	[image: C:\Users\home\Desktop\logos\energies-logo.png]
	
	[image: ]




Energies 2022, 15, x FOR PEER REVIEW	5 of 5

Article 
Biogas production and microbial communities of mesophilic and thermophilic anaerobic co-digestion of animal manures and food wastes in Costa Rica
Murillo-Roos Mariana1, Uribe-Lorío Lorena2, Fuentes-Schweizer Paola3, Vidaurre-Barahona Daniela2, Brenes-Guillén Laura2, Jiménez Ivannia3, Arguedas Tatiana1, Wei Liao4, Uribe Lidieth 1,*
	Citation: Lastname, F.; Lastname, F.; Lastname, F. Title. Energies 2022, 15, x. https://doi.org/10.3390/xxxxx
Academic Editor: Firstname Lastname
Received: date
Accepted: date
Published: date
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.
[image: ]
Copyright: © 2022 by the authors. Submitted for possible open access publication under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).


1	Centro de Investigaciones Agronómicas (CIA), Universidad de Costa Rica, Ciudad Universitaria Rodrigo Facio, San José, Costa Rica; mariana.murillo.roos@uni-jena.de (M.M.); tatiana.arguedas@gmail.com (T.A.)
2	Centro de Investigación en Biología Celular y Molecular (CIBCM), Universidad de Costa Rica, Ciudad Universitaria Rodrigo Facio, San José, Costa Rica; lorena.uribe@ucr.ac.cr (L.U.L.); daniela.vidaurre@ucr.ac.cr (D.V); laura.brenesguillen@ucr.ac.cr (L.B.)
3	Centro de Electroquímica y Energía Química (CELEQ), Universidad de Costa Rica, Ciudad Universitaria Rodrigo Facio, San José, Costa Rica; paola.fuentes@ucr.ac.cr (P.F.); ivannia_jimenez@baxter.com (I.J.)
4	Biosystems and Agricultural Engineering, Michigan State University, East Lansing, MI, USA; liaow@msu.edu (W.L.)
*	Correspondence: lidieth.uribe@ucr.ac.cr 
Abstract: Biomass generated from agricultural operations in Costa Rica represents an untapped renewable resource for bioenergy generation. This study investigated the effects of two temperatures and three mixture ratios of manures and food wastes on biogas production and microbial community structure. Increasing the amount of fruit and restaurant wastes in the feed mixture significantly enhanced the productivity of the systems (16% increase in the mesophilic systems and 41% in the thermophilic). The methane content of biogas was also favored at higher temperatures. Beta diversity analysis, based on high-throughput sequencing of 16S rRNA gene, showed that microbial communities of the thermophilic digestions were more similar to each other than the mesophilic digestions. Species richness of the thermophilic digestions was significantly greater than the corresponding mesophilic digestions (F = 40.08, p = 0.003). The mesophilic digesters were dominated by Firmicutes and Bacteroidetes while in thermophilic digesters, the phyla Firmicutes and Chloroflexi accounted for up to 90% of all sequences. Methanosarcina was the key methanogen and was more abundant in thermophilic digestions. These results demonstrate that increasing digestion temperature and adding food wastes can alleviate the negative impact of low C:N ratios on anaerobic digestion.   
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1. Introduction
Central America has the largest share of renewable energy sources (approximately 56% of the total energy generation in the region) and the most diverse mixture of renewable energy generation [1]. In Costa Rica, 80% of its electrical energy was from hydroelectric power generation. However, merely 3% (less than 2.2 MW) of the total electrical energy was produced from biomass, compared to a vast amount of annual biomass production from Costa Rica’s agriculture sector (approximately 7 million dry tons per year of organic residues including, manures, crop residues, and food wastes with a potential of 600 MW electricity generation) [2, 3]. Development and implementation of environmentally friendly and economically sound technologies to utilize the residues for bioenergy production would help the region diversify renewable energy profile, and increase access to affordable clean energy, and reduce negative impacts of the organic wastes. 
