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HIGHLIGHTS

RNA-based metabarcoding is a helpful
tool to assess active bacteria during
composting.

qPCR confirmed to themophilic as the
most active phase of the process.
Differential abundance analysis re-
vealed distinct dynamics for some bac-
terial genera.

Statistical correlation suggested that ac-
tive bacteria had metabolic specialisa-
tion.

Cand N cycles, and pathogen reduction
were the most prominent functions
predicted.
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ABSTRACT

RNA-based high-throughput sequencing is a valuable tool in the discernment of the implication of metabolically ac-
tive bacteria during composting. In this study, “alperujo” composting was used as microbial model for the elucidation
of structure-function relationships with physicochemical transformation of the organic matter. DNA and RNA, subse-
quently retrotranscribed into cDNA, were isolated at the mesophilic, thermophilic and maturation phases. 16S rRNA
gene was amplified by quantitative PCR (qPCR) and Illumina MiSeq platform to assess bacterial abundance and di-
versity, respectively. The results showed that the abundance of active bacteria assessed by qPCR was maximum at
thermophilic phase, which confirm it as the most active stage of the process. Concerning diversity, Proteobacteria,
Firmicutes, Bacteroidetes and Actinobacteria were the main phyla presented in composts. Concomitantly, three
different behaviours were observed for bacterial dynamics: some genera decreased during the whole process mean-
while others proliferated only at thermophilic or maturation phase. Statistical correlation between physicochemical
transformations of the organic matter and bacterial diversity revealed bacterial specialisation. This result indicated
that specific groups of bacteria were only involved in the organic matter degradation during bio-oxidative phase
or humification at maturation. Metabolic functions predictions confirmed that active bacteria were mainly involved
in carbon (C) and nitrogen (N) cycles transformations, and pathogen reduction.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Composting is a low-cost technology which transforms organic
wastes and by-products into biologically stable materials that can be
used as soil amendments, fertilisers or substrates for soilless cultivation,
reducing their environmental impact and enabling their organic matter
and nutrients to be more productive (de Bertoldi et al., 1983; Diaz et al.,
2007). An example is the olive oil industry, which yearly generates a
huge amount of organic wastes such as “alperujo” or “alpeorujo” (AL),
and humid and acidic pomace (Alburquerque et al., 2004; Roig et al.,
2006; Dermeche et al., 2013). It has been demonstrated that composting
is a feasible methodology to transform AL into commercial organic
amendments and fertilisers (Tortosa et al., 2012), and this process is
characterised by its humification process (Alburquerque et al.,, 2009).

Composting can be defined as a controlled bio-oxidative process, in
which heterogeneous organic substrates are degraded by the sequential
activity of a myriad of microorganisms present in the raw organic mate-
rials (Ryckeboer et al., 2003; Lopez-Gonzalez et al., 2015a, 2015b).
During composting, chemical and physical changes occur in the organic
substrates due to the multitude of reactions derived from the succession
of different microbial populations, mainly bacteria and fungi (Diaz and
Savage, 2007; Insam and de Bertoldi, 2007). The microbial development
depends on the conditions and characteristics of the raw materials
(water content, temperature, pH, nutrients, etc.) because their capaci-
ties to degrade the organic components of the starting materials are dif-
ferent. For that, the study of the microbial diversity and evolution, and
its relationship with physicochemical changes during composting is
one of the main challenges for compost scientists and technicians. In re-
cent years, molecular techniques applied to the study of compost micro-
bial communities have significantly increased the knowledge on their
abundance, diversity and evolution during the process (Vivas et al.,
2009; Tortosa et al., 2017, 2020; Jurado et al., 2020). DNA-based high-
throughput sequencing studies like those performed through Illumina
MiSeq/HiSeq platforms, or quantitative polymerase chain reaction
(gqPCR) provide relevant information on the microbial composition
and relative abundance during composting (Tortosa et al., 2020),
while RNA-based studies describe microbial communities that are met-
abolically active at each stage of the process (Meng et al., 2020).
Unfortunately, transcriptional analyses applied to study the microbial
ecology in environmental samples (metatranscriptomics) can lead to
some methodological issues due to the instability of microbial mRNA
(McGrath et al., 2008). An effective approach for avoiding this problem
is to convert RNA into retrotranscribed DNA (cDNA), and then, amplify
and sequence specific genes which can aid in identifying bacteria by
using next generation sequencing technologies (metabarcoding)
(Antunes et al., 2016; Ding et al., 2020).

