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Abstract
This study assessed the bacterial populations in a non-sanitary landfill around Guarani Aquifer recharge zone in Brazil. Samples
from two different positions (sites 1 and 2) at three different depths were evaluated, totaling six solid waste samples; two samples
from an impacted stream were also collected. 16S rRNA sequencing was performed using the Ion S5TM XL platform; 3113
operational taxonomic units (OTUs) and 52 phyla were identified. Proteobacteria (37%) and Firmicutes (28%) were the most
abundant phyla in the landfill, whereas Proteobacteria (~ 50%) and Bacteroidetes (~ 10%) were more profuse in surface water
samples. Canonical correlation analysis (CCA) enabled us to clearly separate the samples according to their spatial location (site 1
or 2) or environmental matrix (surface water or solid waste samples), showing that microbiological populations are strongly
associated with site-specific conditions and the kind of environmental matrix they come from. Environmental factors that mostly
influenced the microbial communities were organic matter, oxidation–reduction potential, moisture, alkalinity, nitrogen (TKN),
sodium, potassium, and zinc. Exiguobacterium (phylum Firmicutes) was overwhelmingly dominant at site 1 and was associated
with higher concentrations of organic matter and potassium. Differently, site 2 did not present such dominant genera and was
more diverse having lower concentrations of organic matter and nutrients. Distinct environments co-exist inside the same waste
deposit, including zones which are representative of active and closed landfills and the occurrence of considerable physicochem-
ical and microbiological shifts within short distances. Those shifts indicate that microbial populations are well adapted to the
heterogeneity typical of urban solid waste, which is possibly beneficial to contaminant degradation.
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Highlights
• Proteobacteria and Firmicutes were the most abundant phyla in the
landfill.

• Lower COD, alkalinity, PO4
3−, SO4

2−, N-NH4
−, N-NO3

−, TKN, Na,
Mg, and K values were associated with higher ecological indexes.

• COD, Na, K, TKN, and ORP strongly influenced the populations.
• Exiguobacterium was identified in samples with higher organic matter
concentrations.

• Zones representative of active and closed landfills co-exist inside the
deposit.
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Introduction

Waste deposits are sources of environmental pollution as they
can generate highly contaminated leachates that percolate
through the subsoil, reaching the aquifers and altering them
for decades or centuries after ending disposal activities (Bichet
et al. 2016; Aharoni et al. 2017; Fetter 2018). In Brazil,
dumpsites and non-sanitary landfills still receive about 40%
of the total collected solid waste (Abrelpe 2017); nevertheless,
the long-term impacts of those areas are not sufficiently char-
acterized, leading to several areas being abandoned as a final
closure action (Zolnikov et al. 2018).

Waste deposits can be regarded as reactors in which several
chemical and microbiological degradation processes occur,
unleashing different byproducts (Belevi and Baccini 1989).
Hence, such areas should be properly characterized aiming at
their appropriate management and optimization, as well as at
predicting the pollutant’s behavior and planning effective reme-
diation actions (Sawamura et al. 2010; Quintaes et al. 2014).

Different environmental variables—such as residue physi-
cal composition, rainfall regime, percolation of pluvial water,
evapotranspiration, waste compaction and age, presence of
contaminants, and availability of nutrients—influence landfill
ecosystems, interfering in the richness and dynamism of mi-
crobial communities, and consequently in pollutant degrada-
tion processes (Sawamura et al. 2010; Quintaes et al. 2014).
Several studies have been conducted in waste deposits from
different cultural and socioeconomical backgrounds, as well
as from distinct landfilling and climatic conditions, showing
considerable variations in the observed physicochemical pa-
rameters and microbial communities (Kochling et al. 2015;
Song et al. 2015; Stamps et al. 2016; Wang et al. 2017; Xu
et al. 2017; Rajasekar et al. 2018; Zainun and Simarani 2018;
Liu et al. 2019).

Since microbial communities are significantly heteroge-
neous and depend on environmental aspects, their presence in
landfills still needs to be characterized so as to better understand
the factors influencing degradation processes, and consequently
enabling their management to reduce environmental impacts.
This is especially relevant for developing countries, where im-
proper landfills and dumpsites are the most common practice
for disposal of urban solid waste (Mangimbulude 2013; Kumar
2016; Lavagnolo 2018; Zolnikov et al. 2018; Idowu et al. 2019)
and where microbiological studies could enhance the under-
standing of natural attenuation processes and permit the devel-
opment of alternative and lower-cost technologies for waste
treatment and disposal.

It is important to highlight that identifying microbial pop-
ulations in landfills and impacted environments has signifi-
cantly benefitted from the use ofmolecular biology techniques
as they have enabled the discovery of several organisms and
the inference of the roles played by them in such environments
(Wang et al. 2017; Zainun and Simarani 2018; Liu et al.

2019). These findings contribute to the development of bio-
technological applications, which promote the mitigation of
environmental impacts in landfills—including the reduction
of greenhouse gas emissions—and enhance wastewater and
leachate treatments (Santos et al. 2009; Jayanthi et al. 2016;
Pan et al. 2019).

