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ABSTRACT Microbial communities mediate the transformation of organic matter
within landfills into methane (CH4). Yet their ecological role in CH4 production is rarely
evaluated. To characterize the microbiome associated with this biotransformation, the
overall community and methanogenic Archaea were surveyed in an arid landfill using
leachate collected from distinctly aged landfill cells (i.e., younger, intermediate, and
older). We hypothesized that distinct methanogenic niches exist within an arid landfill,
driven by geochemical gradients that developed under extended and age-dependent
waste biodegradation stages. Using 16S rRNA and mcrA gene amplicon sequencing, we
identified putative methanogenic niches as follows. The order Methanomicrobiales was
the most abundant order in leachate from younger cells, where leachate temperature
and propionate concentrations were measured at 41.8°C 6 1.7°C and 57.1 6 10.7 mg
L21. In intermediate-aged cells, the family Methanocellaceae was identified as a putative
specialist family under intermediate-temperature and -total dissolved solid (TDS) condi-
tions, wherein samples had a higher alpha diversity index and near CH4 concentrations.
In older-aged cells, accumulating metals and TDS supported Methanocorpusculaceae,
“Candidatus Bathyarchaeota,” and “Candidatus Verstraetearchaeota” operational taxo-
nomic units (OTUs). Consistent with the mcrA data, we assayed methanogenic activity
across the age gradient through stable isotopic measurements of d 13C of CH4 and d 13C of
CO2. The majority (80%) of the samples’ carbon fractionation was consistent with hydroge-
notrophic methanogenesis. Together, we report age-dependent geochemical gradients
detected through leachate in an arid landfill seemingly influencing CH4 production, niche
partitioning, and methanogenic activity.

IMPORTANCE Microbiome analysis is becoming common in select municipal and
service ecosystems, including wastewater treatment and anaerobic digestion, but
its potential as a microbial-status-informative tool to promote or mitigate CH4 pro-
duction has not yet been evaluated in landfills. Methanogenesis mediated by
Archaea is highly active in solid-waste microbiomes but is commonly neglected in
studies employing next-generation sequencing techniques. Identifying methano-
genic niches within a landfill offers detail into operations that positively or nega-
tively impact the commercial production of methane known as biomethanation.
We provide evidence that the geochemistry of leachate and its microbiome can be
a variable accounting for ecosystem-level (coarse) variation of CH4 production,
where we demonstrate through independent assessments of leachate and gas col-
lection that the functional variability of an arid landfill is linked to the composition
of methanogenic Archaea.
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It is estimated that 7 billion to 10 billion tons of solid waste were generated globally
in 2015 (1). Nearly 70% of this waste is disposed of in a landfill, with municipal solid

waste (MSW) representing the predominant fraction of landfilled waste (2). Landfilling
is historically the primary route of MSW disposal. Recent models estimate that this
trend will continue despite efforts to move toward alternative technologies (e.g., an-
aerobic digestion) that promote the recovery of useful resources, such as biogas, or
biomass (3–6). Biogas capture and harvesting for methane (CH4), collectively termed
biomethanation in industry, are proven approaches for effective waste-to-energy re-
covery and are estimated to be viable in approximately 18% of active or closed U.S.
landfills (7, 8). Yet establishing these practices in existing sites and incorporating the
required infrastructure in landfill operations remain economically challenging.

The biodegradation of MSW requires diverse and interacting populations of cellulo-
lytic, fermentative, and methanogenic microorganisms (9, 10). The activity of these micro-
organisms, including those performing methanogenesis, is dependent on physical (e.g.,
temperature) and chemical (e.g., hydrogen partial pressure) factors (11). The prokaryotic
community composition and geochemistry of MSW by-products (aqueous and gaseous)
define four commonly studied phases of MSW biodegradation. As proposed elsewhere
(12), MSW biodegradation starts aerobically, where polymer hydrolysis is active and most
energetically favorable. The subsequent phase, anaerobic acid, is attributed to high rates
of fermentation of soluble carbohydrates and proteins, where acid-tolerant methanogenic
Archaea are known to increase sharply in biomass and metabolic activity (13, 14). The final
stages represent shared, terminal steps in the biodegradation of organic matter under an-
aerobic conditions: accelerated and decelerated CH4 production. These stages are marked
by a return to neutral pH and depleted concentrations of the methanogenic substrates ac-
etate (i.e., driven in part by acetoclastic methanogenesis), hydrogen (i.e., driven in part by
hydrogenotrophic methanogenesis), or other organic precursors to acetate.

Early reports of the MSW microbiome were described from leachate (i.e., liquids per-
colating through a waste matrix) based on culture-dependent techniques such as the
most-probable-number technique (12) and culture-independent quantification of uni-
versal prokaryotic biomarker genes (e.g., 16S rRNA) (15–17). Landfills collect leachate at
bottom depths, acting as a composite representation of an area determined by the
vertical column and horizontal space covered by the leachate drainage network.
Leachate is readily accessible, its sampling is not disruptive or costly, and its percolat-
ing nature can represent a larger pooled sampling (spatially coarse) of the landfill
instead of individual depth layers of landfills. Comparisons of the microbiomes accessi-
ble through leachate (planktonic or detached cells) or solid-waste (waste-attached
cells) samples have been reported using a variety of molecular approaches (14, 18, 19),
supporting the use of leachate to capture general trends in the microbiome despite
some discrepancies in the putative abundances of some microbial groups.

Furthermore, studies characterizing prokaryotic communities in leachate using PCR
have shown that MSW landfill leachate not only is distinct from other microbiomes but
also differs between landfills. Regional climate; macronutrient levels, including total
phosphorus; and pH were identified as major determinants of leachate community
composition (16, 17, 20). A study comparing the prokaryotic compositions of landfills
across the United States revealed distinct characteristics of landfills in arid regions,
including Arizona (17). For example, arid landfill microbiomes contained a low abun-
dance of hydrolytic phyla (e.g., Bacteroidetes and Firmicutes) putatively involved in the
biodegradation of organic matter (21), which can have functional consequences on
CH4 production. Besides hydrolytic activity, limited moisture availability and dimin-
ished hydraulic conductivity can have net consequences on other aspects of landfill mi-
crobial ecology, including fewer dispersal opportunities (22) and increased desiccation
and mortality-driven community shifts (23, 24). Besides the previous study by Stamps
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et al. (17), we have identified only one other study describing the prokaryotic composi-
tion of a single leachate sample collected from an arid Arizona landfill (25). Thus, a more
comprehensive investigation into the arid MSW landfill microbiome, to better under-
stand the microbial processes and constraints influencing methanogenesis, is needed.

Methanogenic Archaea are active members of the MSWmicrobiome. In 2018, emissions
of CH4 from U.S. landfills were estimated at 1 billion metric tons of carbon dioxide-equiva-
lent global warming potential (26). Despite ample evidence of methanogenic activity, the
assessment of methanogenesis alongside a changing microbiome has been frequently
neglected in studies of commercial landfills. Hydrogenotrophic methanogenesis, using
hydrogen as an electron donor to reduce carbon dioxide, is commonly described as the
predominant methanogenic metabolism from MSW material (14, 15, 27), where it also acts
as an important hydrogen sink (28). Furthermore, even with increased numbers of studies
reporting the complexity and succession of MSW communities (14, 29–31), few have
sought to identify explicit conditions of methanogen community structure in relation to
variable CH4 production. Shifts and maintenance of methanogenic communities, including
cosmopolitan and/or rare taxa, across diverse environmental conditions are a knowledge
gap not only for sustainable landfill practices but also for fundamental ecology and emerg-
ing climate feedbacks (32, 33).

Our understanding of MSW biodegradation linked to methanogenesis is improving
but has been derived mainly from small-scale, laboratory-based experiments, which
rarely match field conditions and natural fluctuations experienced in a landfill.
Identifying predominant bioprocesses in situ and the environmental conditions affect-
ing them remains a top priority to investigate, while laboratory simulations will always
be needed to determine the effects of the microbiome suggested by correlations iden-
tified in field studies. The successful operation of a commercial landfill can benefit
from temporal and spatial assessments of methanogenesis, yet the framework to effec-
tively manage methanogen communities in situ toward CH4 capture or mitigation of
emissions remains absent. Moreover, the advantages of microbial monitoring in landfill
operation hold the potential to better inform landfill design and expansion.

In this work, we studied the leachate microbiome of an arid, commercial landfill to
reveal the variable structuring of methanogenic communities and their potential implica-
tions for landfill-wide CH4 production and activity. We hypothesized that the prokaryotic
composition of leachate and its associated geochemistry select for distinct microbial
compositions and methanogenic niches contributing to landfill-wide CH4 production
and the activity of the hydrogenotrophic methanogenesis pathway. Furthermore, the
distribution of taxa across the niches can inform on which methanogenic taxa act as spe-
cialists with increased abundances under the categories’ variable geochemical gradients.

We use “niche” under the umbrella term introduced by MacArthur and Levins and
used by other groups to describe individual species’ impact on resource utilization or
select species’ “roles” (34, 35, 36). Specifically, we use the term to identify indicator
taxa associated with certain stages of MSW biodegradation, where the abundance of
operational taxonomic units (OTUs) is an indication of a taxon’s competitiveness or ad-
aptation to local environmental conditions (37). We propose that characterizing the
methanogenic microbiome throughout geochemically diverse sections of an active
and expanding MSW landfill will contribute to better predict the predominant types
and rates of methanogenesis at a landfill.

RESULTS
Discrete variations in CH4 production and leachate geochemistry found in cell

categories throughout the landfill. The overall mean CH4 concentration (percent, wt/
wt) of landfill gas across 56 gas wells monitored throughout this study from six sam-
plings between 2016 and 2018 at Salt River Landfill (SRL) showed a narrow range, at
54.2% 6 0.2% (n = 336). However, the analysis of all time points combined showed
statistically significant differences for CH4 concentrations between the cell categories
(see Fig. S1 in the supplemental material) assigned in this study (see “Study site
description and categorization of landfill cells,” below). For instance, in 2018, the mean
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gas concentrations from the young-aged, below-terrain (YB) cells were compared to
the intermediate-aged, above- and below-terrain (IA) cells or the old-aged, above- and
below-terrain (OA) cells. IA cells showed the highest mean CH4 concentration (55.5% 6

1.1%), while OA cells had the lowest (48.5% 6 1.8%) (Fig. 1).
To delineate geochemical variations across cell categories, we screened leachate

samples by standard methods and other detection tests (Table S1) spanning multiple
organic (38) and inorganic (18) analyte measurements frequently required in landfill
regulatory monitoring. Of these, three parameters (temperature, propionate concentra-
tions, and total dissolved solids [TDS]) displayed statistically significant variation in
both the 2018 samplings (Fig. 2) and a nonparametric mixed-effects model between
October 2016 and 2018 (not shown) between all three cell categories. Acetate was
undetected (,2.5-mg/L detection limit) in all 2018 samples and was detected only in
October 2016 at 5.16 2.1 mg/L within two categories (YB and IA) (n = 6).