Bacterial populations are recognised as the principal microbial actors
during composting due to their abundance and their active role during
organic matter decomposition (Insam et al., 2010; Lépez-Gonzalez
etal, 2015a). It is considered essential to study the dynamics of bacte-
rial communities along the process, owing to them being the keystone
members for the optimization of the process itself. Recent studies
have evaluated the involvement of bacteria on the physicochemical
transformation of the organic substrates during several organic wastes
composting, technologies and recipes (Tortosa et al., 2017; Wang
et al.,, 2018; Wang et al., 2019; Ding et al., 2020; Kong et al., 2020; Sun
et al,, 2020; Zhang et al., 2020). Complementary, bioinformatic tools
based on 16S rRNA sequences identification such us Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States
(PICRUSt) (Langille et al., 2013), Tax4Fun (Asshauer et al., 2015) or
Functional Annotation of Prokaryotic Taxa (FAPROTAX) (Louca et al.,
2016), can be used to predict bacterial metabolic involvement in the
transformation of organic substrates during composting (Zhang et al.,
2020; Zhu et al,, 2020; Xu et al., 2021).

Some authors have already implemented metabarcoding techniques
to address bacterial dynamics of composts and vermicomposts,

Science of the Total Environment 789 (2021) 147975

enriching their studies through the study of the effect of physicochem-
ical parameters on the structure of bacterial communities. For instance,
Srivastava et al. (2021) found that there are correlations between the
relative abundance of certain bacteria and physicochemical parameters
of the vermicompost, being bacterial populations highly influenced by
the substrate nature, environmental parameters and the activity of the
earthworms. However, very little is known about the specific metabolic
capabilities of bacterial populations of AL compost, based on amplicon
sequencing.

According to this fact, the aims of this research were i) to explore
new insights into the composition and dynamics of the active bacterial
populations using Illumina MiSeq sequencing and qPCR technologies,
and ii) to study the role of active bacteria and its metabolic functions
contribution on the organic matter degradation during AL composting.

2. Materials and methods

2.1. Composting performance, sampling and nucleic acids (total DNA, RNA
and cDNA) obtention

Two trapezoidal piles (M1 and M2) of 10 tons each were made as
biological replicates as earlier described by Tortosa et al. (2012).
Physicochemical parameters such us moisture, temperature, pH, electrical
conductivity (EC), organic matter (OM), lignin, cellulose and hemicellu-
lose content, total organic carbon (Toc), total nitrogen (Ty), fat content,
water-soluble carbon (WSC), water-soluble carbohydrates (WSC), humi-
fication ratio (HR), humification degree (HD), percentage of humic acids
(Pan) and germination index (GI) were previously analysed in Tortosa
et al. (2017). Samples were collected at the mesophilic (1st week), ther-
mophilic (7th week) and maturation (22nd week) phases (Tortosa
et al.,, 2020). Four independent technical replicates (1 and 2 for M1, and
3 and 4 for M2 piles, respectively) per each phase were individually ex-
tracted (Fig. S1). Total DNA, RNA extraction and cDNA synthesis were per-
formed as previously described by Tortosa et al. (2020).

2.2. Quantitative PCR (qPCR)

The copy numbers of 16S rRNA gene present in total DNA and cDNA
were quantified by qPCR as described previously (Castellano-Hinojosa
et al, 2018). The qPCR analyses were carried out by amplifying the hy-
pervariable V3 region primers 341F (5’-CCTACGGGAGGCAGCAG -3’)
and 534-R (5’-ATTACCGCGGCTGCTGG —3’) (Muyzer et al., 1993). The
PCR amplification conditions were: 95 °C for 7 min; 40 cycles consisting
0f 95 °Cfor 305,60 °Cfor 40 s and 72 °C for 30 s, and a final step of 72 °C
for 7 min. The melting curve was obtained at the end of each run by in-
creasing temperature from 60 °C to 95 °C.

2.3. lllumina MiSeq sequencing and data processing

The hypervariable V3-V4 regions of the 16S rRNA gene from cDNA
were amplified by using Illumina MiSeq technology as previously
described (Takahashi et al., 2014). Sequencing was performed at the fa-
cilities of the Genomic Unit of the Institute of Parasitology and Biomed-
icine “Lopez-Neyra” (IPBLN-CSIC, Granada, Spain), after checking cDNA
quality and quantity by using a Nanodrop 1000 Spectrophotometer
(Thermo Scientific). Data quality screening, trimming and overlap-
ping were performed with the FastQC (v.0.11.5 release; http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/), FASTX-
Toolkit (v.0.014; release; http://hannonlab.cshl.edu/fastx_toolkit/
index.html) and fastq-join (v.1.3.1 release; https://github.com/
ExpressionAnalysis/ea-utils) bioinformatic utilities, respectively.
Low-quality sequences with lower quality values than Q20 were
discarded, and paired reads with >20bp and < 15% of difference
in the overlapping region were merged.

