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ABSTRACT 26 

Psychrophilic (<20°C) anaerobic digestion (AD) represents an attractive alternative to 27 

mesophilic wastewater treatment. In order to investigate the AD microbiome response 28 

to temperature change, with particular emphasis on methanogenic archaea, duplicate 29 

laboratory-scale AD bioreactors were operated at 37°C followed by a temperature 30 

drop to 15°C. A volatile fatty acid-based wastewater (composed of propionic acid, 31 

butyric acid, acetic acid, and ethanol) was used to provide substrates representing the 32 

later stages of AD. Community structure was monitored using 16S rRNA gene clone 33 

libraries, as well as DNA and cDNA-based DGGE analysis, while the abundance of 34 

relevant methanogens was followed using qPCR. In addition, metaproteomics, 35 

microautoradiography-fluorescence in situ hybridization and methanogenic activity 36 

measurements were employed to investigate microbial activities and functions. 37 

Methanomicrobiales abundance increased at low temperature, which correlated with 38 

an increased contribution of CH4 production from hydrogenotrophic methanogenesis 39 

at 15°C. Methanosarcinales utilised acetate and H2/CO2 as CH4 precursors at both 40 

temperatures and a partial shift from acetoclastic to hydrogenotrophic methanogenesis 41 

was observed for this archaeal population at 15°C. An up-regulation of protein 42 

expression was reported at low temperature as well as the detection of chaperones 43 

indicating that mesophilic communities experienced stress during long-term exposure 44 

to 15°C. Overall, changes in microbial community structure and function were found 45 

to underpin the adaptation of mesophilic sludge to psychrophilic AD.  46 
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INTRODUCTION 47 

The natural process of cold anaerobic digestion (AD) can be harnessed for wastewater 48 

treatment and bioenergy production. The potential of psychrophilic anaerobic 49 

digestion has been widely demonstrated through comparable treatment efficiencies 50 

against traditional mesophilic setups (e.g. McKeown et al., 2012), therefore 51 

circumventing the corresponding heating costs carried by industries. Consequently, 52 

full-scale applications of psychrophilic AD have recently been developed (e.g. Bio-53 

Terre Systems inc. Canada). A current limitation, however, resides in the lack of 54 

understanding of the microbial communities underpinning the process. Indeed 55 

methane content and effluent quality are at present the principal tools employed to 56 

monitor treatment efficiencies but this approach is insufficient in the context of 57 

optimal process design and performance (Ramirez et al., 2009). During the process of 58 

AD, after initial decomposition of complex organic material by hydrolytic and 59 

fermentative bacteria, substrates are provided for methanogenesis in the form of 60 

CO2/H2, acetate and C-1-compounds like methanol and trimethylamine (Thauer et al., 61 

2008). Hydrogenotrophic methanogens have been found to increase in relative 62 

abundance during long-term psychrophilic operation (McKeown et al., 2009). Indeed, 63 

Zhang et al. (2012) recorded a >30-fold increase in this group (16S rRNA gene 64 

abundance) when AD operating temperature was dropped from 18°C to 5°C. 65 

Nevertheless, acetoclastic methanogens are also prominent in low-temperature 66 

biomass, primarily Methanosaetaceae-like organisms (Collins et al., 2005), with this 67 

microbial group known to be important for the formation and structure of well-68 

functioning granular sludge (McKeown et al., 2012). Although the enumeration of 69 

methanogens during psychrophilic AD operation has provided insights into 70 

community dynamics (McKeown et al., 2009; Siggins et al., 2011a), inferring 71 
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functional relevance/roles from such data is challenging, with divergence between 72 

presence and function recorded for a variety of habitats (Burke et al., 2011; Bailey et 73 

al., 2013; Zhi et al., 2014). As such, the molecular mechanisms employed that 74 

facilitate sub-mesophilic function remain unclear with only few examples of function-75 

driven approaches undertaken on psychrophilic AD microbial communities to date 76 

(Abram et al., 2011; Siggins et al., 2012; Gunnigle et al., 2015). Furthermore, the 77 

primary routes of methanogenic carbon flow under these process conditions are still 78 

unresolved, which represents a significant knowledge gap in the operation of 79 

psychrophilic AD systems. 80 

 81 

Recent advances in molecular methodologies have provided a platform from which 82 

metabolically active microbial groups can be resolved; these include meta-omic 83 

approaches focusing on RNA- and protein-isolated fractions (Jansson et al., 2012; 84 

Muller et al., 2013; Abram 2015).  Moreover, ecophysiological approaches, such as 85 

isotope tracer techniques, have facilitated discrete substrate uptake dynamics at a 86 

cellular level to be monitored (Nielsen and Nielsen, 2005; Nikolausz et al., 2007). 87 

