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ARTICLE INFO ABSTRACT

Keywords: Biological transformation of municipal solid waste is an environment-friendly management strategy against

Ecology recalcitrant residues. The bacterial biome that inhabit said residues are responsible of decomposing both simple

I(\:/I‘fmp]‘;?tl and complex materials. For this reason, processes such as composting, which favor the acceleration of the
1crobia

transformation of organic matter, can contribute to the degradation of municipal solid waste. Not only as mere
fertilizer for crops, but also as methods for the recovery of solid waste. However, the control of the conditions
necessary to achieve an optimal process on an industrial scale is a great concern. Thus, the aim of this work
focuses on the characterization of the bacterial microbiome on three municipal solid waste facilities in order to
deepen the role of microorganisms in the state of the final product obtained. For it, an intensive metagenomic
analysis as well as a battery of physicochemical determinations were carried out. The lack of adequate ther-
mophilic phases was decisive in finding certain bacterial genera, such as Lactobacillus, which was significant
through these processes. Biodiversity did not follow a common pattern in the three processes, neither in abun-
dance nor in richness but, in general, it was greater during the bio-oxidative stage. Despite the different trend in
terms of the degradation of carbon fractions in these wastes, at the end of the biodegradation treatments, a
sufficient degree of bioestabilization of the organic matter was reached. The results offer the opportunity to
obtain a level of detail unprecedented of the structure, dynamics and function of the bacterial community in real
conditions, without the control offered by laboratory conditions or pilot plants.

Biological processes
Waste management

1. Introduction

Management of Municipal Solid Waste (MSW) is one of the greatest
concerns that governments must assume, both in developed and devel-
oping countries. These residues are among those recognized to pose the
risk of biological hazard, getting to affect the health of people and cause
negative impact to the environment. Additionally, MSW disposal in
landfill can result in the loss of large amounts of potential valuable re-
sources, if adequate separation is not previously made. It includes a
significant part of the organic fraction, which conventionally is treated
by anaerobic digestion and/or composting, allowing the production of
energy and the stabilization of organic matter, respectively. Thus,
leading the valorization of all the material (Rodriguez et al., 2019).

Of the two alternatives mentioned above, composting is considered
one of the most successful biotechnological strategies for a sustainable
recycling of organic matter. It has gained importance in European
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legislation as the method of choice for the treatment of biodegradable
waste (Neher et al., 2013). In fact, the updated European Union (EU)
Waste Law (2018) recommends the composting process as the first and
most appropriate alternative for the treatment and revaluation of
biowaste.

Microorganisms can colonize a wide variety of natural and anthro-
pogenic environments, due to their metabolic diversity. For example,
the production of metabolites such as proteins, carbohydrates or humic
substances during the biological transformation of organic matter. This
gives the varied microbial communities, and their metabolites, the
ability to impact on physicochemical properties of the niches they
occupy (Sepehri and Sarrafzadeh, 2019). For this reason, composting
microbiome deserves special attention and deepen on its knowledge,
since it will help to comprehend and optimize the process itself, espe-
cially necessary on a large scale.

The current development of ‘-omics’ approaches has provided the
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opportunity to obtain a complete picture of the composting microbiome
directly from samples (Wang et al., 2016). Using these techniques, the
variety of microorganisms retrieved is enormous, including some not
previously described for these habitats (de Gannes et al., 2013).

Despite the general efficiency of composting it is not always feasible
to carry out an optimal process at the industrial level, usually due to the
low qualification of personnel, insufficient space, inadequate resources,
or simply for economic issues. Nonetheless, the activity of the indige-
nous microbiota itself usually allows to reach a level of biotransforma-
tion that results in obtaining a stabilized product. Bacteria are the most
influential group of microbes due to their metabolic versatility. There-
fore, understanding the dynamics of the bacterial community would be
useful for the effective management and improvement of large scale
composting processes of MSW (Brown et al., 2008).

In this work, three different large scale facilities dedicated to com-
posting of MSW were sampled. Differences between physicochemical
and microbial composition throughout the processes were evaluated.
The specific objectives considered were: (i) to analyze the evolution of
physicochemical parameters, basic and related to simple carbon trans-
formation, through the processes, (ii) to evaluate and identify bacteria
through an intensive sampling protocol in order to establish the com-
munity structure at different stages by using metagenomic approach,
and finally (iii) to assess organic matter transformation and bacterial
microbiome composition in order to establish the relationship between
microorganisms and stability achieved in final products.

2. Material and methods
2.1. Sampling strategy and experimental set-up

The processes studied were carried out in three municipal waste
treatment plants, here named Urban Solid Wastes (USW). They were
located in the Southeast of Spain, specifically: Almeria (USW1), Albox
(USW2), and Murcia (USW3). The first two plants facilities had similar
operation conditions, that is, in-vessel turned windrows in bays, whereas
the third was in-vessel tunnel composting with automated turning by
augers. All the plants process municipal solid waste by composting, to
obtain stabilized organic matter. The final destination is landfill sealing.
Total duration of processes were (in months): 3.5 (USW1), 4.5 (USW2)
and 3 (USW3).

Samples were collected at 6 critical stages of composting: Raw Ma-
terials (RM), Mesophilic phase (MES), Thermophilic phase (THER),
Cooling phase (COOL), Maturation phase (MAT) and Final Product
(FPR). At each stage, sub-samples were taken from nine different loca-
tions of the pile, covering several depths and surface. They were mixed
in equal amounts, in order to achieve a homogeneous and representative
sample. Each sample was divided in three parts for analytical replicates.