After that, the 16S rRNA gene sequences obtained were trimmed by
the SEED2 software (v.2.1.05 release; Vétrovsky et al., 2018) and the
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specific primers, sequences showing ambiguities, sequences <300bp or
sequences with quality <Q30 were removed. Chimeric reads were also
eliminated using SILVA gold reference fasta and high-quality sequences
were clustered into Operational Taxonomical Units (OTUs) at 97% of ge-
netic similarity using Vsearch dgc approach with MOTHUR (v.1.40.5 re-
lease; Schloss et al., 2009). OTUs representing less than 0.005% of the
total high-quality sequences were removed (Bokulich et al., 2013) and
were classified by using Ribosomal Database Project (RDP-II) 16S
rRNA reference database with an 80% cut-off (Cole et al., 2014). Mito-
chondria, chloroplast and unknown (unclassified at kingdom level)
identifications were removed from the dataset. Rarefaction curves,
alpha diversity indices (Observed and Chaol richness; Shannon and
Inverse Simpson, InvSimpson), and beta diversity assessed by the
Non-metric MultiDimensional Scaling analysis (NMDS) based on Bray-
Curtis dissimilarities were performed as previously described by
Fernandez-Gonzalez et al. (2019).

2.4. Metabolic functions

Functional Annotation of Prokaryotic Taxa (FAPROTAX) bioinfor-
matic tool (v.1.2.2 release) was employed as described by Louca et al.
(2016). In brief, the taxonomical assignment of each OTU was com-
pared with the annotations included in the FAPROTAX database by
running the script collapse_table.py, both supplied by the developers
(available at http://www.loucalab.com/archive/FAPROTAX/). This
version of FAPROTAX accounted for 90 functional groups, comprising
7820 assignments.

2.5. Statistical analyses

Inferential statistics were applied to the bacterial abundance
(qPCR), alpha diversity indices, taxonomical relative abundances
and functional assignments at each composting phase by using the
Statistical Analysis of Taxonomical and Functional Profiles (STAMP)
open-source software v.2.1.3 release (Parks et al., 2014). One-way
ANOVA and Tukey-Kramer post-hoc test (p < 0.05), considering Sto-
rey's FDR and eta-squared multiple and sample size corrections were
also used. For beta diversity analysis, Permutational Multivariate
Analysis of Variance (PERMANOVA) was performed as previously in-
dicated (Fernandez-Gonzalez et al., 2019). Pearson correlation ma-
trix was calculated with the GNU-PSPP open-source software v0.9.0
release (available in https://www.gnu.org/software/pspp/) as previ-
ously described (Tortosa et al., 2017).

2.6. Accession numbers

Raw sequences are available at the NCBI Sequence Read Archive
(SRA) (https://www.ncbi.nlm.nih.gov/sra) under PRJNA683198 acces-
sion number.

3. Results
3.1. Bacterial abundance (qPCR)

The total abundance of bacteria increased significantly during
composting (Fig. 1a). At the thermophilic phase, 16S rRNA copy num-
bers amplified from total DNA reached values of 7.45 x 10'° + 1.20 x
10'° (g CDW) ™!, 2.5-fold higher than those found at mesophilic
phase. At the end of the process, these copies were reduced to values
0f 5.35 x 10'° + 7.42 x 10° (g CDW) ™', while they were still signifi-
cantly higher than mesophilic counterparts.

Similar behaviour in terms of abundance in the active bacteria (cDNA)
and total bacterial community (DNA) was observed (Fig. 1b). The maxi-
mum values were obtained at the thermophilic phase, the most active
stage, showing 1.07 x 108 + 2.30 x 107 (g CDW) ™!, 5-fold higher than
the copy numbers found at both mesophilic and maturation phases.
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Fig. 1. 165 rRNA copy numbers per compost dry weight (g CDW) ! obtained from 16S
rRNA gene amplification of total DNA (a) and cDNA (b) at mesophilic, thermophilic and
maturation phases, respectively. Different letters indicate statistical difference (p < 0.05)
according to one-way ANOVA with Tukey-Kramer post-hoc test.

3.2. Bacterial diversity

The number of sequences obtained by Illumina MiSeq amplifica-
tion and sequencing of the 16S rRNA gene at mesophilic, thermo-
philic and maturation phases is shown in Table 1. Total sequences
identified ranged from 80,867 to 104,575, and the percentage of
the sequences identified at each composting phase was relevant
(>80%), with the exception of maturation libraries at genus level
(44.3%). Rarefaction curves (Fig. S2) and Good's coverage indices
(from 99.93% to 99.98%) showed that the sequencing effort was
enough to obtain a representative sample of each bacterial commu-
nity collected.