These approaches linked with phylogenetic analysis hold great promise in unraveling 88 

complex trophic interactions and, as such, in improving our understanding of 89 

psychrophilic AD systems. In this study, an integrative approach was employed to 90 

characterise the temperature-mediated functional response of methanogenic groups 91 

present in replicate AD bioreactors treating a low-strength wastewater. The 92 

hypothesis tested was as followed: AD mesophilic sludge has the ability to adapt to 93 

low temperature operating conditions through changes in microbial populations’ 94 

relative abundance and protein expression. To this end, metaproteomics, 16S rRNA 95 

gene clone libraries, DGGE fingerprinting and microautoradiography-fluorescence in 96 
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situ hybridization (MAR-FISH) were applied to comparatively monitor changes in 97 

microbial community structure and function during AD bioreactors operated at 37°C 98 

and 15°C. 99 

 100 

MATERIALS AND METHODS 101 

Bioreactor operation and sample collection. Duplicate expanded granular sludge 102 

bed (EGSB) bioreactors (R1 and R2; 3.5 L working volumes) were operated initially 103 

at 37°C with a temperature drop to 15°C for comparative analysis after 125 days of 104 

operation. Both bioreactors were seeded with an inoculum from a full-scale, internal 105 

circulation (IC) reactor operating under mesophilic conditions and used to treat dairy 106 

production process wastewaters (Carbery Milk Products, Ireland). In this study, a 107 

synthetic low-strength wastewater was used, comprising of volatile fatty acids (VFA; 108 

acetic acid, propionic acid, butyric acid) and ethanol with a chemical oxygen demand 109 

(COD) ratio of 1:1:1:1. The organic loading rate (OLR) was maintained at 3kg COD 110 

m-3 d-1 with an hydraulic retention time (HRT) of 24 h. This VFA influent represented 111 

the later stages of the AD process, providing suitable substrates for acetogenic 112 

bacteria and methanogenic archaea. The influent was also supplemented with key 113 

minerals (0.3M NH4Cl, 24 mM CaCl2, 14 mM MgCl2, 3 mM FeCl2, 1.5g l-1 yeast 114 

extract) and trace elements (0.2 mM MnCl2, 0.2 mM H3BO3, 0.1 mM ZnCl2, 0.06 mM 115 

CuCl2, 0.01 mM NaHSO4, 0.6 mM CaCl2, 0.07 mM Nicl2, 0.1 mM SeO2). In addition, 116 

a buffering solution (20 mM NaHCO3, 0.5 mM KH2PO4, 0.6 mM K2PHO4) was 117 

added to help maintain neutral pH influent conditions. COD concentrations and % 118 

biogas CH4 content were determined according to Standard Methods American 119 

Public Health Association (APHA, 1998). Percentage COD removal efficiency was 120 

calculated by measuring both influent and effluent COD concentrations. VFA 121 
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concentrations were determined by using a Varian Saturn 2000 GC/MS system, with 122 

CombiPAL autosampler (Varian Inc., Walnut Creek, CA) as previously described 123 

(Siggins et al., 2011a).  124 

 125 

Specific methanogenic activity. Bioreactor biomass from R1 and R2 sampled at 126 

37°C (day 125) and 15°C (day 240) were used for specific methanogenic activity 127 

(SMA) assays, which were performed in triplicate at both 37°C and 15°C using a 128 

pressure transducer technique (Coates et al., 1996). Here, acetate (30mM) and H2/CO2 129 

(80:20, v/v) were employed as substrates in order to measure acetoclastic and 130 

hydrogenotrophic activity, respectively. A General Linear Model (GLM) was fitted to 131 

the SMA measurements using the statistical package Minitab 16 (www.minitab.com). 132 

Assumption of homogeneity of variance was not met however, but by transforming 133 

the response variable to the square root SMA, all assumptions of the statistical test 134 

were met. The following four attributes were considered: bioreactor (R1 and R2), 135 

sludge (day 125 and day 240), substrate (acetate and H2/CO2) and assay temperature 136 

(37°C and 15°C). Bioreactor was not considered as a factor in the statistical analysis 137 

since at each combination of levels of sludge (day 125 and day 240), substrate 138 

(acetate and H2/CO2) and assay temperature (37°C and 15°C) measurements taken at 139 

R1 and R2 were in fact replicates. Furthermore, the two crossed factors sludge and 140 

assay temperature were combined into a single factor, named adaptation, at four 141 

levels (15AT37, 15AT15, 37AT37 and 37AT15). In addition to examining the main 142 

effects of substrate and adaptation, and testing for interaction between these, the GLM 143 

analysis included post-hoc analysis to compare each pair of levels of adaptation. 144 

The GLM analysis concluded with residual analysis that included graphical 145 

diagnostics and rigorous tests to access the assumptions required to justify the 146 
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statistical inferences. For example, a Kolmogorov-Smirnov test on the residuals gave 147 

a P-value>0.15, suggesting no violation of normality of the underlying populations of 148 

measurements at the 8 combinations of levels of the factors substrate and adaptation. 149 

Furthermore, Levene’s test (P-value=0.233) and Bartlett’s test (P-value=0.470) gave 150 

no evidence of violation of homogeneity of variances of these populations. 151 

 152 

MAR-FISH. Microautoradiography (MAR) radiotracer incubations were undertaken 153 

at 37°C and 15°C, as outlined by Andreasen and Nielsen (1997) on the same samples 154 

that were used for SMA analysis (day 125 and day 240). Briefly, aliquots of 2 ml (c. 155 

2-4 g volatile suspended solids [VSS] l-1) sludge granules were incubated immediately 156 

after sampling. These incubations were undertaken anaerobically with either acetic 157 

acid [1,2-14C] sodium salt or sodium [14C]-bicarbonate (American Radiolabelled 158 

Chemicals, Inc.) to target acetoclastic and hydrogenotrophic methanogens, 159 

respectively. Twenty μCi (0.74 MBq) of radioactive substrate was added to each 160 

sample with [14C]-labelled acetate samples supplemented with unlabelled analogues 161 