2.2. Analytical methods used for characterization of the composting
processes

The moisture content was determined by drying at 105 °C for 24 h
pH and Electrical conductivity (EC) were analyzed in a 1:10 (w/v) water
extract. Bulk density (BD) was measured according to the US Com-
posting Council (USCC, 2001). Total carbon (C) and nitrogen (N) were
determined in solid samples using a LecoTruSpec C-N Elemental
Analyzer (Leco Co., St. Joseph, MI, USA), then calculated C/N ratio.
Organic matter (OM) content was determined by weight loss on ignition
at 550 °C. Soluble organic carbon (SOC) and reducing sugars (RS) were
analyzed in an extract of 10 g sample in 40 mL 0.5 M K5SO4 shaken at
200 rpm for 30 min and filtered through filter paper. SOC was measured
using a total organic carbon (TOC) analyzer TOC-VCSN (Shimadzu Co.,
Kyoto, Japan), while RS, in a UV-1800 Spectrophotometer (Shimadzu
Co., Kyoto, Japan) according to method described by Somogyi (1951).
Carbon biomass (CBIO) was determined using the fumigation—extraction
method according to Vance et al. (1987). Briefly, 10 g sample were
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fumigated in a desiccator with ethanol-free CHCl3 for 24 h at 25 °C. After
removal of chloroform vapor by evacuation of the desiccators. The
carbon in fumigated and non-fumigated samples was extracted with
40 mL 0.5 M K3SO4 shaken at 200 rpm for 30 min. Extracts were filtered
and total organic carbon was analyzed using a TOC-VCSN. CBIO was
calculated by subtracting TOC of the non-fumigated samples from that
of the fumigated ones. Total sugars (TS) were analyzed in solid samples
(25mg) after hydrolysis with 0.1 mL of 12M H3SO4 for 16 h at room
temperature, followed by addition of 2.4 mL of distilled water and
heating in boiling water for 8 h (Safaiik and Santriickova, 1992). TS in
the hydrolyzate were spectrophotometrically quantified according to
Dubois et al. (1956).

2.3. Bacterial DNA isolation, library preparation and sequencing

DNA extraction was performed using DNeasy PowerSoil DNA isola-
tion kit (Qiagen). A total of 54 samples were processed corresponding to
3 treatment plants x 6 samplings x 3 repetitions. Bacterial DNA for
sequencing was amplified by PCR, using the primers Bakt 341F (5'CCT
ACG GGN GGC WGC AG 3') and Bakt 805R (5 GAC TAC HVG GGT ATC
TAA TCC 3'), by the Supreme NZYTaq 2x Green Master Mix (NZYTech)
and with the following cycle conditions: 5 min at 95 °C, continued by 25
cycles of 30sat 95°C, 30sat 50°C, 30sat 72°C, and a final step of
10minat 72°C. These primers amplified the variable regions 3 to 4
(V3-V4) of 16s rRNA gene with an expected size of 530 pb. A secondary
amplification was made to join the index sequences which were required
for multiplexing different libraries. It was carried out with identical
conditions, but only 5 cycles and 60°C as annealing temperature.
Negative controls were included in primary and secondary amplifica-
tions using ultrapure water and the purified PCR product from the pri-
mary amplification, respectively.

The libraries products previously obtained were run on agarose gels
stained with GreenSafe (NZYTech) to confirm the absence of nonspecific
amplification and verify the library size. Then, these products were
purified using the Mag-Bind RXNPure Plus magnetic beads (Omega
Biotek). The final concentration of DNA per sample was measured with a
Qubit dsDNA HSAssay (Thermo Fisher Scientific). The samples were
mixed in equimolar amounts and the sequencing was performed on a
MiSeq PE300 run (Illumina) at AllGenetics & Biology SL (La Coruna,
Spain).

2.4. Metagenomic data analysis

The raw data set were separated based on the sample-specific barc-
odes and deleted the indices and sequencing primers. The quality of the
demultiplexed FASTQ files was verified by FastQC software (Andrews,
2010). Paired-end assembly of the R1 and R2 reads was performed with
FLASH (Magoc and Salzberg, 2011), with a minimum length overlap of
30 base pairs. CUTADAPT software 1.3 was used to eliminate sequences
below 300 nt which did not contain the PCR.

FASTQ files were analyzed using “Quantitative Insights into Micro-
bial Ecology” (QIIME) v1.9.0 software (Caporaso et al., 2010). Sequence
were quality-filtered with a Phred score of 20 quality threshold and the
Chimeric sequences were eliminated using the UCHIME algorithm
(Edgar et al., 2011) implemented in VSEARCH, with a reference based
on chimera detection using Silva Database (Quast et al., 2013). It
resulted in 8,141,350 total readings with a mean of 150,765 sequences
per sample.

The sequences were taxonomically assigned using the open-
reference approach in QIIME. The OTU picking was run using the
Silva Database and each OTU was assigned to a microbial taxon using
the UCLUST algorithm (Edgar, 2010) with a confidence threshold of
97%. Singletons and OTUs with less sequences than 0.005% of the total
were excluded from the analysis. Assignments to photosynthetic bacte-
ria such as Cyanobacteria were removed, since they are known to
correspond to chloroplast DNA derived from plants, which was
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amplified by universal primers. Low abundance of OTUs (below 0.1%)
of each sample was removed to correct the index jumping phenomenon.

