and Euryarchaeota. At the thermo-
philic stage (d30), there was an enrichment of Hydrogenedentes,

WPS-2, Chloroflexi, and Deinococcus-Thermus, while at the
cooling stage (d60), there was an enrichment of
Kiritimatiellaeota. Finally, at the maturation stage (d90), there
was an enrichment of Entotheonellaeota, Dadabacteria,
Nitrospirae, Dependiatiae, and Fibrobacteres.

We highlighted the 10 most abundant OTUs found in the
samples (Figure 3A) and observed a decrease of Bacillaceae,
Methanobacterium, Rhizobium, and Nocardia from the d7 to
other stages. On the other hand, there was an increase of the
OTUs affiliated to Chryseolinea, Anaerolineae, Rhizobiales,
Chloroflexaceae, Acrinomarinales, and Hyphomicrobiaceae.
Since the microbial communities found at the beginning stage
of composting were significantly distinct from the other stages,
we compared the microbial communities at OTU level in d7
against others (d30, d60, and d90) (Fig. 3B). Therefore, there
was an increase in several groups, highlighting Rhizobiaceae,
Microscillaceae, Pirellulaceae, Alphaproteobacteria, and
Devosia, among others, which can explain the increased diver-
sity at these stages.

Spearman’s rank was calculated to address the correlation
between individual phyla and characteristics of the compost
(Figure 4A). Cr and pH presented more negative correlations
with general phyla. In contrast, S, C, K, temperature, and N
presented more positive correlations, while Ni, Cd, and P
showed fewer correlations. As important contrasts,
Acidobacteria, Planctomycetes, WS2, and Nanoarchaeaeota
correlated negatively with Cr and pH, while presented positive
correlations with S, C, K, and N. Dadabacteria and
Entotheonellaeota correlated negatively with Cr and positive-
ly with S, C, K, and N. Interestingly, temperature correlates
positively with Deinococcus-Thermus, Bacteroidetes,

Figure 1 Structure and diversity of microbial communities in four stages
of tannery sludge composting process based on the 16S rRNA gene. A
Redundancy analysis of microbial community structure and chemical
properties. Arrows indicate correlation between microbial profile and
chemical parameters. The significance of these correlations was

evaluated via the Monte Carlo permutation test (P < 0.05). B
Taxonomic diversity and richness based on OTU level at 97%
similarity. Error bars represent the standard deviation, and different
lowercase letters indicate significant differences between the stages
based on Tukey’s HSD test (P < 0.05). Cr, chromium; P, phosphorus
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Verrucomicrobia, Hydrogenedentes, BRC1, Chloroflexi,
WPS-2, and Patescibacteria. In addition, we evaluated how
the characteristics drove microbial diversity during
composting (Figure 4B). Thus, Cr and pH presented a nega-
tive influence on microbial diversity, while S, K, N, and C
correlated positively with microbial diversity.

We then observed the niche occupancy and found a varia-
tion of the proportion between specialists and generalists dur-
ing each stage of composting (Figure 5A). In general, we
observed a decreased proportion of generalists with a conse-
quently increased proportion of specialists following the
composting process. More specifically, when comparing only
the specialists, d7 presents 20.8% against 22.9% in d30,
28.5% in d60, and 33.7% in d90. The co-occurrence network
analysis showed shifts in the complexity of connections in the
microbial community during the composting (Figure 5B and
Table 2). Each stage of composting showed distinct network
compositional and topological features. Therefore, the micro-
bial community in d7 (mesophilic stage) exhibited more

complexity (617 nodes, 6996 edges, and average degree
22.67). Then, there was a decrease in complexity following
thermophilic (d30; 510 nodes, 2996 edges, and average de-
gree 11.74) and cooling (d60; 484 nodes, 2047 edges, and
average degree 8.45) stages. The complexity increased again
in the maturation stage (d90; 584 nodes, 4234 edges, and
average degree 14.5). Interestingly, the modularity and the
number of communities within the network increased from
d7 to d90 (Table 2). This result revealed changes in the com-
munity dynamics along the composting process, with temper-
ature and pH playing a major role.