FIG 1 CH4 concentrations (n = 56; Kruskal-Wallis) across distinct landfill cell categories in 2018. Cell
categories are young-aged, below-terrain MSW (YB); intermediate-aged, above- and below-terrain
MSW (IA); and old-aged, above- and below-terrain MSW (OA). *, calculated P value of #0.05.

(a) (b) (c)Cell category Cell category Cell category

FIG 2 Leachate temperature (n = 8; Kruskal-Wallis) (a), propionate concentrations (n = 8; unpaired
two-tailed t test) (b), and total dissolved solids (n = 7; Kruskal-Wallis) (c) across distinct landfill cell
categories in 2018. For TDS analysis only, samples from leachate pump 10 (LP10) and LP11 (IA
leachate) were studied as composite samples due to low leachate yields. Cell categories are young-
aged, below-terrain MSW (YB); intermediate-aged, above- and below-terrain MSW (IA); and old-aged,
above- and below-terrain MSW (OA). ND, below the detection level. *, calculated P value of #0.05;
**, calculated P value of #0.002.
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In leachate samples from 2018, barium concentrations (Fig. S2), trace metals, and
volatile organics measured above the analytical detection limit were variable but not
statistically significant under post hoc pairwise comparisons. Barium concentrations
(1.7 6 0.09 mg L21) and total detectable trace metals were highest in OA leachate
(3.2 6 0.08 mg L21). Arsenic and nickel were present in all cell categories at ,30 mg
L21. Volatile organics measured above the analytical detection limit were highest in IA
leachate (259.7 6 49.80 mg L21) and predominated by mixed xylenes (m-, o-, and
p-xylenes).

Overall prokaryotic communities were structured by cell categories derived
from age and influence of above-terrain MSW disposal. The 16S rRNA marker
sequencing of the overall bacterial and archaeal communities from eight fluid-yielding leach-
ate pumps in June 2018 resulted in 421,552 reads, sorted as 2,785 features (absolute
sequence variants [ASVs]). The majority of the taxonomic assignments had high-confidence
scores; however, two neighboring OA leachate pumps showed a significant fraction of
unassignable reads (23.6% 6 3.1% and 5.7% 6 3.4%) using the SILVA 132 database (Fig. 3).
OA leachate also had the highest, statistically significant, proportion of archaeal reads across
cell categories (P , 0.05 by ANCOM [analysis of the composition of microbiomes]). One OA
sample had 45.5% 6 9.8% of its reads assigned to the archaeal phyla Euryarchaeota and
“Candidatus Bathyarchaeota,” while the other OA sample contained the greatest number
of reads mapping to “Candidatus Woesearchaeota” (Deep Sea Hydrothermal Vent Group
6 [DHVEG-6]), at an 11.6% 6 10.1% relative abundance. Compared to all OA samples,
archaeal reads were only 6.1% and 8.4% abundant in samples collected from YB and IA
cells, respectively, nearly 5 times less prevalent. A few exceptions were observed, with
one YB sample harboring 7.9%6 0.3% “CandidatusWoesearchaeota.”

The patterns of bacterial composition were distinct from those of Archaea. Bacterial
composition instead showed that communities from leachate generated from exclu-
sively below-terrain MSW (YB cells) were distinct from those communities receiving
leachate from both above- and below-terrain MSW (OA and IA cells). Phylum-level dif-
ferential testing by ANCOM by cell category revealed that Bacteria within “Candidatus
Cloacimonetes” and Chlorobi were differentially abundant in YB leachate (P , 0.05).
Although not statistically significant by ANCOM, YB leachate also had the highest rela-
tive abundance of Proteobacteria (29.6% 6 3.8%), while this phylum was typically a
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FIG 3 Leachate phylum-level total prokaryotic composition of distinct cell categories in 2018 derived from next-generation sequencing of the 16S rRNA
gene and naive Bayes taxonomic classification. Two replicates per sample are shown.
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minor fraction of the leachate from cell categories with above-terrain MSW disposal. In
both IA and OA leachates, instead, the following phyla were uniquely abundant:
“Candidatus Omnitrophica/Omnitrophicaeota” (OP3), “Candidatus Microgenomates”
(OP11), “Candidatus Caldiserica” (OP5), “Candidatus Aminicenantes (OP8),” “Candidatus
Berkelbacteria,” and Fibrobacteres.

Methanomicrobiales were most abundant in young-aged, below-terrain leachate,
whilemcrA alpha diversity increased in intermediate-aged, above- and below-terrain
leachate. We evaluated methanogen community composition by comparing the envi-
ronmental sequences of the ecofunctional genetic marker mcrA against a custom refer-
ence database (Data Set S3) via nearest-neighbor classification with high-confidence
scores (Data Set S2). Analysis ofmcrA translated to amino acids resulted in 302,897 reads,
comprising 4,541 features (OTUs). Reads were assigned to six out of the seven currently
recognized euryarchaeal methanogenic orders (Fig. 4a), followed by clustering at 86%
percent identity (39). Five orders were present in every leachate sample. The hydrogeno-
trophic order Methanomicrobiales was the most abundant, followed by the metabolically
versatile Methanosarcinales and Methanobacteriales third. Methanomassiliicoccales, an
obligate methylotrophic order (40), had a modest representation at a ,10% relative
abundance in all samples. Methanococcales were detected at a minimum abundance
(#9 reads per sample) across leachate samples and were considered to be only a minor
group. Leachate from intermediate-aged, above- and below-terrain (IA) cells had signifi-
cantly higher Shannon alpha diversity than young-aged, below-terrain (YB) samples
(Fig. 4b) when samples were rarefied to ;3,000 sequences per sample. Specifically, the
order Methanocellales was significantly overrepresented in IA cells (P = 0.019 by a
Kruskal-Wallis test; P, 0.05 by ANCOM).

The relative abundances of Methanomicrobiales and Methanobacteriales revealed
shifts in the methanogenic community structure related to the cell categories and dis-
tinct from the community structure seen in Bacteria. The order Methanomicrobiales
was the predominant order for all cell categories, and total reads were statistically
highest within YB leachate, at 56.5% 6 2.7%. Meanwhile, total Methanobacteriales reads
increased in abundance by more than 5 times within IA leachate in comparison to its
chronologically preceding category, YB. A shifting composition from Methanomicrobiales
toMethanobacteriales is also evident in one of the OA samples.

OTUs assigned to non-Euryarchaea, “Candidatus Verstraetearchaeota,” were highly
abundant members of the methanogenic community, with a mean of 4.8% 6 1.4%
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FIG 4 Leachate order-level methanogenic Archaea composition derived from next-generation sequencing of the mcrA gene and amino-acid-based nearest-
neighbor classification (a) and Shannon alpha diversity from distinct cells categories (b) in 2018. Analysis of mcrA translated to amino acids resulted in
302,897 reads, comprising 4,541 features (OTUs). Two replicates per sample are shown.
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among all leachate samples and their replicates. The relative abundance of
“Candidatus Verstraetearchaeota” was highest in OA leachate (12.3% 6 3.7%). All
“Candidatus Verstraetearchaeota” reads were classified with suitable confidence (Data
Set S2) at 85.8% 6 0.04% and were represented as a monophyletic clade with high
support in complementary Bayesian phylogenetic analysis (Fig. S4). This clade was
most closely related to Methanomassiliicoccales and included a reference metage-
nome-assembled genome collected from a hot spring (41). No mcrA reads were classi-
fied as putative anaerobic methanotrophic Archaea (ANME) from the ANME-1 or
ANME-2 clades, although sequences affiliated with these elusive groups have been
recovered in other landfill characterization work as 16S rRNA sequences (42) using dis-
tinct primers compared to the work conducted here.

Combined analysis of geochemistry and microbial data supported contrasting
methanogenic niches within leachate from cell categories. Permutational multivari-
ate analysis of variance (PERMANOVA) showed statistically significant differences in the
structures of the methanogenic communities across the assigned landfill cell catego-
ries (P , 0.001 by PERMANOVA). Furthermore, we completed a canonical correspon-
dence analysis (CCA) ordination using Hellinger-transformed frequencies under Bray-
Curtis distances. The statistically significant variables leachate geochemistry for the
2018 sampling (i.e., temperature, TDS, propionate, trace metals, and gas chromatogra-
phy-mass spectrometry [GC-MS]-measured volatile organics) and CH4 gas concentra-
tions nearby to the leachate sampled from the drainage network were incorporated as
additional ordination loadings (Fig. 5). Differences in the methanogen community
compositions of OA leachate were associated with elevated TDS and trace metals,
including barium, arsenic, and nickel. IA leachate was positively correlated with the
highest CH4 concentrations and particularly volatile organic concentrations composed
predominately of mixed xylenes and ethylbenzene. In YB leachate, loadings of temper-
ature and propionate were the strongest contributors to the samples’ dissimilarity. The
CCA performed on the 16S rRNA (Fig. S5) gene depicts similar clustering patterns as
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FIG 5 Canonical correspondence analysis (CCA) ordination of family-level mcrA gene abundance data
from 2018 to visualize the landfill’s methanogenic niches using Hellinger-transformed Bray-Curtis
distances. PERMANOVA showed statistically significant differences in the structure of the methanogenic
communities across the assigned landfill cell categories (P , 0.001).
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described above. In the methanogen communities, the propionate concentration was
the strongest contributor to component axis CCA1, and trace metals were the strong-
est contributor to CCA2. However, in 16S rRNA communities, leachate TDS was critical
for the separation of ordination points in CCA1, while the volatile organic loading had
the strongest contribution to CCA2.

To identify if highly abundant members of the ordination clusters overlapped in
preferences to fill putative niches, we calculated Feinsinger’s proportional similarity
(FPS) of resource utilization (43) in our family-level mcrA data set using the R package
MicroNiche (44). MicroNiche calculates ecological niche breadth from an abundance
table along with outputting the limit of quantification (LOQ), null distributions, and the
5% and 95% quartiles of the distributions. To conservatively flag putative specialists,
family-collapsed taxa were designated if their calculated FPS value was above the 95%
or below the 5% quartile threshold. Under the FPS ecological niche breadth calcula-
tion, taxa may act as specialists given a propensity to be highly abundant in relation to
a high (i.e., the taxon has a high FPS value) or low (i.e., the taxon has a low FPS value)
value of an analyte measurement.