Rarefaction curves and alpha diversity index were calculated from
rarefied samples, using Shannon (1948) and Simpson (1949) indices for
diversity and Chaol (Chao, 1984) and Abundance-based Coverage
Estimator (ACE) (Chazdon et al., 1998) indices for richness. Beta di-
versity was calculated using weighted and unweighted UniFrac (Loz-
upone et al., 2006) distance matrices, and the principal coordinate
analysis (PCoA) generated 2D and 3D plots for all mapping fields. In
addition, samples were clustered using UPGMA (Unweighted Pair Group
Method with Arithmetic mean, also known as average linkage) (Mich-
ener and Sokal, 1957). BLASTn was compared to the Ribosomal Data-
base Project (Cole et al., 2014) 16s rRNA database for taxonomically
assigning reads at the species level. Only top hits with >97% similarity
and >380bp alignment length were considered, which would encom-
pass the 16s hypervariable region v3-v4.

2.5. Statistical analysis

Analytical data obtained were subjected to statistical analysis using
Statgraphics Centurion XVILI (StatPoint Technologies Inc., Virginia).
Analyses of variance (ANOVA) and a multiple comparison test (Fisher’s
Least Significant Difference) were performed to compare mean values
for different factors and variables analyzed (P < 0.05). Microbial com-
munity comparisons and other statistical analysis from the meta-
genomics section were performed using the statistical software R
v2.15.2 with the packages for Community Ecology (vegan), Euclidean
Methods in Environmental Sciences (ade4) and gplots packages R (The R
Foundation for Statistical Computing) (R Core Team, 2013). Other sta-
tistical analysis and graphs were performed using MicrobiomeAnalyst
(Dhariwal et al., 2017). Calypso software version 8.84 was used with
normalized via Cumulative Sum Scaling (CSS) in order to generate
heatmaps for the Spearman’s correlations between the bacterial genera
and physicochemical parameters.

Table 1
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2.6. Data availability

16S rRNA gene sequences are stored in the MG-RAST public re-
pository, available by Accession Number mgp92493. The whole datasets
generated and analyzed during the current study are available from the
corresponding author on reasonable request.

3. Results and discussion
3.1. Trend of physicochemical parameters during composting

Characteristic parameters used in composting monitoring followed
known general trends and adequate from the legislative point of view,
although not strictly optimal. Temperature is one of the main indicators
of correct evolution of composting process. Thus, temperatures higher
than 55°C, are related to an adequate biotransformation of organic
matter. The accomplishment of a thermophilic phase maintained during
time is usually considered necessary to obtain a stabilized and sanitized
product (Onwosi et al. 2017). In this work, the temperature profile did
not exactly fulfilled the evolution typically recommended for compost-
ing processes. That is, a thermophilic phase in which the composting
piles are kept above 55 °C for 3 consecutive days (EPA, 2003). There-
fore, treatment used in the plants could not be considered strictly
composting from the scientific point of view, although it allows the
enough stabilization of organic waste.

The pH values were quite different between facilities and sampling
stages (Table 1). The metabolic activity of microorganisms influences
the evolution of pH and viceversa. Thus, pH values below 6 can hinder
the performance of microorganisms, especially for bacteria that require
pH between 6 and 7.5. Besides, it is important to keep in mind that pH
evolution during composting also depended on the pH of the starting
raw materials. Thus, Sundberg et al. (2004) found that the inhibition of
thermophilic microorganisms, and the delay in the transition from
mesophilic to thermophilic conditions might be justified by the decrease
in pH at temperatures below 45 °C. This generates conditions that lead
to a very low rate of nutrient degradation that lasts for long periods of

Physicochemical parameters related to the control and monitoring of the processes studied (three Urban Solid Wastes treatment plants: USW1, USW2 and USW3).
Sample code: Raw Materials mixture (RM), Mesophilic stage (MES), Thermophilic stage (THER), Cooling stage (COOL), Maturation phase (MAT), and Final Product

(FPR).

Facility Sample Code Sampling days T (°C) pH EC" (mS/cm) BD* (g/cm3) M% C*% N'o C/N ratio® oM"

USW 1 RM 0 22.0 5.2+0.0 3.8+£0.6 0.1+£0.0 78.2+4.7 40.3+0.1 1.4+0.0 28.5+£0.5 74.7+0.1
MES 1 22.0 7.8+0.2 3.8+0.5 0.1+0.0 17.7+4.2 323+£1.0 1.6+0.1 20.2+1.1 66.3+2.0
THER 14 40.0 8.4+£0.0 3.1+0.8 0.1+0.0 36.7£6.0 27.1+1.0 1.9+0.1 14.0+£0.4 541+1.8
COOL 42 22.0 8.1£0.3 5.6+0.3 0.1+£0.0 21.1+8.6 319+1.9 2.0£0.1 15.8+1.4 57.6+1.3
MAT 78 45.0 8.6+0.0 6.4+0.3 0.1+£0.0 13.0+£0.3 27.6+0.5 2.3+£0.0 121+0.2 51.9+1.6
FPR 107 22.0 8.7+0.1 7.2+£0.6 0.1+£0.0 11.3+0.3 28.0+0.6 2.4+0.0 11.8+0.3 53.9+0.7

Usw 2 RM 0 22.0 3.9+0.2 13.0+0.4 0.1+£0.0 84.8+0.2 42.8+0.8 1.5+0.1 28.0+1.4 75.1+0.6
MES 1 22.0 5.9+0.1 4.0+£0.7 0.2+0.1 43.0£0.3 33.3+0.3 1.1+0.0 29.4+0.6 70.8+0.8
THER 16 44.0 5.5+0.1 6.0+0.3 0.3+0.0 53.9+3.2 30.8+0.4 1.6+0.0 19.7+£ 0.6 66.6 £ 0.8
COOL 28 22.0 7.9+0.2 2.7+0.3 0.5+0.0 27.8+2.7 32.5+24 1.5+0.1 22.4+25 55.8+0.2
MAT 119 22.0 8.1£0.1 5.9+0.7 0.4+£0.0 8.8+1.0 28.6+0.7 1.5+0.0 19.1+0.4 52.2+1.5
FPR 138 22.0 7.5+£0.0 5.14+0.8 0.6+ 0.0 5.6+0.2 239+1.1 1.54+0.1 15.6 £ 0.6 38.0+1.4