(2mM final concentration) to ensure radiolabelled substrate was not utilised 162 

immediately after adding. In the same context, [14C]-labelled sodium bicarbonate was 163 

pressurized with 0.5 bar (95 mV) H2/CO2. Each sample (except for incubations with 164 

sodium [14C]-bicarbonate) was pressurized with O2-free N2 gas. As a control for 165 

possible adsorption phenomena, autoclaved sludge granules were also incubated 166 

under the same conditions in parallel. Incubations were stopped at different time-167 

points by fixing with paraformaldehyde (PFA final concentration 4% [w/v] in 130 168 

mM NaCl and 10 mM Na3PO4 [pH 7.2]) for 4 h at 4°C. Samples were washed ten 169 

times with 1X PBS to remove excess radioactive substrate and PFA. After embedding 170 

granules in OCT freezing medium, serial cryosections of 5-10 μm thickness were 171 
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prepared, as previously described (Sekiguchi et al., 1999), and immobilized on gelatin 172 

coated, acid-washed, coverslips (24 mm x 50 mm; VXR international). Granular 173 

sections were then dehydrated and fluorescence in situ hybridization (FISH) was 174 

performed as described elsewhere (Schramm et al., 1998). The Cy3-labelled 16S 175 

rRNA targeted probes employed in this study were mixed together for each 176 

methanogenic group investigated; i) acetoclastic: Methanosaeataceae (Mx825 probe) 177 

and Methanosarcinaceae (SarcI551 probe) and ii) hydrogenotrophic: 178 

Methanobacteriales (MB1174 probe) and Methanomicrobiales (MG1200b probe) and 179 

applied on replicate granular sections throughout the study (Enright et al., 2007). The 180 

Non388 probe (Wallner et al., 1993), complementary to the Eub388 sequence, was 181 

used as a negative control. The MAR procedure was undertaken following FISH. 182 

First, LM emulsion film (Kodak) was applied to all coverslips, which were then left to 183 

expose in complete darkness at 4°C for 4 days. After exposure, coverslips were 184 

developed by standard photographic procedures (Andreasen and Nielsen, 1997). An 185 

epifluorescent microscope (Carl Zeiss, Oberkochen, Germany) was used for detection 186 

of FISH signal, while light microscopy was used to assess silver grain density and 187 

MAR-positive cells (cells covered with more than five silver grains; Okabe et al., 188 

2005).  189 

 190 

DNA and RNA co-extraction. Genomic DNA and total RNA were isolated from 191 

granular biomass sampled at 37°C (day 125) and 15°C (days 126, 128, 132 and 240) 192 

using a phenol-chloroform-isoamyl alcohol co-extraction method adapted from 193 

Carrigg et al. (2007). Briefly, 0.5 g of granular biomass for each sample was 194 

homogenized (straight after sampling) using a mortar and pestle under liquid nitrogen. 195 

Thereafter, 500 μl of 1X CTAB buffer (1% (w/v) CTAB, 0.7 M NaCl, 50 mM Tris-196 
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HCl 20 mM EDTA in DEPC-treaded H2O, pH 8.0) and 500 μl of Phenol: 197 

Chloroform: Isoamyl alcohol (25:24:1) was added to each sample along with ~250 198 

mg of zirconium beads (125 mg 0.1 mm, 125 mg 0.5 mm). Bead beating (Mini 199 

Beadbeater 8; Biospec) was carried out for 30 sec at medium speed (2000 rpm) prior 200 

to phase separation by centrifugation at 20000 g. Nucleic acids were precipitated from 201 

the recovered aqueous phase using PEG (polyethylene glycol) (30% w/v PEG, 1.6M 202 

NaCL in DEPC-treated H2O) for 2 h on ice. The resulting nucleic acids samples were 203 

each divided into 2 fractions. One fraction was stored at -20ºC until further use, while 204 

the other was immediately processed for DNase treatment followed by cDNA 205 

generation (see further below). 206 

 207 

Clone library construction and sequence analysis. Amplification of the 16S rRNA 208 

gene from DNA extracts (37°C [day 125] and 15°C [day 240]) was achieved using the 209 

primer sets 27F (DeLong, 1992) and 1392R (Lane et al., 1985) for bacteria and 21F 210 

(Lane, 1991) and 958R (DeLong, 1992) for archaea. The PCR cycling conditions 211 

were as described in Enright et al. (2007). Cloning was carried out using the PCR-212 

XL-TOPO® vector system, with amplified ribosomal DNA restriction analysis 213 

(ARDRA) and plasmid sequencing undertaken as outlined by Siggins et al. (2012). 214 

Any vector contamination was removed by screening sequence data using the 215 

National Center for Biotechnology Information (NCBI) Vecscreen software. 216 

Sequences were aligned using ClustalX (ClustalX 2.0.12) multiple alignment 217 

algorithm with nearest relatives from the BLASTn database and selected sequences 218 

downloaded from the Ribosomal Database Project (RDP). Maximum likelihood-based 219 

phylogenetic trees were constructed under the GTR + gamma model of DNA 220 

substitution implemented RAxML7.0.3 (Stamatakis, 2006) with all parameters 221 

 by guest on N
ovem

ber 5, 2015
http://fem

sec.oxfordjournals.org/
D

ow
nloaded from

 



optimised by RAxML. Confidence levels in the phylogeny groupings were assessed 222 

using 1000 bootstrap replicates as part of the RAxML phylogeny reconstruction. 223 

