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Abstract

Foam accumulation in swine manure deep-pits has been linked to explosions and flash fires

that pose devastating threats to humans and livestock. It is clear that methane accumulation

within these pits is the fuel for the fire; it is not understood what microbial drivers cause the

accumulation and stabilization of methane. Here, we conducted a 13-month field study to

survey the physical, chemical, and biological changes of pit-manure across 46 farms in

Iowa. Our results showed that an increased methane production rate was associated with

less digestible feed ingredients, suggesting that diet influences the storage pit’s microbiome.

Targeted sequencing of the bacterial 16S rRNA and archaeal mcrA genes was used to iden-

tify microbial communities’ role and influence. We found that microbial communities in foam-

ing and non-foaming manure were significantly different, and that the bacterial communities

of foaming manure were more stable than those of non-foaming manure. Foaming manure

methanogen communities were enriched with uncharacterized methanogens whose pres-

ence strongly correlated with high methane production rates. We also observed strong cor-

relations between feed ration, manure characteristics, and the relative abundance of

specific taxa, suggesting that manure foaming is linked to microbial community assemblage

driven by efficient free long-chain fatty acid degradation by hydrogenotrophic

methanogenesis.

Introduction

Animal production has shifted from pasture systems to confinement facilities as larger, more

specialized operations replace smaller less efficient farms to meet inexpensive protein demands

[1]. These shifts have resulted in the separation of farrowing and finishing operations, imple-

mentation of liquid manure storage systems, and greater use of concentrates in animal rations
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for swine production. In the Midwestern United States, manure is predominately stored

underground in 2.4–3 m deep pits for extended periods (6–12 months). Deep-pits are built

within the swine production facility below a slatted floor housing animals to reduce nutrients

loss and dilution [2].

Swine growers using deep-pit manure management systems have observed sporadic foam

formation. Farms experiencing manure foaming face significant management issues as

manure foam limits facility storage space and requires more frequent removal. More impor-

tantly, the foam traps methane and other gases resulting in potentially life-threatening fires

and explosions [2]. In the Midwestern US, there has been an increase in the frequency of foam-

ing events [3, 4]. The inability to replicate this phenomenon in the laboratory makes ascertain-

ing the cause of foaming a challenge [5, 6]. Consequently, the only knowledge of its causes is

mainly limited to its correlation with high (� 0.1 L methane / L manure • day) methane pro-

duction rates (MPR), with little knowledge of its abiotic or biotic drivers. In this study, we per-

formed a large-scale characterization of over 500 manure samples collected monthly for 13

months across 46 swine farms in Iowa to understand the dietary and microbial associations

that drive manure physical-chemical change.

Materials and methods

Experimental design

Over 500 manure samples were collected from 46 farms deep pits (8ft) within Iowa over thir-

teen months (S1 Fig). The farms worked with two integrators and received feed from four feed

mills (S1 Table). Data were collected to describe each farm’s feed ingredients. Manure sam-

pling procedures and characterization (e.g., total solids, methane production rate) have previ-

ously been described [7]. Additional manure characterization (i.e., pH, moisture, organic N)

was performed by Midwest Laboratories (Omaha, NE). At collection, the manure storage sur-

face was characterized as non-foaming (no-foam, with direct access to liquids), crust-forming

(crust, with a hard and dry layer on top), or foaming (foam, with visible bubbles) (S2 Fig).

DNA extraction and sequencing

DNA was extracted from samples obtained from the top layer of non-foaming pits or the tran-

sition layer below the foam or crust in other pits (S3 Fig, layer B). Additionally, a subset of

manure slurry samples was used to characterize methanogen populations (S3 Fig, layer C).

The genomic DNA was extracted from 200 mg manure samples using the FastDNA SPIN Kit

for Soil (MP Biomedical).

Extracted DNA was sequenced to characterize bacterial and methanogen communities. To

identify bacteria in manure samples, the V4-V5 region of the 16S rRNA gene was amplified

with primers 515F 5’-GTGCCAGCMGCCGCGGTAA-3’ and 924R 5’-CCGTCAATTCMTT-
TRAGT-3’ with barcodes and Illumina adaptors added as previously described [8]. The

methane-production gene, methyl-coenzyme A reductase (mcrA), was used to identify metha-

nogens in manure samples. The mcrA gene was amplified using barcode and Illumina adaptor

added primers mlas 5’-GGTGGTGTMGGDTTCACMCARTA-3’ and mcrA-rev 5’-
CGTTCATBGCGTAGTTVGGRTAGT-3’ [9]. Every 50 ul PCR reaction contained 25uL 2X

KAPA HiFi HotStart ReadyMix (KAPA Biosystems, Woburn, MA, USA), 500 uM each

primer, 50 ng template DNA, and 21uL DNA-free water. Thermal cycling conditions for this

reaction included an initial denaturation at 98˚C for 45 sec., 30 cycles of 98˚C for 10 sec., 55˚C

for 30 sec., 72˚C for 30 sec., followed by a final extension at 72˚C for 2 min. The first 15 cycles

had a temperature ramp rate at 0.6˚C/s, and the next 15 cycles had a temperature ramp rate at
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3˚C/s. The primer-dimers were removed using 0.8 X volume of AMPure1 XP beads (Agen-

court Bioscience, Beverly, MA, USA).

For sequencing library preparation, an equal amount of amplicons from each sample were

pooled together. The pooled samples were sent to Roy J. Carver Biotechnology Center

(Urbana, IL, USA) for sequencing on an Illumina MiSeq instrument with a 2 x 250 bp reads

configuration using Nano Kit v2 (Illumina, San Diego, CA, USA). All sequences are deposited

in National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) with

accession numbers SRR5564278—SRR5564520 and SRR5566243—SRR5566590.

DNA sequence processing

Pair-ended bacterial 16S rRNA gene sequences were assembled using the Ribosomal Database

Project (RDP) Paired-end Reads Assembler7 with minimal overlap of 80 bases (-o 80) and

minimal assembled length 350 bases (–l 350). Assembled sequences with an expected maxi-

mum error-adjusted Q score less than 25 over the entire sequence were eliminated. Usearch

(8.1, 64bit) [10] was used to remove chimeras de novo, followed by removing chimeras of

known reference genes using the RDP 16S rRNA gene training set sequences (No. 15). High

quality and chimera-filtered sequences were clustered at 97% sequence similarity by CD-HIT

(4.6.1) [11], resulting in identifying unique operational taxonomic units (OTUs) and their

abundance in each sample. CD-HIT was used because of its speed and previously demon-

strated production of clusters highly similar to the actual number of OTUs from simulated

complex data [12, 13]. Each representative OTU sequence’s taxonomy was identified based on

RDP 16S rRNA database using RDP Classifier [14] with a confidence cutoff at 50% (-c 0.5). At

least 98.26% of the OTUs could be identified at the bacterial phylum level. To preserve the

microbial community composition and avoid additional biases, we opted to remove question-

able OTUs and inadequately sequenced samples and use raw counts and relative abundance

for downstream analyses [15, 16]. Specifically, OTUs that were observed fewer than five times

across all samples were removed, and samples with less than 10,000 sequence reads (< 0.97

Good’s coverage index) were also excluded from the analysis, resulting in a total of 488 samples

used for analyses (S2 Table).