The present study aimed at evaluating the microbial popu-
lations of an abandoned non-sanitary landfill (dumpsite) in a
Guarani Aquifer outcrop zone in Brazil (Wendland et al.
2007), under subtropical conditions. Since the closure of this
deposit, several studies have been conducted, mainly focused
on the physicochemical characterization of the surrounding
water resources (Bossolan 1993; Menezes 1995; Gadotti
1997; Álvares 2000; PMSC 2011; Morita and Wendland
2019a; Morita et al. 2020a; Morita et al. 2020b), showing that
the impacts are restricted to areas closer to the landfill. On the
other hand, the characterization of the buried solid waste con-
tent, conducted by Shinzato (2014), indicated that there are
still zones within the deposit with highly concentrated leach-
ate. Thus, it is supposed that the degradation and attenuation
processes lead to a decrease in the concentrations of organic
matter, dissolved ions, and metals, making it possible to reach
acceptable levels within small distances from the deposit
(Morita and Wendland 2019a).

Adopting molecular biology techniques to identify micro-
bial populations in such a deposit is highly recommended,
leading to results which could be considered as references in
Brazil—a country where landfills are still abundant and con-
stantly abandoned (Cetrulo et al. 2018), and where it is nec-
essary to link the lack of financial resources to technological
alternatives to protect the environment. It is important to em-
phasize that relatively few published studies used high-
throughput sequencing to evaluate microbial populations of
landfills in Brazil (Kochling et al. 2015; Moreira 2019).

Methodology

Study area

The study area is a non-sanitary landfill situated in the south-
east of Brazil, São Carlos city (22.1° S, 47.8°W; see Fig. 1), in
a Guarani Aquifer outcrop zone, fundamentally constituted by
sandstone and sandy soils. The local climatic conditions are
classified as Cfa by Koppen and Geiger (humid subtropical
climate), with annual rainfall of about 1440 mm and an aver-
age temperature of 19.7 °C.

Solid waste disposal occurred from 1980 to 1996, when
domestic, industrial, construction and demolition, and health
service wastes were disposed of inside an old gully, totaling
about 440,000 m3 of residues. No structure for collecting and
treating leachate or gas was adopted, and the location of the
water table inside the deposit (at around 6-m deep) may have
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favored groundwater contamination. This led to the site being
included in the list of contaminated areas in the state of São
Paulo (CETESB 2017).

Sample collection

Solid waste samples from two different sites separated from
each other by about 30 m (sites 1 and 2, see Fig. 1) and three

different depths (30 cm, 1 m, and 2 m; see Fig. 1) were col-
lected, using a manual driller. Samples were named 1_1, 1_2,
1_3, 2_1, 2_2, and 2_3, in which the first number refers to the
spatial position shown in Fig. 1 and the second number refers
to the location in depth (1—30 cm, 2—1m, 3—2 m). The first
samples (1_1 and 2_1) were collected at about 30-cm deep in
order to exclude the soil cover and consider only solid waste
samples for analysis.

Fig. 1 Location of the study area and the sampling points (above) and profile of the waste deposit with location of sampling points (below)
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The sites for the sample collection were selected based on
previous knowledge of the waste and soil layer deposition in
the region (Shinzato 2014). Therefore, the sample collection
until 2-m deep was based on pockets of accumulated leachate
below this depth, which would make collection even more
difficult. It is important to highlight that the collection of solid
waste samples in landfills is considerably problematic, as non-
degraded materials—especially plastic—become attached to
the drills and prevent drilling from evolving.

Despite the mentioned difficulties, the sample collection
until 2-m deep was made in order to comprehend the interface
between soil cover and solid waste (samples 1_1 and 2_1); the
transitional environment, with a gradual increase of moisture
(1_2 and 2_2); and, finally, the environment with an accumu-
lation of liquids (1_3 and 2_3).

Before collecting each sample, appropriate care was taken
in order to clean the drill and avoid contamination. About
500 g of solid waste from each sampling point was collected
by using the quartering method, kept in sterilized plastic con-
tainers, and placed in an icebox. Samples were then kept at −
20 °C until microbiological and physicochemical analyses
were performed.

Additionally, surface water samples from a small stream (at
around 15-cm deep), at locations upstream and downstream to
the deposit (namedUp andDw, respectively; see Fig. 1), were
collected. Surface water samples had their pH, electrical con-
ductivity (EC), and oxidation–reduction potential (ORP) mea-
sured in situ with a multiparameter water quality sonde (YSI
6920) and were kept in sterilized PVC bottles inside an ice-
box. After collection, the suspended solids were left to sedi-
ment and were separated for microbiological analysis (at −
20 °C,) whereas the liquid portion was kept for physicochem-
ical analysis (at 4 °C).

It is important to highlight that we used the suspended
solids for DNA extraction (and not the surface water samples)
in order to permit the use of the same methodology adopted
for solid waste samples, as well as the same kit (FastDNA™
SPIN Kit for Soil), and permit more representative compari-
sons. We consider that, even though there is a partitioning of
contaminants in the environment, increases of concentrations
in onematrix (sediment or water) lead to increases in the other,
due to chemical balance. Since the objective was to relate
higher and lower concentrations of contaminants with micro-
bial communities, it is believed that analyzing water and
suspended solids from the same sample can give results which
are representative of the analyzed environment and ongoing
microbiological and physicochemical processes, permitting
the comparison of the collected samples.

Physicochemical analysis

For physicochemical analysis, the solid waste samples were
solubilized following the Brazilian norm NBR 10.006.

According to it, about 400 g from each sample was mixed
and large particles (glass, stones, plastic bags) were manually
removed. After that, the samples were weighed and dried at
42 °C for 24 h. The dry samples were also weighed, making it
possible to calculate the humidity. About 250 g of the dried
samples was weighed and placed in beakers, and 1000 mL of
distilled water was added to each one. The solution was mixed
for 5 min and covered with PVC plastic film for 7 days at
25 °C; after this period, pH and ORP were immediately mea-
sured, and samples were filtered in a 0.45-μm filter prior to
physicochemical analysis.

