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Abstract  40 

A 50 kg-scale high solids anaerobic digestor comprising six sequentially-fed leach beds with 41 

a leachate recirculation system and an upflow anaerobic sludge blanket reactor was operated 42 

at 37oC for 88 weeks. The feedstock contained a constant fibre fraction (a mix of cardboard, 43 

boxboard, newsprint, and fine paper) and varying proportions of food waste. Significantly 44 

enhanced co-digestion and methane production from the fibres was observed as the proportion 45 

of FW was increased. The most abundant 16S rRNA amplicon sequence variant (ASV), 46 

classified as Clostridium butyricum, was correlated with the amount of FW in the system and 47 

total methane yield. However, methane yield specifically from the fibre fraction was 48 

significantly correlated with organisms classified as Candidatus Roizmanbacteria and 49 

Spirochaetaceae. These ASVs together with ASVs classified as Anaerovorax and 50 

Methanoculleus correlated strongly to other ASVs in the microbial community, suggesting 51 

these are vitally important for ecosystem function and methane production.  In addition, tracing 52 

the fate of microbes derived from incoming food waste helped to diagnose a poor batch of 53 

bulking agent. 54 

 55 

 56 

 57 

 58 

Keywords: Anaerobic digestion, organic fraction municipal solid waste, 16S rRNA gene 59 

amplicon, microbial communities, synergy. 60 
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1. Introduction  61 

Anaerobic digestion (AD) is commonly used for organic waste stabilization, mass reduction 62 

and renewable natural gas production. In anaerobic digestion, complex organics are converted 63 

into biogas mainly consisting of methane (CH4) and carbon dioxide (CO2). Biogas can be 64 

burned as a fuel or to generate heat and electricity or can be upgraded to pipeline quality and 65 

fed into natural gas grids. AD of the organic solids in municipal waste, referred to as Organic 66 

Fraction Municipal Solid Waste (OFMSW) is often not competitive with alternatives such as 67 

landfilling unless regulations limit such practices. As a result, in the U.S. and Canada, with 68 

more space and fewer landfill restrictions, a very large portion (75 million tons and 12 million 69 

tonnes respectively) of OFMSW ends up in landfills (Environment and Climate Change 70 

Canada, 2020; EPA, 2020).   71 

The composition of OFMSW is heterogenous, variable and complex in nature. 72 

Conventional anaerobic digesters are preceded by extensive pre-treatment steps including size 73 

reduction, contaminant removal and dilution with water to make the feedstock suitable for 74 

pumping and further processing (Guilford et al., 2019). Continuous stirred tank reactors and 75 

plug flow reactors operating under mesophilic (37°C) or thermophilic (55°C) conditions 76 

effectively digest OFMSW (De Baere and Mattheeuws, 2013; Van et al., 2020). These wet-77 

digestion configurations have been deployed in many cities, including Toronto (Gorrie, 2019) 78 

and many conventional digesters treating wastewater secondary bio-sludge are also now 79 

accepting pureed food waste (Chattha, 2020). High solids or so-called solid-state AD 80 

technologies (SS-AD) that enclose solid waste in silos or garage-type reactors (as reviewed in 81 

Li et al., 2011and others) can process more heterogeneous solids, but typically require longer 82 

residence times. To overcome the challenge of economic viability for OFMSW in the North 83 
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American context, Guilford et al. conceived of a modified SS-AD process inspired by landfill 84 

bioreactor technology (Guilford, 2009). In this new SS-AD design, OFMSW with minimal 85 

pre-treatment is placed sequentially in a series of 6 leach beds (one freshly fed leach bed per 86 

week), while leachate is recirculated to each location. A laboratory (50 Kg) scale 87 

demonstration system of this concept was built (affectionately known as “Daisy the Digester”) 88 

and operated continuously for 88 weeks (Guilford et al., 2019). An important variable 89 

impacting digestion of OFMSW is the ratio of highly digestible Food Waste (FW) to other 90 

more slowly digested fractions, particularly paper and cardboard. Over the 88 weeks of 91 

operation the mass of fibre fed to Daisy remained constant, as did the proportions of its four 92 

constituents, fine paper (FP), boxboard (BB), cardboard (CB), and newsprint (NP). Over the 93 

same period, the mass of FW fed to Daisy varied from a low of 0 to a high of 29.3% of total 94 

chemical oxygen demand (COD) in the feed. The three major findings from this 88-week 95 

experiment (reported in Guilford et al., 2019) were that: 1) the addition of FW dramatically 96 

enhanced methane production from the paper and cardboard fibre fractions, and this 97 

enhancement was proportional to the amount of FW added; 2) observed total biogas yield at 98 

typical OFMSW composition (where ~29.3% of added COD is from FW) was as high as that 99 

achieved in well-mixed stirred tank reactors; and 3) the structure of the bulking agent used 100 

(wood chips in this case) impacted performance. Guilford et al. (2019) referred to the enhanced 101 

methane production from fibers by virtue of co-digestion of food wastes as “synergistic” 102 

methane production. Several factors likely contributed to this synergistic methane production, 103 

including greater microbial growth on FW, activity of hydrolytic enzymes in the FW, microbial 104 

community composition, biofilm formation, and leachate distribution and recirculation.  105 
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The main objective of this research was an analysis of the microbial community dynamics 106 

in Daisy over this long-term experiment to try and explain the observed enhanced methane 107 

production from the fibre fractions during co-digestion with food waste. Specifically, the goal 108 

was to investigate links between the microbial community, process conditions and treatment 109 

performance. This was achieved by (i) 16S rRNA amplicon sequencing to characterize the 110 

microbial community in Daisy leachate over time, (ii) quantifying and identifying the most 111 

abundant organisms using qPCR, (iii) correlating microbial community members with digester 112 

performance parameters, particularly to methane production from fibres specifically, and (iv) 113 

assessing functions of key microbes associated with enhanced methane production. 114 