Usw 3 RM 0 22.0 7.2£0.0 2.8+0.1 0.2+0.0 61.1+£5.2 37.0+£0.7 1.8+0.1 20.1+£1.3 71.7+0.9
MES 1 22.0 5.3+£0.0 21+0.2 0.2+£0.0 62.9+2.6 35.4+0.5 1.7+0.0 21.4+0.2 65.1+2.6
THER 7 49.0 5.6 +£0.0 23+0.1 0.2+£0.0 53.3+£3.8 3490.3 1.6+0.1 21.7+1.0 67.7+0.5
COOL 26 22.0 5.94+0.0 3.24+0.5 0.3+0.0 52.6 £0.7 325+1.3 1.6+0.1 20.9+0.2 66.6 0.7
MAT 65 22.0 5.8+0.0 3.1+0.2 0.3+£0.0 53.1+£0.7 35.0+0.4 1.6 +0.0 21.8+0.1 66.4+0.9
FPR 93 22.0 6.0£0.0 2.7+£0.3 0.3+£0.0 50.9+£0.7 34.7+0.2 1.5+0.1 22.4+0.7 63.7+1.1

? Temperature (T).

b

Electrical Conductivity (EC).

Bulk Density (BD).

4 Moisture (M).

¢ Total Carbon (C).

f Total Nitrogen (N).

8 Total Carbon/Total Nitrogen ratio.
h Organic Matter (OM).

)
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time. This would explain the insufficient temperatures recorded during
the processes studied. At the far side, pH values close to or higher than 9
promote the conversion of nitrogen to ammonia, which negatively af-
fects the growth and activity of microorganisms (Moreno et al., 2013). In
this work, the pH values increased throughout the process, reaching
final values that oscillated around alkaline values, except in USW3
where no significant changes were recorded (Table 1). The same
occurred for electrical conductivity (EC) and bulk density (BD)
(Table 1). This could be due to an unfinished process. On the contrary,
the data obtained for EC and BD in USW1 and USW2 support the cor-
rectness of the process, in comparison with optimal composting pro-
cesses (Lopez-Gonzalez et al., 2013).

The evolution of moisture observed in USW3 (Table 1) coincides
with the range of values considered optimal for most of the mixtures
used in composting, between 50 and 60% (Liang et al., 2003). Water is
required for a suitable microbial activity. Therefore, moisture levels
below 40-45% result in a decrease of the microbial activity, especially
bacterial. Values below 20% can severely restrict microbial growth,
which would imply stopping or slowing down (Moreno et al., 2013). On
the other hand, excess moisture (>65%) negatively affects the
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availability of oxygen because water displaces air in the spaces between
the particles and generates anaerobic conditions and nutrients lixivia-
tion (Gajalakshmi and Abbasi, 2008). This was observed in USW1 and
USW2 plants (Table 1). Nevertheless, although the raw materials started
with an excess of humidity, the moisture in the final material decreased
dramatically, difficulting the bacterial activity.

Regarding C/N ratio (Table 1), USW1 and USW2 followed a similar
trend, starting with values of 28.5 and 28.0, respectively. These values
are considered optimal for composting (between 25 and 30) (Jurado
et al., 2014a). Subsequently, C/N values declined abruptly after meso-
philic phase, and reached values far below 20 in final products. This was
suggested by Golueke (1981) as indicative of composts sufficiently sta-
ble and mature. In the case of USW3, C/N ratio remained around 20
during the whole process, without significant changes. Even the highest
result was reached in the last sample (FPR). This could be due to a
premature finalization of the process or more likely to the accidental
incorporation of fresh materials during the last stage. This incorporation
could affect the balance between total carbon and total nitrogen,
incorporating partially biotransformed organic matter that would in-
crease the C/N ratio (Estrella-Gonzalez et al., 2019). Finally, the

Fig. 1. Trends in parameters related to the biotransfor-
a mation of organic matter during the processes studied (three
Urban Solid Wastes treatment plants: USW1, USW2 and
USW3). Y axes: (a) Total Sugars (TS) and Reducing Sugars

50 1.6 (RS), and (b) Soluble Organic Carbon (SOC) and Carbon

~~
— O\O Biomass (CBIO). X axes: Raw Materials mixture (RM),
o\o 40 1.2 \m/ Mesophilic stage (MES), Thermophilic stage (THER), Cool-
: ’ = ing stage (COOL), Maturation phase (MAT), and Final
5 30 %0 Product (FPR). Results are means (n=3)+ SD (vertical
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declining evolution of OM in USW1 and USW2 (Table 1) matches with
C/N values obtained, as it is for the scarce variation of OM values in
USW3 that implies the lack of degradation during composting (Table 1).
In any case, results for OM evolution were clearly indicative of microbial
activity in the piles, with greater or lesser intensity according to the USW
facility.