	Anaerobic digestion (AD) is a biological conversion process that effectively converts wet organic wastes into biogas capable of producing relatively clean electricity while also alleviating many of the environmental concerns associated with waste disposals such as odor, water pollution, and greenhouse gas emission. The entire AD process involves four key stages of hydrolysis, acidogenesis, acetogenesis, and methanogenesis, which is viewed as a metabolic cascade [4, 5]. Several groups of microorganisms and enzymes such as cellulosic, acidogenic bacteria, acetogens, and methanogens are involved in the anaerobic digestion process. Large and complex polymers in organic wastes (i.e., carbohydrates, proteins, and lipids) are first hydrolyzed into monomers (i.e., sugars, amino acids, and fatty acids) that are readily available for other microbes. The monomers from the hydrolysis stage are broken down into volatile fatty acids, ammonia, carbon dioxide, hydrogen sulfide, and other simple components by acidogenic bacteria. The simple molecules are then digested by acetogens to produce acetic acid and hydrogen as well as more carbon dioxide. Finally, methanogens convert acetic acid and hydrogen into methane, carbon dioxide, and water.
	Numerous studies have been conducted to understand changes in microbial communities during the process of anaerobic co-digestion. Many factors including feed-stock composition, reactor configuration, operation conditions (temperature, pH, hydraulic retention time, and mixing) influence microbial communities [6, 7]. Among them, feedstock composition and temperature are two critical parameters for establishing anaerobic microbial communities to carry out healthy anaerobic digestion. It has been reported that microbial communities from different anaerobic digestion units share several core operational taxonomic units (OTUs) despite different feedstocks and digestion conditions [8]. According to several studies, the bacterial phyla Chlorolexi, Proteobacteria, Bacteroidetes, and Firmicutes, and the archaeal phylum Euryarchaeota dominate the digestion process [8-10]. These core microbes with their unique metabolic characteristics are capable to adjust their abundances to fulfill the metabolic cascade of anaerobic digestion corresponding to feedstock variation [7, 11-13]. Temperature also influences the growth rate and community configuration of anaerobic microbes [14-17]. Mesophilic digestion (temperature ranging from 30 to 38°C) is a more popular technology compared to thermophilic digestion (temperature ranging from 49 to 57°C) since it has lower process energy demand (less heat needed) and better microbial stability. Higher temperature and worse microbial stability significantly increase the cost of implementing thermophilic digestion to treat biomass [18, 19]. Nevertheless, thermophilic digestion can increase the growth rate of anaerobic microbes, produce biogas with high methane and low hydrogen sulfide contents, reduce the hydraulic retention time, and suppress the growth of pathogens and weed seeds [20, 21]. 
	The objective of this study was to study the effects of digestion temperature and mixtures of agricultural residues on co-digestion performance and describe the corresponding responses of microbial communities.
2. Materials and Methods
2.1 Feedstocks
Dairy manure (cow excreta) was collected from the Dairy Facility of the University of Costa Rica located at Cartago (9°54'8.66"N, 83°40'14.62"W). Chicken litter was collected from the Experimental Farm Fabio Baudrit of the University of Costa Rica, located at Alajuela (10°0'26.23"N, 84°15'57.35"W). Fruit/vegetable wastes and post-consumer food wastes were collected from two cafeterias in San Jose, near the University of Costa Rica. The characteristics of each material are presented in Table 1. The feedstocks were mixed at dry matter percentage ratios of 50:50:0:0 (FM1), 45:45:5:5 (FM2), and 40:40:10:10 (FM3) for dairy manure, chicken litter, fruit wastes, and restaurant wastes, respectively (Table S1). All mixtures were diluted to a final total solids (TS) concentration of 5% to carry out the co-digestion. The mixtures were prepared every two weeks and kept at 4°C to feed the bench-scale bioreactors. 