Overall, the alpha diversity indices were increased during composting
(Fig.2). Richness, assessed by means of Observed OTUs and Chao1 index,
was statistically increased (p < 0.001) during the process according to the
one-way ANOVA test. Inverse of Simpson index also showed a similar ten-
dency but not Shannon's, which only showed differences between the
mesophilic and maturation phases (p = 0.022). The Permutational
Analysis Of Variance (PERMANOVA) explained 20.67% of the total vari-
ance and showed that the bacterial communities from the two piles
used as biological replicates were only significantly different (p =
0.007) at the beginning of the process (Fig. 3). Further, both piles
showed clearly different bacterial communities (p = 0.003) among
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Table 1

Taxa (N) and sequences (S) number obtained from 16S rRNA gene amplification of cDNA at mesophilic (Meso1-4), thermophilic (Thermo1-4) and maturation (Matu1-4) libraries,
respectively.

cDNA libraries

Meso1-4 Thermo1-4 Matu1-4

N S N S N S
Phylum 7+1 78,296 + 17,119 (96.8%) 11+1 104,231 + 10,626 (99.7%) 1442 96,180 + 16,847 (96.4%)
Class 14+ 4 77,137 £ 16,364 (95.4%) 2242 104,038 + 10,494 (99.5%) 3142 93,885 4 18,238 (94.1%)
Order 254+ 6 76,608 + 16,193 (94.7%) 38+4 103,230 + 9993 (98.7%) 5242 85,682 4 14,236 (85.9%)
Family 58 +£17 73,167 + 16,657 (90.5%) 92 +5 100,803 + 9060 (96.4%) 104 4+ 3 78,527 + 15,285 (78.7%)
Genus 74 + 29 68,470 4 19,805 (84.7%) 141 £ 17 85,020 4 5561 (81.3%) 157 £ 7 44,233 + 14,122 (44.3%)

Total sequences identified 80,867 + 19,374 (100%) 104,575 + 10,803 (100%) 99,739 + 17,325 (100%)

Note: Values are expressed as the mean of the sequences from each library and its standard deviation. Numbers in brackets represent the percentage of identified sequences respect total

sequences identified.

the composting phases (mesophilic, thermophilic and maturation),
explaining 39.74% of the total variance.

Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria
were the main phyla observed during the process, accounting for
more than 84% of the number of sequences identified (Fig. 4).
Phylum Proteobacteria decreased its relative abundance during
composting, while Firmicutes, Bacteroidetes, Actinobacteria,
Chloroflexi, Verrucomicrobia and Deinococcus-Thermus did the
opposite, maturation being the phase with most phyla identified,
and more evenly distributed.
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The list of all the genera detected and their relative abundance is
shown in Table S1. Three different behaviours were accounted for at
genus level during the process (Table 2). Stenotrophomonas,
Halotalea and Pseudomonas represented close to 50% of the se-
quences identified at the mesophilic phase, which are commonly
found in olive mill wastes (Vivas et al., 2009; Muktadirul Bari
Chowdhury et al., 2013; Tortosa et al., 2017). These genera, as well
as Acinetobacter, Planifilum, Delftia, Pelomonas, Komagataeibacter,
Gluconobacter and Cohnella, statistically decreased (p < 0.05) their
relative abundance during the process. As expected, most of these
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Fig. 2. Evolution of alpha diversity indices (observed OTUs and Chao1 richness; Shannon and inverse of Simpson diversity) obtained from 16S rRNA gene amplification of cDNA at
mesophilic (Meso, green colour), thermophilic (Thermo, red colour) and maturation (Matu, blue colour) composting phases, respectively. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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genera (with the exception of Planifilum and Cohnella) belong to Flavobacterium, Rhodococcus, Sphingobacterium, Pseudoxanthomonas,
Proteobacteria, the most abundant phylum detected, which de- Bordetella, Cellvibrio, Desemzia and Actinotalea proliferated mostly
creased during the process. By contrast, Carnobacterium, Olivibacter, at the thermophilic phase. Finally, Luteimonas, Parapedobacter,
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Fig. 4. Relative abundance of phyla identified from 16S rRNA gene amplification of cDNA during mesophilic, thermophilic and maturation phases.
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Table 2
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Main identified genera obtained from 16S rRNA gene amplification of cDNA at mesophilic (Meso1-4), thermophilic (Thermo1-4) and maturation (Matu1-4) libraries, which represented

>1% of the total sequences obtained.

Phylum Family Genus Meso1-4 Thermo1-4 Matul-4
Decreasing during composting

Proteobacteria Xanthomonadaceae Stenotrophomonas 20.9 + 23.2 6.8 +7.6 02+0.2
Proteobacteria Halomonadaceae Halotalea 16.1 £ 18.0 6.5+ 4.6 0.0+ 0.0
Proteobacteria Pseudomonadaceae Pseudomonas 12.7 £99 10.0 + 2.0 30+ 1.0
Proteobacteria Moraxellaceae Acinetobacter 8.5+ 16.8 09+ 1.1 0.6 +£0.7
Firmicutes Thermoactinomycetaceae_2 Planifilum 34+64 0.1 +0.1 0.0 +£ 0.0
Proteobacteria Comamonadaceae Delftia 2.6 + 4.8 0.0+ 0.0 0.0+ 0.0
Proteobacteria Comamonadaceae Pelomonas 234+42 0.0 +0.0 0.0 + 0.0
Proteobacteria Acetobacteraceae Komagataeibacter 20+ 4.1 0.0 +£ 0.0 0.0 +£ 0.0
Proteobacteria Acetobacteraceae Gluconobacter 14+29 0.0+ 0.0 0.0+ 0.0
Firmicutes Paenibacillaceae_1 Cohnella 11+£14 0.0 +0.0 0.0 + 0.0
Increasing only at thermophilic phase