Finally, we used the FAPROTAX database to predict the
potential functions of the microbial community along each
stage of the composting process. Thus, 14 functional groups
changed according to the stages of composting (Fig. 6). At the
beginning of composting (d7), there was an increase of micro-
bial groups related to methylotrophy, dark hydrogen oxida-
tion, and methanogenesis, while at the end of composting
(d90), there was an increase of microbial groups related to

Figure 2 Heatmap showing the
differential abundance of
microbial phyla along four stages
of tannery sludge composting
process. The color key relates the
heatmap colors to the standard
score (z-score), i.e., the deviation
from row mean in units of
standard deviation above or
below the mean. Asterisks
indicate significantly different
phylum abundances (two-sided
Tukey-Kramer test with BH cor-
rection, P < 0.05), and upper and
down arrows indicate increased or
decreased relative abundance, re-
spectively. Circles are propor-
tional to the relative abundance of
each group in all samples
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aerobic nitrite oxidation, nitrification, aerobic ammonia oxi-
dation, and aromatic compound degradation (P < 0.05).

Discussion

The chemical properties and temperature changed during
composting, and it is resulting from microbial action, through
degradation of organic sources and mineralization of nutrients
(Hills et al. 2020). The concentration of Cr was significantly
reduced through composting, suggesting a potential effect of
microbial communities on Cr detoxification. However, it is
unknown how Cr drives the microbial communities inside
the composting process. In our study, the Cr presented a neg-
ative correlation with 11 phyla, which could explain the lower

diversity in the first phases of the composting. Indeed, Cr in
soils presents an impact on the composition and structure of
microbial communities (Miranda et al. 2019). Some phyla
presented a positive correlation with Cr concentration, such
as Synergistetes. This phylum was linked to the digestion of
organic residues in a tannery solid waste anaerobic digestion,
with a role in the production of methane (Agustini et al. 2020).
Interestingly, our metabolic prediction revealed a high abun-
dance of methanogenesis at the beginning of the composting
process, matching with the higher abundance of this phylum.
However, it has been shown that methane production de-
creases with increasing the chromium concentration (Akyol
et al. 2015). Thus, the increase of microbial groups associated
with methanogenesis at the beginning of the composting pro-
cess could be associated with other TS parameters, such as

Figure 3 Differential abundance
of microbial OTUs along four
stages of tannery sludge
composting process. A Top 10
most abundant OTUs. B Scatter-
plot showing the differential
abundance of OTUs comparing
d7 with the other stages. The dif-
ferences are based on Welch’s t-
test with Benajmini-Hochberg
correction calculated in STAMP
(P < 0.05)
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organic elements andmicrobial groups not directly affected by
Cr.

In this study, Proteobacteria, Firmicutes, Actinobacteria, and
Chloroflexi were the most abundant phyla found during the
composting process as also reported in previous studies (Yin
et al. 2017; Zhou et al. 2018; Meng et al. 2019). It suggests that
these microbial groups are the most important during the degra-
dation of organic materials. Indeed, Awasthi et al. (2017) found
these phyla as the main players during the composting of sew-
age sludge. However, distinct microbial communities presented
high abundance in each phase during composting, suggesting
that each microbial group is more adapted to shifts in
composting parameters. For example, Proteobacteria increased
during the composting, while Actinobacteria decreased in d30
and d60 and recovered in d90. The increase of Proteobacteria
could be linked to the increase of nutrients available during the
composting since members of this phylum participate in the
cycling of carbon, nitrogen, and sulfur (Pedrinho et al. 2019).
This fact can be also observed in the increase of sequences
related to nitrogen metabolism during the composting process,
such as nitrification, aerobic ammonia oxidation, and aerobic
nitrite oxidation (Figure 6). Also, at the beginning of composting