2.2 Design and operation of bioreactors
The bioreactors consisted of glass bottles (1.0 L, working volume 0.5 L). The bottles were sealed with a rubber stopper, which was connected on one side to a water displacement unit that allowed the measurement of biogas volume (Figure 1). Biogas samples were collected by SKC Quality Sample Bags (Valley View Road, PA USA) for gas composition analysis. 
					[image: ]					Figure 1. Setup of the bioreactor

Twelve bioreactors (three mixture ratios with two replicates, each mixture ratio under two temperatures) were placed in two water baths that maintained digestion temperatures of 35 °C and 50 °C, respectively. The bioreactors were fed every other day with 50 mL of the prepared mixture with 5% TS. Prior to the feeding, 50 mL of the digestate were removed from individual bioreactors. The pH was adjusted to 6.8 by dosing 20% sodium hydroxide (NaOH) after the feeding. The hydraulic retention time (HRT) was 20 days. The anaerobic co-digestion was running for five HRTs. The operations of sampling, feeding, and pH adjustment were carried out using a Spilfyter” Hands-in-bag” (NPScorp, WI USA) that was purged with nitrogen gas to create an anaerobic environment.

2.3 Analytical methods
Volatile fatty acids were measured using a gas chromatograph (GC) (Shimadzu GC-8 A, equipped with analytical column ECONO - CAP EC-WAX de 30 m x 0.25 mm ID x 0.25 µm and FID detector). The oven temperature was set at 200 °C. The temperatures of the detector and injector were set at 280 °C. Air pressure was set at 35 kPa. Hydrogen, ni-trogen, and auxiliary gases were set at 100 kPa. Fatty acids in the samples were extracted by diethyl ether and then injected into the GC. Hexanoic acid was used as an internal standard. 
	The biogas composition was quantified using a gas chromatograph (HP 6800) coupled with a Carboxen -1010 PLOT, 30 m x 0.53 µm I.D (25467) column and a thermal conductivity detector (TCD). The chromatograph was operated with a temperature ramp from 100 °C for 4 min and then at 15 °C/min to 200 °C. The injector and detector tem-peratures were 200 and 230 °C, respectively. Nitrogen gas was used as a carrier gas at a flow rate of 4.0 mL min-1. Certified standard gas (Agilent Technologies, type refinery gas, capacity 1L, pressure 30 psig at 21 °C, batch number 112PLU1SPC10D) served as a standard.
TS, volatile solids (VS), and fixed solids (FS) were determined weekly according to the standard methods for the examination of water and wastewater [22]. Carbon and nitrogen were quantified via the Dumas dry combustion method [23,24]. The fiber composition of the digestate was analyzed using the protocol from National Renewable Energy Laboratory [25]. This procedure consists of a two-step acid hydrolysis, using H2SO4 to convert biomass into simpler compounds. During hydrolysis, monomers remain in the liquid fraction and are quantified by high-performance liquid chromatography (Shimadzu Prominence, Kyoto, Japan) using D-(+) glucose, D-(+) xylose, D-(+) galactose, L-(+) arabinose, and D-(+) mannose standards. The HPLC was equipped with a Biorad Aminex HPX-87H column and a refractive index detector; sulfuric acid (0.005 mol L-1) was used as mobile phase at a flow rate of 0.6 mL/min and the column temperature was set at 65 °C. Lignin is separated into soluble and insoluble material; the former is determined by UV/VIS spectroscopy and, the latter by gravimetric analysis.

2.4 DNA extraction 
Genomic DNA was extracted from the digestate samples under the steady-state of the digestion (weeks 12th and 15th) using a DNA extraction kit (Nucleospin Soil II Genomic, Macherey-Nagel). Cell disruption was performed using a mini-bead beater (Biospec Products) for 60 s at 4200 oscillations min-1. The extracted DNA was examined using a 1% agarose gel and quantified using a NanoDrop spectrophotometer (ND-1000 Thermo Scientific). All DNA extracts were stored at -70 °C.

2.5 Microbial community analysis
DNA samples were sent to Macrogen Inc. (Korea) for sequencing and establishing the 16S rRNA gene NGS libraries. Illumina MiSeq platform was used to do the sequencing. A forward primer 5'-TCGTCGGCAGCGTCAGATGTGTAT AAGAGACAGCCTACGGG-NGGCWGCAG-3’ and a reverse primer = 5'GTCTCGTGGGCTCGGAGATGTGTAT-AAGAGACAGGACTACHVGGGTATCTAATCC-3’ were used as 16S Illumina sequencing primers to amplify the V3-V4 region of 16S rRNA genes. In total, 987,057 tags in total were obtained. The raw tag-sequences were processed with QIIME (version 1.9.1) [26]. The process is briefly described as follows. Readings were first trimmed and filtered, and then assigned to a corresponding sample. The filtering criteria included homopolymers at least 100 bp in length and an average minimal quality score of 19. A representative sequence was selected for each OTU. To identify chimeras, the data set was processed using usearch61. A taxonomy assignment was delineated using QIIME to search the representative sequences of each OTU against the SILVA 16S/18S rDNA non-redundant reference data set (SSURef 132 NR) [27-28]. Chloroplast sequences and OTUs with small abundance were removed from the output table. OTUs with relative abundance ≥ 0.02 % across all samples were used for the following statistical and phylogenetic analyses. To determine the core community in all anaerobic reactors (100 % prevalence), we counted the read abundance of all OTUs. Sequences from 55 core communities were submitted to the NCBI GenBank database under accession numbers MK912176-MK912244. For diversity analysis of microbial communities, Bray-Curtis similarity values were calculated from the square-root-transformed data. Chao and Shannon diversity (H’) were estimated with QIIME [26]. For Shadeplot analysis, we use PRIMER v.7 software [29]. For the phylogenetic analysis, the sequences were aligned using Muscle [30] in MEGA 6 [31]. Evolutionary distances were calculated with Bayesian inference [32]. Bootstrap was used to evaluate the tree topology on performing 10,000,000 resamplings and is shown for branch nodes supported by more than 50 % of the trees. Reference GenBank sequences were used to illustrate the relation of sequences to known taxa.