Diversity indices were calculated using the vegan package in MOTHUR (version 224 

1.33.3; Schloss et al., 2009). A GLM was performed to compare the diversity indices 225 

at 37°C (day 125) and 15°C (day 240) using the statistical package R (www.r-226 

project.org/). Gene sequences recorded in this study were deposited in the GenBank 227 

database under the following accession numbers: KC145381-KC145391 (Bacteria; 228 

37°C), KC145392-KC145410 (Bacteria; 15°C), K145412-KC145419 (Archaea; 229 

37°C) and KC182519-KC182527 (Archaea; 15°C). 230 

 231 

Quantitative PCR for methanogens. 16S rRNA genes were quantified using a 232 

LightCycler 480 instrument (Roche, Mannheim, Germany) and primers and probes 233 

from Yu et al. (2005) for two acetoclastic families (Methanosaetaceae using 702F, 234 

862R and 753P and Methanosarcinaceae using 380F, 828R and 492P) and two 235 

hydrogenotrophic orders (Methanomicrobiales using 282F, 832R and 749P and 236 

Methanobacteriales using 857F, 1059R and 929P). These methanogenic groups were 237 

specifically targeted as they were previously reported to account for the majority of 238 

methanogens typically present in anaerobic reactors (Yu et al., 2005; Lee et al., 239 

2009). DNA extracted at 37°C (day 125) and 15°C (days 128 and 240) was used as 240 

template with each reaction mixture prepared as follows: 2 μl PCR-grade water, 1 μl 241 

probe (final concentration 200 nM), 1 μl of each primer (final concentration 500 nM), 242 

10 μl of 2x reaction solution and 5 μl of template. All DNA samples were analysed in 243 

duplicate, using a two-step thermal cycling protocol consisting of pre-denaturation for 244 

10 min at 94°C, followed by 50 cycles of 10 sec at 94°C and 30 sec at 60°C. 245 

Quantitative standard curves were prepared using standard plasmids containing full-246 
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length 16S rRNA gene sequences from representative strains of the target 247 

methanogenic groups: Methanosaetaceae - Methanosaeta concilli GP6 (DSM 3671); 248 

Methanosarcinaceae - Methanosarcina acetivorans C2A (DSM 2834), 249 

Methanosarcina barkeri MS (DSM 800), and Methanosarcina mazei Go1 (DSM 250 

3647); Methanomicrobiales - Methanospirillum hungatei JF1 (DSM 864) and 251 

Methanomicrobium mobile BP (DSM 1539); Methanobacteriales - 252 

Methanobacterium formicicum  M.o.H. (DSM 863) and Methanobrevibacter 253 

arboriphilicus DH1 (DSM 1536). The volume-based concentrations (gene copies μl-1) 254 

were subsequently converted into the biomass-based concentrations (copies per g 255 

volatile suspended solid [VSS]) using the VSS concentration of each sludge sample, 256 

which was determined gravimetrically. 257 

 258 

Denaturing gradient gel electrophoresis. DGGE analysis of archaeal 16S rRNA 259 

genes was carried out on both DNA and cDNA extracts (37°C [day 125] and 15°C 260 

[days 126, 128, 132 and 240]). Reverse transcription of total RNA was carried out 261 

following a method adapted from Corgié et al. (2006). Briefly, DNase (Promega) 262 

treatment was performed on 5 μl of crude nucleic extracts at 37°C for 30 min. After 263 

ensuring that no DNA was present in the RNA samples, by performing control PCRs 264 

with DNase treated products, reverse transcription (RT) was carried out using 5 μl of 265 

DNase treated templates, 5X first strand buffer, 10 mM of each dNTP, 0.1mM 266 

dithiothreitol, 1 U/μl Recombinant Rnasin Ribonuclease Inhibitor, 25 ng/μl random 267 

primers and 1 U/μl of SuperScript™ III Reverse Transcriptase (Invitrogen). The RT 268 

reaction was performed for 5 min at 25°C, 50 min at 50°C and 15 min at 70°C. PCR 269 

amplification of DNA and cDNA was undertaken using primers 787F and 1059R (Yu 270 

et al., 2005) with a 40-bp GC-clamp attached at the 5’-end of the forward primer to 271 
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maintain PCR product stability (Muyzer et al., 1993). Touchdown PCR was 272 

employed following the protocol described by Janse et al. (2004). The resulting PCR 273 

products were loaded onto a 10% acrylamide gel containing a 40-65% denaturing 274 

gradient (100% denaturant contained 7 M urea and 40% (v/v) formamide) and run at 275 

60°C and 70 V for 16 h in a D-Code system (BioRad, Hercules, CA). Each gel was 276 

stained for 30 min with SYBR Gold (30 μl in 300 ml DEPC-treated H2O) and 277 

destained for 15 min. After imaging (UV trans-illumination camera), bands of interest 278 

were excised from the gel and eluted in 40 μl of DEPC-treated H2O. Thereafter, 2 μl 279 

of the eluted DNA solution was amplified using the aforementioned primers without 280 

the GC clamp. The amplicons were cloned using the TOPO® TA system. After 281 

confirming that the cloned sequences were representative of the original band, 282 

extracted amplicons were sequenced and the resulting partial 16S rRNA gene 283 

sequences were deposited in the GenBank database under the accession numbers: 284 