3.2. Evolution of carbon fractions during the composting processes of
municipal solid waste at industrial scale

In addition to monitoring parameters, other factors are frequently
used to assess organic matter transformation. Some of these are those
related to carbon fraction such as Total Sugar (TS), Reducing Sugar (RS),
Soluble Organic Carbon (SOC) and Carbon biomass (CBIO). The evolu-
tion of TS content had a similar pattern in all the plants, with a
consecutive decrease throughout the process. The initial values were the
highest (45-50%) and the lowest were obtained in the final products
(25-30%) (Fig. 1a). The evolution of RS content followed a similar trend
to that of TS, also for all the three plants (Fig. 1a). These results are
reasonable considering that sugars represent the best available carbon
source for most microbial species associated to composting. In contrast,
other authors have reported an increase-decrease pattern during bio-
oxidative phase in function of temperature changes (Jurado et al.,
2014b). Taking this into account, the evolution of TS and RS in current
processes was logical, since sugars represent the available carbon source
for most microbial species associated with composting.

Evolution of SOC (Fig. 1b) followed the same decreasing trend in
USW1 and USW2, as it also occurred for other parameters previously
described such as RS, TS and OM, whereas in USW3 the lowest values
were registered at mesophilic stage and maintained around 2% during
the other stages. SOC of immature compost mainly consists of total
sugars (including hemicellulose or cellulose), phenolic substances,
amino acids, peptides and other easily biodegradable compounds
(Jurado et al., 2014b). Thus, the lower values at the end of composting
reveal that the biodegradation of the material is being accomplished
because part of them are used exclusively by microorganisms for their
own growth (Hsu and Lo, 1999). Regarding CBIO (Fig. 1b), material
from all plants followed the same pattern. The highest values were ob-
tained at the beginning, while the lowest were registered at mesophilic
phase and in the final product. CBIO provides information about the
extent to which microbial biomass evolves during composting. In fact,
other studies based on composting of similar residues than those studied
here have revealed the relationship between the decline in microbial
biomass, from the maturation phase, with a slow and incomplete sta-
bilization of organic matter (Villar et al. 2016).

3.3. Metagenomic analysis of municipal solid waste composting processes
on industrial scale

After the sequencing of the samples, a total of 808,226 16S rRNA
reads were obtained. The average number of reads per sample was
44,901 (range between 32,558 and 65,729 reads), after sequence length,
quality filtering and chimera removal. All this information came from
the 54 total samples analyzed in this work. After observing the biological
heterogeneity between the replicas, it was decided to mix and treat them
as a single sample. For this reason, the rarefaction curves, o and p di-
versity and taxonomic classification were calculated from subsampling
with 32,000 sequences for each sampling stage, where each replica
provided the same information. The end results were based on 18
samples, corresponding to the 6 stages sampled in each treatment plant
studied.

The differences in diversity and richness between USW1, USW2 and
USW3, were compared with the help of Chaol, ACE, Shannon and
Simpson indices (Table 2) and rarefaction curves (Fig. 2). USW1 showed
the greatest diversity and richness during COOL stage, and the lowest in
RM. In regards to USW2, bacterial diversity was greater at the beginning
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Table 2

Diversity and richness indexes in each phase sampled during the processes
studied (three Urban Solid Wastes treatment plants: USW1, USW2 and USW3).
Sample code: Raw Materials mixture (RM), Mesophilic stage (MES), Thermo-
philic stage (THER), Cooling stage (COOL), Maturation phase (MAT), and Final
Product (FPR).

Company  Sample Observed Chao ACE  Shannon  Simpson
Code OTUs 1

USw 1 RM 140 181 192 0,960 0,320
MES 276 313 316 3,337 0,924
THER 273 290 291 4,103 0,966
COOL 316 331 334 4,208 0,971
MAT 293 317 315 4,124 0,971
FPR 315 327 328 4,196 0,969

Usw 2 RM 312 318 318 4,407 0,978
MES 284 313 308 3,824 0,958
THER 320 350 354 3,631 0,925
COOL 369 398 401 4,307 0,975
MAT 232 267 279 2,882 0,885
FPR 278 316 310 3,656 0,951

USW 3 RM 364 388 392 4,873 0,986
MES 377 406 410 2,679 0,711
THER 245 270 270 1,608 0,470
COOL 228 257 260 2,532 0,869
MAT 263 314 320 2,682 0,878
FPR 261 305 313 2,376 0,820

of the process (RM) and bacterial richness in COOL phase. On the other
hand, MAT was the phase with the lowest diversity and richness. Finally,
in USW3 the highest and lowest bacterial diversity were observed in RM
and THER phases, respectively. Meanwhile, the greatest richness was
observed in MES stage and the lowest in COOL. Due to the differences
among the three facilities, regarding the mixture of raw materials and
the operating techniques used, diversity and richness followed
completely different trends. Lopez-Gonzalez et al. (2015) reported
maximum bacterial diversity consistently found at the mesophilic and
thermophilic stages during lignocellulosic waste-based composting. This
affirmation about the biodiversity of composting has been attributed
mainly to the restrictiveness of the thermophilic phase, since it requires
changes in the composition of resident microbiota. At any rate, the
explanation of the great differences found between the highest and
lowest values of diversity and richness recorded in this work can be
supported by the conclusions of other studies that did not indicate
temperature as the selective force that drives microbial diversity. In this
sense, Adams and Frostick (2009) suggested the participation of other
factors as critical to determine biodiversity in composting environments.
Throughout this work it could be observed a bacterial succession not
very different from processes with a higher level of optimization.
Although the conditions were less controlled and, despite a clear
absence of sustained thermophilic phase during the minimum time
necessary, the bacterial diversity and richness were significant, coin-
ciding with previous works (Tkachuk et al., 2014).

The assignment of the 16S rRNA reads showed significant differences
in the composition of the bacterial groups between all samples of
different plants (USW1, USW2 and USW3). However, some genera
coincide in the different processes and phases, mainly belonging to the
phyla Firmicutes, Proteobacteria, Actinobacteria and Bacteroidetes. These
results coincide with previous work carried out exclusively from the
cultivable microbiota, isolated from composting processes
(Lopez-Gonzalez et al., 2015; Tortosa et al., 2017).