2.6 Statistical analysis
Biogas productivity and methane content were compared between treatments via a two-way analysis of variance (ANOVA), followed by Tukey multiple comparisons when significant differences were observed. Statistical analyses of these two variables and the corresponding plots were done in R (version 3.4.3, R Core Team. 2020).
3. Results
3.1 Feedstock composition
The characteristics of feedstocks are shown in Table 1. Among four feedstocks, post-consumer food wastes had the highest glucan content (56%), dairy manure had the highest contents of xylan (13%) and lignin (27%). As for C/N ratio, chicken litter had the lowest value, while dairy manure and fruits and vegetables had the highest ratio. It has been widely reported that C:N ratio plays a critical role in anaerobic digestion [33-35]. Substrates with high C:N ratios cause accumulation of VFA and decrease the pH of the systems, whereas substrates with low C:N ratios led to carbon deficiency and ammonia accumulation, which consequently inhibits the metabolism of methanogens for methane production [35]. It has also been reported that digestion of animal wastes did not show significant inhibition with C:N ratios as low as 13 [36]. Therefore, considering the C:N ratio of individual feedstocks, a median number of 13 was selected to formulate three feedstock mixtures for the study (Tables S1 and S2).  

Table 1. Characterization of the substrates used in the experiment.
	Parameter*
	Dairy manure
	Chicken 
litter
	Fruits and 
vegetables
	Post-consumer food wastes

	Total solids (%)
	13.2
	85
	8.3
	33.6

	C (%TS)
	36.9
	38.9
	42.0
	45.7

	N (%TS)
	2.3
	3.9
	2.6
	3.3

	C/N ratio
	16.0
	9.9
	16.2
	13.8

	Glucan (%TS)
	14.7
	25.3
	18.6
	55.9

	Xylan (%TS)
	12.6
	9.4
	7.5
	2.9

	Lignin (%TS)
	27.3
	6.79
	21.8
	11.4


*%TS: fiber components expressed as a percentage of total solids.
Correspondingly, the mixture with a higher percentage of manure (FM1) had a higher lignin content and lower glucan. On the other hand, FM3 had a higher content of glucan and less lignin (Supplementary Table 2). 

3.2 Digestion performance 
	Volatile fatty acid (VFA) concentrations of all digesters varied significantly during the first weeks and maintained high levels of approximately 5000 mg/L (Figure 2). During this period, NaOH had to be used to maintain pH of the digestion around 7 [37, 38].
The methane contents in all reactors were very low during this period (Figure 3b), which coincides with other studies (38, 39). The average values were 31% and 39% for the mesophilic and thermophilic reactors, respectively. After 10 weeks, the total VFA concentrations in all feedstock mixtures under both temperature conditions stabilized, indicating the systems had reached the steady-state (Figure 2, Table 2).  
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Description automatically generated]Figure 2. Volatile fatty acid (VFA) concentrations throughout the experiment. a-Acetic acid. b-Propanoic c-Butyric acid. d-Total VFA. Each data point is the average of two replicates and error bars show the standard error.
Table 2. Average volatile fatty acids during the last five weeks of the assay under the steady state (after ten weeks).
	Treatment
	Acetic acid (mg/L)
	Propanoic acid (mg/L)
	Butyric acid (mg/L)
	Total VFA 
(mg/L)