MicroNiche testing was conducted individually with selected analytes like TDS and
temperature, which had shown clear variation gradients and were identified as drivers
in the CCA. Since propionate concentrations had several values below the detection
level, we excluded propionate from the MicroNiche analysis. Figure 6a presents the
niche breadths (as FPS values) of the 11 families above the LOQ in descending order of
TDS proportional similarity (FPS) values.

Two specialist families (Methanocalculaceae and Methanocellaceae) were identified
that showed significantly lower niche breadth FPS scores under optimal TDS and/or
temperature than the mean niche breadth scores of the null-hypothesis model. This is
supported by the increased abundance of Methanocalculaceae in the low-concentrated
TDS leachate (YB) and by the negative correlation of this family’s read abundance (r2 =
0.3505; P , 0.05) with TDS levels (Fig. S8a). The temperature-based analysis also
showed Methanocellaceae as specialists with significantly lower niche breadth scores
following a negative binomial distribution where reads increased at moderately meso-
philic temperatures (mean temperature of 38.1°C) (n = 6) but not at higher or lower
temperatures. Meanwhile, Methanosarcinaceae and Methanomicrobiaceae were also

FIG 6 Niche breadth estimations using Feinsinger’s proportional similarity (FPS) considering leachate TDS and temperature. The designation of putative
specialist families under low- or high-analyte measurements was determined against the TDS (closed circles) or temperature (open circles) 5% or 95% quartile
(lines) (a), respectively. Abundance heatmap for methanogenic families analyzed in panel a under log10 transformation (b). Only the family Methanocellaceae
was identified as a specialist family of both intermediate-TDS and -temperature conditions from FPS analyses. Leachate samples according to their collection
source (“pump”) are labeled. 1, positively correlated family; *, negatively correlated family.
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specialists that increased at intermediate temperatures, but the niche breadths of
these families were not significantly different from the null hypothesis.

To further evaluate the MicroNiche results, we visualized the log10-transformed fre-
quencies of the 11 families with LOQ support. Here, the intermediate-temperature,
specialist families Methanosarcinaceae and Methanomicrobiaceae are found at the high-
est abundance in the IA categories, while the specialist families Methanocellaceae
(i.e., intermediate-TDS and -temperature specialist) (P , 0.05) and Methanocalculaceae
(i.e., low-TDS specialist) (P , 0.001) share modest enrichment in abundance within the
IA and YB categories, respectively (Fig. 6b).

Functional evidence that methanogenesis varied across landfill cells. We meas-
ured gaseous carbon stable-isotope values from the deepest gas wells of the landfill to
assess whether CH4 measurements reflected the niche patterns identified from the
mcrA CCA. For technical reasons, in 2018, gas samples were collected within the prox-
imity of only two of the three cell categories (YB and IA) (n = 6), but an additional effort
in May 2020 sampled all three categories (n = 8).

Previous reviews have highlighted the utility of stable carbon fractionation factors
to delineate highly active methanogenic pathways (45, 46). A fractionation factor
(amean) of $1.065 has been shown to be representative of hydrogenotrophic methano-
genesis, and one of #1.055 has been shown to be representative of heterotrophic
methanogenesis (e.g., acetoclastic or methylotrophic). The fractionation factors that
we report provide evidence of hydrogenotrophic methanogenesis acting as the domi-
nant pathway in 2018 and verified during an extra 2020 sampling of the landfill. For
2018 samples (Fig. 7a), gas from the IA cells (amean = 1.065 6 0.002; n = 3) was more
enriched than that from the YB cells (amean = 1.057 6 0.007; n = 3), pointing to the
potential contribution of acetoclastic and/or methylotrophic methanogenesis in the YB
cell. Meanwhile, in May 2020 samples (Fig. 7b), all cell categories’ fractionation patterns
aligned with hydrogenotrophic methanogenesis, with YB’s fractionation now being
the highest. Differences among cell categories were negligible. YB cells at this time
point showed the highest fractionation (amean = 1.084 6 0.002; n = 3), and OA leachate
had the lowest (amean = 1.081 6 0.001; n = 2). Gas associated with IA leachate had mid-
dle-range fractionation activity (amean = 1.0826 0.002; n = 3).

DISCUSSION
Delineation and characteristics of niches in a landfill. This study investigated

how ecosystem-level prokaryotic composition, diversity, and geochemistry of leachate
can influence methanogenic niches and the functional potential of CH4 production in
an arid MSW landfill. Three landfill niches were putatively identified throughout SRL
that gave rise to distinct microbial community assemblages (Fig. 5; see also Fig. S3a
and b and Fig. S5 in the supplemental material). The microbial community structure in

(a) (b) 

FIG 7 Stable-isotope 13C fractionation derived from d 13C of CH4 and d 13C of CO2 across cell categories.
Shown are data for 2018 samplings, including IA and YB (OA was not sampled) (a), and May 2020 sampling,
including all landfill cell categories (b). Cell categories are young-aged, below-terrain MSW (YB); intermediate-
aged, above- and below-terrain MSW (IA); and old-aged, above- and below-terrain MSW (OA).
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leachate corresponded well to the categorization of the landfill cells based on the esti-
mated time since the initial MSW disposal and the influence of above-terrain MSW dis-
posal. Our multifaceted analysis of gas and leachate from YB, IA, and OA cells provided
a framework to explore the functional significance of their methanogenic niches. For
instance, Fig. 5 demonstrates that the dissimilarity of the YB methanogenic community
is most influenced by leachate propionate and temperature, the IA methanogenic
community is most influenced by the CH4 concentration and leachate volatile organics,
and the OA methanogenic community is most influenced by leachate TDS and metals.
Our ordination delineating methanogenic niches presented in Fig. 5 contains only
loadings that were significant in either a 2018 nonparametric analysis of variance or an
October 2016–2018 nonparametric mixed-effects model. We note that this is not a
complete set of niche-shaping environmental conditions present in SRL leachate. For
example, we do not report on the dissolved concentrations of gases of interest or
major ionic species (nitrogenous and phosphorus compounds), the latter due to
unavailable instrumentation. Oxygen was measured in low concentrations in the land-
fill gas reported in Fig. 1 (0 to 4% range) and was not significant by cell category (not
shown). Similarly, although pH has been known to influence the community composi-
tion of methanogenic Archaea in a multilandfill study conducted in China (20), our
study reveals it to be a less important niche shaper in the arid leachate of SRL where
values were narrow and stable (the pH ranged from 6.44 to 6.76 among all samples)
(Table S1).

The variable structuring of methanogenic communities in SRL leachate points to their
potential contributions to coarse-scale CH4 production, albeit such a process is complex
and affected by structural and gas collection management (47) as well as microbial activ-
ity in a landfill (10). Figure 1 show that during 2018 sampling, the highest median CH4

concentrations were in IA cells, and the lowest were in OA cells. However, site-wide con-
centrations ranged from 68.6% to 37.7%, with a mean of 54.2% 6 0.2%, between our six
samplings, which is commonly observed in landfills (10, 12). This broad variation can be
attributed to a large number of operational practices in the landfill (reviewed in refer-
ence 47), including manual adjustment of the vacuum in gas extraction wells, pointing
to the need to evaluate the effects of operational practices on methanogenic commun-
ities in landfill CH4 production. Another source of variation for gas production, particu-
larly in an arid landfill, is moisture distribution. An uneven distribution of liquids can lead
to “cold spots” with dry and limited waste decomposition or “hot spots” with wet anaer-
obic decomposing regions. Leachate sampling cannot account for dry spots; thus, solid-
waste sampling will be needed to evaluate dry sections. An uneven moisture distribution
can lead to diminished nutrient transport and microbial dispersal. Although our data
point to combined age and above-terrain influences, SRL’s meaningful intrasite commu-
nity composition may additionally be an outcome of moisture-limited conditions. In the
60 days leading up to each of our samplings, we evidenced scarce rainfall rolling aver-
ages (12.5 6 5.33 mm), and many pumps (.50%) at SRL did not yield leachate in the
2018 sampling.

Importantly, while the potential contribution of the landfill cells to the CH4 concen-
tration varied across our six samplings from 2016 to 2018 (Fig. S1), total prokaryotic
(Fig. S3a) and methanogenic (Fig. S3b) communities in YB and IA leachates were seem-
ingly stable in their composition and their differences among landfill cells (P , 0.001
by Adonis PERMANOVA of 16S rRNA gene and mcrA gene data sets). This stable coarse
composition provides evidence of the potential impact of long-term arid conditions on
landfill leachate biology.

Patterns and contributions of overall microbial communities and methanogens.
The combined assessment of our data offers support that IA and OA leachates harbor
conditions more similar to one another than to YB. This relationship can be seen in the
leachate’s geochemistry (Fig. 2), microbiome (Fig. 3 and Fig. 6b), and gaseous stable iso-
topic carbon fractionation (Fig. 7a and b) data sets. YB and OA cells have a ;16-year
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difference since their initial below-terrain MSW disposal date, and YB and IA have an
11-year difference.

YB cells may offer conditions typically affiliated with active hydrolysis, improved hy-
draulic conductivity (48), and fermentation coupled to methanogenesis (29) relative to
the IA and OA cells at SRL. For instance, given the high abundances of Proteobacteria
and Bacteria with known nitrifying traits (Nitrospirae) (Fig. 3) and the statistically different
abundances of obligate, acetoclastic Methanothrix species OTUs (7) and the metabol-
ically diverse Rhodocyclaceae (Table S2), along with elevated propionate concentrations
(Fig. 2b), we propose that YB leachate holds a niche that has not yet reached a stable or
decelerated methanogenic phase in canonical MSW biodegradation succession (29, 30).
Instead, its microbiome is likely transitioning or recently transitioned from the anaerobic
acid stage to the accelerated CH4 production stage. Although not captured in our data
set, the magnitude of organic acid accumulation and particularly the acetic acid end
products from primary (sugar-driven) and secondary acetogenic (syntrophy-driven) activ-
ities can partially explain why anaerobic acid-stage microbiomes are reported to have
the lowest prokaryotic richness. Mass balance calculations using volatile solid suspension
concentrations have shown higher specific growth rates (0.03 to 0.05 day21) in obligate
anaerobic groups, including OTUs assigned to Methanothrix (formerly Methanosaeta),
that are unequivocally involved in the anaerobic digestion process (49) but challenge
findings of in vitro studies.