The methanogen-associated mcrA gene sequences were processed similarly to bacterial 16S

rRNA gene sequences with the following modifications. The assembled mcrA gene sequence

length was restricted between 400 and 460 bases. After de novo chimera removal, a non-redun-

dant version of the previously published mcrA database was used as the reference dataset to

remove any chimeras that were missed by de novo methods [17]. The dataset was then used to

construct a Basic Local Alignment Search Tool (BLAST) database to identify the methanogen

OTU taxonomy using BLAST+ (2.2.30) [18]. The sequences matched were all significant (with

a maximum expected error of 1E-78, and a minimum percent identity of 79%). Similar to the

bacterial sequences, methanogen OTUs observed fewer than five times across all samples were

removed, and samples with less than 4,000 sequences (< 0.99 Good’s coverage index) were

excluded from the analysis (S2 Table).

Statistical analyses

Diet information and manure characteristics were analyzed for significant correlations with

foam, crust, and no-foam manure using Bayes factor analysis [19]. This analysis was per-

formed in R (3.2.4) using the package BayesFactor (0.9.12–2) [20]. Correlations were estimated

between dietary inputs and manure characteristics. Monotonic relationships were evaluated

using Spearman’s correlation analysis, and non-monotonic relationships were evaluated using

the Hoeffding dependence test [21]. The significance of each relationship (p-value) was
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adjusted for false discovery rate using the method developed by Benjamini & Hochberg [22]. If

the adjusted p-value of Spearman’s correlation was less than 0.05, the relationship was consid-

ered monotonic, and Spearman’s correlation coefficient (ρ) was used to determine how strong

the correlation was. If the adjusted p-value of the Hoeffding dependence test was less than

0.05, but the adjusted p-value of Spearman’s correlation analysis was greater or equal to 0.05,

the relationship was considered non-monotonic. The Hoeffiding dependence coefficient (D)

was used to determine the strength of the correlation. The correlation analysis was performed

in R (3.2.4) using packages Hmisc (3.17–3).

Similarities between bacterial communities identified in foam, no-foam, and crust samples

were evaluated. To distinguish the most critical factors contributing to the bacterial commu-

nity variations, we standardized the OTU abundance across all samples by the total number of

sequences per sample. The Bray-Curtis distance was calculated to evaluate the community dis-

similarities among samples. Permutational multivariate analysis (PERMANOVA) was used to

independently test if diet ingredients and manure physical and chemical characteristics

impacted microbial community variance between foaming and non-foaming storages. The

community ordinations were performed in R (3.2.4) using packages Vegan (2.3–5). Additional

descriptions of the statistical analyses are in the S1 File.

Results and discussion

Manure surface textures

Manure samples were visually categorized based on surface texture into three types: 1) foam,

2) no-foam, and 3) crust. Manure surface textures varied greatly from farm-to-farm and within

a farm throughout the 13 months (S1 Fig). No distinct patterns of manure surface texture over

time were identified within individual pits. Overall, we observed that 40–60% of pit samples

collected each month were foam samples. Additionally, the proportion of no-foam samples

collected decreased from over 50% in 2012 to less than 30% in 2013. The proportion of samples

with crusts increased from less than 8% to above 32% from 2012 to 2013 (Fig 1). Together,

these trends suggest that manure foaming was persistent, and long-term stored manures were

likely to form crusts or foam during the time of this study.

Specific feed ingredients were observed to influence manure foaming

The composition of swine feed was observed to influence characteristics of the manure surface

texture in pits. No-foam manures were associated with more digestible feed, and foam and

crust manure associated with the less digestible feed. In particular, soybean meal (SBM) levels

were significantly higher in diets associated with no-foam manure, and the proportion of dis-

tiller’s dried grains with soluble (DDGS) was significantly higher in feed given to swine from

foam and crust manures (Table 1). SBM is more digestible than DDGS due primarily to DDGS

formulated diets having higher neutral detergent fiber (NDF) contents than SBM-based diets

[23–25]. Lower digestibility of DDGS diets increases the amount of fecal output and signifi-

cantly increases manure foaming potential (Table 1) [4, 24, 26, 27]. Increasing poorly digest-

ible diet components, including NDF, can induce an anti-nutritive effect in swine [28]. While

neutral detergent fiber has lower digestibility by pigs, the excreted partially degraded NDF par-

ticles are rich in plant polysaccharides. These polysaccharides are highly digestible by anaero-

bic microbial communities, which support manure fermentation in the storage pit. Manures

from swine fed high fiber diets generally have increased methane production rates and organic

N content [29, 30], both of which were significantly associated with manure foaming

(Table 1). These results suggest the feed ingredients’ digestibility impacts the formation of dif-

ferent manure surface textures. Foaming was associated with less digestible diets, and crust-
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forming manure was associated with high crude protein, crude fiber, and acid detergent fiber

(ADF) (Table 1).

Significant correlations between different carbon compounds observed in

deep pit manure

The formation of no-foam, crust, or foam manure-surfaces is likely due to various physical-

chemical interactions. Thus, we identified the most significant correlations among manure

physical-chemical properties (S4 Fig). We found that manure physical properties, especially a

higher surface tension and lower foaming capacity, had the strongest correlations with non-

foaming manures. In contrast, strong correlations among chemical properties were observed

Fig 1. The proportions of manure samples with different surface textures collected over 13 months, where “no-foam”

represents non-foaming manure, “crust” represents crust-forming manure, and “foam” represents foaming manure. The

lines are the fitted trend lines showing the changes in percent of different type of samples collected over the study.

https://doi.org/10.1371/journal.pone.0254730.g001
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in foaming manures. Specifically the correlations among free long chain fatty acids (LCFA),

short-chain fatty acids (SCFA), carbon content, and pH (Fig 2). Crust manures were correlated

with physical and chemical measurements, such as surface tension and high manganese and

potassium content. These observations suggest that the manure surface texture change from

no-foam to foam is associated with a shift from the dominance of correlations among physical

properties to correlations among chemical properties, with crusts as an intermediate.