 115 

2. Materials and Methods 116 

2.1 Solid state anaerobic digester configuration 117 

The sequentially fed anaerobic leach bed configuration and feeding scheme are presented in 118 

great detail in Guilford et al. (2019) and corresponding PhD thesis (Guilford, 2017). A brief 119 

overview is provided here. A list of component and sample nomenclature for performance 120 

metrics are provided in Table S1 of the supplementary information (SI). Daisy the anaerobic 121 

digester (Figure S1) consists of six leach beds (8.5 L working volume each), an up-flow sludge 122 

blanket reactor (UASB, 27.5 L working volume), Tank 1 (UASB feed tank) and Tank 2 (leach 123 

bed feed tank) each with a working volume of 17.5 L. The leach beds were sequentially batch 124 

fed at one-week intervals. The temperature in the tanks and the UASB was controlled at 37oC. 125 

The leachate was continuously recirculated and successively delivered to each of the leach 126 

beds using a leach bed feed pump and control valves (Figure S1). Leach beds received 560 ml 127 

of leachate every 30 minutes. Leachate was collected in Tank 1. The content of Tank 1 was 128 
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pumped to the UASB and the effluent from the UASB was recycled to Tank 2. Pump 2 was 129 

used to maintain hydraulic balance between Tank 1 and Tank 2. Refer to Guilford et al. (2019) 130 

for additional information.  131 

2.2  Feedstock preparation and digester operation 132 

The feedstock composition was designed to simulate an average typical mixed organic solid 133 

waste sent to landfill, which in Canada contains about 38% (wet weight) FW and 62% 134 

lignocellulosic (i.e. paper and cardboard) fibres (Mcintyre, 2007; Statistics Canada, 2010). 135 

Expressed as COD, this typical composition translates to ~17.2% COD from FW; this 136 

proportion was used as the base case in these experiments. All wastes were collected from 137 

residential waste recycling programs in Greater Toronto. The source-separated FW was 138 

shredded to less than 10 cm and stored frozen in individual bags at -20oC until use. A defined 139 

fibre blend of shredded FP, BB, CB, and NP was also prepared. Bulking agent (BA) prepared 140 

by the recycling facility from shredded ash wood was mixed into the feedstock mixture to 141 

maintain hydraulic permeability during digestion. Eight batches of BA were received over the 142 

course of 88 weeks of reactor operation.     143 

The digester (Figure S1) was inoculated with anaerobic digester sludge from a pulp 144 

and paper mill. Each week, the oldest of the 6 leach beds in the system was replaced with a 145 

new leach bed containing fresh feed, providing a solids retention time (SRT) of six weeks. The 146 

system was operated for 88 weeks, divided into 12 periods, each period defined by a change 147 

in operation, primarily the quantity of FW added, as summarized in Table S2a. Initially, the 148 

proportion of FW added was 17.2% on a COD basis, which was subsequently decreased in 3 149 

stages to zero, then increased back up to 17.2% in one step, further increased to 21.7%, and 150 
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ultimately to 29.3% COD of FW in the final stage of operation (details in Tables S2b & S2c). 151 

The source, mass and composition of the fibre mixture added to each leach bed remained 152 

constant throughout as did the mass of BA (wood chips). All the waste samples were received 153 

in several batches over time.  154 

2.3  Sample collection and preservation for microbial analysis 155 

Between weeks 31 and 88, leachate samples were taken for DNA extraction (Table S2d) and 156 

eventual microbial analysis from nine ports across the reactor. These samples were collected 157 

weekly from all leach-beds, six hours after completing the installation of a new leach bed in 158 

one of the 6 leach bed locations (LL). Duplicate leachate samples (10 mL each) were collected 159 

from valves (V1-1 to V1-6) located directly below each leach bed, as well as from Tanks 1 & 160 

2 and the UASB, as shown in Figure S1. Each week, one additional sample called the “first 161 

flush” (labelled W0) was collected from the newly installed leach bed right after installation 162 

to capture the first liquid displaced out of the waste. Samples were labeled according to the 163 

leach bed serial number and the corresponding time in Daisy, or SRT. As an example, referring 164 

to Figure S2 (which is a close-up of Table S2b), leach bed number serial number S.031 was 165 

installed in leach bed location #1 (LL01) on 10/27/2015 for six-weeks (weeks 32 to 37) before 166 

it was replaced by a new leach bed (S.037). The first flush sample taken right after installation 167 

of leach bed S.031 was labeled S31W0. The next sample was taken six hours later and labeled 168 

S31W1. Subsequent samples taken at exactly weekly intervals are labelled S31W2 to S31W6.   169 

A slight change in leachate sampling workflow occurred at week 61. Prior to week 61, samples 170 