Firmicutes Carnobacteriaceae Carnobacterium 03+ 0.2 77+74 1.1+13
Bacteroidetes Sphingobacteriaceae Olivibacter 0.0+ 0.0 57+£30 0.0+ 0.0
Bacteroidetes Flavobacteriaceae Flavobacterium 13+24 46 +5.0 09403
Actinobacteria Nocardiaceae Rhodococcus 02403 32+09 03 +0.2
Bacteroidetes Sphingobacteriaceae Sphingobacterium 0.0+ 0.0 38+38 0.1+00
Proteobacteria Xanthomonadaceae Pseudoxanthomonas 0.0 +£ 0.0 29+ 3.1 02 +0.1
Proteobacteria Alcaligenaceae Bordetella 0.0 +£ 0.0 1.8+ 08 0.0 + 0.0
Proteobacteria Pseudomonadaceae Cellvibrio 0.0+ 0.1 1.5+ 1.7 03+ 0.3
Firmicutes Carnobacteriaceae Desemzia 0.0+ 0.1 14+ 1.1 0.6 + 0.6
Actinobacteria Cellulomonadaceae Actinotalea 0.0 +£ 0.1 1.3+09 02+0.2
Actinobacteria Nocardioidaceae Aeromicrobium 0.0 + 0.0 12+12 03+ 0.1
Actinobacteria Nocardiopsaceae Nocardiopsis 0.1+0.2 1.1+12 0.0 + 0.0
Increasing at maturation phase

Proteobacteria Xanthomonadaceae Luteimonas 02403 1.2+04 6.4+ 5.5
Bacteroidetes Sphingobacteriaceae Parapedobacter 0.0+ 0.1 37+12 37+43
Deinococcus-Thermus Trueperaceae Truepera 0.0 +£ 0.0 0.54+0.2 29422
Firmicutes Planococcaceae Planomicrobium 0.0+ 0.0 0.0+ 0.0 21+19
Bacteroidetes Cyclobacteriaceae Algoriphagus 0.0+ 0.0 0.0+ 0.0 19+20
Proteobacteria Nannocystaceae Nannocystis 0.0 +£ 0.1 0.0 +0.1 13+15
Chloroflexi Caldilineaceae Litorilinea 0.0 + 0.0 0.0+ 0.0 1.0+ 1.0

Truepera, Planomicrobium, Algoriphagus, Nannocystis and Litorilinea
proliferated exclusively at the maturation phase.

3.3. Correlations between active bacteria and physicochemical parameters

Pearson correlation matrix between physicochemical parameters and
metabolically active bacteria (Table 3) showed positive correlations be-
tween Stenotrophomonas, Halotalea, Pseudomonas or Cohnella with hemi-
cellulose, fat and WSCH contents, and also, negative correlations with HR
or Pay. By contrast, genera like Luteimonas, Parapedobacter, Truepera,
Planomicrobium, Algoriphagus, Nannocystis or Litorilinea showed the oppo-
site tendency, showing negative correlations with temperature, EC and
the organic matter parameters (OM, hemicellulose, Toc, Toc/Tn, fat WSC
and WSCH) and positive with pH, Ty and the humification's counterparts
(lignin content, HR, HD or Pay).

3.4. Prediction of metabolic functions of active bacteria during composting

The assignment of the functional profiles could only be ascribed to
25.31% of the total OTUs identified at the mesophilic, thermophilic and
maturation phases (Table 4). The most prominent functions were re-
lated to C cycle (organic matter degradation), N cycle and Parasites
(or pathogen reduction).

In the former category, the proportion of “chemoheterotrophy” and
“aerobic chemoheterotrophy” predicted functions (with Pseudomonas,
Flavobacterium and Acinetobacter as the main contributors) reached to
41%, 46% and 34% at the mesophilic, thermophilic and maturation
phases, respectively (Table S2). As expected, the abundance of most of
the metabolic functions detected like “aerobic chemoheterotrophy”,
“aromatic compound degradation” or “chemoheterotrophy” decreased
during composting. This transformation decreased during the process,
as well as the relative abundance of Flavobacterium, Pseudomonas,

Acinetobacter or Halocella, among others. By contrast, Rhodococcus
contributed most to metabolic functions such as “hydrocarbon degrada-
tion”, “aromatic hydrocarbon degradation” and “aliphatic non-methane
hydrocarbon degradation” during thermophilic phase, when the or-
ganic matter degradation was more relevant.