Concerning the surface water samples (Up and Dw), filtra-
tion in a 0.45-μm filter was also conducted after collection,
and physicochemical analysis was performed.

The following physicochemical parameters were analyzed
in all samples: alkalinity, nitrite (N-NO2

−), nitrate (N-NO3
−),

ammoniacal nitrogen (N-NH4
−), total Kjeldahl nitrogen

(TKN), sulfate (SO4
2−), phosphate (PO4

3−), fluoride (F−),
chloride (Cl−), chemical oxygen demand (COD), total organic
carbon (TOC), aluminum (Al), antimony (Sb), barium (Ba),
cadmium (Cd), calcium (Ca), lead (Pb), cobalt (Co), copper
(Cu), chromium (Cr), strontium (Sr), iron (Fe), magnesium
(Mg), manganese (Mn), nickel (Ni), potassium (K), silver
(Ag), selenium (Se), sodium (Na), and zinc (Zn). All the anal-
yses were performed according to the Standard Methods for
the Examination of Water and Wastewater (APHA 2012).

DNA extraction and sequencing using the platform
Ion S5 XL, SE600

The genomic DNAs of solid waste and sediment samples
(suspended solids from Up and Dw) were extracted using
the FastDNA™ SPIN Kit for Soil DNA Extraction (MP
Biomedicals), using 0.5-g subsamples. It is important to high-
light that this method uses solid samples, so that the analysis
of surface water samples was made after sedimentation of the
suspended solids, as previously mentioned. DNA purification
was also performed, using the Geneclean ® Turbo Kit (MP
Biomedicals). The DNA concentration was measured in a
NanoDrop 2000 spectrophotometer (Nanodrop Wilmington,
DE, USA), and its integrity was assessed by performing an
agarose (0.8%) gel electrophoresis.

After DNA extraction, the samples had their 16S rRNA
genes of distinct regions (V3–V4 466 bp) amplified using
the domain bacteria (341F CCTAYGGGRBGCASCAG;
806R GGACTACNNGGGTATCTAAT) with the barcode.
Library preparation and sequencing libraries were generated
using the Ion Plus Fragment Library Kit 48 rxns (Thermo
Scientific) following the manufacturer’s recommendations.
The library quality was assessed using the Qubit@ 2.0
Fluorometer (Thermo Scientific). Finally, the library was se-
quenced on an Ion S5TM XL platform, and 400-bp/600-bp
single-end reads were generated.
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Quality filtering on the raw reads was performed under
specific filtering conditions to obtain the high-quality clean
reads according to the Cutadapt quality control process
(Martin 2011). The reads were compared with the reference
database (Quast et al. 2013) using the UCHIME algorithm
(Edgar et al. 2011) in order to detect and remove chimera
sequences (Haas et al. 2011) and obtain the clean reads.

Sequence analysis was performed by using the Uparse soft-
ware (Edgar 2013), and sequences with ≥ 97% similarity were
assigned to the same operational taxonomic units (OTUs).
Alpha- and beta-diversity analyses were performed using the
QIIME (Version1.7.0) and R (Version 2.15.3) software. The
16S rRNA sequencing and bioinformatics were performed by
GenOne Biotechnologies, situated in Rio de Janeiro, Brazil.

These data have been uploaded to the National Center for
Biotechnology Information Database (NCBI), under
Bioproject number PRJNA566349 and BioSample
Access ions SAMN12787304 , SAMN12787305 ,
SAMN12787306, SAMN12787307, SAMN12787308,
SAMN12787309, SAMN12787310, and SAMN12787311.1

Statistical analysis

In order to better evaluate the relations between environmental
factors and the microbial communities, canonical correlation
analysis (CCA) was performed, using the PAST software
(version 3.26).

Results and discussion

Physicochemical characterization of the solid waste
and surface water samples

The physicochemical parameters of the solid waste and sur-
face water samples are shown in Fig. 2 and in Table 1SM of the
Supplementary Material. The results refer to one analysis of
each sampling point; no replication was performed due to the
difficulties found during the sample collection.

It can be observed that the evaluated parameters varied
considerably with depth (mainly from the first layer to the
deeper ones) and depending on the site location. The first
layers presented similarities among samples and low concen-
trations of most parameters. On the other hand, it seems that
the characteristics of the second and third depths are influ-
enced by specific physicochemical conditions on the site,
which are the samples with greatest concentrations from site
1. On the other hand, site 2 seems to have had conditions
similar to the first layers at all depths.

Moisture content also varied according to the depth and
spatial location. Samples from site 1 generally had more water
content (6–23%) than those from site 2 (4–10%).
Additionally, the deeper they were, the more moisture there
was in both sites. It is important to highlight that at about 2.2-
m deep, there is a soil layer in the deposit (Shinzato 2014),
which causes an accumulation of leachate above it (see Fig.
1). This condition especially affected the samples collected at
2-m deep (1_3 and 2_3), leading to the verification of more
moisture and higher concentrations of dissolved ions (higher
electrical conductivity values).

It is interesting to note that the ORP values in the
samples from site 1, and especially in 1_2, were much
lower than those in the samples from site 2. However,
those values may not be representative of the landfill
environment—due to the conditions of the solubilization
test—and should be used only for the sake of comparison
among different samples.