(10 mL) were collected in falcon tubes and directly placed in a -20oC freezer for later DNA 171 

extraction. However, after week 61, samples (10 mL) were first centrifuged at 7000Xg at 4oC 172 
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for 30 minutes (Beckman Coulter Avanti J-E Series, JLA 16.250 fixed angle rotor) and most 173 

of the supernatant was discarded. The pellets were resuspended in the 1 mL remaining 174 

supernatant and transferred to a 2 mL Safe-seal Micro Tube (Sarstedt) and further centrifuged 175 

at 13,000Xg for 15 minutes (Eppendorf Microcentrifuge 5417R). The supernatant was 176 

removed, and the pellets were stored at -80 °C for later DNA extraction. The DNA extraction 177 

method was the same for both sets of samples. A total of 111 leach bed leachate samples were 178 

collected (Tables S2d and S3). The samples corresponded to the first and the last leach bed 179 

of each operating period, chosen because the first leach bed reflected the immediate impact of 180 

a change in FW COD added while the last leach bed corresponded to when all six leach beds 181 

were fed same ratio of fibres to FW. First flush samples (W0) provided an estimate of the 182 

microbial community in the feed. Samples for DNA extraction were also collected from the 183 

original inoculum to Daisy (seed), from samples of FW used as feedstock, and from the 184 

feedstock mix comprised of a mix of FW and fibres. Finally, samples were also taken from 6-185 

week-old digestate (DG), and from the sludge in the bottom of Tank 1, Tank 2 and the UASB 186 

upon decommissioning after week 88 (Table S3).   187 

2.4 DNA Extraction and Quantitative Polymerase Chain Reaction (qPCR)   188 

DNA extractions from leachate were performed using the Qiagen DNeasy PowerSoil kit 189 

(Qiagen, Carlsbad, CA) according to the manufacturer’s protocol with the following 190 

modifications: (i) instead of transferring the recommended volume of sample through step 9 191 

to 15, the entire supernatant volume was transferred for quantitative analysis and (ii) DNase- 192 

and RNase-free sterile water (Invitrogen) was used for elution instead of C6 elution buffer 193 

provided in the kit to minimize interference in downstream molecular analysis. DNA 194 

extractions from FW, leach bed feedstock mix, and DG were performed using Qiagen DNeasy 195 
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PowerMax DNA isolation kit according to the kit protocol. The extracted DNA from the FW, 196 

leach bed feedstock mix and DGs, nine samples in total, were further concentrated with 100% 197 

ethanol and 5 M NaCl prior to sequencing (Kanger et al., 2020). The final DNA concentration 198 

was measured by Nanodrop (NanoDrop1000 Spectrophotometer, Thermo Fisher Scientific). 199 

The absolute abundance of bacteria and archaea was determined using quantitative PCR 200 

(qPCR) with primers targeting bacterial or archaeal 16S rRNA genes as explained and 201 

provided in Table S4. Raw qPCR data are provided in Tables S5a (bacteria) and S5b 202 

(archaea). 203 

2.5  Amplicon and Shotgun Sequencing and Data Analysis 204 

DNA extracts were sent to the McGill University and Genome Quebec Innovation Center 205 

(Quebec, Canada) for amplicon sequencing using the Illumina MiSeq system and the V3 206 

reagent kit with primers targeting the V6-V8 regions of the 16S rRNA gene, with sequences 207 

926f-modified: 5’-AAACTYAAAKGAATWGRCGG-3’ and 1392r-modified: 5’-208 

ACGGGCGGTGWGTRC-3’ (Qiao et al., 2020). The raw amplicon sequence data were 209 

submitted to the National Centre for Biotechnology Information's (NCBI) sequence read 210 

archive (SRA) database under Bio-Project PRJNA501900. Shotgun metagenomes of select 211 

DNA samples from Daisy were also previously sequenced using Illumina technology as 212 

described in Kanger et al., 2020, and this data is available in the Joint Genome Institute GOLD 213 

database under Gs0130338, study name: metagenomes from anaerobic digester of solid waste.   214 

The raw amplicon sequences obtained from Genome Quebec were processed and 215 

analyzed using QIIME2 version 2019.10 (Bolyen et al., 2019). After trimming the primer 216 

region with the cutadapt plug-in, amplicon sequence variants (ASVs) were generated using the 217 
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DADA2 plug-in with the following settings: p-trunc-len-f = 260, p-trunc-len-r = 240 or 220 218 

bp, p-max-ee = 2. The amplicon sequencing summary statistics are provided in Table S6. The 219 

resulting data set was subsampled to an equal depth of 14,900 reads per sample prior to analysis 220 

to minimize the bias caused by different read-depth. Taxonomic classification was performed 221 

using the Silva-132-99-nb classifier trained on the 926f and 1392r primer set. All ASVs, 222 

corresponding sequences, and taxonomic classifications are provided in Table S7.  223 

The V6-V8 primers recover both bacterial and archaeal sequences, as well as some 18S 224 

sequences from eukaryotes. The relative abundance of ASVs in each domain was calculated 225 

by dividing number of reads for a given bacterial ASV by the total number of bacterial reads, 226 

repeated for archaeal reads (Table S7). For graphing, genera with > 5% relative abundance in 227 

any sample were identified and grouped while the remaining ASVs were clustered together as 228 

“Others” (Table S8) and the resulting bar graph for all leachate samples is provided in Figure 229 

S13. Finally, the absolute abundance of each ASV was estimated by multiplying bacterial or 230 

archaeal relative abundance by the total bacterial or archaeal abundance measured by qPCR 231 

(Table S9).  232 

2.6  Measurements of Process Parameters and Reactor Performance 233 

A detailed account of the many process parameters measured in Daisy was previously reported, 234 

including biogas and methane production, and leachate analyses for total and volatile solids 235 