Chemical interactions have previously been associated with foaming. Yan et al (2015)

found that the concentration of LCFA were the greatest in the manure’s foam layer, with lower

LCFA concentration observed in the liquid portion of the foaming manure compared to non-

foaming manure [31]. In this study, we only evaluated the concentration of LCFA in the liquid

portion of the manure. We found that the LCFA from the swine manure were predominately

C16 and C18 compounds. Consistent with the previous findings, the average concentration of

LCFA in the foaming manure liquid was lower than the non-foam manure liquid, although

the difference was not significant. However, the concentration of LCFA was significantly

enriched in crust-forming manure, with 15 and 22 times more observed than no-foam and

foaming manure, respectively. This is surprising as animals associated with the foaming

manure were fed significantly more DDGS, which contains more lipids than other diet ingre-

dients, such as SBM (Table 1) [6]. Dietary lipids are main sources of LCFA and it is natural to

expect the amount of LCFA measured corresponds to the amount of lipids received. However,

our observation that the concentration of LCFA in manure did not correlate with the amount

of DDGS in diet suggests that the accumulation of LCFA in manure alone is insufficient to

explain the manure foaming.

Acetic acid comprised more than 50% of the total SCFA measured from the pit manure

samples, with propionic and butyric acid being the second and third in abundance. The pro-

portion of each SCFA out of the total amount of SCFA detected did not differ significantly

among manure types. However, in foaming manure, a significant strong positive correlation

between LCFA and SCFA was observed, which was absent in no-foam and crust manure (Fig

2). This observation highlighted the potential for the chemical conversion of LCFA to SCFA as

an essential step in forming foaming manure. Further, it would be consistent with the

Table 1. Diet and manure characteristics in manures with different surface textures.

Number of Samples

Significant Contributors No-foam Crust Foam Observed Trends BF10 P-value

Soybean Meala 157 95 228 No-foam > Crust > Foam 24.25 0.0396

Crude Proteinb 157 95 228 Crust > Foam > No-foam 23.94 0.0401

ADFb 157 95 228 Crust > Foam > No-foam 656.57 0.0015

Crude Fiberb 157 95 228 Crust > Foam > No-foam 2358.38 0.0004

Manure Temperature 149 96 223 Crust > Foam > No-foam 35922.64 < 0.0001

Manure Depth 162 98 228 Crust > Foam > No-foam 5.42E+08 < 0.0001

DDGSa 157 95 228 Foam > Crust > No-foam 40.23 0.0243

NDFb 157 95 228 Foam > Crust > No-foam 1920.51 0.0005

CH4 Production Rate (slurry) 143 77 176 Foam > Crust > No-foam 1.32E+09 < 0.0001

Organic N 141 77 172 Foam > No-foam > Crust 23.27 0.0412

a. Major diet ingedients and supplements.

b. Diet components as formulated.

c. P value calculated as p(H0|D).

Bayes factors are in column BF10. Column P-value shows the posterior likelihood of observed trends not occurring.

https://doi.org/10.1371/journal.pone.0254730.t001
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enrichment of LCFA only in crust manure, as it may be converted efficiently to SCFA in foam-

ing manure. Generally, SCFA, including acetic acid, and LCFA are microbial metabolites pro-

duced by gastrointestinal microorganisms and are important nutrients consumed by host

animals and gastrointestinal microorganisms [32–34]. As fecal matter is excreted into manure

pits, these fatty acids likely continue to support microbial metabolism in manure pits. While

various microorganisms directly assimilate SCFA, LCFA generally cannot be readily utilized

by most microbes until it is degraded to SCFA [35–37]. The significant correlation between

LCFA and SCFA in foaming manure suggests that the foaming manure-associated microor-

ganisms are efficient at converting LCFA to SCFA and supporting the growth of methanogens.

The study limitation is that only the endpoint accumulations of LCFA and SCFA were mea-

sured, which do not reflect the rate of depletion and production. However, our results indicate

a clear hypothesis that increased conversion of LCFA to SCFA would result in foaming in

manure pits. This observation is also consistent with previous results indicating that the degra-

dation of LCFA to SCFA is an important fermentation step in methane production from lipids

[38, 39].

There were significantly more SCFA (p = 0.0046) and acetic acid (p = 0.0014) in the no-

foam manure than foaming manure. On average, 12.4 mg/g and 7.3 mg/g of SCFA was

detected in the no-foam and foaming manure, respectively, while 7.5 mg/g and 4 mg/g of ace-

tic acid was detected in the no-foam and foaming manure, respectively. SCFA is not the

thermodynamically preferred microbial fermentation end-products and SCFA accumulation

is known to inhibit methanogenesis in anaerobic fermentation [40]. Consequently, the MPR

in non-foaming manure was significantly lower than those of foaming manure (Table 1).

Although a large quantity of SCFA could reduce manure pH, which may impact methanogen-

esis as well [41], the pit manure pH averaged at 8.2 and did not differ significantly between

manure types. Thus, SCFA likely had little influence on the manure pH and the manure pH

did not contribute to the observed MPR differences among manure types.

Under anaerobic conditions, the breakdown of LCFA is carried out via acetogenesis [35,

42]. This process is endogenic and does not occur spontaneously under standard conditions.

However, by coupling methanogenesis, an excess amount of SCFA can be removed and result

in an overall exogenic reaction [42]. Therefore, methanogenesis is an important step in effi-

cient anaerobic LCFA degradation. Together with our observations, manure foaming is associ-

ated with efficient anaerobic LCFA degradation with two interlinked components: acetogens

that break down LCFA to SCFA and methanogens that remove SCFA and turn the overall

reaction spontaneous. In addition, recent studies found that anaerobic fatty acid chain elonga-

tion could effectively conserve energy in the absence of methanogens [43, 44]. Thus, this could

be an alternative SCFA processing pathway in no-foam manure if methanogenesis was indeed

inhibited and should be evaluated further in future studies.