KC305601- KC305623.  Phylogenetic analysis was performed using BLASTn and 285 

RAxML. Statistical analysis was carried out by creating binary matrices, whereby the 286 

presence or absence of bands at different time-points was scored with the numeric 287 

values “1” or “0”, respectively. The matrix was used to calculate Jaccard’s coefficient 288 

(a dissimilarity measure) using the xlstat statistical package XLSTAT-2011 software 289 

(Addinsoft’s http:// www.xlstat.com). The data were then subjected to clustering 290 

based on the un-weighted pair group method using arithmetic averages (UPGMA). 291 

 292 

Metaproteomics. Proteins were extracted from 50 ml of granular sludge from R1 and 293 

R2 sampled at 37°C (day 125) and 15°C (days 128 and 240) with subsequent 294 

separation by 2-dimensional gel electrophoresis (2-DGE) using a sonication protocol 295 

previously described by Abram et al. (2009). Twenty-four gels (four replicates per 296 
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sampling point per bioreactor) were analyzed using PDQuest-Advanced software, 297 

version 8.0.1 (BioRad), with data normalization applied using the local regression 298 

model. Protein expression ratios were calculated using average spot intensity 299 

(PDQuest) on replicate 2-D gels for each biomass sample taken at 37°C (day 125) and 300 

15°C (days 128 and 240). Expression ratios greater than 2.4-fold that were obtained 301 

for all replicates were considered significant. Proteins were identified using a 302 

combination of tryptic digestion and nanoflow liquid chromatography-electrospray 303 

ionization tandem mass spectrometry (nLC-ESI-MS/MS; Abram et al., 2011). 304 

MS/MS data for +2 to +5 charged precursor ions which exceeded 150 cps were 305 

processed using the Paragon™ and ProGroup™ search algorithms (Shilov et al., 306 

2007; Guo et al., 2007) within ProteinPilot 4.0 software (ABSciex, Foster City, CA) 307 

against NCBInr database with no species restriction. Only proteins with ≥ 2 peptides 308 

identified at > 99% confidence with a competitor error margin (Prot Score) of 2.00 309 

were considered. Pathway repositories such as KEGG (Kanehisa et al., 2002) and 310 

MetaCyc (Caspi et al., 2006) were used to relay functional information on the 311 

identified proteins. The Interactive Pathway Explorer iPath2.0 was employed to draw 312 

metabolic pathways from which proteins were identified (Yamada et al., 2011). 313 

 314 

RESULTS AND DISCUSSION 315 

AD bioreactor performance at low temperature is comparable to mesophilic 316 

operation. The duplicate bioreactors (R1 and R2) exhibited relatively high 317 

performance for the majority of the trial with chemical oxygen demand removal 318 

efficiencies (CODRE) consistently above 83% (Table 1; Fig. S1), expect for R2 319 

displaying CODRE below 60% after the temperature drop to 15°C (phase period PIV; 320 

Table 1). This was most likely due to an observed disruption in the influent 321 

 by guest on N
ovem

ber 5, 2015
http://fem

sec.oxfordjournals.org/
D

ow
nloaded from

 



recirculation line, which briefly affected the structural integrity of the granular sludge 322 

bed in R2. Nevertheless, the percentage methane within the biogas (MB; Table 1) did 323 

not appear to be negatively affected and both bioreactors exhibited relatively stable 324 

treatment efficiencies for the remainder of the trial, with mean CODRE of >80% and 325 

MB of >55% during phase periods PVI and PVII (Table 1; Fig. S1). Immediately 326 

after the temperature drop to 15°C (PIV) a sharp increase in effluent acetate 327 

concentrations was recorded in both R1 and R2 (Fig. S2), correlating with previous 328 

observations (Wu et al., 2006; McKeown et al., 2009). This increased level of acetate 329 

in the bioreactors’ effluent was only temporary however, as pre-perturbation 330 

concentrations were recorded after ~14 days at 15°C (Fig. S2). Similarly, a slight 331 

transient increase in butyric acid effluent concentrations was observed, while the 332 

effluent level of propionic acid did not seem to be influenced by the temperature drop 333 

(Fig. S2). Taken together, these results suggest that AD microbial communities are 334 

resilient to temperature perturbations. Indeed, microbial diversity (Shannon index) 335 

increased significantly for both bacteria (P-value=0.016) and archaea (P-value=0.04) 336 

from 37°C to 15°C. This was also the case for species richness (Chao1) and evenness 337 

(Shannon evenness; Table S1). Overall the performance of AD bioreactors at 15°C 338 

was found to be similar to that at 37°C, highlighting the ability of mesophilic granular 339 

sludge to adapt to low temperature operation. 340 

 341 

Methanomicrobiales abundance increases at low temperature as well as 342 

hydrogenotrophic methanogenesis. ARDRA analysis on 384 archaeal clones from 343 

R1 and R2 biomass samples collected on day 125 (37°C) and 240 (15°C) led to the 344 

identification of 17 unique operational taxonomic units (OTUs; 95.6% recovery rate). 345 

Although some OTUs were closely related to the same methanogenic group (e.g. 346 
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KC145418 & KC145419), they were still considered as distinct OTUs based on their 347 

unique ARDRA profiles. Representative clones from each OTU were sequenced and 348 

subsequently assigned to Euryarchaeota and Crenarchaeota (Fig. 1A). 349 

Methanosarcinales were found to be predominant in both bioreactors at 37°C and 350 

15°C almost exclusively composed of Methanosaetacea-like clones (Fig. 1A; OTUs 351 