In this work, bacterial succession was studied at different levels. At
the level of bacterial order, in USW1 treatment plant, the most frequent
order detected in RM phase was Enterobacteriales (83.7%), and in MES
phase, Lactobacillales (35.4%) and Bacillales (27.3%). In the THER,
COOL, MAT and FPR phases, the taxonomic orders with greater abun-
dance were included in “Other” group with reads lower than 10%
(37.8%, 32.1%, 38.4%, and 37.5%, respectively). The most abundant
order in USW2 was Lactobacillales 34.1%, followed by taxonomic orders
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Fig. 2. Rarefaction curves divided into three graphs, corresponding to the tree Urban Solid Waste (USW) treatment plants studied, during the different phases
sampled:(Raw Materials mixture-RM, Mesophilic stage-MES, Thermophilic stage-THER, Cooling stage-COOL, Maturation phase-MAT, and Final Product-FPR). The
rarefaction curves related the sequencing effort to the estimated number of species, determined by Operational Taxonomic Units (OTUs) at 97% of sequence identity.
Y axes shows the number of reads (sequencing effort) obtained by sequencing the 16S rRNA gene. X axes shows the number of operational taxonomic units (OTUs) at
a level of 97% (estimated number of bacterial species). Curves code: Plant (USW1, USW2 and USW3) and Phase (RM, MES, THER, COOL, MAT and FPR).
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<10% (32.1%). Specifically, in MES phase stood out Lactobacillales
(30.1%) and Corynebacteriales (28.5%); in THER, Lactobacillales (50.2%)
and Corynebacteriales (13.0%); in COOL phase orders under 510%
(46.9%), Lactobacillales (12.5%) and Corynebacteriales (12.0%); in MAT
phase, Bacillales (33.4%), and a 27.0% assigned to Actinobacteria class
with an order unidentified. In the last phase, FRP, Bacillales (33.3%) was
the most abundant order, as well as a 25.7% assigned to orders <10%.
Finally, in USW3, the most common order observed in the raw materials
was represented by those under 5% (52.9%), followed by Pseudomona-
dales order (30.8%). In the next stages, MES, THER, COOL, MAT and
FPR, the most frequent order was Lactobacillales with a representation of
83.1%, 90%, 35.9%, 65.3% and 46.2%, respectively. It was followed by
order Bacillales with a relative abundance of 38.6% and 41.7% during
the COOL and FPR stages.

To analyze the taxonomy at the level of bacterial genera (Fig. 3) Silva
database was used. However, it was insufficient to recognize the genera
in USW1, during first stage, since the family Enterobacteriaceae, which
represents 81.0% of the total sequences, showed up classified as
“ambiguous taxa”. Thus, in order to find out the related genera, a
reclassification was made using Ribosomal Database Project Classifier.
Then, it was found out Erwinia (53.3%) and unclassified_Enterobacter-
iaceae (43.7%), as the most abundant genera in this family. In MES
stage, the most common genera were Lactobacillus (33.9%), Bacillus
(21.6%), Limnochorda (13.5%) and Corynebacterium 1 (8.1%). In THER,
COOL, MAT, and FPR phases most reads corresponded to genera by
under 10%, (37.8%, 32.1%, 38.4%, 37.5%, respectively) followed by the
genera Nocardiopsis with 12.0% and Halomonas 9.7% in THER, Coryne-
bacterium 1 (20.7%) and Lactobacillus (94%) in COOL phase, Brevi-
bacterium 9.6% in MAT phase, and finally Planococcus with a relative
abundance of 8.7% and Brevibacterium 8.3% in the FRP phase. In USW2
treatment plant, the most abundant genus observed in RM sampling was
represented by genera under 10% (32.1%), which collected all the
“other” different bacterial genera that are represented in a large part,
but in a small percentage each one, followed by Lactobacillus (18.4%.).
In MES phase Corynebaterium 1 (28.3%) and Lactobacillus (26.2%), in
THER Lactobacillus (52%) and Corynebaterium 1 (13%), in COOL phase
genus <10% (46.9%) and Corynebacterium 1 (12%), in MAD phase the
most abundant genus was represented by genera unidentified in Acti-
nobacteria class (27%) and Melghirimyces (13.0%) and, finally, in the
FPR phase the most common genus was represented by genus under 10%
and genus unidentified in Actinobacteria class (10.6%). Finally, in
USW3 plant, RM phase was mostly represented by genera under 5% with
a 52.9% of relative abundance, followed by genus Pseudomonas (16.2%)
and Acinetobacter (14.6%), in MES, THER, COOL, MAT and FPR.
Furthermore, a high abundance of reads assigned to Lactobacillus genus
was observed, 81.6%, 90%, 35.8%, 64.7% and 45.7%, respectively.
Followed by the Bacillus and Corynebacterium 1 genera in the samples
COOL (35.8%, 15.3%), MAT (64.7%, 13.3%) and FPR (45.7%, 6.8%).