In contrast to YB, the higher TDS levels and total metal concentrations observed in
OA leachate and the elevated volatile organics in IA leachate suggest deviations from
biological optima, possibly due to diminishing resources and/or toxicity from chemi-
cally leached by-products (50). IA and OA cells have older MSW in place below terrain.
The prokaryotic composition of this leachate, which was influenced not only by time
but also by the above-terrain disposal of MSW, revealed potentially specialized pro-
karyotic taxa. In IA and OA leachates, phyla that are typically associated with biodegra-
dation (e.g., Bacteroidetes, Firmicutes, and Proteobacteria, etc.) were underrepresented
(,30% abundance). Instead, high abundances of Archaea and previously reported
chemoheterotrophic Bacteria were detected, including members of “Candidatus
Omnitrophica/Omnitrophicaeota” (also known as OP3), “Candidatus Aminicenantes”
(also known as OP8), and “Candidatus Caldiserica” (also known as OP5) (Fig. 3).

SRL leachate samples were comparable in prokaryotic richness to values observed
in the multilandfill data set of Stamps et al. (17) and other recent studies of MSW
microbiomes (30, 51). In comparison to the two Arizona landfills in the study by
Stamps et al., reads classified as belonging to the “Candidatus Omnitrophica” (also
known as OP3) candidate phylum were 5- to 10-fold less frequent than in our data set.
Meanwhile, reads assigned to the phylum Chlorobi were similarly abundant (0 to 10%)
between studies. As more studies become available, the core or malleable micro-
biomes of arid and not-arid landfills can be identified (52), and the variations listed
above can be better explained. For instance, compared to two studies on microbiome
diversity in landfills in China, our results highlight that arid landfill conditions select distinct
methanogenic communities, including genera such as Methanoculleus, Methanocorpusculum,
and Thermoplasmata, compared to those in temperate or subtropical climates (16, 53).

Several adaptations can be expected by the leachate and/or solid-attached micro-
biome in arid climates. The arid conditions at SRL could select for a large fraction of
compatible solute-forming (54), desiccant-resistant (55), spore-forming (56), or dor-
mant (57, 58) microbes that can require rehydration for revival to an active cellular
state. Cellulose, as a key component of MSW, is very hydrophilic but can be dried with
ease under a vacuum. Such “wetting”/“drying” events may be common in arid landfills
and could generate dissimilarity of their prokaryotic microbiome compositions as
reported in comparison to other landfills in humid or temperate climates (16, 17, 20).

Methanogens are in most cases dependent on bacterial metabolism and interac-
tions for their functions (59). Thus, their functional properties are likely to be influenced
by the enrichment of chemoheterotrophic microorganisms in IA and OA leachates.
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While mcrA OTUs classified as Methanomicrobiales were the most abundant through-
out the landfill’s leachate and particularly in YB leachate, OTUs of Methanobacteriaceae
were identified to play an important role in the variance observed between the cell
categories’ methanogenic communities due to their high abundance within IA cells
and one additional OA sample. An increased abundance of Methanobacteriaceae has
been reported in several other studies of anaerobic ecosystems, including a humid
landfill (16), a continuously fed experimental bioreactor fed with acetate followed by
acetate and hydrogen (60), and minerotrophic tropical peatlands (61).

Using our mcrA data set, we calculated ecological niche breadth scores to assess which
leachate methanogenic families (n = 23) were specialists under the geochemical pressures
of temperature and TDS (Fig. 6a). In our two single variate results, Methanomicrobiaceae
and Methanosarcinaceae were identified as intermediate-temperature specialists that were
most competitive at around 38°C. Methanocalculaceae were identified as low-TDS (i.e.,
,5,000 mg/L) specialists, and Methanocellaceae were identified as intermediate-tempera-
ture (i.e., ,40°C) and -TDS (i.e., ,5,000 mg/L) specialists, both with leachate niche
breadths that were significantly lower than those offered by the null-hypothesis model. To
support the niche index results, Fig. 6b reports the log10 frequencies of specialist families
and others analyzed using MicroNiche. For example, high TDS in leachate might be unfav-
orable to members of the Methanocalculaceae given that their highest abundance was
observed in YB cells. The TDS optimum described contrasts with the typical niche speciali-
zation seen in type strains of this family isolated from a soda lake (62) and an oil well (63).
Yet Methanocalculus pumilus strain MHT-1T was isolated from leachate collected from a
seaport landfill with an optimum sodium chloride concentration that was 5- to 10-fold
lower than that for Methanocalculus haloterans (64). Meanwhile, Methanocellaceae of IA
leachate seem to be able to tolerate higher TDS concentrations but contain lower
abundances in OA leachate where TDS exceeds 5,000 mg/L (Fig. 2c). Interestingly,
Methanocellaceae also appear to be outcompeted in leachate where temperatures are
higher than 40°C but also where temperatures are lower than 38°C (Fig. 2a). Members of
the Methanocellaceae have been reported to have a wide temperature tolerance (i.e., 35°C
to 55°C) (65) and have been isolated from both mesophilic and thermophilic rice field soils
(66, 67). We were unable to locate the putative impacts of TDS on the generation of
Methanocellaceae niches, but another study reported increased alpha diversity and even-
ness of Archaea, including methanogens, under increased TDS concentrations (68). A ca-
veat to consider in this analysis is that the relative abundance of DNA reads does not nec-
essarily translate into equivalent activity. This is important because conditions for the
detection of activity are a highly desirable component of ecological niche investigations,
yet DNA-based studies are reported more commonly (69–71). Taken together, our results
converge with those of similar studies showing that as the geochemical properties of arid
landfill leachate change over time, selection pressure alters the competitiveness of the pre-
dominant taxa contributing to landfill-wide CH4 production.

Relative to 16S rRNA gene-based profiling, sequencing of the mcrA gene offers better
group-specific sampling and higher confidence in ecofunctional metabolic affiliations
(e.g., acetoclastic or hydrogenotrophic methanogenesis) and amino-acid-based taxo-
nomic assignments. In fact, mcrA was able to detect members of the recently proposed
order Methanomassiliicoccales and phylum “Candidatus Verstraetearchaeota,” which have
been implicated in methylotrophic and/or hydrogenotrophic methanogenesis (39, 72, 73).
The observed significant (up to 22% relative abundance) and consistent presence (all
2018 and 2016–2017 samples) of “Ca. Verstraetearchaeota” in landfill leachate (Fig. 4a), to
our knowledge, is the first report of this putative methylotrophic methanogen in landfills
(38). Our tests regressing the read abundances of “Ca. Verstraetearchaeota” with leachate
parameters found a significant positive correlation only with TDS concentrations (R2 =
0.32) (Fig. S8b) and a negative correlation with temperature (R2 = 0.23) (not shown). Our
observation of the presence of “Ca. Verstraetearchaeota” in a leachate environment is
supported by previous observations (and metagenome-assembled genomes) in anaerobic
digesters (72). The correlation with TDS is likely related to the availability of nutrients in
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general as this group is predicted to carry out methanogenesis but also fermentation
potentially using lipids, amino acids, and sugars (38), while an inverse association with
temperature is contradictory to their observations in hot springs (41), although mesophilic
and thermophilic members have been commonly observed within other methanogenic
phyla (74). The role and adaptation of “Ca. Verstraetearchaeota” in landfills require further
efforts. We also explored whether anaerobic methane-oxidizing organisms like the ANME-
1 or ANME-2 clades were present inmcrA sequences, but no read was detected.

Functional evidence of hydrogenotrophic methanogenesis in SRL. The taxo-
nomic assignment of our mcrA gene reads suggested that hydrogenotrophic methanogens
are highly predominant at SRL. To evaluate the functional outcomes of methanogenic niche
differentiation at SRL, hydrogenotrophic methanogenic activity was estimated through cal-
culations of fractionation factors (a). Fractionation factors can delineate upper and lower
limits representative of acetoclastic (a # 1.055) or hydrogenotrophic (a $ 1.065) methano-
genesis and have been verified in numerous pure-culture and environmental reports (75).
Analysis of gas wells of landfill regions associated with varying age showed that hydrogeno-
trophic methanogenesis was the primary active methanogenic pathway (Fig. 7). Gas sam-
ples from the YB cell in 2018 were the only instance where a gas signature was observed
with fractionation reflecting ranges for acetoclastic or methylotrophic methanogenesis,
while in May 2020, YB demonstrated fractionation representative of hydrogenotrophic
methanogenesis, which could be explained by the leachate methanogenic community shift-
ing away from dependence on organic acids.

Implications of microbial and methanogenic niches in landfills. The results and
framework of this study should be confirmed by experimental manipulation of exca-
vated solid waste prior to using leachate community changes to inform or diagnose
the attached solid-waste community in a landfill. Yet our results immediately demon-
strate that the ecological succession of important prokaryotes or methanogenic
Archaea can be characterized using landfill leachate across a landfill with a large geo-
graphical area. The results and framework of this study could be used to direct efforts
to accurately elucidate the relationships between abundant methanogenic and/or pro-
karyotic taxa and CH4 production in solid-waste microbiomes. This study identified var-
iations in leachate geochemistry, leachate microbiome representation, and landfill gas
CH4 concentrations across space and time within a single landfill and characterized
these influences on ecosystem-wide biomethanation. Previously proposed and recent
efforts to accelerate MSW bioprocesses within a landfill, all of which can be argued to
depend on the enrichment of a fastidious methanogenic community, can benefit from
the microbiome characterization and correlations offered in this study. Accordingly, a
developing interest to include microbiome monitoring in landfill operations can poten-
tially promote more waste disposal and settling (by higher degradation), land use turn-
over, and energy recovery in active, closed, or planned landfills.

MATERIALS ANDMETHODS
Study site description and categorization of landfill cells. We studied the arid Salt River Landfill

(SRL) located in Scottsdale, AZ. SRL is a 143-acre site delineated along six phases containing eight cells
dug below the terrain surface (24 to 32 m) accumulating MSW up to or above terrain level. SRL was con-
structed in two distinct sections (Fig. 8): the oldest-buried MSW, which encompasses phases I to V (107.7
acres), beginning in 1993, and the more recently buried MSW forming the remainder of the site, phase
VI (35.3 acres), in 2009. Phases I to V also experienced active, above-terrain surface MSW disposal, which
has not yet been implemented in phase VI. As of 2018, SRL has received approximately 1,600 tons of
MSW daily.

Gas and leachate samples were categorized by the time since the initial MSW disposal within the
landfill cell and whether above-terrain MSW disposal was active during our sampling. Thus, gas and
leachate by-products collected in this study were assigned cell categories that were used when referring
to leachate and/or gas samples: young-aged, below-terrain MSW (YB); intermediate-aged, above- and
below-terrain MSW (IA); and old-aged, above- and below-terrain MSW (OA). YB gas and leachate were
collected from phase VI, IA gas and leachate were collected from phases IIIB and IVA, and OA gas and
leachate were collected from phases II and IIIA. Phases I, IVB, and V did not yield leachate during sam-
pling and, hence, were not included in our 2018 analysis.