KC145413 and KC182524 had 98% sequence similarity [Blastn], with 98% sequence 352 

similarity to the type strain M. concilii GP-6). This was confirmed by qPCR analysis 353 

with the detection of over 1010 16S rRNA gene copies per g[VSS]-1 from this 354 

methanogenic group in all samples analysed (Fig. 2). Methanosarcinacea were found 355 

to be present in the duplicate reactors throughout the trial but below the quantification 356 

limit of the qPCR assay (106 copies g[VSS]-1; Fig 2). Furthermore, 357 

Methanosarcinaceae were also detected through cDNA-based DGGE analysis 358 

immediately after the temperature drop to 15°C, at days 126, 128 and 132 but not at 359 

days 125 (37°C) or 240 (15°C; band 18; Fig. 3A). This suggests that 360 

Methanosarcinaceae were active members of the microbial community particularly 361 

during the period following the temperature drop, which correlated with acetate 362 

accumulation in both bioreactors (Fig. S2). The relative abundances of clones 363 

assigned to Crenarchaeota and Methanobacteriales were found to be constant in both 364 

bioreactors at 37°C and 15°C (Fig. 1A). Methanomicrobiales-like clones were only 365 

detected at 15°C for both bioreactors (Fig. 1A), while qPCR highlighted that 366 

Methanomicrobiales abundance increased at this temperature, particularly towards the 367 

end of the trial on day 240 (Fig. 2). Taken together, these observations suggest a more 368 

important role for methanogenesis from H2/CO2 at low temperature compared to 369 

37°C. This was further supported by SMA and MAR-FISH analyses, which indicated 370 

a higher ability of the biomass to produce methane from H2/CO2 and a higher 371 
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incorporation of 14C-bicarbonate at low temperature (day 240 biomass and 15°C 372 

assays) when compared to 37°C (day 125 biomass and 37°C assays; Fig. 4; Table 2). 373 

Statistical analysis indicated that both substrate (P-value=0.013) and adaptation (P-374 

value<0.005) had a significant effect on SMA measurements, in addition to revealing 375 

an interaction effect between these two factors (P-value<0.005). In other words, 376 

statistical evidence was found to support that population mean SMA differs at the two 377 

levels of substrate and adaptation. Furthermore, pairwise comparisons among the four 378 

levels 15AT37, 15AT15, 37AT37 and 37AT15 of adaptation were carried out and 379 

highlighted that each two of them had sample means that were significantly different 380 

from each other within the GLM model (with all corresponding 6 P-values<0.001; 381 

output not shown). While the biomass after 240 days of operation clearly developed 382 

the ability to produce methane both from acetate and H2/CO2 at 15°C (37AT15 versus 383 

15AT15), it also significantly and strikingly increased its ability to do so at 37°C 384 

(15AT37 versus 37AT37; Fig. 4). These observations were also reflected in MAR-385 

FISH results (Table 2). It is important to note however, that MAR-FISH only reports 386 

on labeled substrates incorporation into biomass, and this does not necessarily involve 387 

a catabolic reaction. Hydrogenotrophic methanogens can assimilate acetate via acetyl 388 

CoA with subsequent reductive carboxylation to pyruvate (Oberlies et al., 1980). The 389 

finding that no MAR-positive cells were recorded for hydrogenotrophic methanogens 390 

when incubated with [14C]-labelled acetate may indicate that acetoclastic 391 

methanogens and homacetogenic bacteria outcompeted this group at both operating 392 

temperatures for this substrate (Table 2). 393 

 394 

DGGE analysis of the archaeal community highlighted that DNA and cDNA patterns 395 

differed with the identification of two corresponding clusters throughout the trial for 396 
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both bioreactors (Fig. 3C). The detection of microorganisms assigned to 397 

Crenarchaeota (band 7 and 13, Fig. 3), Methanobacteriales (band 5 and 15, Fig. 3), 398 

Methanosarcinales (band 6 and 18, Fig. 3) and Methanomicrobiales (band 4, 16, 17 399 

and 22, Fig. 3) in cDNA samples suggests that these represented active members of 400 

the AD microbiome at the time of sampling. Taken together the archaeal community 401 

was found to be very similar in both bioreactors and largely stable throughout the trial 402 

with an increased role for hydrogenotrophic methanogenesis at lower temperature.  403 

 404 

Bacterial clone libraries (comprising of 365 clones) recorded 6 phyla with 30 unique 405 

OTUs (91.8% recovery rate). Proteobacteria-like clones were found to be 406 

predominant in both bioreactors at 37°C and 15°C, with a relative abundance ranging 407 

from 48% (R1 at 37°C) to 62% (R2 at 37 and 15°C; Fig. 1B). This observation was in 408 

agreement with previous findings (Siggins et al., 2011b). For the two bioreactors at 409 

37ºC, Proteobacteria were mainly composed of Desulfuromonas-like clones with 410 

only two OTUs recorded. At the end of the trial, a higher number of OTUs were 411 

assigned to Proteobacteria with Syntrophaceae-like clones accounting for over 10% 412 

of the bacterial clone library on day 240 at 15ºC (Fig. 1B). The relative abundance of 413 

other bacterial groups was also impacted by the operating temperature; for example, a 414 

decrease in clones assigned to Firmicutes was observed at 15°C when compared to 415 

37°C (from 14% to 9% for R1 and 12% to 1% for R2; Fig. 1B). Also, for R2, there 416 

was an increase in Synergistetes-like clones at low temperature, represented by a 417 

single OTU comprising 14% of bacterial clone library in this sample. In addition, 418 