	FM1  50 °C
	3069 ± 919
	1019 ± 284
	0
	4089 ± 1186

	FM2  50 °C
	3666 ± 1544
	840 ± 391
	0
	4506 ± 1924

	FM3  50 °C
	2205 ± 282
	768 ± 200
	0
	2974 ± 465

	FM1  35 °C
	1879 ± 227
	917 ± 170
	0
	2796 ± 373

	FM2  35 °C
	2326 ± 331
	1500 ± 445
	0
	3826 ± 680

	FM3  35 °C
	2568 ± 548
	1532 ± 226
	0
	4099 ± 740


1 Data is an average of two replicates with standard error.
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Figure 3. Accumulated biogas production. b) Methane content in the biogas, determined weekly. Each data point is the average of two replicates. Error bars show the standard error.
The biogas production and methane content significantly increased in all digestions during this stage (Figure 3). The conversion of organic matter into biogas was more efficient in the digestion of FM3 under both temperatures (p<0.0001) (Figure 3a). In contrast, biogas production in FM1 might have been affected by inhibition of high NH3 content in poultry manure [40, 41]. It has been widely reported that co-digestion can increase digestible organic matters, alleviate inhibition, and balance the C:N ratio, and consequently enhance digestion performance [42-46]. Meanwhile, temperature also impacted the digestion. Thermophilic condition significantly increased biogas production (p=0.0249), especially in FM2 and FM3 (Figure 4). Under thermophilic conditions, FM2 and FM3 had average biogas productivities of 461 and 560 m3 biogas/ton VS/day, respectively, which were significantly higher than those obtained in the mesophilic systems (390 and 472 m3biogaston VS /day). (Figure 4a). Methane content further confirmed the impact of temperature on digestion. Overall, the methane content was higher in thermophilic systems (58.2%) than in mesophilic conditions (54.6%) (p=0.0169).  This trend was clearer in the digesters with none or lower contents of fruit/vegetable wastes and post-consumer food wastes (Figure 4b). This result is consistent with a literature report that high digestion temperature can overcome the inhibition of digestion with low C:N ratios [47]. 
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Figure 4. a) Average biogas productivity (m3 biogas/ton VS/day) during the last five weeks of the experiment, corresponding to the steady-state. b) Average methane content in the biogas during the steady-state.
All digesters had an average 50% reduction in total and volatile solids (Table 3 and Table S2), similar to other co-digestion studies [42, 43]. Compared to the composition of feed mixtures (Table S2), thermophilic co-digestion had slightly better performance on VS, glucan, and xylan reduction than mesophilic co-digestion, which is consistent with literature reports [48, 49]. 
Table 3. Fiber composition of the digestate at the end of the experiment.
	Treatment
	Total solids (%)
	Volatile solids (%)
	Glucan (%TS)
	Xylan (%TS)
	Lignin (%TS)

	FM1  50 °C
	2.9 ± 0.0
	2.1 ± 0.0
	10.7 ± 0.5
	9.2 ± 0.2
	28.5 ± 0.7

	FM2  50 °C
	2.6 ± 0.0
	1.9 ± 0.0
	10.9 ± 0.2
	8.7 ± 0.0
	27.8 ± 0.5

	FM3  50 °C
	2.5 ± 0.1
	1.8 ± 0.1
	14.0 ± 0.5
	9.9 ± 0.1
	27.1 ± 0.7

	FM1  35 °C
	2.9 ± 0.0
	2.2 ± 0.0
	10.8 ± 0.7
	9.0 ± 0.5
	28.8 ± 0.1

	FM2  35 °C
	2.5 ± 0.2
	1.8 ± 0.2
	14.0 ± 0.1
	10.3 ± 0.0
	26.4 ± 0.1

	FM3  35 °C
	2.4 ± 0.1
	1.7 ± 0.1
	14.4 ± 0.6
	10.2 ± 0.3
	28.0 ± 1.0


1 Data is average with standard error.

3.3 Prokaryotic community
Anaerobic digestion is one of the most promising methods for converting waste into energy and other by-products, and the advancement of this technology and its industrial applications is mainly based on the understanding of the relationship among the biodiversity and dynamics of the microbial community, with the operating conditions and digestion efficiency [50-52]. Previous studies on the prokaryotic communities from anaerobic digesters have found a group of phylotypes shared by all systems, and some specific for each digestion conditions, which could be important for AD productivity. In this study we point out a group of OTUs shared by all the treatments that we discuss in the next section, and then a set of phylotypes particular to FM3 samples, which could explain its productivity.