Most genera found are widespread in natural and anthropogenic
environments, such as soil, fresh and marine waters, sediments, plant
rhizospheres, activated sludge and waste-water treatment systems, and
even have been isolated from different composts (Tortosa et al., 2017).
On the other hand, a priori it seems unlikely to find bacteria in com-
posting of the genus Lactobacillus due to its association with anaerobic
growth conditions. Nevertheless, different authors, such as Wakase et al.
(2008), reported that Lactobacillus was detected in many composting
processes, mainly at the early stages. This bacterial genus is associated
with the production of lactic and acetic acid, which leads to the lowering
of pH values in the environment. Accurately, the high diversity of
Lactobacillus bacteria observed in this work in different stages
throughout the processes may be related to the fluctuation of pH, which
sometimes reached low values (Song et al., 2018). Likewise, this type of
facultative anaerobic microbes has been recognized as a valuable
marker for the identification of anaerobic conditions in aerobic
biotransformation processes, such as composting (Weglarz et al., 2018).

To identify up to species level some of the most interesting genera, as
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well as to look for the presence of common enteropathogen species that
are interesting from the point of view of public health, the sequences
were subjected to BLASTn. Although the use of the long amplicon of 16S
rRNA gene has been reported as a useful tool for the identification of
species and studies of microbial diversity, it is not as accurate as other
specific genes. Computer simulations show that the accuracy of taxo-
nomic allocation, especially at the species level, decreases drastically in
short reads, such as those of current Illumina or Ion Torrent technologies
(Claesson et al., 2010). Therefore, the assignment at the species level
should be treated with caution. But, though the limitations of
sequencing with Illumina are known, the use of short amplicon
sequencing was tested in order to minimize errors in taxonomic allo-
cation with the considerations described in the 2.4. section for BLASTn.

According to this assignment, the genus Lactobacillus present in all
the facilities, with high proportion (>24%) in 5 phases of USW3 was
dominated by uncultured: lactobacillus and uncultured compost bacterium,
with most than 40% of the total reads assigned to Lactobacillus genus.
Moreover, in the phases COOL, MAT and FPR, more than 35% of reads
corresponded to Lactobacillus ingluviei. This species has been considered
to be nonpathogenic and used in a wide variety of foods and products for
humans and animals. However, it has been reported to be resistant to
antibiotic at levels that exceed those recommended by the European
Food Safety Authority (EFSA) (Campedelli et al., 2018). The relative
abundance of this genus, as well as the absence of thermophilic bacteria,
coincides with the fact that high temperatures were not reached. In fact,
Lactobacillus has an optimal growth between 30 and 45°C (Partanen
et al., 2010). The proportion of the relative abundance of Lactobacillus
observed in bio-oxidative stage in USW2 and USW3, specifically during
RM and MES phases, respectively, was described in other studies related
to composting microbiota (Partanen et al., 2010). These authors
revealed that both Lactobacillus spp. and Acetobacter spp appeared as the
main bacterial groups at the beginning of the process. These same au-
thors observed that gram-positive bacteria such as Bacillus spp. and
strains of actinobacteria were dominant in thermophilic stage. Specif-
ically, analyzing the species belonging to the genus Bacillus present in
the three plants, during the mesophilic phase in USW1, 70% of the reads
corresponded to Bacillus sp. This stood out in the last phases of USW2
(MAT and FPR), as well as in the transition after biooxidative stage in
(COOL and MAT phases). More than 50% of sequences assigned to Ba-
cillus genus matched with uncultured bacillus sp, uncultured compost -
bacterium and uncultured soil bacterium. In cooling phase of USW3 was
present Bacillus thermoamylovorans with more than 30%, typically found
in composting processes (Lopez-Gonzdlez et al., 2015). Finally, in the
final product of USW3, dominated Bacillus alveayuensis (61%), a ther-
mophilic bacterium originally isolated from deep-sea sediments (Bae
et al., 2005).

In addition, the sequences obtained in the USW1, USW2 and USW3
plants were compared with the enteropathogenic microorganism data-
bases, specifically with species belonging to the genera Campylobacter,
Escherichia, Salmonella, Shigella, Yersinia and Vibrio. This cross-checking
of data can help verify the hygienization of the raw material after having
undergone a biodegradation process. No sequences assigned to
Campylobacter, Escherichia coli and Shigella, were found. In USW2 and
USW3 treatment plants, the proportion of sequences matching to Sal-
monella and Yersinia genera was very low (<1.3%). But it is remarkable
that in the USW1 composting plant, more than 10% of the readings
corresponded to Salmonella enterica subsp. arizonae, but 90% belonged
to the raw material phase. This strain is a common gut inhabitant of
reptiles, with snakes as the most common reservoir. Though human
cases due to this organism are exceedingly rare, it may infect young
infants and immunocompromised persons (Mahajan et al., 2003).
Accordingly, although municipal waste is an expected source of
gastrointestinal microbiota (Yang et al., 2014), biological treatment of
organic matter has demonstrated to be an efficient method to remove
these pathogenic agents.

Below is shown a Two-dimensional Principal Coordinates Analysis
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Fig. 3. Bacterial taxonomic composition of the processes studied (three Urban Solid Wastes treatment plants: USW1, USW2 and USW3). The bars show the relative
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(PCoA) (Fig. 4) elaborated to analyze the differences in bacterial
composition between samplings. The results of the 18 samples plotted
show that 73% of the variability in the data could be explained by the
first two components. Weighted and unweighted PCoA analyses pro-
duced similar results. The PCoA separated most of sampling stages, RM,
MES, THER, COOL, MAT and FPR, occupying a different position in the
2D space, indicating that microbial composition was different
(p =0.001, PERMANOVA test with 1000 permutations). However, some
samples came out grouped into two different small groups, one corre-
sponding with most of the USW3 phases (MES, THER, COOL, MAT and
FPR), and the other related to THER, MAT and FPR of USW1 treatment
plant. That is, the evolution of the bacterial microbiome seems to be
closely related to the nature of the material used and its transformation
throughout the different stages except in USW2.