(TS/VS), COD, pH, alkalinity ratio, volatile fatty acids (VFAs), sulfate, and inorganic salt 236 

concentrations (Guilford et al., 2019). The total volume of biogas produced was continuously 237 

measured using two independent wet-tip gas meters, one serving the leach beds and tanks 238 

combined and the other the UASB alone. Biogas composition was analyzed regularly, and 239 
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volumes converted to methane at STP. The methane produced specifically from the fibres (FB-240 

Methane) was calculated as the total methane produced minus the maximum possible methane 241 

that could be produced from added FW assuming 78% CODFW conversion (Figure S3 and 242 

Table S10). The 78% maximum conversion efficiency for FW COD was verified in 243 

independent biochemical methane potential tests (Guilford et al., 2019).  244 

2.7  Correlation and statistical Analyses  245 

Both the relative abundance and the absolute abundance of microbial taxa were analyzed using 246 

the Phyloseq package V1.26 (McMurdie and Holmes, 2013) in R (R Core Team, 2013). 247 

Ordination analyses were performed using Non-Metric Multidimensional scaling (NMDS) on 248 

Bray-Curtis distances calculated from the absolute or relative abundance data. All available 249 

operating and measured process variables were included as metadata (Table S11). A network 250 

of 100 ASVs with highest absolute abundance and metadata was constructed using the CoNet 251 

application in Cytoscape (Faust and Raes, 2016) and the co-occurrence network model was 252 

displayed with Cytoscape 3.7 (Shannon et al., 2003). Four methods were used to assess the 253 

relationship between ASVs and metadata: Bray Curtis distances, Mutual information, Pearson, 254 

and Spearman correlations, and three methods were required to support each edge (lines 255 

connecting ASVs and metadata in the network diagram). Significance of the edges was 256 

assessed using the combination of permutations and bootstrapping described in Faust and Raes 257 

(2016). The initial network contained 1,000 positive and 1,000 negative edges consistent 258 

across all four correlation measures. For each measure and each edge, 1,000 renormalized 259 

permutation and bootstrap scores were generated. P-values for each method were merged and 260 

edges with a false discovery rate (FDR) value < 0.01 were retained. In a second, more stringent 261 

analysis, the p-values were not merged for each method before retaining edges with FDR < 262 
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0.01, and three methods were required to support each edge. Generalized Linear Model (GLM) 263 

analysis was performed in SAS studio 3.8 (SAS version 9.04, 2018) to visualize the correlation 264 

of the 100 most abundant ASVs using absolute abundance and process metadata. The ASVs 265 

were considered as traits and analyzed separately but iteratively with the GLM. Bonferroni 266 

adjustment method was used to make correction for multiple comparisons (Aickin and Gensler, 267 

1996; Bender and Lange, 2001).   268 

 269 

3. Results and Discussion 270 

3.1  Overview of system performance and associated microbial community shifts  271 

Amplicon sequencing of the SSU rRNA gene was conducted on 131 samples from Daisy as 272 

the amount and proportion of FW was varied (Table S3). A total of 7466 ASVs were identified 273 

(Table S7). System performance and underlying leachate microbial community profiles are 274 

illustrated in Figure 1. Biogas production (red line) tracked the amount of FW fed to Daisy 275 

(green line) as a function of time (in weeks) overlaying corresponding microbial community 276 

profiles (relative abundance) from weekly representative leachate samples, omitting first flush 277 

samples. Each leach bed received a constant amount of fibre, which comprised the majority of 278 

the COD added, and the basal gas produced at 0 %FW (weeks 46-49) is from digestion of 279 

fibres alone. The microbial community sampled weekly was reproducible and shifted 280 

progressively as the %FW in the system changed. Given that leachate is recirculated to all 281 

leach beds regardless of their age, the data do show that good mixing is occurring in the system, 282 

despite the stationary nature of the solid substrates. The microbial community composition 283 

was found to be very different when no FW was added, seemingly to be more enriched in 284 

Candidatus Dojkabacteria (previously referred to as WS6) (green bars in Fig.1), 285 
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Kineosporiaceae (pink bars), and methanogens (yellow bars), while at high FW, the 286 

community was dominated by Clostridia and Spirochaetacea (Blue and purple bars in Fig. 1). 287 

Samples of the inoculum and of the food waste before digestion were also analyzed (Figure 288 

S4). Microbes derived from food waste (mainly gamma proteobacteria shown in brown 289 

shades) were only present in “first flush” samples corresponding to the first liquid drained 290 

from a newly installed leach bed (Figure S5) and in leachate samples during a period of 291 

unexpectedly poor performance (low biogas production; weeks 61-63 in Figure 1), previously 292 

attributed to the use of a batch of BA with a different morphology (Batch #5) during this time 293 

(Period 5b: “Odd BA” Guilford, 2019). Other than during this period, the microbial phylotypes 294 

detected in the leachate samples all originated from the original pulp mill inoculum and not 295 

from the food waste (Figure S4). None of the microbes from food waste were found to 296 

proliferate in Daisy, consistent with our previous study of antimicrobial genes in Daisy 297 