3.3.1 Core communities
The amplicon metagenomic analysis of the samples from steady-state digestions shows that mesophilic and thermophilic digestions shared a microbial core community composed of Bacteria and Archaea and have relative abundances greater than 0.02%. The core community of these samples was constituted by fifty-five OTUs belonging to seven phyla: Bacteroidetes, Chloroflexi, Euryarchaeota, Firmicutes, Planctomycetes, Proteobacteria, and Spirochaetes, and these OTUs represent 42% of the total reads in this study. The most abundant classes in the core community were Anaerolineae, Bacteroidia, and Clostridia. To further identify microbes in the digestion samples, taxonomic affiliations were determined using the sequence similarity (Table S4). The most abundant sequences were related to genera Sedimentibacter, Clostridium, Bacteroides, Acinetobacter, and Coprococcus, which are in class Bacteroidia and families Clostridiaceae and Anaerolineacea. However, since the metabolism and physiology of these unculturable microbial communities are not well characterized and understood, their detailed metabolic pathways during anaerobic digestion remain unclear. It has been reported that the family Clostridiaceae mainly includes syntrophic bacteria that can degrade volatile fatty acids such as butanoic [8] and crystalline carbohydrates into organic acids [5, 48]. Hydrogen is also produced and then utilized by hydrogenotrophic methanogens for methane production. Anaerolineacea (green non-sulfur bacteria) is an obligate anaerobic family of multicellular filamentous photoheterotrophs utilizing carbohydrates and amino acids and can grow under both mesophilic to thermophilic conditions [53, 54, 55]. Bacteroides are distributed widely in the environment and are especially common in organic-rich anoxic ecosystems such as animal gut and anaerobic treatment systems [56]. Microbial strains in this group hydrolyze polymer substrates such as polysaccharides, proteins and lipids into volatile fatty acids, CO2, and hydrogen [57].

3.3.2 Effects of culture conditions on microbial communities
The most abundant phyla in the samples of this study were Chloroflexi, Firmicutes, and Bacteroidetes, which represented 84.7% of all sequences. However, the relative abundances were remarkably different between the digestion temperatures (Figure 5). Under the mesophilic condition, Bacteroidetes and Firmicutes were the dominant bacterial phyla in all three feedstock mixtures with Chloroflexi contributing only 5% to the abundance. These 3 phyla accounted for 64.3, 76. 5 and 79.18% of the sequences in FM1, FM2, and FM3, respectively. Under the thermophilic condition, Chloroflexi and Firmicutes were the two dominant phyla for all three feedstock mixtures, which is consistent with the literature report. High temperature is in favor of Chloroflexi growth [ref].. FM1 had more Bacteroidetes than FM2 and FM3, which could be due to the fact that FM1 contains more total carbohydrates (glucan and xylan) than FM2 and FM3 (Tables 1 and S2), which requires more hydrolytic microbes to degrade them [5, 58, 59]. The Bray-Curtis similarity measure shows that bacteria and archaea communities from the thermophilic digestions were more similar to each other (similarity 80 %) than microbial communities at 35 °C (50 % similarity), regardless of the feedstock mixing ratio. The observed richness (Chao index) and diversity (Shannon’s index) of mesophilic digestions were greater than thermophilic digestions (Figure S1) [60, 61]. The results further confirmed that thermophilic conditions led to less diverse and more similar microbial communities in the digestion [59, 62-64].	Comment by Liao, Wei: Mariana: Please add this reference in. 
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Figure 5. Microbial communities in mesophilic (A) and thermophilic (B) digesters. Relative abundances (% of total readings) of 16S rRNA gene at the phylum level.

Detailed analysis of the communities present on the FM3 samples at 35 and 50°C, which are the more productive in each temperature, we conducted first a Shade plot analysis using Primer v7 software [29], in which the 50 most important genera with similar patterns of abundance across the samples, clustered using the Whitaker index of association [29] (Fig. 6). Then we looked for the OTUs that were significantly more abundant on FM3 samples, which could be associated with their productivity. According to this analysis, the statistically significant microbial community described in sample FM3-35 was highly represented by OTUs similar to species Synergistes jonesii, the cellulolytic mesophile Acetivibrio cellulolyticus, Succiniclasticum ruminis, and the genera Treponema, Syntrophomonas, and Prevotella. 
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Figure 6. Shade matrix plot (Primer 7) showing relationship among clusters of samples (Bray-curtis similarity from the standardized and square root transformed abundance data). A cluster of 50 most important standardized OTUs was grouped using Whitaker Index of association, independently. Color shading intensity within the matrix indicates the transformed relative abundance of each taxon. Symbols on the sample axis refer to the temperature used in the digestion and on the y-axis indicate the phyla of each genus.