EC, alkalinity, organic matter (COD and TOC), N-NO3
−,

N-NH4
−, SO4

2−, PO4
3−, Cl−, TKN, moisture, and the vast

majority of metals were higher in samples from site 1. The
existence of higher concentrations of organic matter, ions, and
metals is a characteristic of the first phases of degradation in
landfills (Andreottola and Cannas 1992; Filho and Miguel
2017). On the other hand, lower concentrations of most pa-
rameters were found in site 2, which are characteristic of more
degraded and older content. Exceptions were the concentra-
tions of NO2

−, higher in site 2; Zn, especially high in 2_2; and
Al and Fe; higher in 2_1.

The differences encountered between sites 1 and 2 can be
attributed to solid waste heterogeneity, which depends on the
characteristics of the buried content at each site and is more
evident when waste samples, instead of leachate samples, are
analyzed. This is because landfills are highly heterogeneous,
and processes occur inmicroenvironments; the leachate, when
properly collected in sanitary landfills, is formed by a mixture
of contributions from those different zones, representing the
dominant process (Cossu et al. 2019).

Regarding such heterogeneities, it is important to mention
that the accumulation of leachate in pockets inside the deposit
may also lead to an increase in contaminant concentrations in
specific locations (Shinzato 2014; Aharoni et al. 2017;
Moretto et al. 2017). Therefore, distinct environments could
be distinguished inside the same landfill, with zones contain-
ing high contaminant concentrations and others with much
lower values.

Nevertheless, all the samples—from sites 1 and 2—
presented characteristics which are in agreement with the
ranges observed in an uncontrolled landfill in Israel
(Aharoni et al. 2017) and in a wide number of landfills in
Brazil (Souto and Povinelli 2011), and with the stable methan-
ogenic phase studied by Song et al. (2015). This agreement
shows the representativeness of the studied case.1 https://www.ncbi.nlm.nih.gov/sra/PRJNA566349
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It is important to mention that the results of the solubiliza-
tion process and their comparison with the limits presented by
the Brazilian norm NBR 10.006 showed that the buried waste

is still non-inert, after about 20 years of ending disposal activ-
ities, especially considering Pb, Mn, Fe, Zn, and Al (Morita
and Wendland 2019b).
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Fig. 2 Physicochemical parameters of solid waste and surface water
samples (ORP, oxidation–reduction potential; EC, electrical conductivi-
ty; COD, chemical oxygen demand; TKN, total Kjeldahl nitrogen; Cl,
chloride; Na, sodium; Mg, magnesium; K, potassium; Ba, barium; Zn,

zinc; Ca, calcium; Fe, iron; Pb, lead; Mn, manganese). The location of
samples is presented in Fig. 1 and explained in the “Sample collection”
section
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Regarding surface water samples, a clear influence of the
waste deposit on water resources was observed, significantly
changing the values of pH, ORP, EC, alkalinity, organic mat-
ter, N-NH4

−, and metals from sample Up to Dw. Attention
must be given to the pH, which is basic in upstream conditions
and much more acidic in downstream; ORP, showing an ox-
idant environment upstream and reducing downstream; and
the presence of Fe and Mn in Dw, where they can be possibly
used as electron acceptors by anaerobic populations.

16S rRNA sequencing

Richness and diversity of microbial communities

A total of 3113 OTUs were identified, considering all 8 sam-
ples. The coverage shows that the sequencing could represent
the microbial communities well, varying from 97 to 99%. The
richness and diversity of microbial communities in waste and
surface water samples are shown in Fig. 3, in which different
patterns can be observed for sites 1 and 2.

At the first site, there was a significant decrease in richness
from the first (1_1) to the second depth (1_2), followed by an
increase in the third one (1_3). This behavior shows the exis-
tence of a selective environment in 1_2, leading to the domi-
nance of specific populations adapted to more reducing con-
ditions and higher concentrations of organic matter and dis-
solved ions, possibly anaerobic hydrolytic or fermentative
bacteria.

On the other hand, at the second site, there was an increase
of richness with depth, indicating that there might be a higher
availability of organic matter (increase in COD and TOC, see
Table 1SM of the Supplementary Material), moisture, and nu-
trients with depth, associated with the inexistence of stressing

conditions. The condition found at site 2—increase in richness
with depth—was also observed by Gomez et al. (2011) and
Wang et al. (2017).

Observing data from sites 1 and 2, it can be observed that
solid waste samples with lower concentrations of the analyzed
parameters (COD, alkalinity, EC, TKN, PO4

3−, SO4
2−, NH4

−,
NO3

−, Na, Mg, and K, generally from site 2: 2_1, 2_2, and
2_3) had higher ecological indexes and number of OTUs.
Zainun and Simarani (2018) and Song et al. (2015) found that
more stabilized samples (i.e., from closed landfills or landfills
in the stabilized methanogenic phase) had higher Chao and
Shannon indexes than samples from active landfills.

Thus, samples with more stabilized content can supposedly
harbor more microbial species, either because they have been
more intensely colonized by different species or because more
species can survive in environments with lower concentra-
tions of contaminants. It is interesting to note, therefore, that
the heterogeneities can be found inside the same waste
deposit—and not necessarily in active and closed landfills—
forming zones with specific content and its associated com-
munity, and adding complexity to the study of solid waste.

When compared with other studies in landfills, the ob-
served ecological indexes and the number of OTUs were
higher than those observed by Wang et al. (2017) in China,
but lower than those observed by Xu et al. (2017), also in
China, and Zainun and Simarani (2018), inMalaysia, showing
that different patterns can be observed in landfills, depending
on a variety of environmental conditions.