Foam, no-foam, and crust samples contain distinct bacterial and

methanogenic communities

Consistent with the observation of varying metabolites in the varying manure textures, the

microbial community composition in foaming and non-foaming manures significantly dif-

fered from each other (Fig 3). Variations among microbial communities associated with the

different manure types were identified by sequencing the 16S rRNA gene and methyl coen-

zyme M reductase (mcrA) gene, conserved phylogenetic markers in bacteria and methanogens,

Fig 2. The five strongest manure characteristic associations in foam (purple), crust (orange), and no-foam (green) manure samples. Bars extending towards left

represent negative correlations and bars extending towards right represent positive correlations.

https://doi.org/10.1371/journal.pone.0254730.g002

PLOS ONE Bacteria and methanogen compositions and interactions in manure deep-pit storages

PLOS ONE | https://doi.org/10.1371/journal.pone.0254730 August 3, 2021 8 / 19

https://doi.org/10.1371/journal.pone.0254730.g002
https://doi.org/10.1371/journal.pone.0254730


respectively. Bray-Curtis dissimilarity revealed that the farm where the manure sample origi-

nated contributed to the largest variation in microbial community structures (R2 = 0.48 for

bacteria, R2 = 0.83 for methanogens) (S3 Table). This is consistent with the findings of previ-

ous studies where individual storage tank explained the manure microbiome the best, better

than diet, suggesting that the unique microbiome of each manure storage tank is contributing

to the manure condition [5, 6]. Given the high variability among farms, we treated individual

farms as experimental blocks and found that bacterial communities differed significantly, with

the greatest variation (P = 0.001, R2 = 0.12) among no-foam and foaming manures (Fig 3A).

Similar significance patterns were also observed in methanogenic communities (P = 0.001, R2

= 0.30) (Fig 3B).

Next, we examined whether the microbial communities of a specific manure type had

strong correlations with MPR. We compared MPR measurements to the distribution of

observed taxa containing the mcrA gene in manure samples. The correlation between MPR

and microbial community distribution revealed a strong association between increased MPR

and manure pit methanogenic communities (R2 = 0.54, p< 0.001, Fig 3B). The methanogen

communities of foaming manure differed from no-foam and crust-forming manure signifi-

cantly (R2 = 0.3, p = 0.001) and was associated with high MPR, suggesting foaming manure

may contain unique methanogens. Notably, although bacterial communities of non-foaming,

crust-forming, and foaming manure also differed significantly (R2 = 0.12, p = 0.001), the bacte-

rial community differences did not correlate well with MPR (R2 = 0.04) (Fig 3A). Overall,

Fig 3. Non-metric multidimensional scaling (NMDS) analysis of bacterial communities (panel A) and methanogen communities (panel B) by the Bray-Curtis distances

calculated using the relative abundance of microbial operational taxonomic units (OTU). The ellipses represent 95% confidence level around the centroids of manure

samples with different surface textures. The microbial community variations among manure samples with different surface textures were assessed using Permutational

Multivariate Analysis of Variance Using Distance Matrices (PERMANOVA). The methane production rates (MPR) were modeled to overlay the observed community

differences (Contour fitting). The grey background shows the fitted MPR based on the measured MPR, with darker grey represents higher MPR.

https://doi.org/10.1371/journal.pone.0254730.g003
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these results suggest that MPR in swine manure storage pits is significantly related to methano-

gen community compositions. The bacterial communities are not directly related to methane

production but may indirectly contribute to the stability or persistence of the foam.

Overall, the bacterial communities in foaming manure and crust-forming manure were sig-

nificantly more stable than those in non-foaming manure (Fig 4). This result is consistent with

our observation that pits, once foaming, persist with foam continuously (S1 Fig). Andersen

et al. (2018) previously found that the bacterial communities of no-foam manure were more

prone to changes upon an antibiotic’s addition (i.e., ionophore). In contrast, the foaming

manure communities were much more resistant to this perturbation [45]. This study further

corroborates their findings and suggests foaming-manure microbial communities are less

likely to shift with disturbances.

To minimize the community variations unique to individual farms, microbial OTUs pres-

ent in all samples associated with the same surface texture were selected to represent core no-

foam, crust, and foam bacteria communities (e.g., “core” no-foam, crust, and foam communi-

ties). The number of shared and unique bacterial and archaeal taxa among the three manure

textures that were significantly different in observed abundances were identified (Fig 5A, 5B).

Shared between foaming and non-foaming manures were taxa associated with the phyla Bac-

teroidetes, Firmicutes, Proteobacteria, and Spirochaetes. These phyla were broadly present in

manures, but their proportional abundances at the genus level differed significantly (BF10 > =

100) among no-foam, crust, and foam manures (Fig 5C), suggesting that different bacterial

assemblages are associated with the varying manures. For example, broadly distributed in all

manure samples were genes related to the archaeal phylum Euryarchaeota and specific unclas-

sified archaea, but their specific abundances varied in different manure types. At the species

level, the Euryacheaota Methanosphaera stadtmanae was significantly more abundant in no-

foam manure (BF10 > = 20), and the unclassified archaea were the most abundant in foam

manure (BF10 > = 20) (Fig 5D).

Generally, we observed that deep-pit manures contained high acetic acid (average 4.4 mg/

g). However, no sequences related to acetic acid-degrading methanogens, specifically Metha-

nosarcinaceae- or Methanosaetaceae-affiliated mcrA genes, were detected. Members of these

Fig 4. The manure-associated community dissimilarity as a function of time (y = a•exp(b•x)), where a smaller slope (b) suggests a smaller dissimilarity over time.

Distribution of slopes was estimated by bootstrapping each group of samples 999 times. The slope estimated for non-foaming samples was significantly greater than

those estimated for crust-forming and foaming samples (overlap coefficient = 0.0467).

https://doi.org/10.1371/journal.pone.0254730.g004
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two families are the only known methanogens that can directly produce methane by cleaving

acetic acid (acetoclastic methanogens) and are usually enriched in high acetate environments

[46, 47]. Instead, hydrogenotrophic methanogens, such as Methanobacteria and Methanomi-

crobia, were abundant in the manure storage pits. Studies have found that ammonium can

inhibit the growth of acetoclastic methanogens, and in an environment with a large amount of

acetate but a lack of acetoclastic methanogens, acetate oxidation in conjunction with hydroge-

notrophic methanogens may play an important role in anaerobic methane production [47,

48]. Therefore, methane production in swine manure store pit is likely solely carried out by

hydrogenotrophic methanogens.

To better evaluate these taxa interactions and the metabolites associated with manures, rela-

tionships between relative taxa abundances and results from manure chemical analysis were

explored. In no-foam manure samples, the SCFA concentration was positively correlated with

a Bacilli (Lactobacillus) OTU and negatively correlated with Clostridia members (Fig 6). This

result is in line with previous observations that lactic acid-producing bacteria may produce

SCFA and subsequently inhibit the growth of Clostridia members [49, 50]. The manure SCFA

content was also negatively correlated with a Turicibacter sp. (Erysipelotrichia member) in no-

Fig 5. The distribution of shared and unique A) bacterial and B) methanogenic core of no-foam, crust, and foam manure samples. The numbers represent the

operational taxonomic unit (OTU) counts. Panel C shows the ten most relatively abundant bacterial groups at the genus level where relative abundances were

significantly different among no-foam, crust, and foam manures. Methanogen groups that differed significantly in relative abundance among different types of

manure are shown in panel D. Individual bar represents the average of a microorganism relative abundance in the specified manure type, while individual error

bar represents the 95% confidence interval calculated using bootstrapping method. Within panel C and D, the labels on the right side indicate the manure type

in which the bacterial or methanogen groups were the most relatively abundant in.

https://doi.org/10.1371/journal.pone.0254730.g005
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foam manure. Little is known about Turicibacter, except that they have been previously identi-

fied as important animal microbiota members[51]. In contrast to no-foam manures, no signifi-

cant correlations between individual bacterial taxa and SCFA content were identified in foam

manure (Fig 6).