	The representatives of the sample FM3 at 35 °C were previously identified in sources showing temperatures from 18 to 40 °C: OTU-1505 in rumen acetogen enrichment cultures (JN196626, not published), OTU-1390 in a sulphate reducing anaerobic reactor [65], and in ethanol fermentation, as OTU-1444 (un. Synergistaceae) and OTU-1376 (un. Marinilabiliaceae) [66]. Interestingly, this OTU is also similar to a clone from an unpublished study of thermophilic chicken dung - cow slurry fermentation, similar to the conditions from this study.
	OTU1481 was significantly more abundant in FM3-35 (10.8% of the total reads in this sample), had 99,67% similarity to Synergistes jonesii. This rumen bacterium protects its host by degrading 3-hydroxy-4(lH)-pyridone (3,4 DHP), a toxic compound produced from mimosine digestion of Leucaena leucocephala [67]. Leucaena is a nutritionally rich forage legume used in cattle farming. S. jonesii appeared to be ubiquitous rather than isolated geographically [68]. The clear dominance of this OTU in sample FM3-35 raises the question of whether this plant was present in the food wastes or if there was another condition that triggered its growth.
	Five OTUs in this group were all similar to Prevotella sequences isolated from the ruminal content of bovines. OTU1495 and 1341 were reported in a study of the influence of high temperature and humidity on rumen bacterial diversity in Holstein heifers [69]. OTUs 1340 and 1350, were found in an unpublished study diversity of Qinghai yak ruminal bacteria and fungi in China (FJ172841), and OTU 1503 from rumen contents from HEAN (Hereford x Angus) crossbred beef cattle (HQ399835). These OTUs together represent the second most abundant species in this sample. Prevotella is one of the most dominant genera in the rumen fluid. Members of this genus play an important role in breaking down proteins and carbohydrates and some cultured species produce cellulolytic enzymes suggesting they may act synergistically with other cellulolytic organisms involved in fibrolytic activity [70]. In this study, there were 13 OTUs similar to database Prevotella sequences, almost all in 35°C samples, and 73% of them in FM3-35 alone. The high abundance of sequences similar to this genus in FM3-35 sample could have contributed to the higher performance of this mix.
	OTU1364 is similar to Treponema, which is prevalent in many mesophilic anaerobic reactors [71-74] and could take part in the homoacetogenesis process by the consumption of H2/CO2, enhancing the predominance of acetoclastic methanogenesis [75], as well as metabolizing exopolysaccharides produced by the primary cellulolytic bacteria [74]. These results suggested that genus Treponema functioned in the processes of hydrolysis, fermentation, and acetogenesis in the reactors seeded with full-scale reactor samples.
The presence of sequences (OTU 1512 and 1276) similar to a Succiniclasticum ruminis DSM 9236(T) type strain is interesting, as this is a gram-negative bacterium that ferments succinate to propionate. It is a common inhabitant of the rumen of cows on diverse diets, but also from subacute rumen acidotic (SARA) conditions which is a consequence of high grain feeding [76]. Its abundance was higher in FM3 than in samples FM1 and FM2, correlating with the fruit/vegetable and post-consumer food wastes content in the mix, but only at 35°C, as it was not detected at 50°C in concordance with the reduced growth at 45°C that has been reported.
	The bacterial community at FM3-50 (based on the Index of association) (Fig. 5), showed a clear dominant presence (50.7% of the reads in reactors at 50 °C) of OTU1275, which shows similarity to a sequence of an Anaerolinaceae. Other important OTUs in this mix were representatives of families Hydrogenispora, Ruminococcaceae, Sporomusaceae and species Anaerotaenia torta, Herbinix sp. and Methanosarcina thermophila. All these OTUs were more abundant on FM3-50 samples, and all but two OTUs (504 and 1496), were associated to thermophilic taxa (Figure S2). Interestingly, five OTUs (OTU1275, 1447, 1466,1375 and 1432), were similar to sequences from two unpublished studies of chicken dung-cow slurry thermophilic fermentation. 
	OTU1275 is similar to sequence KP150753, an Anaerolinaceae (Chloroflexi). This sequence is the most abundant OTU of this study with 25,9% of the total abundance; 25,1% of that total abundance was detected at 50°C reactors only. OTU1275 counts increased proportionally to the food wastes content in the samples at 50°C and its abundance at FM3-50 (53,1% of the reads), could be related to the higher productivity in these systems. It is believed that members of the Anaerolinaceae can provide organic acid to other microorganisms like acetoclastic methanogens. Furthermore, its filamentous nature may facilitate the degradation of hydrocarbons as this morphology is reported to be conducive to the aggregation of bacteria and substrates [77].