N cycle functions such as “nitrate reduction”, “nitrate respiration”
and “nitrogen respiration” had a relevant role during composting, de-
creasing during the process. The principal contributors to these func-
tions were Stenotrophomonas, Achromobacter and Paracoccus, as well
as Opitutus, Hydrogenispora and Nitrospira, which also decreased their
abundance during the process.

Especially remarkable was the reduction (p < 0.05) registered dur-
ing the process for functions related to pathogens such us “animal par-
asites” or “symbionts” and “human pathogen all”, with the well-known
human pathogens Stenotrophomonas, Acinetobacter and Roseomonas as
the principal contributors.

4. Discussion

gPCR is a valuable and reproducible method for quantification of the
total microbial abundance in organic wastes and composts (Galitskaya
et al., 2017; Meng et al., 2020; Sun et al., 2020; Tortosa et al., 2020).
Also, it can be applied for studying growing kinetics and decay of viable
bacteria during organic waste treatments (Li et al., 2014; Ge et al.,
2019). DNA amplification methodologies provide reliable information
about total microbial abundance of an environmental sample but do
not differentiate between inactive (dormant or dead) and metabolically
active soil microbiome members (Steven et al., 2017). For that, the am-
plification of cDNA from retrotranscribed RNA seems to be a valuable
approach for the estimation of metabolically active members of bacte-
rial communities (Steven et al., 2017; Meng et al., 2020). According to
results, the abundance of total (DNA) and active (cDNA) bacteria
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Pearson correlation matrix (n = 12) between physicochemical parameters of compost and the main genera identified from the 16S rRNA gene amplification of cDNA during mesophilic,
thermophilic and maturation phases, respectively. Green and red folders represent positive and negative correlations.

Genus Moisture Temp. EC

Toc/Tx Fat

WSC WSCH pH Ty Lig. HR HD Pa GI

Decreasing during composting

Stenotrophomonas

Halotalea

Pseudomonas

Planifilum

OM Hemi Toc
Cohnella

Increasing only at thermophilic phase

Carnobacterium
Olivibacter

Flavobacterium

Rhodococcus _

Sphingobacterium

Pseusoxanthomonas
Bordetella

Cellvibrio

Desemzia

Aeromicrobium

Nocardiopsis

Increasing at maturation phase

Luteimonas

Parapedobacter

Truepera

Planomicrobium

Algoriphagus

Nannocystis

Litorilinea

Temp.: temperature, EC: Electrical conductivity, OM: organic matter, Hemi.: Hemicelloluse, Toc: total organic carbon, WSC: water-soluble carbon, WSCH: water-soluble carbohydrates, Ty:
total nitrogen, Lig.: Lignine, HR: humification ratio, HD: humification degree, Pay: percentage of humic acids, GI: germination index.

* Significant at p < 0.05. ** Significant at p < 0.01.

increased during AL composting. These findings agree with the
statement that composting is a biological process, in which the autoch-
thonous microbial community proliferates during organic matter degra-
dation, especially during the bio-oxidative phase (de Bertoldi et al.,
1983; Ryckeboer et al., 2003; Lopez-Gonzélez et al., 2015a, 2015b).
Indeed, several reports have found similar tendencies in bacterial abun-
dance during industrial sewage sludge composting (Galitskaya et al.,
2017) or compost bedding for dairy cows (Sun et al., 2020). Our data
confirmed that the thermophilic phase is the most active stage during
composting, in which the most recalcitrant organic matter compounds
are degraded and the microbial pathogens are eliminated (Ryckeboer
et al,, 2003; Alburquerque et al., 2009; Lopez-Gonzilez et al., 2015a).
DNA metabarcoding based on high-throughput sequencing technol-
ogy is nowadays becoming a fast and cost-effective tool to assess micro-
bial diversity in natural and man-made environments, providing
valuable and supplemental information to cultured-based methods
(Deiner et al., 2017; Garlapati et al., 2019). [llumina Miseq is one of
the most prominent sequencing technologies applied for studying mi-
crobial diversity of samples subjected to organic waste treatments like
anaerobic digestion, composting or vermicomposting (Tortosa et al.,
2017; Ruiz-Sanchez et al., 2019; Jurado et al., 2020; Kolbe et al., 2019).
In this study, the alpha diversity indices of active bacteria (cDNA) in-
creased during AL composting. These data agreed with those found by
Wang et al. (2019) and Ding et al. (2020), who analysed cDNA from dif-
ferent organic wastes (tomato stalk, lawn grass, cow dung and anaero-
bic digested residue) composting. In addition, a similar trend was
observed in alpha diversity when DNA-based sequencing was performed
(Tortosa et al., 2017; Wang et al.,, 2019). These findings confirmed that
composting increases microbial succession and bioavailability over

time (Fierer et al., 2010), especially during bio-oxidative phase, when
the degradation of the organic matter and humification takes place
(Alburquerque et al., 2009). As mentioned before, cDNA sequencing
can provide reliable information about active microbial populations at
each phase of composting (Steven et al., 2017; Wang et al., 2019; Ding
et al,, 2020). Results found Proteobacteria, Firmicutes, Bacteroidetes
and Actinobacteria as the main phyla contributors. These phyla seem to
play a prominent role during the process since they are ubiquitous in
soils, plant-associated microbiota and composts (Wang et al., 2019;
Ding et al., 2020).