Different Clostridia members were positively correlated with the concentration of LCFA in

both non-foaming and foaming manure, Sporobacter sp. in foaming manure, and Sporobacter-
ium sp. in non-foaming manure (Fig 6). Unique to foaming manure, a single unclassified Fir-

micutes OTU was also positively correlated with the concentration of LCFA. Although

Sporobacter and Sporobacterium members were previously reported in lipid abundant meth-

ane-producing anaerobic systems, they are not known to be LCFA degraders [52–54]. There-

fore, we suspect that the unclassified Firmicutes played a role in converting LCFA to SCFA in

Fig 6. The core significant and strong correlations between bacteria and methanogens, bacteria/methanogens and dietary inputs, and bacteria/methanogens and

manure characteristics. Individual rectangle labels represent dietary input, manure measurements, or bacterial and methanogenic groups at the class level. The solid

lines represent positive correlations and the dashed lines represent negative correlations. A thicker line indicates a stronger correlation. Correlations observed in no-

foam, crust, and foam manure were shown in green, orange, and purple, respectively. Looped correlations indicate that relationships were observed among members of

the same microbial groups.

https://doi.org/10.1371/journal.pone.0254730.g006
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the foaming manure. The lack of correlation between LCFA and bacteria in the crust-forming

manure is consistent with the observation of LCFA accumulation, suggesting little degradation

of LCFA occurred in the crust-forming manure.

Intriguingly, Clostridia were positively correlated with Methanomicrobia and Methanobac-

teria in both no-foam and crust-forming manure, respectively, while Bacteroidia were posi-

tively correlated with unclassified Archaea in foaming manure. While members of both

Clostridia and Bacteroidia are known hydrogen producers that support methanogenesis, a

high abundance of Bacteroidia has previously been found in high methane-producing anaero-

bic bioreactors [55–57]. The synergistic interactions between bacteria and methanogens could

explain the uniquely high MPR observed in the foaming manure, despite hydrogenotrophic

methanogenesis being the main methane-producing pathway in all manure storage pits in the

study.

Conclusions

In summary, our key findings based on characterizing the foaming conditions of manure pits

in 46 Iowa farms are: (1) foaming is associated with increased levels of indigestible fiber; (2)

manure LCFA concentration is strongly correlated with the manure SCFA concentration in

foaming manure only, suggesting direct conversion from LCFA to SCFA was an essential step

in manure foaming; (3) different synergistic interactions between bacteria and methanogens

correlated with different methane production rates; (4) specific taxa are associated with foam-

ing, non-foaming, and crust manures; (5) a lower MPR in non-foaming pits is likely due to

both the accumulation of SCFA and a less efficient combination of bacteria/methanogen

group; (6) foaming microbial communities are relatively more stable compared to non-foam-

ing microbial communities, suggesting the development of a mutualistic microbial relation-

ship in the foaming manure.

Based on the observation of specific taxa in different manure textures, we hypothesize that

there are differences in the efficiency of manure organic matter anaerobic fermentation involv-

ing the degradation of LCFA (Fig 7). Specifically, we observed that the microbial community

of foaming manure can completely degrade manure organic matter to methane via LCFA and

SCFA conversion, as evidenced by no significant accumulations of intermediate metabolites.

In contrast, in crust-forming manure, manure organic matter fermentation is stalled during

LCFA degradation, and we observed a significant LCFA accumulation. No significant correla-

tion was observed between the concentrations of LCFA and SCFA in no-foam manure; how-

ever, the significant accumulation of SCFA may be due to the production of an excess amount

of SCFA from manure organic matter or the inefficient utilization of SCFA in no-foam

manure. The limitation of this study is the lack of fatty acid rate of production and consump-

tion, which should be investigated in future studies. Despite the limitation, our hypothesis

expands upon our key findings that foaming is most likely directly related to specific unclassi-

fied methanogens and their relationship with specific hydrogen producing bacteria, which are

supported by metabolites in manures and their interactions with feed fiber. For management

of foaming manures, future research would benefit from understanding the stability of the

foam. We suggest that there are key taxa that are involved in the conversion (Firmicutes, foam-

ing) or lack of conversion (Lactobacillus, non-foaming) of LCFA to SCFA. We highlight these

taxa as potential membership that can be used as resources for foaming manure management.

For example, the impacts of the addition of Lactobacillus for mitigating the transition of non-

foaming to foaming pits would be a key area for future research. The observed stability of the

foaming manure and its microbial communities present risks to managing foam and its

methanogen production. For long term manure storage, these risks are further heightened as
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trends indicate that DDGS will have increased use in feed [58]. In this regard, the identification

of alternative resources, such as microbial additions or treatments, would be of value for pro-

viding safe and sustainable manure management.

Supporting information

S1 Fig. The manure samples and their surface textures collected from 46 farms from Octo-

ber 2012 to October 2013.

(TIFF)

Fig 7. The predicted manure fermentation processes in crust-forming, non-foaming, and foaming manure. The solid and dashed lines represent efficient

and inefficient processes, respectively. The circles represent the fermentation by-product and the large circle indicates the accumulation of the by-product. The

microorganisms that strongly and positively correlated with the by-product are listed above the circles.

https://doi.org/10.1371/journal.pone.0254730.g007
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S2 Fig. Manure samples with different surface textures, from left to right: Non-foaming,

non-foaming, foaming, foaming, crust-forming, and foaming manure.

(TIFF)

S3 Fig. The vertical profile of manure in the storage facilities. Layer A describes manure sur-

face texture. Manure characterizations and bacterial community analyses were performed on

samples from layer B. Samples from layer C were used to measure methane production rates

(MPR) and for methanogen community analyses.

(TIFF)

S4 Fig. The significant correlations among dietary information and manure characteris-

tics. The major dietary inputs were separated into ingredients and supplements (red bars) and

nutrients (blue bars). Green bars represent manure characteristics. Within each grid, the larger

the square box, the stronger the correlation. The square box color in each grid shows the type

of manure the correlation was observed in. A grid with multiple boxes suggests it is a common

correlation found in manure with different surface textures. A grid with a single box suggests

it is a unique correlation found in that particular type of manure as the color indicated.