Regarding the sampling points Up and Dw, it can be ob-
served that they had very similar richness and diversity index-
es. However, the impact of the landfill leachate seems to have
caused a mild increase in the communities’ richness (Chao
and ACE indexes) and a decrease in diversity (Shannon
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Fig. 3 Richness and diversity of
the microbial communities in the
different studied samples. ACE
(abundance-based coverage
estimator) and Chao indexes were
used to show the richness of the
microbial community, whereas
the Shannon index was used to
show the diversity

40696 Environ Sci Pollut Res  (2020) 27:40690–40705



index). Hence, more species probably grow in media with
more organic matter and nutrients (Dw), but in this communi-
ty, some species are dominant since they are better adapted to
the higher levels of contaminants.

Taxonomic analysis at the level of phyla

Considering all the analyzed samples, 52 phyla were identi-
fied, in which 16 had a higher abundance than 1%, which
surpasses the number identified by previous studies (Wang
et al. 2017; Xu et al. 2017). The relative abundance of the
different phyla for the distinct studied samples is presented
in Fig. 4.

Representatives of the phyla Proteobacteria, Firmicutes,
Actinobacteria,Bacteroidetes, andChloroflexiwere identified
in all samples, including in the Up and Dw sediment samples.
Proteobacteria (37%), Firmicutes (28%), and Actinobacteria
(13%) were the most abundant phyla in the landfill, whereas
Proteobacteria (54%), Bacteroidetes (12%), and
Acidobacteria (12%) were the most abundant in Up, and
Proteobacteria (48%), Bacteroidetes (10%), and Firmicutes
(9%) were the most abundant in Dw.

The phyla Proteobacteria were dominant in all samples,
except for 1_2 (4%), where Firmicutes dominated (82%), and
1_3, where both named phyla had similar abundances (ap-
proximately 40%). These results agree well with other studies
in landfills, in which Proteobacteria (Sawamura et al. 2010;
Gomez et al. 2011; Zainun and Simarani 2018; Liu et al. 2019)
and Firmicutes (Krishnamurthi and Chakrabarti 2013;
Kochling et al. 2015; Wang et al. 2017; Xu et al. 2017) were
the most abundant phyla.

Bacteria belonging to the phylum Firmicutes have been
associated with a degradation of polysaccharides—such as
cellulose, lignocellulose, and starch (Song et al. 2015; Xu
et al. 2017; Zainun and Simarani 2018; Jiang et al. 2019)—
playing an important role in the synthesis of fulvic-like sub-
stances and humification (Liu et al. 2019) and in the formation
of dissolved organic matter (Jiang et al. 2019). This role
seemed to be well associated with the physicochemical anal-
ysis performed in the present study, since theUp point had the
lowest representation of Firmicutes, and site 1 (especially 1_2
and 1_3), which presented the highest concentrations of or-
ganic matter, showed significant communities of Firmicutes
(see Figs. 2 and 4).
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It is interesting to highlight that the occurrence of
Firmicutes has been associated either with the initial methan-
ogenic phase of landfills (Song et al., 2015) or with older
landfill cells (Liu et al. 2019), which shows that this phylum
does respond not only to the residue age but also to the de-
composition stage and, consequently, to the contaminant con-
centrations. Thus, Fajardo et al. (2019) and Kasemodel et al.
(2019) observed that Firmicuteswere the most abundant phy-
lum in samples with higher concentrations of Pb, Zn, and Cd,
possibly because of their ability to form endospores under
stressful conditions. Hence, in our study, the occurrence of
such phylum has been more intensely verified in zones with
a combination of higher organic matter (COD and TOC), nu-
trients, and metal concentrations (especially Ba, Cd, Pb, Ca,
Mg, and Sr).

Representatives of the phylumProteobacteria, on the other
hand, even having been linked to organic matter degradation
in anaerobic environments (Bareither et al. 2013) and waste-
water treatment plants (Greay et al. 2019), were found in all
analyzed samples with a similar significance (except for 1_2),
showing that different roles were played by them, in cleaner
(Up) or more contaminated (Dw and landfill samples) envi-
ronments. Proteobacteria were also the dominant phylum in
closed and active landfills studied by Zainun and Simarani
(2018), and were dominant in control soil samples, playing
important roles in soil ecosystems (Wang et al. 2017;
Rajasekar et al. 2018; Fajardo et al. 2019).

The phyla Acidobacteria and Actinobacteria had low sig-
nificance in 1_2 and 1_3, having been possibly displaced by
Firmicutes, as described by Fajardo et al. (2019).
Actinobacteriawas associated with the degradation of organic
matter (Wang et al. 2017) and cellulose, especially at interme-
diate and old stages of waste decomposition (Liu et al. 2019).
Hence, samples from site 2, which seem to have more stabi-
lized content, presented a higher significant number of this
phylum. Additionally, representatives of this phylum have
been recently associated with sites contaminated with metals
(Salam and Varma 2019), showing that they can play an im-
portant role in the metabolism of Fe and Zn, found in high
concentrations at site 2 (see Fig. 2).

Similarly, Nitrospiraewas barely found at site 1 (1_1, 1_2,
and 1_3) but was more significant in all other samples. This
phylumwas found in closed landfills, surrounded by trees and
vegetative plants (Zainun and Simarani 2018), and was asso-
ciated with nitrification (Song et al. 2015). Thus, it might have
played an important role at site 2, where lower levels of am-
moniacal nitrogen were found, linked to higher concentrations
of nitrite (see Fig. 2).