(Kanger et al., 2020). This overview of the microbial data prompted a deeper investigation of 298 

the relationships between the microbial community and process parameters.  299 

 300 

3.2  Most abundant taxa illustrating a pitfall of relative abundance estimates 301 

Absolute microbial abundance measurements are more relevant to understanding process 302 

kinetics because the rate of reaction is proportional to biomass concentrations. The absolute 303 

abundance of each bacterial and archaeal phylotype was calculated using qPCR measured 304 

bacterial and archaeal total abundances combined with relative abundance data from amplicon 305 

sequencing. Figure 1 re-plotted using absolute abundance of bacteria (Figure S6a) and 306 

archaea (Figure S6b). These plots clearly show that absolute abundance of both total bacteria 307 

and total archaea track methane production and FW proportion very closely.  Strikingly, in this 308 
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view, the seemingly high relative abundance of Djokobacteria (green bars) observed when 309 

there was little FW in the system really corresponded to low absolute numbers of these 310 

organisms. In fact, the absolute abundance of Djokobacteria does not change much with 311 

changing process conditions (Figure S6a).  This observation illustrates a common pitfall when 312 

relying only on relative abundance profiles. 313 

The most abundant bacterial taxa, based on qPCR and amplicon data, belonged to the 314 

class Clostridia (1860 ASVs) and the Spirochaetia (382 ASVs), together accounting for more 315 

than 50% of the bacterial community (Figure S6a). Methanosaeta, Methanolinea, 316 

Methanoculleus and Methanobacterium were the most abundant archaeal genera (Figure 317 

S6b). The microbial communities of the sludge from the tanks and UASB and the DG at high 318 

FW were also dominated by methanogens that seem to be in higher abundance in sludge and 319 

digestate than in leachate (Figure S7). The data also revealed a shift in the methanogenic 320 

community from Methanobacterium at low % FWCOD to a more diverse community at higher 321 

% FW COD including acetoclastic Methanosaeta and hydrogenotrophic Methanoculleus. 322 

Given that the amplicon primers used to capture both eukaryotic and prokaryotic sequences, 323 

the FW also comprised 10-25% of plant-derived sequences (Figure S4), including both plant 324 

18S rRNA sequences and 16S rRNA sequences associated with Chloroplasts. The remainder 325 

comprised 16S rRNA sequences attributed to various Gammaproteobacteria. Archaea were 326 

absent in these feed samples.  327 

  Although more informative, quantitative data from qPCR still does not accurately 328 

reflect the mass of the respective cell types because cell size and number of 16S rRNA genes 329 

per genome are not considered. The observed order of magnitude higher copies for total 330 
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bacteria relative to total archaea (Figures S6a vs S6b) most likely reflects that Clostridia  have 331 

an average 10 copies of the 16S rRNA gene per cell while methanogens average only 1 to 2 332 

copies per cell (Stoddard et al., 2015).  333 

  334 

3.3  Ordination analysis 335 

NMDS ordinations were performed for all ASVs using both absolute and relative abundance 336 

data and the results are shown in Figure 2 and Figure S8, respectively. While both ordinations 337 

showed similar clustering, the ordination based on absolute abundances was chosen for greater 338 

relevance to process parameters. The NMDS ordination (Figure 2) revealed that samples 339 

clustered along the X-axis from right (orange) to left (grey) as digestion progressed. Samples 340 

further clustered according to % FW COD added along the Y-axis from the bottom (no FW; 341 

pale blue) to the top (high FW; dark green). The microbial communities of “first flush” samples 342 

(ending with W0), collected from each new leach bed upon installation, clustered closest to 343 

those in FW samples. A unique set of data, coloured in pink in Figure 2, correspond to samples 344 

from the period with poor performance related to BA Batch #5 and are further discussed below. 345 

The same ordination, coloured instead by weeks of digestion (i.e., solids retention time or 346 

SRT), is shown in Figure S9. In this view, samples taken six hours after feeding (ending with 347 

W1) to samples collected at week 6 (ending with W6), are distributed from right to left 348 

according to SRT and from bottom to top according to % FW. Overall, these data illustrate the 349 

very tight connection between the microbial communities in the leach bed leachate and process 350 

operating conditions.   351 

 352 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 10, 2022. ; https://doi.org/10.1101/2022.04.10.487789doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.10.487789
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

14 
 

3.4  Impact of bulking agent (BA) 353 

By week 57, the supply of BA Batch #4 was running low, and so Batch #5 was used. As 354 

reported in Guilford et al., (2019), digester performance immediately began to decline, as can 355 

be seen by the drop in biogas production, particularly during weeks 61-63 (Figure 1; BA Batch 356 

#5 period). The drop in performance was attributed to the physical properties of the particular 357 

batch of BA, specifically morphology, since no other changes had been made. Performance 358 

was restored by reverting to Batch #4, followed by Batch #6 (with similar specifications as 359 

Batch #4) (Figure S10). Why did BA#5 have such an impact? As noted previously, a 360 

significant difference in the microbial composition of leachate samples coincided with this 361 

period. These leachate samples contained significant proportions of FW-derived microbes, 362 

even after many weeks of digestion (Figure S5). This can also be seen in the NMDS ordination 363 

(Figure 2) where BA#5 samples clustered more closely to flush and FW samples, regardless 364 

of their SRT. The community composition reverted to a more typical composition when the 365 

BA was changed back (Figure S5). The shorter and coarser features of BA#5 (Figure S10) 366 

not only resulted in higher permeability and lower water retention, but clearly also impacted 367 

the microbial community, which in turn affected performance. Specifically, the higher 368 

permeability likely resulted in greater channelling within the leached solids and less effective 369 

distribution of recirculating leachate, explaining why FW derived microbes could still be seen 370 

in samples of leachate even after 3, 4 or 5 weeks (Figure S5). These data highlight the 371 

importance of the BA and associated hydrodynamics for adequate performance of high solids 372 

digesters. While the impact of BA#5 was reversible and the bacterial community rebounded, 373 

it seemed to have caused in a shift in dominant hydrogenotrophic methanogens from 374 