Tenericutes-like clones were identified at 15°C for R2, while this group was not 419 

represented in this bioreactor at 37°C or in R1. Overall, phylogenetic analyses 420 

highlighted similar trends in the duplicate bioreactors throughout the trials with 421 
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relatively stable archaeal and bacterial communities. Methanosarcinales and 422 

Proteobacteria were found to be predominant at 37°C and 15ºC, with an increase of 423 

Methanomicrobiales and a decrease of Firmicutes recorded at low temperature. 424 

 425 

Adaptation to psychrophilic AD encompasses increased protein expression. The 426 

high level of COD removal after the temperature drop suggests that the mesophilic 427 

sludge adapted quickly to 15ºC through discrete changes in microbial community 428 

function (Fig. S1). In order to assess this further, metaproteomics was carried out.  429 

The prevalence of Methanosarcinales and Proteobacteria highlighted by 430 

phylogenetic analysis was supported by metaproteomics. A total of 77 microbial 431 

proteins expressed at 37ºC (day 125) and at 15ºC (day 128 and day 240) were 432 

identified, amongst which, 39 (51%) were assigned to Methanosaetaceae and 21 433 

(27%) to Proteobacteria (Table 3; Table S2; Fig. S3). For protein identification and 434 

assignment, four situations arose: i) one 2D-gel spot led to the identification of one 435 

protein assigned to a specific microbial group via the identification of one set of 436 

peptides (e.g. spot C1 - phosphate binding protein from Methanosaeta concilii; Table 437 

S2); ii) one protein assigned to a specific microbial group migrated to different spots 438 

on the gels (e.g. acetyl-CoA synthetase from Methanosaeta concilii; Table S2); iii) 439 

one gel spot led to the identification of different peptide sets from several proteins 440 

assigned to different microbial groups with a common or different function (e.g. spot 441 

B1 or spot B11; Table S2); and iv) one gel spot led to the identification of one peptide 442 

set from one protein assigned to different microbial groups, in this case the lowest 443 

common ancestor was selected for microbial assignment (e.g. spot B28 - iron-444 

containing alcohol dehydrogenase from Pseudomonaceae; Table S2). Amongst the 62 445 

gel spots that returned positive hits for protein identification, only 10 (~16%) were 446 
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associated with a single protein, making the interpretation of differential expression 447 

somewhat difficult (Table S2). Indeed, for example, in the case of spot B1, from 448 

which 2 different sets of peptides were identified, each assigned to acetyl-CoA 449 

synthetases from M. concilii and Syntrophus aciditrophicus, it is not possible to 450 

distinguish which protein (or both) is responsible for the increased spot intensity at 451 

day 240 (15ºC) compared to day 128 (15ºC, straight after the temperature drop; Table 452 

S2). Some trends, however, could be observed regarding differential protein 453 

expression under the diverse operating conditions. Overall, amongst the spots for 454 

which clear protein ratio trends could be reported, 16 were found to correspond to 455 

proteins with increased expression at 15°C (day 240), against only 5 showing higher 456 

signal intensity at 37°C and 12 with no apparent differential expression between the 2 457 

temperatures (Table S2). This could possibly be indicative of increased microbial 458 

activity at 15°C when compared to 37°C, which is also supported by SMA and MAR-459 

FISH analyses (Fig. 4; Table 2).  460 

 461 

An overview of the metabolic pathways in which proteins were detected is shown in 462 

Figure S4. Evidence of acetate, ethanol, propionate and butyrate degradation could be 463 

obtained, as well as methanogenesis from acetate and from CO2 under all the 464 

operating conditions investigated (day 125, 128 and 240; Table 3). Specifically, 465 

proteobacterial groups were responsible for ethanol degradation through the 466 

expression of iron containing alcohol dehydrogenase (Fe-ADH). These included 467 

Geobacteraceae (δ-Proteobacteria), who have been previously shown to engage in 468 

syntrophic relationships with acetoclastic methanogens through direct interspecies 469 

electron transfer (DIET) (Morita et al., 2011; Rotaru et al., 2014). The bioconversion 470 

of propionate and butyrate was also evident with metabolic proteins associated with 471 
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the degradation of these VFAs positively identified for bacterial groups (e.g. Butyryl-472 

CoA dehydrogenase, Thermodesulfobacterium sp.; Table 3). Enzymes from 473 

glycolysis/gluconeogenesis, pentose phosphate pathway, TCA cycle and amino acid 474 

biosynthesis were also detected. The identification of acetyl-CoA synthase assigned to 475 

Methanosaetaceae (Table 3) together with the relatively low acetate concentrations 476 

recorded throughout the majority of the trial (Fig. S2) suggests that this group was 477 

responsible for driving acetate oxidation in both bioreactors. The efficiency of 478 

acetoclastic methanogenesis at 15ºC was also confirmed by SMA and MAR-FISH 479 

(Fig. 4; Table 2), with both methods showing that biomass from day 240 had a higher 480 

level of substrate uptake (for acetate and H2/CO2) when compared to biomass 481 

sampled on day 125. It is important to note that although H2CO2 was not added to 482 

SMA vials testing for acetoclastic methanogenesis, acetate could also have been 483 

converted to H2CO2 by homoacetogenic bacteria (such as Dethiobacter sp. identified 484 

in proteomic data) with subsequent utilization by hydrogenotrophic methanogens. 485 