The phylum Gemmatimonadetes was more significant in
the landfill’s superficial samples (1_1 and 2_1) and inUp than
in deeper samples or in Dw. Thus, its presence can be associ-
ated with environments with lower levels of contaminants,
and possibly with a higher availability of oxygen. Wong

et al. (2019) verified its presence only in landfill soil cover
samples treated with biochar, which is supposed to enhance
soil aeration and bacterial growth.

It is interesting to note that Zainun and Simarani (2018)
a s soc i a t ed Ac idobac t e r ia , Gemmat imonade t e s ,
Verrucomicrobia, Actinobacteria, and Nitrospirae with sam-
ples from the closed landfill, which presented lower contam-
inant concentrations; the present study also made it possible to
relate these phyla to more stabilized samples.

On the other hand, the phyla Deferribacteres, Nitrospinae,
and Spirochaetes were characteristic of the sample Dw.
Deferribacteres and Spirochaetes have been reported in cul-
tures inoculated with oil, having metabolism associated with
the fermentation of short-chain organic acids and the release
of acetic acid and H2 (Silva et al. 2013). The phylum
Deferribacteres includes chemoorganotrophic bacteria that re-
spire preferentially anaerobically with various terminal elec-
tron acceptors, including Fe(III), Mn(IV), and nitrate (Alauzet
and Jumas-Bilak 2014). It is supposed that such phyla play
important roles in the degradation of organic matter from the
leachate which stems from the landfill, possibly forming an
iron-reducing environment, which agrees with the physico-
chemical characteristics presented in Fig. 2.

Finally, Nitrospinae has been associated with the oxidation
of nitrite to nitrate (Pachiadaki et al. 2017; Jurczyk and Koc-
Jurczyk 2017); as no nitrite was detected in Dw (see Fig. 2),
but high concentrations of ammoniacal nitrogen, it seems that
this phylum is part of a conjunction of nitrification reactions,
rapidly consuming the nitrite produced by the oxidation of
ammonia.

Figure 5 shows the weighted grouping of the studied sam-
ples, in which it is possible to note that their relation could not
be explained by their in-depth position. The factor that seems
to have mostly influenced the communities was the sample’s
spatial localization (site 1 or site 2), rather than their depth.
This conclusion has also been observed by Xu et al. (2017) in
two sanitary landfills in China.

Additionally, it can be observed that surface water samples
did not have any significant relation with solid waste samples,
even the one contaminated by leachate (Dw). In other words,
the microbiological populations depend more significantly on
the kind of environmental matrix they come from (solid waste
or surface water), than on physicochemical characteristics
(contaminated or uncontaminated samples).

c analysis at the level of class, order, family, and genera

Site 1 The taxonomic analysis at the level of class (see
Figure 1SM of the Supplementary Material) showed that
Bacilli, which has been reported as being resistant to heavy
metal contamination (Fajardo et al. 2019), was the most abun-
dant one at site 1 (19%, 55%, and 32%, respectively, in 1_1,
1_2, and 1_3) . Regarding other abundant classes,
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Alphaproteobacteria (16%) and Betaproteobacteria (11%)
were also abundant in the first layer (1_1), whereas
Clostridia (25%) was the second most abundant in 1_2 and
Gammaproteobacteria (30%) in 1_3. Clostridia was also
found in all the landfill samples and in Dw, but logically
was not found in Up, since such sampling point is located in
an upstream position, with oxidant conditions and low con-
centrations of organic matter.

Clostridia has been reported as being resistant to chemical
stress, playing an important role in bioprocessing and bio-
transformations, acting in fermentation processes (Johnson
2019). It is capable of hydrolyzing a wide range of carbohy-
drates and producing hydrogen (Wong et al. 2018) and can be
found in environments with low ORP and high biodegradable
organic matter content (Dao et al. 2016). Therefore, its pres-
ence is probably associated with the degradation of organic
matter in reducing conditions.

Regarding the analysis at the level of genera at site 1
(Fig. 6), it is interesting to note that the phylum dominance
in samples 1_2 and 1_3 (Firmicutes) was kept until the genera
level, showing that the genus Exiguobacterium represented
54% and 30% of relative abundance in those samples, respec-
tively. The mentioned samples both had more reducing con-
ditions and higher concentrations of organic matter, EC, alka-
linity, TKN, N-NH4

−, SO4
2−, and metals (see Fig. 2).

Exiguobacterium has been reported as being gram-positive,
able to grow in aerobic and anaerobic environments at a wide
range of temperatures (5–40 °C), pH (6.5–12.0), and NaCl
concentrations, having applications to alkaline wastewater
treatment (Kulshreshtha et al. 2010). To the best of our knowl-
edge, it is the first time Exiguobacterium has been reported in
landfills.

The second most abundant genus in 1_2 was Gelria (7%),
whereas Acinetobacter (13%) and Pseudomonas (12%) were
the second most significant genera in 1_3. Gelria is an anaer-
obic, syntrophic, and endospore-forming genus (Plugge et al.
2002), known as end-stage fermenters involved in the metab-
olism of fatty acids (Fitzgerald et al.2019). Pseudomonas was

associated with refuse decomposition (Song et al. 2015), de-
nitrification, and pollutant degradation (Wang et al. 2017).
Acinetobacter was regarded as sulfur-metabolizing bacteria
(He et al. 2018; Ding et al. 2019), which is compatible with
the concentrations of sulfate found in 1_3 (Fig. 2), and has
also been associated with the thermophilic phase of
composting (Jiang et al. 2019).