Methanobacterium to Methanoculleus over this period.   375 
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3.5  Which organisms correlate to enhanced biogas production from fibres? 376 

Guilford et al., (2019) observed that the addition of FW to Daisy greatly enhanced methane 377 

production from fibre fractions and referred to this observation as “synergy” (Figure 3). To 378 

investigate the relationship between microbial community composition and methane 379 

production from FW and from fibres, a co-occurrence network of the 100 most abundant ASVs 380 

(Table S9) and the entire set of process metadata (Table S11) was constructed for the leachate 381 

samples. The full network, with edges supported by at least three of four correlation methods 382 

used and a merged false discover rate (FDR) < 0.01, is shown in Figure S11. Concentrations 383 

of VFAs and sulfate, and pH and alkalinity ratio were not correlated with community 384 

composition, consistent with these being stable throughout the experimental period. In 385 

contrast, metadata related to methane production and amount of FW in the system were 386 

significantly correlated with ASVs (Figure S11). These metadata included total methane 387 

(liters per week), overall methane yield (L Methane /kg COD added), methane yield 388 

specifically from fibres (L methane from fibres/kg FBCOD added, labeled FB-Methane Yield) 389 

and total system FW (i.e., the sum of FW COD in the 6 installed leach beds at time of sampling, 390 

labeled FW6LB). A subnetwork shown in Figure 4A was constructed including only the 391 

eleven ASVs that were significantly correlated with process metadata. Among these ASVs, 392 

eight were correlated with FB-methane yield: Clostridium butyricum (ASV4124), Clostridium 393 

sensu stricto 1 (ASV4109), Anaerovorax (ASV2339), Spirochaetaceae (ASV596), 394 

Candidatus Roizmanbacteria (ASV6579 and ASV6584), Methanosarcina (ASV6270), and 395 

Methanoculleus (ASV6332). All eight ASVs were also correlated with the amount of FW 396 

available in the system. Moreover,  Anaerovorax (ASV2339), Spirochaetaceae (ASV596), 397 

Candidatus Roizmanbacteria (ASV6584) and Methanoculleus (ASV6332) were the ASVs 398 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 10, 2022. ; https://doi.org/10.1101/2022.04.10.487789doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.10.487789
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

16 
 

with highest number of positive connections in the full network (50-43 positive connections 399 

compared to an average of 18), suggesting they may also be hub-species important for 400 

ecosystem structure and function (Bussi and Gutierrez, 2019).  401 

A more stringent subnetwork (Figure 4B) was created where at least three correlation 402 

measures must be significant based on unmerged or individual FDR-values. The highly 403 

abundant Clostridium butyricum ASV (ASV4124), which was significantly correlated to all 404 

four metadata categories in Figure 4A, only correlated with FW in the system and total 405 

methane but not with FB-methane yield or overall methane yield in Figure 4B. In this more 406 

stringent network, only Spirochaetaceae (ASV596) and Candidatus Roizmanbacteria 407 

(ASV6579) were correlated specifically with FB-Methane yield.  This more stringent network 408 

also reveals most significant correlations between ASVs, discussed in Section 3.6. 409 

The correlation between the microbial populations identified in the network analysis 410 

and FB-methane yield were further examined and validated using GLMs (Table S12). These 411 

analyses confirmed a strong correlation between the set of organisms identified in the network 412 

and FB-Methane Yield (Pearson correlation r 0.70 - 0.83) (Figure 5 and Figure S12). 413 

Interestingly, the ASV with the highest correlation coefficient was Candidatus 414 

Roizmanbacteria (ASV6584) (Figure 5), suggesting that this phylotype may be particularly 415 

important for conversion of fibres to methane in the presence of food waste. Finally, 416 

confirming early observations based on qPCR abundances, Candidatus Dojkabacteria (WS6) 417 

shows very poor correlation with FB-Methane Yield or food waste in Daisy (Figure 5). 418 

 419 
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3.6  Ascribing roles to major microorganisms in Daisy    420 

Not surprisingly, Firmicutes, particularly Clostridiales, were present in high relative and 421 

absolute abundances in Daisy, re-affirming their importance in solid waste digestion. 422 

Firmicutes often produce lipases, proteases, and other extracellular enzymes to facilitate 423 

hydrolysis and acidogenesis (Leven et al., 2007; Rintala and Puhakka, 1994). Clostridia are 424 

often reported as important microbes in AD, for example in reactors treating organic household 425 

wastes (Cardinali-Rezende et al., 2009) and corn straw (Qiao et al., 2013). The ASV classified 426 

as C. butyricum (ASV4124) was the most abundant bacterial lineage in most leachate samples, 427 

accounting for as much as 70% of the community at the highest loading of FW COD (sample 428 

S81W1). The abundance of C. butyricum ASV4124 is likely overestimated by at least a factor 429 

of 2 relative to other bacteria, as strains of this organism contain 8-12 rRNA copies in their 430 

genome (Mo et al., 2015; Stoddard et al., 2015), more than twice of the average copy number 431 

(i.e., 4.2) observed for bacteria (Větrovský and Baldrian, 2013). C. butyricum are fermenters 432 

known to produce hydrogen and organic acids during degradation of organic substrates, 433 

especially carbohydrates (Liu et al., 2012). In agreement with this, the network analyses 434 

suggested that C. butyricum ASV4124 was significantly correlated with FW, even when 435 

applying the most stringent correlation criteria (Figure 4B). Therefore, we hypothesize that C. 436 

butyricum ASV4124 was mainly growing on the FW, and perhaps not the lignocellulose fibres 437 

in the feed.   438 

Several candidate taxa were also prominent in the Daisy microbiome. Two ASVs 439 

annotated to Candidatus Roizmanbacteria (ASV6579, ASV6584) were significantly 440 

correlated with all bioprocess metadata (Figure 4A), and ASV6579 was one of the only two 441 