Leachate sample collection and processing. Five-hundred-milliliter leachate samples (n = 8) were
collected in duplicate directly from pumps on 12 June 2018 from 5 cells (Fig. 8). Samples were stored on
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ice immediately after collection and processed for biomass collection within 72 h using an autoclave-
sterilized vacuum filtration device. A summary of the 2018 leachate sampling size and corresponding
leachate samples is included in Table S5 in the supplemental material.

Leachate chemical analyses. Leachate pH, conductivity, and temperature were measured on-site
using a portable probe (Oakton, USA). Organic and inorganic geochemical characterization of leachate
was performed according to various standard techniques (Table S1). Filtered leachate was also screened
for organic acid production by high-performance liquid chromatography (HPLC). The HPLC instrument
(Shimadzu, Japan) used an Aminex HPX-87H column (Bio-Rad, USA) with 5 mM sulfuric acid as the mo-
bile phase under a flow rate of 0.6 mL min21 and an oven temperature of 50°C. Signals were collected
from a UV-visible (UV-Vis) detector at 210 nm. The identities and concentrations of analytes were deter-
mined from multipoint analytical calibration standards.

DNA extraction, PCR amplification, and next-generation sequencing (NGS). The microbial bio-
mass in leachate was concentrated on a mixed-cellulose-ester filter (0.2-mm pore size; Whatman, UK).
One-quarter of this filter was used for genomic DNA extraction with a NucleoSpin soil kit (Macherey-
Nagel, Germany). PCR amplification was performed in triplicate 25-mL reaction mixtures using unique,
barcoded pairs of the 515F (76) and 909R (77) primers targeting the V3-V4 region of the 16S rRNA gene
of both Bacteria and Archaea. For amplification of the mcrA functional gene, the mcrA-mlas and mcrA-
rev primers were used (78). PCR products were normalized, purified, and pooled prior to paired-end
sequencing in a multiplexed amplicon library under the Illumina MiSeq 2-by-300 V3 module.

Bioinformatic processing of NGS reads. Forward and reverse reads were merged through the con-
text-aware scheme for paired-end reads from high-throughput amplicon sequencing (CASPER) tool (79). An
in-house python script demultiplexed the amplicon library (https://github.com/Hinsby/Manta_Illumina
_amplicon_demultiplexing). Next, 16S rRNA amplicons were trimmed to a common length (355 nucleotides),
followed by assembly into absolute sequence variants (ASVs) through the Deblur standalone tool using
default parameters (80). ASVs were assigned taxonomy using the SILVA 132 database via a naive Bayes taxo-
nomic classifier trained on the 16S primers and amplicon lengths (355 nucleotides) used in this study
through Qiime2 (81) version 2017.12. For analysis of the mcrA amplicons, the Ribosomal Database Project
Fungene pipeline (82) was used with a customized amino acid mcrA database. The mcrA database used (224
sequences) is provided in Data Set S2. Merged mcrA reads were trimmed to a common length (420 nucleo-
tides) before being translated into amino acids, sequence error corrected, and assigned taxonomy through
nearest-neighbor classification using the FrameBot tool (83). Dereplicated and chimera-checked mcrA reads
were clustered at 86% similarity, representing a species phylogenetic rank of this functional marker gene
(84). Qiime2 and the R package phyloseq (85) were used to investigate alpha and beta diversity indices on a
rarefied abundance table for the 16S rRNA (6,380 sequences) and mcrA (2,970 sequences) data sets,
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FIG 8 Maps of the arid Salt River Landfill (SRL), including leachate and gas sampling locations. Aerial schematic view presenting the
locations of leachate pumps (n = 8) sampled in the drainage network in 2018 from phase VI (west) to phase V (east) (a). Cross sections of
defining sections, phase VI (b) and phases I to V (c), depicting cell depths (32 m); a subset of below-terrain, horizontal gas extraction wells
(n = 56) and their placement (dots); and above-terrain MSW disposal (gray fill) (b and c). Select gas samples (denoted with stars) were used
in carbon stable-isotope analysis. Gray stars indicate gas that was collected in 2018 (n = 6), and black stars represent samples from May
2020 (n = 8). Gas samples collected on both samplings are depicted as black, circumscribed stars.
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respectively. Differential abundance testing was performed on unrarefied abundance tables at diverse
phylogenetic ranks by the analysis of the composition of microbiomes (ANCOM) Qiime2 plug-in (86). When
appropriate, follow-up testing via Kruskal-Wallis testing was performed for groups presented in Table S2.
For comparison of significant beta diversity by cell category, PERMANOVA/Adonis PERMANOVA was run
on unweighted UniFrac (16S rRNA gene) and Bray-Curtis (mcrA gene) distance matrices. Negative controls
(n = 4) represented by water blanks associated with sample collection and the filters used for biomass collec-
tion yielded negligible average counts of 16S and mcrA sequencing reads per sample postprocessing.
Accordingly, negative-control samples and their reads were removed from the data sets.

Ecological niche breadth estimates (Tables S3 and S4) were calculated on mcrA sequence data using
Feinsinger’s proportional similarity derived from the R package MicroNiche on geochemical parameters
acting as the primary source of dissimilarity of the methanogenic community in ordination clusters of
our CCAs (i.e., leachate temperature and TDS) (Fig. 5). Although propionate is the strongest contributor
to CCA1, select samples had nondetectable values in this data set, preventing it from being an appropri-
ate input.

Landfill gas concentration analysis. A gas emission monitor (Landtec, USA) was connected to an
outlet port of the gas extraction well header to analyze gas composition (e.g., CH4, CO2, O2, CO, and
H2S), temperature, and flow rate. Gas samples (stars in Fig. 8) were directly injected into either 30-mL
glass serum vials equipped with a butyl stopper and a metal crimp top on 11 June 2018 or Tedlar gas
bags on 7 and 29 May 2020. Gas collected in Tedlar bags was quickly transferred to glass vials within 3
to 4 h. Gray stars in Fig. 8 indicate gas that was collected in 2018 (n = 6), and black stars represent sam-
ples from 2020 (n = 8). Gas samples collected on both samplings are depicted as black, circumscribed
stars.

Monthly gas concentration readings were analyzed for each leachate sampling event (October 2016
to 2018) and the month of May 2020, excluding gas from leachate cleanout (phase VI only), above ter-
rain (phases I to V only), and outlier gas extraction wells (possessing ,35% CH4). A summary of the 2018
gas sampling size is included in Table S5.

Stable isotopic estimation of hydrogenotrophic methanogenic metabolism. Measurements of
carbon stable isotopic ratios for CH4 (d

13C of CH4) and CO2 (d
13C of CO2) from gas samples were con-

ducted to estimate hydrogenotrophic methanogenic activity. Stable-isotope ratios were measured using
a cavity ring-down spectrometry instrument (G2201-i) in the dual-high-range mode (Picarro, USA). The
delta values, reported in reference to the standard Pee Dee belemnite, were input as variables in calcula-
tions of fractionation factors.

Statistical analysis. All statistical tests were performed using Prism software version 9.0.0
(GraphPad, USA). Nonparametric Kruskal-Wallis tests were conducted due to the unequal sample sizes in
most of our analyses but on Gaussian-distributed data sets (P . 0.05 by a Shapiro-Wilk test). Unpaired,
two-way Student’s t tests or Mann-Whitney U tests were used to compare only two cell categories when
an analyte was undetectable below instrument detection limits (e.g., propionate) or not measured due
to low leachate yields during sampling (e.g., OA leachate). Pairwise comparisons were conducted using
Dunnett’s multiple-comparison test when statistical outcomes were observed. The standard error of the
mean was used as the variance calculation in all descriptive statistics.

Data availability. 16S rRNA and mcrA gene sequences were deposited in the NCBI Sequence Read
Archive under BioProject accession numbers PRJNA741046 and PRJNA748531, respectively (BioSample
accession numbers SAMN19843592 to SAMN19843611). Summarized measurements (geochemistry, HPLC,
and carbon stable-isotope data) are publicly available (https://figshare.com/s/6adb2895c59fae62caf3). The
python script and guiding bash script for demultiplexing Illumina paired-end sequences are available at
https://github.com/Hinsby/Manta_Illumina_amplicon_demultiplexing.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.6 MB.
SUPPLEMENTAL FILE 2, CSV file, 0.1 MB.
SUPPLEMENTAL FILE 3, XLSX file, 1.3 MB.

ACKNOWLEDGMENTS
We acknowledge support from the Biodesign Institute Genomic Core facility;

Knowledge Enterprise’s Metals, Environmental and Terrestrial Analytics lab; and the
Research Technology Support office at Arizona State University. We additionally thank
select technicians, engineers, and laboratory analysts from the Salt River Landfill,
Copper State Engineering Inc., DTE Energy, and Orange Coast Analytical Inc. for
assistance in sample collection and processing and Michael Pavia for manuscript and
demultiplexing assistance.

H.C.-Q., M.C.R., and R.K.-B. were funded by the National Science Foundation
Engineering Research Center program under NSF CA grant number EEC-1449501
(award 1449501). M.C.R. was awarded the Robert P. Stearns scholarship through the
Solid Waste Association of North America.

Delineating Methanogenic Niches of an Arid Landfill Applied and Environmental Microbiology

May 2022 Volume 88 Issue 9 10.1128/aem.02438-21 15

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA741046
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA748531
https://www.ncbi.nlm.nih.gov/biosample/SAMN19843592
https://www.ncbi.nlm.nih.gov/biosample/SAMN19843611
https://figshare.com/s/6adb2895c59fae62caf3
https://github.com/Hinsby/Manta_Illumina_amplicon_demultiplexing
https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.02438-21


REFERENCES
1. Wilson DC, Velis CA. 2015. Waste management—still a global challenge in

the 21st century: an evidence-based call for action. Waste Manag Res 33:
1049–1051. https://doi.org/10.1177/0734242X15616055.

2. Chen DMC, Bodirsky BL, Krueger T, Mishra A, Popp A. 2020. The world’s
growing municipal solid waste: trends and impacts. Environ Res Lett 15:
074021. https://doi.org/10.1088/1748-9326/ab8659.

3. Kaza S, Yao LC, Bhada-Tata P, Van Woerden F. 2018. What a waste 2.0: a
global snapshot of solid waste management to 2050. World Bank, Wash-
ington, DC.

4. Gendebien A, Pauwels M, Constant M, Ledrut-Damanet MJ, Nyns EJ, Fabry
R, Ferrero GL, Willumsen H, Butson J. 1992. Landfill gas from environment
to energy (EUR-14017/1). Commission of the European Communities,
Luxembourg, Luxembourg.