Site 2Differently, at the second site, Alphaproteobacteriawas
the most abundant class (26%, 21%, and 19%, respectively, in
2_1, 2_2, and 2_3; see Figure 1SM). Alphaproteobacteriawas
the most dominant class in closed landfills (Zainun and
Simarani 2018), showing that the physicochemical conditions
at site 2 can be associated with more degraded content. The
second most abundant classes were Betaproteobacteria
(8.5%) and Gammaproteobacteria (8.5%) for 2_1 and
Unindentified_actinobacteria in 2_2 and 2_3 (8.5% and
13% respectively).

Regarding the analysis at the genus level (Fig. 6),
Sphingomonas was significant in site 2 and in 1_1, but was
not identified in 1_2 or 1_3. This genus has been reported as
abundant in areas contaminated by Pb, Cu, Zn, and Cd (Wang
et al. 2018), and e-waste (Wu et al. 2019), which can be
associated with the high Zn content in site 2.

Interestingly, Paenibacillus was more closely identified in
sample 2_2, where extremely high concentrations of Zn were
observed. This genus, together with Bacillus, was abundant in
samples contaminated by heavy metals (Fajardo et al. 2019).
Similarly, Arthrobacterwasmore abundant in sample 2_2 and
has been reported as resistant to metal contamination and able
to bioremediate sites contaminated by heavy metals (Hong
et al. 2015; Salam and Varma 2019; Wu et al. 2019).

Sediment samples Up and Dw Finally, regarding the sediment
samples, Betaproteobacteria, Deltaproteobacteria, and
Gammaproteobacteria were the most abundant classes both
for Up and Dw (see Figure 1SM). Alphaproteobacteria was also
abundant in Up, whereas Clostridia was profuse in Dw. It is

Fig. 5 Hierarchical clustering of
microbiomes from different
samples, using weighted UniFrac
calculation
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interesting to note, regarding the order level (Figure 2SM), that
many orders that were identified in Up were also identified in
Dw, but at much smaller percentages (e.g., Sphingobacteriales,
Rhizobiales,Myxoccocales, Burkholderiales,Xanthomonadales,
Nitrosomonadales). Probably, bacteria belonging to those orders
were sensitive to stressing conditions. An opposite behavior was
o b s e r v e d f o r Rh o d o c y c l a l e s , C l o s t r i d i a l e s ,
Unidentified_deferribacteres, Syntrophobacterales, and
Methylophylales, which were muchmore significant inDw, thus
associated with the metabolization of pollutants.

At the genus level (Fig. 6), Caldithrix was only identified in
Dw, andGelria. It was barely identified inUp and was abundant
in Dw. Caldithrix is obligately anaerobic, whose members are
chemoorganoheterotrophs able to ferment polysaccharides
(Alauzet and Jumas-Bilak 2014). Other genera which were plen-
tiful in Dw (e.g., Crenotrix, Dechlorobacter, Anaerovorax,
Desulfat iglans , Ignavibacterium , Desulfobulbus ,
Geothermobacter) can thus be associated with the degradation
of compounds from the leachate originating from the deposit,

especially under reducing conditions and using different electron
acceptors. Therefore, these genera could be used as indicators of
contamination by waste deposits.

Interestingly, Geobacter and Anaeromyxobacter were
identified both in Up and Dw, but more significantly in the
first one. Both genera are formed by exoelectrogenic bacteria,
which are capable of transferring electrons outside the cells to
extracellular acceptors, and thus play important biogeochem-
ical roles in natural environments such as soils, sediments, and
freshwater (Wang et al. 2019).

Particularly, Geobacter acts in the biogeochemical cycling
of carbon and Fe (Lovley et al. 2011) and is capable of
degrading a variety of organic contaminants, coupling oxida-
tion of organic matter to the reduction of Fe (III) and Mn (IV)
(Jiang et al. 2020). It is interesting to note that Geobacter
could be identified in pristine (Up) and contaminated (Dw)
samples, playing distinct roles, both in biogeochemical cycles
and organic matter degradation. Consequently, the use of such
genera as indicators of leachate contamination is not
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recommended as they fill different niches in a diversity of
environments (Lovley et al. 2011).

Finally, regarding the analysis at the genera level in the
study area, it is important to highlight that the vast majority
of them could not be identified. Dominant genera in the land-
fill included Exiguobacterium, Pseudomonas, Streptococcus,
Sphingomonas, Acinetobacter, and Gelria, in which occur-
rence was dependent on specific conditions at each site. On
the other hand, Caldithrix, Crenothrix, Gelria, Methylonera,
and Dechloromonas were abundant in a Dw sediment sample
and were indicators of leachate contamination, whereas
Geobacter and Anaeromyxobacter were profuse both in Up
andDw positions, which makes them inappropriate to be used
as indicators.

Correlations between microbial communities and
environmental factors

In order to visualize the influence of some environmental fac-
tors in microbial communities, canonical correlation analyses
were performed, using 13 phyla with a relative abundance >
1%, 15 genera with relative abundance > 3%, and 19 factors
(depth, moisture, pH, ORP, EC, alkalinity, COD, TKN, SO4,
PO4, Pb, Fe, Zn, Mg, Ba, Ca, Sr, Na, and K).

The result of the CCA considering the communities at the
phyla level is presented in Fig. 7, in which axes 1 and 2 were
responsible for about 93% of the samples’ variability.