ASVs significantly correlated with FB-methane yield in the most stringent network (Figure 442 
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4B). Moreover, both Ca. Roizmanbacteria ASVs showed high levels of connection to other 443 

ASVs, i.e., with 45 and 28 connections in the full network (Figure S11). Ca. Roizmanbacteria 444 

have been suggested to be symbionts, capable of metabolizing various complex carbon 445 

substrates such as cellulose and have also been reported to be involved in lipid metabolism and 446 

to produce lactate for other microorganisms (Campanaro et al., 2019; Geesink et al., 2020). 447 

Geesink et al., 2020 suggested that these bacteria, in addition to plant materials, also utilize 448 

dead microbial biomass. Thus, in the Daisy ecosystem Ca. Roizmanbacteria are likely 449 

important ‘connecting’ organisms, producing lactate and degrading cellulose and dead cell 450 

biomass.  451 

The ASV annotated as Spirochaetaceae (ASV596) was also connected to FB-methane 452 

yield and system FW (FW6LB) (Figures 4A and 4B) and was the ASV with the most 453 

connections in the overall network (52 connections, supplemental Figure S11). Thus, these 454 

Spirochaetaceae appear to provide essential functions in the Daisy microbial community and 455 

possibly in the synergistic FB-methane production. Spirochaetaceae have been observed in 456 

anaerobic digesters treating sludge (Chouari et al., 2005) and digester fed with starch, glucose, 457 

ethanol, lactate, acetate, propionate, butyrate, succinate, and formate (Delbès et al., 2000). 458 

Spirochaetes have been suggested to be involved in syntrophic acetate oxidation in anaerobic 459 

digesters in association with hydrogenotrophic methanogenesis (Lee et al., 2015, 2013). Fibre-460 

associated Spirochaetes were also reported to be major hemicellulose degraders in hindgut of 461 

wood-feeding higher termites (Tokuda et al., 2018). The strong correlation of Spirochaetaceae 462 

ASV596 with FB-methane yield (Figure 5) suggests that they may also be capable of 463 

degradation and use of lignocellulosic fibres and produce acetate, H2 and CO2 to facilitate 464 

syntrophic methane production.  Shotgun metagenome sequencing was performed on select 465 
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samples (Table S3).  The analysis of metagenome-assembled genomes (MAGs) from Daisy is 466 

out of the scope of this paper, but a preliminary survey of possible MAGs for Ca. 467 

Roizmanbacteria and Spirochaetaceae revealed many genes for cellulose degradation and 468 

other carbohydrate active enzymes, consistent with these correlations.  469 

Two archaeal ASVs, annotated as Methanoculleus (ASV6332) and Methanosarcina 470 

(ASV6270), were significantly correlated with FB-methane yield (Figure 4A). 471 

Methanosarcina are versatile methanogens that utilize acetoclastic, hydrogenotrophic and 472 

methylotrophic methanogenesis pathways for growth and methane production (Singh et al., 473 

2005; Sowers et al., 1984; Town and Dumonceaux, 2016; Von Klein et al., 2002). 474 

Methanoculleus metabolize formate, alcohols, and H2/CO2 to methane and usually require 475 

acetate as carbon source (Chen et al., 2015; Dianou et al., 2001; Lai, 2019; Maus et al., 2012). 476 

In the more stringent network in Figure 4B, two Methanoculleus ASVs (ASV6332 and 477 

ASV6331) are connected to Spirochaetaceae ASV596, suggesting a possible syntrophic 478 

relationship between these organisms. The different methanogens revealed in the networks of 479 

Figure 4 are known to make use a variety of substrates and likely contributed to the stability 480 

of Daisy by consuming H2, acetate and formate and making otherwise difficult fermentations 481 

thermodynamically possible. In particular, the close relationship between Spirochaetaceae and 482 

Methanoculleus suggests metabolites produced by Spirochaetaceae, during degradation are 483 

consumed by Methanoculleus. We observed that Daisy was remarkably stable even at elevated 484 

FW COD added and never experienced build-up of volatile fatty acids or pH upset. We also 485 

noted that Methanobacterium were prevalent at lower food waste while Methanoculleus 486 

became abundant at higher food waste. This switch also occurred around the time of the odd 487 

bulking agent.  488 
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ASVs classified as Candidatus Dojkabacteria, particularly ASV6777, did not show 489 

significant correlation to methane production or how much food waste was added to Daisy in 490 

our network analysis (Figure 5); yet as previously noted, were present at high relative 491 

abundance at low FW. Cand. Dojkabacteria have been observed in digesters treating corn 492 

straw (Qiao et al., 2011), sewage sludge (Liu et al., 2016) and swine sludge (Cardinali-Rezende 493 

et al., 2012), yet their function is not known. They have been shown to encode form II/III 494 

RubisCO genes used in light independent CO2 incorporation into sugars derived from 495 

nucleotides (Wrighton et al., 2016). Based on literature findings and our data, we proposed 496 

that these organisms in Daisy are well adapted to persisting at low nutrient levels such as with 497 

limited FW.  498 

4. Conclusion  499 

Enhanced production of methane from lignocellulosics fibres when co-digested with food 500 

waste (termed “synergistic” methane production) was linked to an order of magnitude or more 501 

increase in absolute microbial abundance as food waste proportion increased. Moreover, very 502 

specific microbial taxa (ASVs) were implicated via multiple analyses. These taxa connected 503 

all of the digestion stages from hydrolysis, through various fermentations to methanogenesis. 504 