(d7), the higher abundance of Synergistetes and Euryarchaeota
can suggest that the initial composting process seems to produce
methane, as discussed above since both phyla are associated
with initial degradation of wastes contributing to methane emis-
sion (Lee et al. 2010). Although our composting process is
aerobic, the first turning was done after the compost sampling
at d7. It could explain the high abundance of methanogenic
microbes (e.g., Synergistetes and Euryarchaeota) and the in-
crease of microbe groups related to methylotrophy, dark hydro-
gen oxidation, and methanogenesis at d7 (Figure 6). On the
other hand, as the temperature of compost increased at d30,
we observed an enrichment of Hydrogenedentes, WPS-2,
Chloroflexi, and Deinococcus-Thermus. This thermophilic
phase may select thermotolerant microbial groups, some of
which are highly tolerant of hazardous compounds, such as
ultraviolet radiation, like Deinococcus-Thermus (Griffiths and
Gupta 2007). For instance, the genus Truepera (Deinococcus-
Thermus) plays an important role in the thermophilic phase of
the composting due to their functions on cellulose degradation
(Bishop et al. 2016; Zhang et al. 2014). Chloroflexi were also
abundant in the thermophilic phase of aerated static pile
composting (Neher et al. 2013). However, the ecological

Figure 4 A Heatmap showing the Spearman’s rank correlation
coefficients and statistical significance between microbial phyla
abundance and composting chemical parameters. Blue and red colors
indicate significant positive and negative correlations, respectively (P <

0.05). B Spearman correlation between microbial diversity and
composting chemical parameters (P < 0.05). Cr, chromium; S, sulfur;
C, carbon; K, potassium; N, nitrogen; Ni, nickel; Cd, cadmium; P,
phosphorus
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attributes of Chloroflexi members during composting are not
well-known due to the difficulty to culture under controlled
conditions. Interestingly, at the cooling stage (d60), there was
an enrichment of Kiritimatiellaeota, and, at d90,
Entotheonellaeota, Dadabacteria, Nitrospirae, Dependiatiae,
and Fibrobacteres were increased. This result indicates that
these groups can be related to nitrification metabolism since
the final phase of composting has greater mineral compounds
than organic fractions. For instance, Jarvis et al. (2009) and
Maeda et al. (2010) also found Nitrospirae in the maturation
stage in household waste and cattle manure composting, respec-
tively. This bacterial group generates energy from the hydrox-
ylamine oxidation route, using ATP to fix CO2 as C-source,
indicating that these bacteria should be active on ammonium
oxidation in the composting process (i.e., converting NH4

+ into
NO3

−) (Maeda et al. 2011). This observation is also corroborated
by the higher abundance of sequences linked to nitrification,
aerobic ammonia oxidation, and aerobic nitrite oxidation at
d90 (Figure 6).

When analyzing in a lower taxonomic level (OTU), at the
beginning of composting (d7), we observed a high abundance
of Nocardia, Rhizobium,Methanobacterium, and Bacillaceae.
Nocardia is a group of bacteria recognized as lignocellulose
degraders (Varma et al. 2018), and thus these groups could be
acting in the first stage of composting. The genus Rhizobium
grows preferentially at alkaline pH, but considering that the

pH was alkaline along all stages of the compost, its higher
abundance in d7 can be due to the lower temperature found
in this stage as compared to other stages. In contrast, the
enrichment of Anaerolineae could be linked to increased
temperature. Anaerolinea (Chloroflexi) was found to be a
facultative aerobic bacterium that presents an optimum
growth at a temperature around 55 to 65°C, being recog-
nized as a chemo-organoheterotroph on several carbohy-
drates (Sekiguchi et al. 2003). Thus, these traits found in
this bacterium could explain its high abundance during the
thermophilic phase in this study.

Our results demonstrated that each phase of composting
harbors different microbial communities, which were signifi-
cantly influenced by temperature, pH, Cr, and P. Indeed, the
temperature is an important factor driving the behavior of
microbial communities in the composting process, mainly
during the thermophilic phase (Antunes et al. 2016). In addi-
tion, during the composting, the organic materials are degrad-
ed, and there is a shift in chemical parameters that contribute
to changes in microbial communities. Similar patterns found
on microbial communities during composting were reported
by Meng et al. (2019), who evaluated four phases of
composting on the structure of microbial communities. For
instance, pH influenced microbial groups in the d7 phase,
where the pH value was higher (pH = 9.4) than the other
composting phases. However, in the final phases of

Table 2 Correlations and
topological properties of
microbial networks in different
stages of tannery sludge
composting