5. Holmes DE, Smith JA. 2016. Biologically produced methane as a renew-
able energy source. Adv Appl Microbiol 97:1–41. https://doi.org/10.1016/
bs.aambs.2016.09.001.

6. Sundstrom ER, Criddle CS. 2015. Optimization of methanotrophic growth
and production of poly(3-hydroxybutyrate) in a high-throughput micro-
bioreactor system. Appl Environ Microbiol 81:4767–4773. https://doi.org/
10.1128/AEM.00025-15.

7. Thakur K, Chownk M, Kumar V, Purohit A, Vashisht A, Kumar V, Yadav SK.
2020. Bioprospecting potential of microbial communities in solid waste
landfills for novel enzymes through metagenomic approach. World J
Microbiol Biotechnol 36:34. https://doi.org/10.1007/s11274-020-02812-7.

8. US Environmental Protection Agency. 2013. Landfill methane outreach
program: project and landfill data by state. US Environmental Protection
Agency, Washington, DC.

9. Sekhohola-Dlamini L, Tekere M. 2020. Microbiology of municipal solid
waste landfills: a review of microbial dynamics and ecological influences
in waste bioprocessing. Biodegradation 31:1–21. https://doi.org/10.1007/
s10532-019-09890-x.

10. Meyer-Dombard DR, Bogner JE, Malas J. 2020. A review of landfill microbi-
ology and ecology: a call for modernization with ‘next generation’ technol-
ogy. Front Microbiol 11:1127. https://doi.org/10.3389/fmicb.2020.01127.

11. Thauer RK, Kaster A-K, Seedorf H, Buckel W, Hedderich R. 2008. Methano-
genic archaea: ecologically relevant differences in energy conservation.
Nat Rev Microbiol 6:579–591. https://doi.org/10.1038/nrmicro1931.

12. Barlaz MA, Schaefer DM, Ham RK. 1989. Bacterial population develop-
ment and chemical characteristics of refuse decomposition in a simulated
sanitary landfill. Appl Environ Microbiol 55:55–65. https://doi.org/10
.1128/aem.55.1.55-65.1989.

13. Staley BF, de los Reyes FL, Barlaz MA. 2011. Effect of spatial differences in
microbial activity, pH, and substrate levels on methanogenesis initiation
in refuse. Appl Environ Microbiol 77:2381–2391. https://doi.org/10.1128/
AEM.02349-10.

14. Fei X, Zekkos D, Raskin L. 2015. Archaeal community structure in leachate
and solid waste is correlated to methane generation and volume reduc-
tion during biodegradation of municipal solid waste. Waste Manag 36:
184–190. https://doi.org/10.1016/j.wasman.2014.10.027.

15. Bareither CA, Wolfe GL, McMahon KD, Benson CH. 2013. Microbial diversity
and dynamics during methane production from municipal solid waste.
Waste Manag 33:1982–1992. https://doi.org/10.1016/j.wasman.2012.12.013.

16. Song L, Wang Y, Tang W, Lei Y. 2015. Archaeal community diversity in mu-
nicipal waste landfill sites. Appl Microbiol Biotechnol 99:6125–6137.
https://doi.org/10.1007/s00253-015-6493-5.

17. Stamps BW, Lyles CN, Suflita JM, Masoner JR, Cozzarelli M, Kolpin DW,
Stevenson BS. 2016. Municipal solid waste landfills harbor distinct micro-
biomes. Front Microbiol 7:534. https://doi.org/10.3389/fmicb.2016.00534.

18. McDonald JE, Allison HE, McCarthy AJ. 2010. Composition of the landfill
microbial community as determined by application of domain- and
group-specific 16S and 18S rRNA-targeted oligonucleotide probes. Appl
Environ Microbiol 76:1301–1306. https://doi.org/10.1128/AEM.01783-09.

19. Staley BF, de Los Reyes FL, Barlaz MA. 2012. Comparison of Bacteria and
Archaea communities in municipal solid waste, individual refuse compo-
nents, and leachate. FEMS Microbiol Ecol 79:465–473. https://doi.org/10
.1111/j.1574-6941.2011.01239.x.

20. Tang W, Wang Y, Lei Y, Song L. 2016. Methanogen communities in a mu-
nicipal landfill complex in China. FEMS Microbiol Lett 363:fnw075. https://
doi.org/10.1093/femsle/fnw075.

21. Wirth R, Kovács E, Maróti G, Bagi Z, Rákhely G, Kovács KL. 2012. Characteri-
zation of a biogas-producing microbial community by short-read next

generation DNA sequencing. Biotechnol Biofuels 5:41. https://doi.org/10
.1186/1754-6834-5-41.

22. Evans S, Martiny JBH, Allison SD. 2017. Effects of dispersal and selection
on stochastic assembly in microbial communities. ISME J 11:176–185.
https://doi.org/10.1038/ismej.2016.96.

23. Goldhammer T, Blodau C. 2008. Desiccation and product accumulation
constrain heterotrophic anaerobic respiration in peats of an ombrotro-
phic temperate bog. Soil Biol Biochem 40:2007–2015. https://doi.org/10
.1016/j.soilbio.2008.03.005.

24. Abreu CI, Friedman J, Andersen Woltz VL, Gore J. 2019. Mortality causes
universal changes in microbial community composition. Nat Commun 10:
2120. https://doi.org/10.1038/s41467-019-09925-0.

25. Mahmoud M, Parameswaran P, Torres CI, Rittmann BE. 2016. Relieving
the fermentation inhibition enables high electron recovery from landfill
leachate in a microbial electrolysis cell. RSC Adv 6:6658–6664. https://doi
.org/10.1039/C5RA25918E.

26. US Environmental Protection Agency. 2018. Overview of greenhouse
gases. US Environmental Protection Agency, Washington, DC.

27. Uz I, Rasche ME, Townsend T, Ogram AV, Lindner AS. 2003. Characterization
of methanogenic and methanotrophic assemblages in landfill samples. Proc
Biol Sci 270(Suppl 2):S202–S205. https://doi.org/10.1098/rsbl.2003.0061.

28. Mormile MR, Gurijala KR, Robinson JA, McInerney MJ, Suflita JM. 1996. The
importance of hydrogen in landfill fermentations. Appl Environ Microbiol
62:1583–1588. https://doi.org/10.1128/aem.62.5.1583-1588.1996.

29. Staley BF, de los Reyes FL, Wang L, Barlaz MA. 2018. Microbial ecological
succession during municipal solid waste decomposition. Appl Microbiol
Biotechnol 102:5731–5740. https://doi.org/10.1007/s00253-018-9014-5.

30. Yang S, Song L. 2019. Succession of bacterial community structure and
metabolic function during solid waste decomposition. Bioresour Technol
291:121865. https://doi.org/10.1016/j.biortech.2019.121865.

31. Liu S, Xi B-D, Qiu Z-P, He X-S, Zhang H, Dang Q-L, Zhao X-Y, Li D. 2019.
Succession and diversity of microbial communities in landfills with depths
and ages and its association with dissolved organic matter and heavy
metals. Sci Total Environ 651:909–916. https://doi.org/10.1016/j.scitotenv
.2018.09.267.

32. Yavitt JB, Yashiro E, Cadillo-Quiroz H, Zinder SH. 2012. Methanogen diver-
sity and community composition in peatlands of the central to northern
Appalachian Mountain region, North America. Biogeochemistry 109:
117–131. https://doi.org/10.1007/s10533-011-9644-5.

33. Graham DE, Wallenstein MD, Vishnivetskaya TA, Waldrop MP, Phelps TJ,
Pfiffner SM, Onstott TC, Whyte LG, Rivkina EM, Gilichinsky DA, Elias DA,
MacKelprang R, Verberkmoes NC, Hettich RL, Wagner D, Wullschleger SD,
Jansson JK. 2012. Microbes in thawing permafrost: the unknown variable
in the climate change equation. ISME J 6:709–712. https://doi.org/10
.1038/ismej.2011.163.

34. Leibold MA. 1995. The niche concept revisited: mechanistic models and com-
munity context. Ecology 76:1371–1382. https://doi.org/10.2307/1938141.

35. Salles JF, Poly F, Schmid B, Le Roux X. 2009. Community niche predicts
the functioning of denitrifying bacterial assemblages. Ecology 90:
3324–3332. https://doi.org/10.1890/09-0188.1.

36. Macarthur R, Levins R. 1967. The limiting similiarity, convergence, and diver-
gence of coexisting species. Am. Nat. 101:377–385. https://www.jstor.org/
stable/2459090.

37. Sugihara G. 1980. An explanation of species abundance patterns. Am Nat
116:770–787. https://doi.org/10.1086/283669.

38. Knief C. 2019. Diversity of methane-cycling microorganisms in soils and
their relation to oxygen. Curr Issues Mol Biol 33:23–56. https://doi.org/10
.21775/cimb.033.023.

39. Hunger S, Schmidt O, Hilgarth M, Horn MA, Kolb S, Conrad R, Drake HL.
2011. Competing formate- and carbon dioxide-utilizing prokaryotes in an
anoxic methane-emitting fen soil. Appl Environ Microbiol 77:3773–3785.
https://doi.org/10.1128/AEM.00282-11.

40. Borrel G, O’Toole PW, Harris HMB, Peyret P, Brugère J-F, Gribaldo S. 2013.
Phylogenomic data support a seventh order of methylotrophic methano-
gens and provide insights into the evolution of methanogenesis. Genome
Biol Evol 5:1769–1780. https://doi.org/10.1093/gbe/evt128.

41. Wang Y, Wegener G, Hou J, Wang F, Xiao X. 2019. Expanding anaerobic
alkane metabolism in the domain of Archaea. Nat Microbiol 4:595–602.
https://doi.org/10.1038/s41564-019-0364-2.