(TIFF)

S1 Table. General information of farms where manure samples were collected from.

(PDF)

S2 Table. Final number of samples used in the study after removing samples with missing

manure characteristics and dietary information and samples with low sequencing cover-

age. The final average bacterial sequencing depth and coverage were reported in columns 3

and 4. The final average methanogen sequencing depth and coverage were reported in col-

umns 6 and 7.

(PDF)

S3 Table. Permutational multivariate analysis of variance of microbial communities with

different experimental factors. Bray-Curtis dissimilarities were calculated using operational

taxonomic unit (OTU) relative abundance.

(PDF)

S1 File. Additional supporting analysis methods.
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17. Yang S, Liebner S, Alawi M, Ebenhöh O, Wagner D. Taxonomic database and cut-off value for process-

ing mcrA gene 454 pyrosequencing data by MOTHUR. J Microbiol Methods. 2014; 103: 3–5. https://doi.

org/10.1016/j.mimet.2014.05.006 PMID: 24858450

18. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et al. BLAST+: architecture

and applications. BMC Bioinformatics. 2009; 10: 421. https://doi.org/10.1186/1471-2105-10-421 PMID:

20003500

19. Jarosz AF, Wiley J. What are the odds? A practical guide to computing and reporting Bayes Factors. J

Probl Solving. 2014; 7: 2–9. https://doi.org/10.7771/1932-6246.1167

20. R Core Team. R: A language and environment for statistical computing. R Found Stat Comput Vienna,

Austria. 2014; URL http://www.R-project.org/.

21. Santos S de S, Takahashi DY, Nakata A, Fujita A. A comparative study of statistical methods used to

identify dependencies between gene expression signals. Brief Bioinform. 2013; 15: 906–918. https://

doi.org/10.1093/bib/bbt051 PMID: 23962479

22. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to mul-

tiple testing. J R Stat Soc B. 1995; 57: 289–300. https://doi.org/10.2307/2346101

23. Kerr BJ, Dozier WA, Shurson GC. Effects of reduced-oil corn distillers dried grains with solubles compo-

sition on digestible and metabolizable energy value and prediction in growing pigs. J Anim Sci. 2013.

https://doi.org/10.2527/jas.2013-6252 PMID: 23798517

24. Zhang Y. Sulfur Concentration in Distiller’s Dried Grains with Soluble (DDGS) and Its Impact on Palat-

ability and Pig Performance—NPB #08–093. 2010.

25. Urriola PE, Stein HH. Effects of distillers dried grains with solubles on amino acid, energy, and fiber

digestibility and on hindgut fermentation of dietary fiber in a corn-soybean meal diet fed to growing pigs.

J Anim Sci. 2010; 88: 1454–1462. https://doi.org/10.2527/jas.2009-2162 PMID: 20023135

26. Anderson P V., Kerr BJ, Weber TE, Ziemer CJ, Shurson GC. Determination and prediction of digestible

and metabolizable energy from chemical analysis of corn coproducts fed to finishing pigs. J Anim Sci.

2012. https://doi.org/10.2527/jas.2010-3605 PMID: 22147488

27. Trabue S, Kerr B. Emissions of Greenhouse Gases, Ammonia, and Hydrogen Sulfide from Pigs Fed

Standard Diets and Diets Supplemented with Dried Distillers Grains with Solubles. J Environ Qual.

2014. https://doi.org/10.2134/jeq2013.05.0207 PMID: 25603066

28. Frank GR, Aherne FX, Jensen AH. A study of the relationship between performance and dietary compo-

nent digestibilities by swine fed different levels of dietary fiber. J Anim Sci. 1983; 57: 645–654. https://

doi.org/10.2527/jas1983.573645x PMID: 6313587

29. Hammond KJ, Jones AK, Humphries DJ, Crompton LA, Reynolds CK. Effects of diet forage source and

neutral detergent fiber content on milk production of dairy cattle and methane emissions determined

using GreenFeed and respiration chamber techniques. J Dairy Sci. 2016; 99: 1–14. https://doi.org/10.

3168/jds.2015-9445 PMID: 26387020

30. Schulze H, van Leeuwen P, Verstegen MW, Huisman J, Souffrant WB, Ahrens F. Effect of level of die-

tary neutral detergent fiber on ileal apparent digestibility and ileal nitrogen losses in pigs. J Anim Sci.

1994; 72: 2362–2368. https://doi.org/10.2527/1994.7292362x PMID: 8002455

31. Yan M, Schmidt D, Jacobson L, Clanton C, Hu B. Manure Composition Analysis to Identify Potential

Factors for Deep-Pit Foaming in Swine Farms. Trans ASABE. 2015; 58: 1841–1849. https://doi.org/10.

13031/trans.58.11281

PLOS ONE Bacteria and methanogen compositions and interactions in manure deep-pit storages

PLOS ONE | https://doi.org/10.1371/journal.pone.0254730 August 3, 2021 17 / 19

https://doi.org/10.1093/bioinformatics/bts565
http://www.ncbi.nlm.nih.gov/pubmed/23060610
https://doi.org/10.1093/bioinformatics/bts552
http://www.ncbi.nlm.nih.gov/pubmed/22962346
https://doi.org/10.1371/journal.pone.0070837
http://www.ncbi.nlm.nih.gov/pubmed/23967117
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
http://www.ncbi.nlm.nih.gov/pubmed/17586664
https://doi.org/10.1371/journal.pcbi.1003531
http://www.ncbi.nlm.nih.gov/pubmed/24699258
https://doi.org/10.3389/fmicb.2019.00010
https://doi.org/10.3389/fmicb.2019.00010
http://www.ncbi.nlm.nih.gov/pubmed/30728810
https://doi.org/10.1016/j.mimet.2014.05.006
https://doi.org/10.1016/j.mimet.2014.05.006
http://www.ncbi.nlm.nih.gov/pubmed/24858450
https://doi.org/10.1186/1471-2105-10-421
http://www.ncbi.nlm.nih.gov/pubmed/20003500
https://doi.org/10.7771/1932-6246.1167
http://www.R-project.org/
https://doi.org/10.1093/bib/bbt051
https://doi.org/10.1093/bib/bbt051
http://www.ncbi.nlm.nih.gov/pubmed/23962479
https://doi.org/10.2307/2346101
https://doi.org/10.2527/jas.2013-6252
http://www.ncbi.nlm.nih.gov/pubmed/23798517
https://doi.org/10.2527/jas.2009-2162
http://www.ncbi.nlm.nih.gov/pubmed/20023135
https://doi.org/10.2527/jas.2010-3605
http://www.ncbi.nlm.nih.gov/pubmed/22147488
https://doi.org/10.2134/jeq2013.05.0207
http://www.ncbi.nlm.nih.gov/pubmed/25603066
https://doi.org/10.2527/jas1983.573645x
https://doi.org/10.2527/jas1983.573645x
http://www.ncbi.nlm.nih.gov/pubmed/6313587
https://doi.org/10.3168/jds.2015-9445
https://doi.org/10.3168/jds.2015-9445
http://www.ncbi.nlm.nih.gov/pubmed/26387020
https://doi.org/10.2527/1994.7292362x
http://www.ncbi.nlm.nih.gov/pubmed/8002455
https://doi.org/10.13031/trans.58.11281
https://doi.org/10.13031/trans.58.11281
https://doi.org/10.1371/journal.pone.0254730