Network properties d7 d30 d60 d90

Number of nodesa 617 510 484 584

Number of edgesb 6996 2996 2047 4234

Positive edgesc 4360 (62%) 2000 (67%) 1333 (65%) 2367 (56%)

Negative edgesd 2636 (38%) 996 (33%) 714 (35%) 1867 (44%)

Modularitye 1.961 1.601 1.771 4.259

Number of communitiesf 32 64 85 104

Network diameterg 13 15 15 16

Average path lengthh 4.213 5.62 5.711 5.52

Average degreei 22.67 11.74 8.45 14.5

Av. clustering coefficientj 0.411 0.382 0.367 0.369

aMicrobial taxon (at genus level) with at least one significant (P < 0.01) and strong (SparCC > 0.7 or < −0.7)
correlation
bNumber of connections/correlations obtained by SparCC analysis
c SparCC positive correlation (> 0.7 with P < 0.01)
d SparCC negative correlation (< -0.7 with P < 0.01)
e The capability of the nodes to form highly connected communities, that is, a structure with high density of
between node connections (inferred by Gephi)
f A community is defined as a group of nodes densely connected internally (Gephi)
g The longest distance between nodes in the network, measured in number of edges (Gephi)
h Average network distance between all pair of nodes or the average length off all edges in the network (Gephi)
i The average number of connections per node in the network, that is, the node connectivity (Gephi)
j How nodes are embedded in their neighborhood and the degree to which they tend to cluster together (Gephi)
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composting, the pH reduced and contributed to the increase in
microbial diversity. Generally, the reduction in pH during
composting is attributed to the production of organic acids
delivered by both bacterial and fungi communities to degrade
recalcitrant material (Zakarya et al. 2018). In general, several
studies have reported the pH as the main factor structuring

community composition, and this correlation may be a result
of the integration of pH with other chemical parameters
(Fierer and Jackson 2006; Mendes and Tsai 2018). Indeed,
the decrease of the pH to close to 7.0 increases nutrient avail-
ability (N, P, and S) in compost, promoting a more suitable
environment for the microbial establishment. It partially

Figure 5. A Multinomial species classification method (CLAM) for the
niche occupancy test based on pairwise comparison. The generalists
(gray), specialists (blue tones), and rare (black) are indicated with their
respective percentages. B Network co-occurrence analysis of the micro-
bial communities in soils along four stages of tannery sludge composting
process based on the 16S rRNA gene. A connection stands for SparCC

correlation with magnitude > 0.9 (positive correlation—blue edges) or <
− 0.9 (negative correlation—red edges) and statistically significant (P ≤
0.01). Each node represents taxa at OTU level, and the size of node is
proportional to the number of connections (i.e., degree). The color of the
nodes is based on the betweenness centrality, where red colors indicated
higher values. The network construction was made using Gephi software

Figure 6 Heatmap showing the differential abundance of predicted
functional categories along four stages of tannery sludge composting
process based on FAPROTAX database. The color key relates the
heatmap colors to the standard score (z-score), i.e., the deviation from

row mean in units of standard deviation above or below the mean. Upper
and down arrows indicate increased or decreased relative abundance,
respectively (two-sided Tukey-Kramer test with BH correction, P < 0.05)
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explains the significant correlation between P and groups at
d60 and d90 (Figure 1a), the continuous increment of micro-
bial diversity along with composting phases (Figure 1b), and
the strong positive relationship between Shannon diversity
with K, N, S, and C contents (Figure 4).

The Spearman rank correlation test showed a higher num-
ber of negative correlations comparing microbial phyla with
pH and Cd contents. Contrary, S, C, K, and N contents pre-
sented a higher number of positive correlations with microbial
phyla. It seems to be coherent since the same pattern was
found comparing these attributes with Shannon diversity.
Generally, it could be related to the improvement of compost
quality in terms of chemical parameters, such as increased
nutrients and decreased Cr. In addition, as the composting is
processed naturally, there is an increase in microbial richness
and diversity (Meng et al. 2019). Also, Acidobacteria,
Planctomycetes, Nanoarchaeota, and Entotheonellaeota posi-
tively correlate with S, C, K, and N during composting.
Acidobacteria and Planctomycetes were positively correlated
with total C during urban green waste composting, suggesting
that feeding niches of these groups play a key role in changes
of organic matter and, consequently, nutrient content (Tong
et al. 2018). Indeed, our niche occupancy analysis showed an
increased proportion of specialists along the composting pro-
cess, revealing that specific microbial groups are responding
to the increased nutrient availability. The archaeal community
(through amoA gene studies) was abundant throughout agri-
cultural wastes composting dominated NH4