The community became progressively and stably enriched in these taxa as food waste 505 

increased. Most significant phylotypes at higher food waste included hydrolytic and 506 

fermentative bacteria from Clostridium sensu stricto particularly Clostridium butyricum, 507 

Anaerovorax, Candidatus Roizmanbacteria, and Spirochaetaceae in association with 508 

Methanoculleus and Methanosarcina. The robustness of the microbial community and 509 

associated digestion process is well illustrated by how quickly performance rebounded 510 
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following a period of bad bulking agent, and by the high overall methane yield obtained in this 511 

high-solids anaerobic digestion configuration treating typical organics from municipal waste.  512 

 513 
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 727 

728 
Figure 1. Overview of microbial and process data in Daisy.  The relative abundance of 729 
microbial community members in weekly leachate samples collected from a given numbered 730 
leach bed (stacked bars) is shown in relation to the weekly biogas production rate (red line) 731 
and total amount of food waste in the system (gCOD) in the most recent 3 leach beds (green 732 
line) from Weeks 26 to 88. The operational periods (top row) show the amount of food waste 733 
added to each new leach bed in the corresponding time frame. Odd BA refers to a period with 734 
17.2% COD from FW but a different batch of bulking agent. Shown are the data from sampling 735 
the leachate from the first leach bed of a new operational period (referred to as Set 1). Taxa 736 
are colour-coded for better visualization. ASVs belonging to candidate division Dojkabacteria 737 
are shown in green with ASV6777 dominating, particularly as the proportion of food waste 738 
dropped to zero. ASVs belonging to Clostridium (blue colors) became relatively more 739 
abundant when more food waste was present in the system. Archaea are shown in 740 
yellow/orange hues.  The weekly biogas production appears to correlate well to the amount of 741 
food waste added (red and green lines). 742 
 743 
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 744 
 745 

Figure 2. Ordination (NMDS) of Bacterial amplicon sequence data using absolute 746 
abundance.  Data are color-coded based on amount of FW in the leach bed except for first 747 
flush and Odd BA samples. Data from all samples are plotted, including leachate, first flush 748 
(W0), food waste (FW) and leach bed feed, digestate (DG), tank sludge, UASB, and original 749 
Daisy inoculum (seed). First flush samples (Red) are closest to the food waste and leach bed 750 
feed samples (Orange). First flush samples are spread vertically based on the amount of food 751 
waste added to the respective leach bed. This was also evident in Figures S4 and S5, where 752 
number of ASVs with gammaproteobacterial taxonomic assignments were found in both food 753 
waste (FW) and Flush samples. Samples from leach beds containing less food waste (0 – 12.9 754 
% CODFW, blue tones) clustered below the origin, while those containing more food waste s 755 
(21.7 and 29.3 CODFW, green tone) clustered above the origin., with samples containing 17.2% 756 
CODFW (Navy) between. Samples collected from leach beds with odd BA (pink) tended to 757 
resemble first flush samples, owing to abundant ASVs with gammaproteobacterial assignment.  758 
 759 
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760 
Figure 3.  Methane yield from fibers (FB) in L /kg FBCOD added as a function of the 761 
amount of food waste in the system from all six leach beds. The regression line and Pearson 762 
correlation coefficient r show a linear relationship between the amount of food waste (FW) 763 
added and FB methane yield. Understanding why food waste contributed to this “synergistic 764 
methane” is the main objective of this study. The methane generated from fibers was calculated 765 
by subtracting the predicted methane produced from the added food waste (assuming 78% 766 
conversion of FW to methane) from total methane produced in the system (see Guilford et al., 767 
2019), and Figure S3 and Table S11 for more information.  Each leach bed contained a constant 768 
mass of fibers equivalent to 7210 g COD, while Food Waste COD varied from 0 to 3000 769 
gCOD.     770 
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772 
Figure 4. Co-occurrence networks between ASVs and process parameters. A: Subnetwork 773 
of the full network shown in Figure S11 including only the eleven ASVs significantly 774 
correlated with process metadata. Green edges indicate a positive correlation. B: A more 775 
stringent network of all ASVs where at least three correlation measures must be significant 776 
based on unmerged or individual FDR values. Edges were colored based on test method (green: 777 
Bray Curtis distances; red: Pearson correlation; blue: Spearman correlation; yellow: Mutual 778 
information). In both panels A and B, process metadata are shown as grey circles and ASVs 779 
are shown as squares with size proportional to absolute abundance and coloured according to 780 
phylum (red: Bacteriodetes, orange: Euryarchaeota, blue: Firmicutes, green: Patecibacteria, 781 
purple: Spirochaetes, dark green: Verrucomicrobia).  782 
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 784 
 785 
Figure 5. Correlation of microbial phyla with system food waste and methane yield from 786 
fibres. The blue dashed line is the regression between log abundance of an ASV (copies per 787 
mL) and system food waste (total food waste in 6 leach beds). The orange dashed line is the 788 
regression between system food waste and methane yield from fibres.  Pearson correlation 789 
coefficients are shown for the ASV data. Note that the ASV corresponding to Dojkabacteria 790 
(WS6) has very poor correlation. Other notable phyla shown in Figure S12. 791 
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