The CCA observed that the samples could be clearly sep-
arated into quadrants, according to their spatial location: sam-
ples from site 1 are in the first and forth quadrants (except for
1_1, which is in the middle of the first and second quadrants),
presenting higher pollutant concentrations (COD, nutrients,
Na, K, Mg, Ca, Sr); samples from site 2 are in the second
quadrant and are represented by high Zn content (which is

especially true for 2_2) and higher ORP values; and sediment
samples obviously had higher moisture and were represented
in the third quadrant.

It is interesting to note that studies conducted at deeper loca-
tions and longer intervals (Sawamura et al. 2010; Gomez et al.
2011; Xu et al. 2017), and at smaller intervals and shallower
positions—such as the present study, Wang et al. (2017), and
Zainun and Simarani (2018)—led to similar conclusions that the
microbial heterogeneity is more strongly affected by the sam-
ple’s spatial position than by their in-depth location. Therefore,
microbial heterogeneity can be explained mainly by buried con-
tent and the consequent physicochemical characteristics; water
content and oxygen availability, which are more dependent on
the samples’ in-depth location, did not play an important role in
the distribution of microbiological communities.

It can also be observed that many phyla had their occur-
rence dependent on a conjunction, or a mixture, of parameters,
which led to their location being in intermediate positions and
far from the arrows indicating specific environmental factors.
This was especially true for Proteobacteria, Bacteroidetes,
and Chloroflexi.

Similarly, although they were found in all samples, the
phylum Firmicutes was presented in the graph closer to sam-
ple 1_2 and on the same side of the arrows indicating COD,
alkalinity, Na, K, Mg, and TKN, showing that these factors
have significantly affected this phylum’s abundance. In the
same way, Actinobacteria and Acidobacteria were more
abundant in samples from site 2 and were thus represented
in the second quadrant.

The longest arrows indicate the factors which most influ-
enced the microbial communities: COD, Na, K, TKN, alka-
linity, moisture, and ORP. It is important to highlight that
moisture especially influenced the differentiation among land-
fill samples and surface water samples.

Fig. 7 Canonical correlation
analysis based on the most
abundant phyla and 19
environmental factors
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CCA analysis based on the most abundant genera is pre-
sented in Fig. 8; axes 1 and 2 were responsible for about 84%
of the samples ’ var iabi l i ty . I t can be seen that
Exiguobacterium and Gelria were strongly affected by COD
and K concentrations, whereas Sphingomonaswas influenced
by Fe concentrations. Higher COD and K concentrations can
be associated with younger leachates (Andrettola and Cannas
1992; F i lho and Migue l 2017) , ind ica t ing tha t
Exiguobacterium and Gelria are possibly more profuse in
environments with higher pollutant concentrations.

On the other hand, Arthrobacter was associated with high
ORP (more oxidizing conditions), high EC, and deeper posi-
tions. The occurrence of other genera may not be strongly
associated with specific conditions, as it is dependent on a
mixture of parameters, as can be observed by their central
position in the graph.

CCA analysis showed that landfills can harbor more and
less contaminated zones, which influence the occurrence of
distinct populations—typical of younger and older landfills—
within the same deposit. Hence, even closed and abandoned
landfills may have highly contaminated zones with communi-
ties and physicochemical characteristics typical of active land-
fills. Heterogeneity creating microenvironments inside land-
fills has been discussed by Cossu et al. (2019).

The association between the microorganisms and physico-
chemical parameters observed in the present study confirms
the ability of communities from natural environments to de-
grade and remediate contaminants, and indicates their poten-
tial for biotechnological applications, enabling their use in
treatment and remediation projects. For instance, Firmicutes,
abundant in environments with higher metal content in the
present study, has already been applied to remediate such
contaminants (Fajardo et al. 2019); Exiguobacterium, abun-
dant in samples with higher organic matter content and pH
values, has already been reported in wastewater treatment
plants, neutralizing highly alkaline effluents (Kulshreshta
et al., 2010). The present study showed the relevance of such

populations to landfills, indicating that they can be applied in
biotechnological solutions for solid waste disposal.

Conclusions

Next-generation sequencing was conducted in order to assess
the structure and diversity of bacterial communities in an un-
planned closed landfill in Brazil. Proteobacteria and
Firmicutes were the most abundant phyla, accounting for
65% and 59% of the sequences in landfill and surface water
samples, respectively.

Several environmental factors influenced the occurrence of
microbial communities, especially organic matter (COD and
TOC), nitrogen (TKN), Na, K, Mg, and Zn. Microbial hetero-
geneity was more strongly affected by the sample’s spatial
position than by their in-depth location. Therefore, specific
populations were found in different analyzed samples, and
their occurrence could be associated with local physicochem-
ical condit ions. Exiguobacterium , Pseudomonas ,
Streptococcus, Sphingomonas, Acinetobacter, and Gelria
were abundant genera inside the landfill, but with locally de-
pendent distribution. Caldithrix, Crenothrix, Gelria,
Methylonera, and Dechloromonas were abundant in a Dw
surface water sample affected by the leachate stemming from
the deposit and thus functioned as indicators of contamination.
On the other hand, Geobacter and Anaeromyxobacter were
identified both inUp andDw samples, and thus their presence
cannot indicate leachate contamination.

This study provided up-to-date knowledge about microbial
populations in landfills in Brazil and established important
relationships with studies conducted in other countries and
landfills. Therefore, it helped to better understand the factors
affecting microbial communities and heterogeneity in waste
deposits, which is fundamental for their appropriate
management.

Fig. 8 Canonical correlation
analysis based on the most
abundant genera (> 3%) and 19
environmental factors
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