	OTU504 is a sequence related to an acetate producing bacteria, 97.17% similar to a Sporomusa sp. enrichment culture clone (JQ512036). Sporomusa is a gram-negative anaerobic homoacetogenic bacteria with the ability to grow by decarboxylation of organic acids [78]. These bacteria could also provide acetate to acetoclastic methanogens.
	Other significant OTUs present in FM3-50 are OTU1375, 1466 and 1447, similar to an unassigned Hydrogenispora from an anaerobic baffled reactor treating acetone-butanol-ethanol fermentation wastewater and similar to clones from thermophilic reactors (HE804890) and thermophilic chicken dung - cow slurry fermentation (KP150669). Members of this order have been detected in fecal samples of diverse origins, but the most studied representative is Hydrogenispora ethanolica an anaerobic, ethanol-hydrogen-coproducing bacterium, isolated from an anaerobic sludge [79].
	OTU1496 had 97,3% identity to Anaerotaenia torta, a Gram-positive, strictly anaerobic, chemo-organotrophic bacteria with fermentative metabolism that use a wide variety of compounds including xylan [80]. Two sequences similar to cellulolytic bacteria were found, one is OTU1432, 99,67% similar to a Ruminococcaceae (LT718732) isolated from an unpublished study of a thermophilic lab-scale biogas reactor treating increasing poultry manure. Ruminococcaceae are a family of obligate anaerobes with high cellulolytic activity [86]. An important member of this family is Ruminococcus, and species within this genus are suggested to play a key role in ruminal cellulose decomposition [70]. The other cellulolytic associated sequence is OTU1466, similar to Herbinix sp., a thermophilic cellulose-degrading bacterium isolated from a thermophilic biogas reactor [82].
	Abundances of methanogens (0.8 – 5.9%) were not as high as Chloroflexi and Firmicutes in the digestion for both temperatures (Fig. 5). Euryarchaeota was the only phylum detected in the Archaea domain. Its abundances varied among different digestions (Fig. 5). According to metagenomic analysis, Methanosarcina was the most abundant genus in all digestions, which is consistent with the literature report [83]. This genus can consume a broad spectrum of substrates such as acetate, methanol and hydrogen to grow in a relatively wide temperature range [84, 85]. The plasticity of its metabolism and the morphological characteristics of Methanosarcina enable it to outcompete other methanogens during anaerobic digestion [84]. 
A phylogenetic tree of all archaea sequences and their nearest relatives is presented in Figure S2 and Table S3. Three OTUS (OTU1408, OTU920 and OTU1250) from the thermophilic digestions showed 100 % similarity to an uncultured Methanosarcina sp. clone CL7A-TAD, from thermophilic anaerobic digestion of thermal-pretreated activated sludge [86] and up to 99.2% to the type strain of Methanosarcina thermophila DSM 1825, whereas 16 % of their sequences in the mesophilic digestions had 99 % similarity with Methanosarcina mazei, isolated from mesophilic anaerobic digestion system [87]. Genera Methanomicrobia, Methanocorpusculum and Methanobacterium were mainly present in the mesophilic digestions, while genus Methanoculleus was in the thermophilic digestions (Figure 5). OTU1399, OTU 923, and OTU 1042 associated with genus Methanoculleus, showed 99 % similarity to Methanoculleus thermophilus, Methanoculleus hydrogenitrophicus [88], and Methanoculleus thermophilus, respectively.
4. Conclusions
Feedstock mixtures with high percentages of fruit/vegetable and post-consumer food wastes demonstrate the better performance of biogas production than the manure and chicken litter feedstocks. The temperature was a main factor affecting the microbial community. Chloroflexi and Firmicutes were the dominant phyla to enhance the hydrolysis of organic compounds (e.g., cellulose) in the thermophilic co-digestion, whereas Firmicutes and Bacteroidetes were more abundant in the mesophilic co-digestion to utilize those easily-hydrolyzed compounds (e.g., starch and hemicellulose). Genus Methanosarcina was the key methanogen present in all treatments but was more abundant in the thermophilic samples. The presence of Anaerolinaceae and Euryarchaeota are critical in acidogenesis and methanogenesis processes since they are responsible for enhancing biogas production. Our results also demonstrate that increasing digestion temperature and adding food wastes can alleviate the negative impact of low C:N ratios of animal wastes on anaerobic digestion.
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