The implication of bacterial populations on physicochemical trans-
formation during composting is nowadays becoming an interesting
issue for the optimization of the process itself (Wang et al., 2018,
2019; Ding et al., 2020; Jurado et al., 2020; Kong et al., 2020; Meng
et al., 2020; Sun et al., 2020; Zhang et al., 2020). During AL composting,
several fractions of the raw organic matter were transformed, being es-
pecially remarkable the degradation of lignin, hemicellulose and cellu-
lose, and the easily-degradable fractions (fats, WSC and WSCH,
respectively). Also, an increase in pH, Ty or humification parameters
(HR, HD, Pay) and a reduction in EC and phytotoxiciy (GI) were com-
monly observed (Alburquerque et al., 2009; Tortosa et al., 2012,
2017). In this research, the Pearson correlation matrix between physico-
chemical parameters and the abundance of metabolically active bacteria
(Table 3) showed positive correlations between Stenotrophomonas,
Halotalea, Pseudomonas or Cohnella with hemicellulose, fat and WSCH
contents, and also, negative correlations with HR or Pay. That means
that these genera, which decreased their relative abundance during
composting, could have an important role during the organic matter deg-
radation at bio-oxidative stage (meso and thermophilic phases) and their
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Functional annotation of taxa assigned by FAPROTAX from 16S rRNA gene amplification of cDNA at mesophilic, thermophilic and maturation phases respectively, and relative abundance of

each identified function.

Metabolic functions

Mesophilic Thermophilic Maturation Main taxa contribution

Ccycle

Chemoheterotrophy 21.19ab 27.05a 18.21b
Aerobic chemoheterotrophy 19.75 18.66 15.54
Fermentation 1.38 6.10 2.09
Aromatic compound degradation 3.10ab 2.56a 0.73b
Hydrocarbon degradation 0.29b 1.66a 0.32b
Aromatic hydrocarbon degradation 0.12b 1.66a 0.21b
Aliphatic non-methane hydrocarbon degradation 0.12a 1.66b 0.21a
Cellulolysis 0.13 0.63 0.24
Methylotrophy 0.08 0.03 0.17
Methanol_oxidation 0.08 0.03 0.06
Methanotrophy 0.00 0.00 0.11
Phototrophy 0.01 0.00 0.22
Photoheterotrophy 0.00 0.00 0.22
Cand N cycles

Ureolysis 0.26 0.24 0.29
Chitinolysis 0.01 0.00 0.05
N cycle

Nitrate reduction 5.90 3.17 0.29
Nitrate respiration 553 3.14 0.16
Nitrogen respiration 5.53 3.14 0.16
Nitrogen fixation 0.04 0.11 0.08
Nitrate denitrification 0.01 0.02 0.02
Nitrite denitrification 0.01 0.02 0.02
Nitrous oxide denitrification 0.01 0.02 0.02
Denitrification 0.01 0.02 0.02
Nitrite respiration 0.01 0.02 0.02
Aerobic ammonia oxidation 0.00 0.00 0.01
Nitrification 0.00 0.00 0.01
S cycle

Sulfate respiration 0.02 0.00 0.03
Respiration of sulfur compounds 0.02 0.00 0.03
Dark oxidation of sulfur compounds 0.00 0.00 0.02
Parasites

Animal parasites or symbionts 8.49a 4.54a 0.68b
Human pathogens_all 8.47a 3.58ab 0.65b
Human gut 0.19 0.01 0.00
Mammal gut 0.19 0.01 0.00
Predatory or exoparasitic 0.01 0.00 0.13
Other

Dark hydrogen oxidation 0.01 0.02 0.23
Total contribution (%) 81.0 781 413

Flavobacterium, Pseudomonas, Acinetobacter, Nocardioides, Euzebya, Halocella,
Hyphomicrobium, Cellvibrio, Opitutus

Pseudomonas, Flavobacterium, Acinetobacter, Nocardioides, Hyphomicrobium, Euzebya
Halocella, Opitutus, Verrucomicrobium