3.4. Overall correlation analysis of bacterial microbiome and
physicochemical results

To explore the significant correlations between bacterial microbiota
and physico-chemical parameters studied in the MSW facilities (USW1,
USW2 and USW3), Spearman’s rank correlations (p <0.05) were
determined and represented on a heatmap (Fig. 5). A group of physi-
cochemical parameters were found to be positively correlated (dark
shades) with some bacterial genera, for example; pH was correlated with
Saccharomonospora, Staphylococcus, Brevibacterium, Brachybacterium,
Salinimicrobium, Halomonas, Oceanobacillus and Gracilibacillus genera;
Staphylococcus and Brevibacterium; C/N ratio with Proteus, Weisella,
Pediococcus and Leuconostoc; Total Sugar with Enterococcus, Weisella,
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Acinetobacter and Leuconostoc; Organic Matter with Proteus, Entero-
coccus, Weisella, Pediococcus, Leuconostoc, Lactococcus, Acinetobacter,
Clostridium sensu stricto 1 and Lactobacillus; Moisture with Enterococcus,
Weisella, Leuconostoc, Lactococcus, Acinetobacter, Pantoea, Clostridium
sensu stricto 1 and Lactobacillus; and, finally, Total Carbon with Proteus,
Weisella, Pediococcus, Leuconostoc and Acinetobacter.

On the other hand, negative correlations (light shades) were found
between physicochemical parameters and some bacterial genera. This is
the case of pH with Proteus, Enterococcus, Weisella, Pediococcus, Leuco-
nostoc, Lactococcus, Lysinibacillus, Clostridium sensu stricto 1 and Lacto-
bacillus genera; C/N with Halomonas, Salinimicrobium, Brevibacterium,
Staphylococcus and Oceanobacillus; Total Sugar with Brachybacterium,
Brevibacterium, Gracilibacillus, Oceanobacillus and Saccharomonospora;
Organic Matter with Halomonas, Salinimicrobium, Brachybacterium, Bre-
vibacterium, Gracilibacillus, Staphylococcus, Oceanobacillus and Saccha-
romonospora; Moisture and Total Carbon with Salinimicrobium,
Brachybacterium, Brevibacterium, Gracilibacillus, Staphylococcus, Ocean-
obacillus and Saccharomonospora; and, finally, Soluble Organic Carbon
with Brachybacterium, Brevibacterium, Gracilibacillus, Staphylococcus,
Oceanobacillus and Saccharomonospora.

With respect to bacterial division represented in cluster (Fig. 5), on
one hand, a group of microorganisms related to low pH values appears at
the same time related to the utilization of easily assimilable carbon
fractions. This has been previously reported by some authors (Song
et al., 2018) who described that one of the characteristics of biological
waste, especially food waste, is the large amount of easily degradable
substances such as sugars, fats, starches and grease, whose degradation
implies the appearance of acidic intermediate by-products. In this sense,
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Fig. 4. Principal Coordinates Analysis (PCoA) according to bacterial composition estimated by 16S rRNA gene sequencing and distributed among samples. Un-
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plants studied. Urban Solid Wastes: USW1 (light gray triangles), USW2 (gray squares) and USW3 (dark gray circles).
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the presence of organic acids, like lactic and acetic, provokes acidity in
the material. In addition, since anaerobic microenvironments can be
found in large-scale composting piles due to the restriction of oxygen
flow, which coincides with the high humidity values also indicated in
this work, organic acids can be produced by obligate or facultative an-
aerobes such as Lactobacillus (Song et al., 2018), which could explain the
results obtained in this work. Surely, it has been promoted by the
insufficient temperature reached during the processes. It is very
important to consider that most of the lactic acid bacteria have the
capability to produce antimicrobial compounds and maybe it could
explain the low proportion of other genera (Schniirer and Magnusson,
2005).

Conversely, the other well-defined group of bacteria, as it appears in
the cluster, includes halotolerant representatives, such as Salinimi-
crobium, Gracilibacillus and Halomonas. It makes sense with the positive
correlation with high pH values and EC, in contrast with the negative
relation with low moisture. These types of microorganisms that inhabit
the studied windrows, could have also a role in biodegradation pro-
cesses. Precisely, Gracilibacillus and Halomonas have been described as
degrading bacteria of polysaccharides associated with halophilic envi-
ronments such as those generated in seaweed composting processes
(Tang et al., 2011). Some authors have also indicated the ability of these
halotolerant bacteria to produce some classes of enzymes (lipases, pro-
teases, amylases and cellulases) as well as biopolymers, with an

10

important presence in composting processes (Oliveira et al., 2015).
4. Conclusions

Although composting facilities on industrial-scale do not control
optimal conditions so closely during biodegradation processes, a vibrant
microbial community is present in the material with a fundamental role
in its transformation. So, even after putting spoke in microbes wheels,
they manage to provide the material with a degree of stabilization suf-
ficient for the standards established in the legislation. Thus, this work
serves to enhance the significance of bacterial microbiome. At the same
time, it should encourage the corresponding entities and companies to
try to optimize the composting processes, in order to avoid possible
sanitary problems and, in addition, to achieve a higher degree of quality
in the final product.

The absence of certain factors, such as sufficient thermal range of the
windrows, have allowed to observe in this work the presence of facul-
tative anaerobic and thermotolerant bacteria detected in the three piles,
for example Lactobacillus and other genera of halotolerant bacteria
closely related to this type of waste. It is necessary to take into account
that, despite the lack of deep control in the processes, the physico-
chemical parameters studied demonstrated a sufficient degree of trans-
formation and stabilization of organic matter. This supports the fact that
the percentage of pathogens is low.
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