+ oxidation during
the thermophilic and cooling stages (Zeng et al. 2011). Some
reports showed that ammonia-oxidizing archaea can be rela-
tively more abundant than ammonia-oxidizing bacteria in
composts of tropical agricultural wastes (de Gannes et al.
2012).

Finally, we used co-occurrence networks analysis to under-
stand the microbial community dynamics and compare the
complexity of interaction between the microbes in each
composting phase. Our analysis showed that the complexity
of connections was higher at the beginning of composting
(d7). In the initial phase of composting, the raw material pre-
sents a more diversified source of organic compounds.
Therefore, it can result in a higher functional redundancy in
microbial communities (Allison and Martiny 2009) in the ini-
tial phase of tannery sludge composting, resulting in higher
generalist microbes and more complex communities. Since
our sludge presented higher Cr contents, an increased func-
tional redundancy in the initial phase, with a wide range of
potential metabolic cooperation between microbes, is ex-
tremely important for maintaining efficient compost degrada-
tion. In accordance, the final phases are characterized by more
recalcitrant substrates, needing thereby highly specialized mi-
crobial communities to promote their transformations
(Buresova et al. 2019; Fukami 2015; Purahong et al. 2014).
In this sense, the increased proportion of specialist microbes

was followed by a decrease in the community complexity in
d30, following an increase in the last two phases.
Interestingly, the modularity and the number of communities
within the network increased in the later stage (d90).
Networks with a modular structure are characterized by the
presence of different groups of nodes with a high number of
interconnections within, suggesting diversity in species roles
and functionality, increasing niche overlap, and a high abun-
dance of negative interactions within the community (Peipoch
et al. 2019). This can be observed by the increased diversity in
the last stage of the composting, followed by an increased
proportion of specialists and a higher proportion of negative
interactions. Thus, our network analysis indicates that the
composting process, along with changes in chemical parame-
ters, shapes the community dynamics and co-occurrence of
microbial taxa.

This study has shown the dynamics of the bacterial and
archaeal community during composting of tannery sludge,
and this knowledge is important to verify the role of bacteria
in converting industrial solid waste into a potential stable and
safe compost. The final quality of compost depends on the
substrate, environmental conditions, and the interactions
between microbes (Lu et al. 2018). Therefore, we found a
bacterial succession during the composting with the predom-
inance of Proteobacteria, Firmicutes, and Actinobacteria,
which are known as important degraders of organic wastes
(Awasthi et al. 2017). This bacterial succession and complex
interactions positively influence the increased nutrients in the
final compost and can contribute to improving soil properties
(Rashid et al. 2016). Indeed, Zhao et al. (2019) have reported
that the interactions of microbial communities influenced pos-
itively the stability, safety, and quality of composted sewage
sludge. On the other hand, some bacterial groups positively
correlated significantly with Cr, which suggests the potential
for Cr degradation and then a reduction in the toxicity of
composted tannery sludge.

Conclusion

In this study, different stages of the composting present a
specific microbial community structure and dynamics, which
are related to some specific composting characteristics, such
as pH, temperature, chromium, and P content. The
composting process increased the microbial diversity and the
proportion of specialist microbes, which led to a decrease in
Cr content and an increase in nutrients. These changes in the
chemical properties are related to changes in specific micro-
bial groups and functions. Although the process of
composting improves the quality and stability of organic
wastes with the contribution of microbes, composted tannery
sludge presented yet high Cr concentration and prevents its
use in agricultural soils. Therefore, the monitoring of Cr
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concentration in composted tannery sludge should be done to
verify its suitability to application in soils.
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