42. Dong J, Ding L, Wang X, Chi Z, Lei J. 2015. Vertical profiles of community
abundance and diversity of anaerobic methanotrophic archaea (ANME)

Delineating Methanogenic Niches of an Arid Landfill Applied and Environmental Microbiology

May 2022 Volume 88 Issue 9 10.1128/aem.02438-21 16

https://doi.org/10.1177/0734242X15616055
https://doi.org/10.1088/1748-9326/ab8659
https://doi.org/10.1016/bs.aambs.2016.09.001
https://doi.org/10.1016/bs.aambs.2016.09.001
https://doi.org/10.1128/AEM.00025-15
https://doi.org/10.1128/AEM.00025-15
https://doi.org/10.1007/s11274-020-02812-7
https://doi.org/10.1007/s10532-019-09890-x
https://doi.org/10.1007/s10532-019-09890-x
https://doi.org/10.3389/fmicb.2020.01127
https://doi.org/10.1038/nrmicro1931
https://doi.org/10.1128/aem.55.1.55-65.1989
https://doi.org/10.1128/aem.55.1.55-65.1989
https://doi.org/10.1128/AEM.02349-10
https://doi.org/10.1128/AEM.02349-10
https://doi.org/10.1016/j.wasman.2014.10.027
https://doi.org/10.1016/j.wasman.2012.12.013
https://doi.org/10.1007/s00253-015-6493-5
https://doi.org/10.3389/fmicb.2016.00534
https://doi.org/10.1128/AEM.01783-09
https://doi.org/10.1111/j.1574-6941.2011.01239.x
https://doi.org/10.1111/j.1574-6941.2011.01239.x
https://doi.org/10.1093/femsle/fnw075
https://doi.org/10.1093/femsle/fnw075
https://doi.org/10.1186/1754-6834-5-41
https://doi.org/10.1186/1754-6834-5-41
https://doi.org/10.1038/ismej.2016.96
https://doi.org/10.1016/j.soilbio.2008.03.005
https://doi.org/10.1016/j.soilbio.2008.03.005
https://doi.org/10.1038/s41467-019-09925-0
https://doi.org/10.1039/C5RA25918E
https://doi.org/10.1039/C5RA25918E
https://doi.org/10.1098/rsbl.2003.0061
https://doi.org/10.1128/aem.62.5.1583-1588.1996
https://doi.org/10.1007/s00253-018-9014-5
https://doi.org/10.1016/j.biortech.2019.121865
https://doi.org/10.1016/j.scitotenv.2018.09.267
https://doi.org/10.1016/j.scitotenv.2018.09.267
https://doi.org/10.1007/s10533-011-9644-5
https://doi.org/10.1038/ismej.2011.163
https://doi.org/10.1038/ismej.2011.163
https://doi.org/10.2307/1938141
https://doi.org/10.1890/09-0188.1
https://www.jstor.org/stable/2459090
https://www.jstor.org/stable/2459090
https://doi.org/10.1086/283669
https://doi.org/10.21775/cimb.033.023
https://doi.org/10.21775/cimb.033.023
https://doi.org/10.1128/AEM.00282-11
https://doi.org/10.1093/gbe/evt128
https://doi.org/10.1038/s41564-019-0364-2
https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.02438-21


and bacteria in a simple waste landfill in North China. Appl Biochem Bio-
technol 175:2729–2740. https://doi.org/10.1007/s12010-014-1456-3.

43. Feinsinger P, Eugene Spears E, Poole R. 1981. A simple measure of niche
breadth. Ecology 62:27–32. https://doi.org/10.2307/1936664.

44. Finn DR, Yu J, Ilhan ZE, Fernandes VMC, Penton CR, Krajmalnik-Brown R,
Garcia-Pichel F, Vogel TM. 2020. MicroNiche: an R package for assessing
microbial niche breadth and overlap from amplicon sequencing data.
FEMS Microbiol Ecol 96:fiaa131. https://doi.org/10.1093/femsec/fiaa131.

45. Conrad R. 2005. Quantification of methanogenic pathways using stable
carbon isotopic signatures: a review and a proposal. Org Geochem 36:
739–752. https://doi.org/10.1016/j.orggeochem.2004.09.006.

46. Blaser M, Conrad R. 2016. Stable carbon isotope fractionation as tracer of
carbon cycling in anoxic soil ecosystems. Curr Opin Biotechnol 41:
122–129. https://doi.org/10.1016/j.copbio.2016.07.001.

47. Martín S, Marañón E, Sastre H. 1997. Landfill gas extraction technology:
study, simulation and manually controlled extraction. Bioresour Technol
62:47–54. https://doi.org/10.1016/S0960-8524(97)00026-6.

48. McDougall J. 2007. A hydro-bio-mechanical model for settlement and
other behaviour in landfilled waste. Comput Geotech 34:229–246. https://
doi.org/10.1016/j.compgeo.2007.02.004.

49. Mei R, Narihiro T, Nobu MK, Kuroda K, Liu W-T. 2016. Evaluating digestion
efficiency in full-scale anaerobic digesters by identifying active microbial
populations through the lens of microbial activity. Sci Rep 6:34090.
https://doi.org/10.1038/srep34090.

50. Kjeldsen P, Barlaz MA, Rooker AP, Baun A, Ledin A, Christensen TH. 2002.
Present and long-term composition of MSW landfill leachate: a review.
Crit Rev Environ Sci Technol 32:297–336. https://doi.org/10.1080/
10643380290813462.

51. Wang X, Cao A, Zhao G, Zhou C, Xu R. 2017. Microbial community struc-
ture and diversity in a municipal solid waste landfill. Waste Manag 66:
79–87. https://doi.org/10.1016/j.wasman.2017.04.023.

52. Neu AT, Allen EE, Roy K. 2021. Defining and quantifying the core microbiome:
challenges and prospects. Proc Natl Acad Sci U S A 118:e2104429118. https://
doi.org/10.1073/pnas.2104429118.

53. Song L, Wang Y, Tang W, Lei Y. 2015. Bacterial community diversity in mu-
nicipal waste landfill sites. Appl Microbiol Biotechnol 99:7745–7756.
https://doi.org/10.1007/s00253-015-6633-y.

54. Welsh DT. 2000. Ecological significance of compatible solute accumula-
tion by micro-organisms: from single cells to global climate. FEMS Micro-
biol Rev 24:263–290. https://doi.org/10.1111/j.1574-6976.2000.tb00542.x.

55. Anderson KL, Apolinario EE, Sowers KR. 2012. Desiccation as a long-term
survival mechanism for the archaeon Methanosarcina barkeri. Appl Envi-
ron Microbiol 78:1473–1479. https://doi.org/10.1128/AEM.06964-11.

56. Schulze-Makuch D, Wagner D, Kounaves SP, Mangelsdorf K, Devine KG,
de Vera J-P, Schmitt-Kopplin P, Grossart H-P, Parro V, Kaupenjohann M,
Galy A, Schneider B, Airo A, Frösler J, Davila AF, Arens FL, Cáceres L,
Cornejo FS, Carrizo D, Dartnell L, DiRuggiero J, Flury M, Ganzert L, Gessner
MO, Grathwohl P, Guan L, Heinz J, Hess M, Keppler F, Maus D, McKay CP,
Meckenstock RU, Montgomery W, Oberlin EA, Probst AJ, Sáenz JS, Sattler
T, Schirmack J, Sephton MA, Schloter M, Uhl J, Valenzuela B, Vestergaard
G, Wörmer L, Zamorano P. 2018. Transitory microbial habitat in the hyper-
arid Atacama Desert. Proc Natl Acad Sci U S A 115:2670–2675. https://doi
.org/10.1073/pnas.1714341115.

57. Leung PM, Bay SK, Meier DV, Chiri E, Cowan DA, Gillor O, Woebken D,
Greening C. 2020. Energetic basis of microbial growth and persistence in de-
sert ecosystems. mSystems 5:e00495-19. https://doi.org/10.1128/mSystems
.00495-19.

58. Kearns PJ, Shade A. 2018. Trait-based patterns of microbial dynamics in
dormancy potential and heterotrophic strategy: case studies of resource-
based and post-press succession. ISME J 12:2575–2581. https://doi.org/10
.1038/s41396-018-0194-x.

59. Alvarado A, Montañez-Hernández LE, Palacio-Molina SL, Oropeza-Navarro
R, Luévanos-Escareño MP, Balagurusamy N. 2014. Microbial trophic inter-
actions and mcrA gene expression in monitoring of anaerobic digesters.
Front Microbiol 5:597. https://doi.org/10.3389/fmicb.2014.00597.

60. Zhu X, Campanaro S, Treu L, Seshadri R, Ivanova N, Kougias PG, Kyrpides
N, Angelidaki I. 2020. Metabolic dependencies govern microbial syntro-
phies during methanogenesis in an anaerobic digestion ecosystem.
Microbiome 8:22. https://doi.org/10.1186/s40168-019-0780-9.

61. Finn DR, Ziv-El M, van Haren J, Park JG, del Aguila-Pasquel J, Urquiza-
Muñoz JD, Cadillo-Quiroz H. 2020. Methanogens and methanotrophs
show nutrient-dependent community assemblage patterns across tropi-
cal peatlands of the Pastaza-Marañón Basin, Peruvian Amazonia. Front
Microbiol 11:746. https://doi.org/10.3389/fmicb.2020.00746.

62. Zhilina TN, Zavarzina DG, Kevbrin VV, Kolganova TV. 2013. Methanocalculus
natronophilus sp. nov., a new alkaliphilic hydrogenotrophic methanogenic
archaeon from a soda lake, and proposal of the new family Methanocalcula-
ceae. Mikrobiologiia 82:698–706.

63. Ollivier B, Fardeau M-L, Cayol J-L, Magot M, Patel BKC, Prensier G, Garcia
J-L. 1998. Methanocalculus halotolerans gen. nov., sp. nov., isolated from
an oil-producing well. Int J Syst Evol Microbiol 48:821–828. https://doi
.org/10.1099/00207713-48-3-821.

64. Mori K, Yamamoto H, Kamagata Y, Hatsu M, Takamizawa K. 2000. Metha-
nocalculus pumilus sp. nov., a heavy-metal-tolerant methanogen isolated
from a waste-disposal site. Int J Syst Evol Microbiol 50:1723–1729. https://
doi.org/10.1099/00207713-50-5-1723.

65. Sakai S, Imachi H. 2016. Methanocella. In Trujillo ME, Dedysh S, Dedysh S,
DeVos P, Hedlund B, Kämpfer P, Rainey FA, Whitman WB, (ed), Bergey’s
manual of systematics of archaea and bacteria. Wiley, New York, NY.
https://doi.org/10.1002/9781118960608.gbm01366.

66. Sakai S, Imachi H, Hanada S, Ohashi A, Harada H, Kamagata Y. 2008. Meth-
anocella paludicola gen. nov., sp. nov., a methane-producing archaeon,
the first isolate of the lineage “Rice Cluster I”, and proposal of the new
archaeal order Methanocellales ord. nov. Int J Syst Evol Microbiol 58:
929–936. https://doi.org/10.1099/ijs.0.65571-0.

67. Lü Z, Lu Y. 2012. Methanocella conradii sp. nov., a thermophilic, obligate
hydrogenotrophic methanogen, isolated from Chinese rice field soil.
PLoS One 7:e35279. https://doi.org/10.1371/journal.pone.0035279.