32. Zmora N, Suez J, Elinav E. You are what you eat: diet, health and the gut microbiota. Nature Reviews

Gastroenterology and Hepatology. 2019. https://doi.org/10.1038/s41575-018-0061-2 PMID: 30262901

33. Duca FA, Lam TKT. Gut microbiota, nutrient sensing and energy balance. Diabetes, Obesity and

Metabolism. 2014. https://doi.org/10.1111/dom.12340 PMID: 25200299

34. Jha R, Berrocoso JFD. Dietary fiber and protein fermentation in the intestine of swine and their interac-

tive effects on gut health and on the environment: A review. Animal Feed Science and Technology.

2016. https://doi.org/10.1016/j.anifeedsci.2015.12.002

35. Sousa DZ, Alcina Pereira M, Stams AJM, Alves MM, Smidt H. Microbial communities involved in anaer-

obic degradation of unsaturated or saturated long-chain fatty acids. Appl Environ Microbiol. 2007; 73:

1054–1064. https://doi.org/10.1128/AEM.01723-06 PMID: 17158619

36. Yang ZH, Xu R, Zheng Y, Chen T, Zhao LJ, Li M. Characterization of extracellular polymeric substances

and microbial diversity in anaerobic co-digestion reactor treated sewage sludge with fat, oil, grease.

Bioresour Technol. 2016. https://doi.org/10.1016/j.biortech.2016.04.046 PMID: 27099941

37. Hagen LH, Frank JA, Zamanzadeh M, Eijsink VGH, Pope PB, Horn SJ, et al. Quantitative metaproteo-

mics highlight the metabolic contributions of uncultured phylotypes in a thermophilic anaerobic digester.

Appl Environ Microbiol. 2017. https://doi.org/10.1128/AEM.01955-16 PMID: 27815274

38. Alves MM, Pereira MA, Sousa DZ, Cavaleiro AJ, Picavet M, Smidt H, et al. Waste lipids to energy: How

to optimize methane production from long-chain fatty acids (LCFA). Microb Biotechnol. 2009; 2: 538–

550. https://doi.org/10.1111/j.1751-7915.2009.00100.x PMID: 21255287

39. Sousa DZ, Smidt H, Alves MM, Stams AJM. Ecophysiology of syntrophic communities that degrade sat-

urated and unsaturated long-chain fatty acids. FEMS Microbiol Ecol. 2009; 68: 257–272. https://doi.org/

10.1111/j.1574-6941.2009.00680.x PMID: 19490126

40. Zhang P, Chen Y, Zhou Q. Waste activated sludge hydrolysis and short-chain fatty acids accumulation

under mesophilic and thermophilic conditions: Effect of pH. Water Res. 2009; 43: 3735–3742. https://

doi.org/10.1016/j.watres.2009.05.036 PMID: 19555988

41. Jiunn-Jyi L, Yu-You L, Noike T. Influences of pH and moisture content on the methane production in

high-solids sludge digestion. Water Res. 1997; 31: 1518–1524. https://doi.org/10.1016/S0043-1354

(96)00413-7

42. Oh ST, Martin AD. Long chain fatty acids degradation in anaerobic digester: Thermodynamic equilib-

rium consideration. Process Biochem. 2010; 45: 335–345. https://doi.org/10.1016/j.procbio.2009.10.

006

43. Zhu X, Tao Y, Liang C, Li X, Wei N, Zhang W, et al. The synthesis of n-caproate from lactate: A new effi-

cient process for medium-chain carboxylates production. Sci Rep. 2015; 5: 1–9. https://doi.org/10.

1038/srep14360 PMID: 26403516

44. Angenent LT, Richter H, Buckel W, Spirito CM, Steinbusch KJJ, Plugge CM, et al. Chain Elongation

with Reactor Microbiomes: Open-Culture Biotechnology to Produce Biochemicals. Environ Sci Technol.

2016; 50: 2796–2810. https://doi.org/10.1021/acs.est.5b04847 PMID: 26854969

45. Andersen DS, Yang F, Trabue SL, Kerr BJ, Howe A. Narasin as a manure additive to reduce methane

production from swine manure. Trans ASABE. 2018; 61: 943–953. https://doi.org/10.13031/trans.

12568

46. Ferry JG. Fermentation of acetate. In: Ferry JG, editor. Methanogenesis: Ecology, Physiology, Bio-

chemistry & Genetics. Springer US; 1993. pp. 304–334. https://doi.org/10.1007/978-1-4615-2391-8_7

47. Karakashev D, Batstone DJ, Trably E, Angelidaki I. Acetate oxidation is the dominant methanogenic

pathway from acetate in the absence of Methanosaetaceae. Appl Environ Microbiol. 2006; 72: 5138–

5141. https://doi.org/10.1128/AEM.00489-06 PMID: 16820524

48. Conrad R. Importance of hydrogenotrophic, aceticlastic and methylotrophic methanogenesis for meth-

ane production in terrestrial, aquatic and other anoxic environments: A mini review. Pedosphere. 2020;

30: 25–39. https://doi.org/10.1016/S1002-0160(18)60052-9

49. Reeves AE, Koenigsknecht MJ, Bergin IL, Young VB. Suppression of Clostridium difficile in the gastro-

intestinal tracts of germfree mice inoculated with a murine isolate from the family Lachnospiraceae.