Acinetobacter, Nocardioides, Rhodococcus

Rhodoccocus

Rhodoccocus

Rhodoccocus

Halocella, Cellvibrio

Paracoccus

Paracoccus

Methylopila, Methylobacter, Methylocaldum

Rhodobacter

Rhodobacter

Verrucomicrobium, Roseomonas
Lysobacter

Opitutus, Stenotrophomonas
Stenotrophomonas, Achromobacter, Paracoccus
Stenotrophomonas, Achromobacter, Paracoccus
Hydrogenispora, Bradyrhizobium, Azotobacter
Paracoccus

Paracoccus

Paracoccus

Paracoccus

Stenotrophomonas, Achromobacter, Paracoccus
Nitrosospira

Nitrosospira

Desulfomicrobium, Desulfovibrio, Syntrophobacter
Desulfomicrobium, Desulfovibrio, Syntrophobacter
Bosea

Stenotrophomonas, Acinetobacter, Roseomonas
Stenotrophomonas, Acinetobacter, Roseomonas
Citrobacter, Escherichia/Shigella

Citrobacter, Escherichia/Shigella

Bdellovibrio, Phaselicystis

Paracoccus, Hydrogenispora

For each function, values followed by the same lower-case letter among the mesophilic, thermophilic and maturation composting phases are not statistically different according to one-

way ANOVA with Tukey-Kramer post-hoc test at p < 0.05.

contribution to the composting humification could be scarce By contrast,
genera like Luteimonas, Parapedobacter, Truepera, Planomicrobium,
Algoriphagus, Nannocystis or Litorilinea showed the opposite tendency,
showing negative correlations with temperature, EC and the organic mat-
ter parameters (OM, hemicellulose, Toc, Toc/Tn, fat WSC and WSCH) and
positive with pH, Ty and the humification's counterparts (lignin content,
HR, HD or Pap). These findings suggest that these genera, which increased
their relative abundance only during maturation, could have a relevant
role during the composting humification.

As mentioned before, active bacterial specialisation found dur-
ing the process and their metabolic function predictions confirmed
that composting is a complex biological process (Jurado et al.,
2014; Lopez-Gonzalez et al., 2015a, 2015b; Jurado et al., 2020). C
and N cycle transformation, and pathogen reduction were the
main metabolic functions detected in AL composting. Pseudomonas,
Flavobacterium and Acinetobacter, which are commonly found in
composts (Tortosa et al., 2017; Zhang et al., 2020; Ding et al.,
2020) and possess a versatile metabolism which can be leveraged
for organic matter degradation and bioremediation (Filonov et al.,
2020; Ma et al., 2020; Phulpoto et al., 2021), were mainly involved

in C cycle transformations. Also, predictions of C functions con-
firmed composting as an aerobic process, in which several bacteria
transform the organic matter to obtain energy and carbon sub-
stances (Insam et al., 2010; Lopez-Gonzalez et al., 2015a). It is
well known that AL is a lignocellulosic material (Alburquerque
et al., 2009; Muktadirul Bari Chowdhury et al., 2013) and can be
properly degraded by Rhodococcus (Xu et al., 2018), which is
considered as a promising actinobacteria for environmental bio-
technologies (Krivoruchko et al., 2019). Stenotrophomonas, a ubiq-
uitous gamma-proteobacteria commonly found in composts (Yang
etal., 2006), can be used to enhance the composing process (Nevita
et al., 2018). Stenotrophomonas and Achromobacter have a relevant
role in N cycle during mesophilic composting of agroindustrial
wastes (Pepe et al., 2013). Paracoccus, a gram-negative bacteria
with an important denitrifier capacity (Yang et al., 2020), is also
commonly found in cow manure composts (Meng et al., 2020). As
expected, Stenotrophomonas, Acinetobacter and Roseomonas de-
creased during the process, which confirm to composting as a reli-
able procedure for the organic waste disinfection and pathogen
reduction of the end-product (Bustamante et al., 2008).
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5. Conclusions and future prospects

RNA-based high-throughput sequencing analyses are a valuable tool
to discern the involvement of the active bacterial communities in the or-
ganic matter degradation during composting. The abundance of active
bacteria assessed by qPCR of 16S rRNA gene from cDNA confirmed to
thermophilic as the most active phase of the process. During composting,
a different evolution of some specific groups of bacteria was clearly de-
tected. Statistical correlation between bacterial diversity and physico-
chemical transformations during composting suggested a bacterial
specialisation, with some genera specifically involved in the organic mat-
ter degradation during the bio-oxidative phase, meanwhile other were
only related to maturation and the humification process. These findings
were confirmed with the prediction of a sizeable amount of metabolic
functions of the active bacteria, being those related to C cycle (organic
matter degradation), N cycle and Parasites (or pathogen reduction) the
most prominent functions.

According to our results it can be concluded that some microorgan-
isms such as Luteimonas, Parapedobacter or Planomicrobium among
others, which increased their relative abundance during maturation,
could have a relevant role during the composting humification. In
order to confirm this hypothesis, a future composting experiment
based on microbial bioaugmentation should be carried out.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.147975.
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