68. Kirk MF, Wilson BH, Marquart KA, Zeglin LH, Vinson DS, Flynn TM. 2015.
Solute concentrations influence microbial methanogenesis in coal-bear-
ing strata of the Cherokee Basin, USA. Front Microbiol 6:1287. https://doi
.org/10.3389/fmicb.2015.01287.

69. Eren AM, Borisy GG, Huse SM, Mark Welch JL. 2014. Oligotyping analysis of
the human oral microbiome. Proc Natl Acad Sci U S A 111:E2875–E2884.
https://doi.org/10.1073/pnas.1409644111.

70. Finn DR, Bergk-Pinto B, Hazard C, Nicol GW, Tebbe CC, Vogel TM. 2021. Func-
tional trait relationships demonstrate life strategies in terrestrial prokaryotes.
FEMSMicrobiol Ecol 97:fiab068. https://doi.org/10.1093/femsec/fiab068.

71. Larkin AA, Blinebry SK, Howes C, Lin Y, Loftus SE, Schmaus CA, Zinser ER,
Johnson ZI. 2016. Niche partitioning and biogeography of high light
adapted Prochlorococcus across taxonomic ranks in the North Pacific.
ISME J 10:1555–1567. https://doi.org/10.1038/ismej.2015.244.

72. Vanwonterghem I, Evans PN, Parks DH, Jensen PD, Woodcroft BJ,
Hugenholtz P, Tyson GW. 2016. Methylotrophic methanogenesis discov-
ered in the archaeal phylum Verstraetearchaeota. Nat Microbiol 1:16170.
https://doi.org/10.1038/nmicrobiol.2016.170.

73. Berghuis BA, Brian F, Schulz F, Blainey PC, Woyke T, Quake SR. 2019.
Hydrogenotrophic methanogenesis in archaeal phylum Verstraetearch-
aeota reveals the shared ancestry of all methanogens. Proc Natl Acad Sci
U S A 116:5037–5044. https://doi.org/10.1073/pnas.1815631116.

74. Zinder SH. 1993. Physiological ecology of methanogens, p 128–206. In
Ferry JG (ed), Methanogenesis: ecology, physiology, biochemistry &
genetics. Chapman & Hall, New York, NY.

75. Hayes JM. 1993. Factors controlling 13C contents of sedimentary organic
compounds: principles and evidence. Mar Geol 113:111–125. https://doi
.org/10.1016/0025-3227(93)90153-M.

76. Parada AE, Needham DM, Fuhrman JA. 2016. Every base matters: assess-
ing small subunit rRNA primers for marine microbiomes with mock com-
munities, time series and global field samples. Environ Microbiol 18:
1403–1414. https://doi.org/10.1111/1462-2920.13023.

77. Wang F, Men X, Zhang G, Liang K, Xin Y, Wang J, Li A, Zhang H, Liu H, Wu
L. 2018. Assessment of 16S rRNA gene primers for studying bacterial com-
munity structure and function of aging flue-cured tobaccos. AMB Express
8:182. https://doi.org/10.1186/s13568-018-0713-1.

78. Steinberg LM, Regan JM. 2008. Phylogenetic comparison of the methano-
genic communities from an acidic, oligotrophic fen and an anaerobic di-
gester treating municipal wastewater sludge. Appl Environ Microbiol 74:
6663–6671. https://doi.org/10.1128/AEM.00553-08.

79. Kwon S, Lee B, Yoon S. 2014. CASPER: context-aware scheme for
paired-end reads from high-throughput amplicon sequencing. BMC
Bioinformatics 15(Suppl 9):S10. https://doi.org/10.1186/1471-2105-15
-S9-S10.

80. Amir A, McDonald D, Navas-Molina JA, Kopylova E, Morton JT, Xu ZZ,
Knightly EP, Thompson LR, Hyde ER, Gonzalez A, Knight R. 2017. Deblur
rapidly resolves single-nucleotide community sequence patterns. mSys-
tems 2:e00191-16. https://doi.org/10.1128/mSystems.00191-16.

81. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,
Alexander H, Alm EJ, Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger K,

Delineating Methanogenic Niches of an Arid Landfill Applied and Environmental Microbiology

May 2022 Volume 88 Issue 9 10.1128/aem.02438-21 17

https://doi.org/10.1007/s12010-014-1456-3
https://doi.org/10.2307/1936664
https://doi.org/10.1093/femsec/fiaa131
https://doi.org/10.1016/j.orggeochem.2004.09.006
https://doi.org/10.1016/j.copbio.2016.07.001
https://doi.org/10.1016/S0960-8524(97)00026-6
https://doi.org/10.1016/j.compgeo.2007.02.004
https://doi.org/10.1016/j.compgeo.2007.02.004
https://doi.org/10.1038/srep34090
https://doi.org/10.1080/10643380290813462
https://doi.org/10.1080/10643380290813462
https://doi.org/10.1016/j.wasman.2017.04.023
https://doi.org/10.1073/pnas.2104429118
https://doi.org/10.1073/pnas.2104429118
https://doi.org/10.1007/s00253-015-6633-y
https://doi.org/10.1111/j.1574-6976.2000.tb00542.x
https://doi.org/10.1128/AEM.06964-11
https://doi.org/10.1073/pnas.1714341115
https://doi.org/10.1073/pnas.1714341115
https://doi.org/10.1128/mSystems.00495-19
https://doi.org/10.1128/mSystems.00495-19
https://doi.org/10.1038/s41396-018-0194-x
https://doi.org/10.1038/s41396-018-0194-x
https://doi.org/10.3389/fmicb.2014.00597
https://doi.org/10.1186/s40168-019-0780-9
https://doi.org/10.3389/fmicb.2020.00746
https://doi.org/10.1099/00207713-48-3-821
https://doi.org/10.1099/00207713-48-3-821
https://doi.org/10.1099/00207713-50-5-1723
https://doi.org/10.1099/00207713-50-5-1723
https://doi.org/10.1002/9781118960608.gbm01366
https://doi.org/10.1099/ijs.0.65571-0
https://doi.org/10.1371/journal.pone.0035279
https://doi.org/10.3389/fmicb.2015.01287
https://doi.org/10.3389/fmicb.2015.01287
https://doi.org/10.1073/pnas.1409644111
https://doi.org/10.1093/femsec/fiab068
https://doi.org/10.1038/ismej.2015.244
https://doi.org/10.1038/nmicrobiol.2016.170
https://doi.org/10.1073/pnas.1815631116
https://doi.org/10.1016/0025-3227(93)90153-M
https://doi.org/10.1016/0025-3227(93)90153-M
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1186/s13568-018-0713-1
https://doi.org/10.1128/AEM.00553-08
https://doi.org/10.1186/1471-2105-15-S9-S10
https://doi.org/10.1186/1471-2105-15-S9-S10
https://doi.org/10.1128/mSystems.00191-16
https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.02438-21


Brejnrod A, Brislawn CJ, Brown CT, Callahan BJ, Caraballo-Rodríguez AM,
Chase J, Cope EK, Da Silva R, Diener C, Dorrestein PC, Douglas GM, Durall
DM, Duvallet C, Edwardson CF, Ernst M, Estaki M, Fouquier J, Gauglitz JM,
Gibbons SM, Gibson DL, Gonzalez A, Gorlick K, Guo J, Hillmann B, Holmes
S, Holste H, Huttenhower C, Huttley GA, Janssen S, Jarmusch AK, Jiang L,
Kaehler BD, Bin Kang K, Keefe CR, Keim P, Kelley ST, Knights D, Koester I,
Kosciolek T, et al. 2019. Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nat Biotechnol 37:852–857.
https://doi.org/10.1038/s41587-019-0209-9.

82. Fish JA, Chai B, Wang Q, Sun Y, Brown CT, Tiedje JM, Cole JR. 2013. Fun-
Gene: the functional gene pipeline and repository. Front Microbiol 4:291.
https://doi.org/10.3389/fmicb.2013.00291.

83. Wang Q, Quensen JF, III, Fish JA, Lee TK, Sun Y, Tiedje JM, Cole JR.
2013. Ecological patterns of nifH genes in four terrestrial climatic

zones explored with targeted metagenomics using FrameBot, a new
informatics tool. mBio 4:e00592-13. https://doi.org/10.1128/mBio
.00592-13.

84. Yang S, Liebner S, Alawi M, Ebenhöh O, Wagner D. 2014. Taxonomic data-
base and cut-off value for processing mcrA gene 454 pyrosequencing
data by MOTHUR. J Microbiol Methods 103:3–5. https://doi.org/10.1016/j
.mimet.2014.05.006.

85. McMurdie PJ, Holmes S. 2013. Phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One 8:
e61217. https://doi.org/10.1371/journal.pone.0061217.

86. Mandal S, Van Treuren W, White RA, Eggesbø M, Knight R, Peddada SD.
2015. Analysis of composition of microbiomes: a novel method for study-
ing microbial composition. Microb Ecol Health Dis 26:27663. https://doi
.org/10.3402/mehd.v26.27663.

Delineating Methanogenic Niches of an Arid Landfill Applied and Environmental Microbiology

May 2022 Volume 88 Issue 9 10.1128/aem.02438-21 18

https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.3389/fmicb.2013.00291
https://doi.org/10.1128/mBio.00592-13
https://doi.org/10.1128/mBio.00592-13
https://doi.org/10.1016/j.mimet.2014.05.006
https://doi.org/10.1016/j.mimet.2014.05.006
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.3402/mehd.v26.27663
https://doi.org/10.3402/mehd.v26.27663
https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.02438-21

	RESULTS
	Discrete variations in CH4 production and leachate geochemistry found in cell categories throughout the landfill.
	Overall prokaryotic communities were structured by cell categories derived from age and influence of above-terrain MSW disposal.
	Methanomicrobiales were most abundant in young-aged, below-terrain leachate, while mcrA alpha diversity increased in intermediate-aged, above- and below-terrain leachate.
	Combined analysis of geochemistry and microbial data supported contrasting methanogenic niches within leachate from cell categories.
	Functional evidence that methanogenesis varied across landfill cells.

	DISCUSSION
	Delineation and characteristics of niches in a landfill.
	Patterns and contributions of overall microbial communities and methanogens.
	Functional evidence of hydrogenotrophic methanogenesis in SRL.
	Implications of microbial and methanogenic niches in landfills.

	MATERIALS AND METHODS
	Study site description and categorization of landfill cells.
	Leachate sample collection and processing.
	Leachate chemical analyses.
	DNA extraction, PCR amplification, and next-generation sequencing (NGS).
	Bioinformatic processing of NGS reads.
	Landfill gas concentration analysis.
	Stable isotopic estimation of hydrogenotrophic methanogenic metabolism.
	Statistical analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