Infect Immun. 2012; 80: 3786–3794. https://doi.org/10.1128/IAI.00647-12 PMID: 22890996

50. Wang G, Wang DIC. Elucidation of Growth Inhibition and Acetic Acid Production by Clostridium thermo-

aceticum. Appl Env Microbiol. 1984; 47: 294–298. Available: http://www.ncbi.nlm.nih.gov/pmc/articles/

PMC239662/ https://doi.org/10.1128/aem.47.2.294-298.1984 PMID: 16346470

51. O’Cuı́v P, Klaassens ES, Durkin AS, Harkins DM, Foster L, McCorrison J, et al. Draft genome sequence

of Turicibacter sanguinis PC909, isolated from human feces. J Bacteriol. 2011; 193: 1288–1289.

https://doi.org/10.1128/JB.01328-10 PMID: 21183674

PLOS ONE Bacteria and methanogen compositions and interactions in manure deep-pit storages

PLOS ONE | https://doi.org/10.1371/journal.pone.0254730 August 3, 2021 18 / 19

https://doi.org/10.1038/s41575-018-0061-2
http://www.ncbi.nlm.nih.gov/pubmed/30262901
https://doi.org/10.1111/dom.12340
http://www.ncbi.nlm.nih.gov/pubmed/25200299
https://doi.org/10.1016/j.anifeedsci.2015.12.002
https://doi.org/10.1128/AEM.01723-06
http://www.ncbi.nlm.nih.gov/pubmed/17158619
https://doi.org/10.1016/j.biortech.2016.04.046
http://www.ncbi.nlm.nih.gov/pubmed/27099941
https://doi.org/10.1128/AEM.01955-16
http://www.ncbi.nlm.nih.gov/pubmed/27815274
https://doi.org/10.1111/j.1751-7915.2009.00100.x
http://www.ncbi.nlm.nih.gov/pubmed/21255287
https://doi.org/10.1111/j.1574-6941.2009.00680.x
https://doi.org/10.1111/j.1574-6941.2009.00680.x
http://www.ncbi.nlm.nih.gov/pubmed/19490126
https://doi.org/10.1016/j.watres.2009.05.036
https://doi.org/10.1016/j.watres.2009.05.036
http://www.ncbi.nlm.nih.gov/pubmed/19555988
https://doi.org/10.1016/S0043-1354%2896%2900413-7
https://doi.org/10.1016/S0043-1354%2896%2900413-7
https://doi.org/10.1016/j.procbio.2009.10.006
https://doi.org/10.1016/j.procbio.2009.10.006
https://doi.org/10.1038/srep14360
https://doi.org/10.1038/srep14360
http://www.ncbi.nlm.nih.gov/pubmed/26403516
https://doi.org/10.1021/acs.est.5b04847
http://www.ncbi.nlm.nih.gov/pubmed/26854969
https://doi.org/10.13031/trans.12568
https://doi.org/10.13031/trans.12568
https://doi.org/10.1007/978-1-4615-2391-8%5F7
https://doi.org/10.1128/AEM.00489-06
http://www.ncbi.nlm.nih.gov/pubmed/16820524
https://doi.org/10.1016/S1002-0160%2818%2960052-9
https://doi.org/10.1128/IAI.00647-12
http://www.ncbi.nlm.nih.gov/pubmed/22890996
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC239662/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC239662/
https://doi.org/10.1128/aem.47.2.294-298.1984
http://www.ncbi.nlm.nih.gov/pubmed/16346470
https://doi.org/10.1128/JB.01328-10
http://www.ncbi.nlm.nih.gov/pubmed/21183674
https://doi.org/10.1371/journal.pone.0254730


52. Cavaleiro AJ, Pereira MA, Guedes AP, Stams AJM, Alves MM, Sousa DZ. Conversion of Cn-Unsatu-

rated into Cn-2-Saturated LCFA Can Occur Uncoupled from Methanogenesis in Anaerobic Bioreactors.

Environ Sci Technol. 2016; 50: 3082–3090. https://doi.org/10.1021/acs.est.5b03204 PMID: 26810160

53. Mechichi T, Labat M, Garcia JL, Thomas P, Patel BK. Sporobacterium olearium gen. nov., sp. nov., a

new methanethiol-producing bacterium that degrades aromatic compounds, isolated from an olive mill

wastewater treatment digester. Int J Syst Bacteriol. 1999; 49 Pt 4: 1741–1748. https://doi.org/10.1099/

00207713-49-4-1741 PMID: 10555356

54. Grech-Mora I, Fardeau M-L, Patel BKC, Ollivier B, Rimbault a., Prensier G, et al. Isolation and Charac-

terization of Sporobacter termitidis gen. nov., sp. nov., from the Digestive Tract of the Wood-Feeding

Termite Nasutitermes lujae. Int J Syst Bacteriol. 1996; 46: 512–518. https://doi.org/10.1099/00207713-

46-2-512

55. Lin PY, Whang LM, Wu YR, Ren WJ, Hsiao CJ, Li SL, et al. Biological hydrogen production of the genus

Clostridium: Metabolic study and mathematical model simulation. Int J Hydrogen Energy. 2007; 32:

1728–1735. https://doi.org/10.1016/j.ijhydene.2006.12.009

56. Pugazhendhi A, Kumar G, Sivagurunathan P. Microbiome involved in anaerobic hydrogen producing

granules: A mini review. Biotechnology Reports. 2019. p. e00301. https://doi.org/10.1016/j.btre.2018.

e00301 PMID: 30627520

57. Yang F, Chen R, Yue Z, Liao W, Marsh TL. Phylogenetic Analysis of Anaerobic Co-Digestion of Animal

Manure and Corn Stover Reveals Linkages between Bacterial Communities and Digestion Perfor-

mance. Adv Microbiol. 2016; 06: 879–897. https://doi.org/10.4236/aim.2016.612083

58. Shurson J. What have we learned about feeding DDGS to pigs over the past 20 years? In: National Hog

Farmer [Internet]. 2018 [cited 9 Feb 2021]. Available: https://www.nationalhogfarmer.com/nutrition/20-

years-ddgs-lessons-pig-diets

PLOS ONE Bacteria and methanogen compositions and interactions in manure deep-pit storages

PLOS ONE | https://doi.org/10.1371/journal.pone.0254730 August 3, 2021 19 / 19

https://doi.org/10.1021/acs.est.5b03204
http://www.ncbi.nlm.nih.gov/pubmed/26810160
https://doi.org/10.1099/00207713-49-4-1741
https://doi.org/10.1099/00207713-49-4-1741
http://www.ncbi.nlm.nih.gov/pubmed/10555356
https://doi.org/10.1099/00207713-46-2-512
https://doi.org/10.1099/00207713-46-2-512
https://doi.org/10.1016/j.ijhydene.2006.12.009
https://doi.org/10.1016/j.btre.2018.e00301
https://doi.org/10.1016/j.btre.2018.e00301
http://www.ncbi.nlm.nih.gov/pubmed/30627520
https://doi.org/10.4236/aim.2016.612083
https://www.nationalhogfarmer.com/nutrition/20-years-ddgs-lessons-pig-diets
https://www.nationalhogfarmer.com/nutrition/20-years-ddgs-lessons-pig-diets
https://doi.org/10.1371/journal.pone.0254730