This may have been especially important during low temperature incubations. A 486 

coenzyme F420 hydrogenase assigned to M. concilii was detected throughout the trial 487 

and was found to be expressed at higher level on day 240 (15ºC) compared to day 125 488 

(37ºC) and day 128 (15ºC; Table S2). This enzyme is usually associated with 489 

methylotrophic methanogenesis, which requires a reduced coenzyme F420 (F420, H2; 490 

Hendrickson & Leigh, 2008). 14C-bicarbonate uptake from acetoclastic methanogens 491 

was also reported from biomass sampled at both 37ºC (day 125) and 15ºC (day 240) 492 

possibly indicating the ability of these archaeal populations to produce methane from 493 

CO2 (Rotaru et al., 2014; Gunnigle et al., 2015). Zhu and colleagues (2012) proposed 494 

that Methanosaeta spp. can use the methyl group oxidation pathway as a shunt during 495 

acetoclastic metabolism, which could generate reducing equivalents for biomass 496 
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synthesis. It is also worth noting that the genus status of Methanosaeta is currently 497 

under discussion (Tindall, 2014). Coenzyme F420 hydrogenase can also function in a 498 

membrane-bound ferredoxin:heterodisulfide oxidoreductase system, generating an 499 

electrochemical gradient driving ATP synthesis (Welte and Deppenmeier, 2011), 500 

which might be relevant for Methanosaeta since they lack genes encoding for energy 501 

conserving hydrogenase (Ech; Zhu et al., 2012). As Methanosaetaceae rely on an 502 

energy costly system for the activation of acetate requiring the hydrolysis of two ATP 503 

molecules (Smith and Ingrim-Smith, 2007), the increased expression of this enzyme 504 

at low temperature could possibly be an energy conservation strategy. Of particular 505 

note was the increased expression of a bifunctional formaldehyde activating 506 

enzyme/3-hexulose-6-phosphate synthase protein (Fae/HPS) assigned to M. concilii at 507 

the end of the trial (Table S2). This enzyme, which contains 2 active domains, has the 508 

ability to catalyze two reactions involving formaldehyde as a substrate (Grochowski 509 

et al., 2005).  While Fae can combine formaldehyde and tetrahydromethanopterin to 510 

produce 5,10-methylene-tetrahydromethanopterin (an intermediate of methanogenesis 511 

from CO2), HPS can drive the conversion of formaldehyde and D-ribulose-5-512 

phosphate (an intermediate of the pentose phosphate pathway) to hexulose-6-513 

phosphate, which can be further converted to D-fructose-6-phosphate (a glycolytic 514 

intermediate). The same observation was reported in different sets of reactors with an 515 

increased expression of Fae/HPS as the operating temperature decreased (from 37ºC 516 

to 15ºC and then to 7ºC; Gunnigle et al., 2015). Finally, proteins from major 517 

chaperone families including DnaK and GroEL were expressed at higher levels at 518 

lower temperatures (Table S2), indicating that even after a prolonged period of 519 

operation at 15ºC mesophilic microbial communities were still experiencing some 520 
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level of stress (Rince et al., 2000; Muga and Moro, 2008; Sala et al., 2014; Singh and 521 

Jiang, 2015). 522 

 523 

Many other methanogenic groups displayed functional dynamics during this 524 

bioreactor trial as indicated by both cDNA-based DGGE and metaproteomics (Fig. 3; 525 

Table S2). Interestingly, archaeal diversity was recorded at a much higher level in 526 

cDNA-based DGGE profiles compared to DNA-based profiles, with cluster analysis 527 

highlighting this divergence (Fig. 3C). Specific methanogenic groups detected in 528 

cDNA bands included the hydrogen-utilizing Methanolinea and Methanospirillaceae, 529 

in the order Methanomicrobiales (Fig. 3A). The metabolic significance of 530 

Methanomicrobiales during the trial was confirmed through the identification of eight 531 

(15% of archaeal) proteins assigned to this group that were expressed at higher level 532 

at 15ºC (Table S2). The majority of these proteins were assigned to 533 

Methanospirillaceae, known to scavenge hydrogen during low temperature AD 534 

operation (Tsushima et al., 2010). Methanospirillaceae can form syntrophic 535 

relationships with fermenting bacteria such as Syntrophus sp. (de Bok et al., 2005; 536 

Schmidt et al., 2013) and multiple proteins assigned to syntrophic bacteria were 537 

somewhat expressed at a higher level in low temperature biomass (Table S2). Overall, 538 

metaproteomics together with SMA and MAR-FISH analyses indicated an increased 539 

microbial activity from AD bioreactor biomass adapted to 15ºC compared to the 540 

initial mesophilic biomass from the same bioreactors operated at 37ºC. Interestingly, 541 

however, AD bioreactor performance at 15ºC was reported to match and not to 542 

outperform that of mesophilic operation. This could be possibly attributed to the 543 

lower mass transfer occurring at lower temperature when compared to 37ºC, which 544 

could lead to the necessity of producing more proteins to convert the same amount of 545 
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substrate per unit of time. The increased methanogenic activity reported at 37ºC from 546 

the 15ºC biomass (day 240) compared to the 37ºC biomass (day 125; 15AT37 versus 547 

37AT37; Fig. 4) could potentially be a transient result from the increased in situ 548 

protein expression at the time of sampling. The change in SMA assay temperature 549 

from 15ºC to 37ºC for the biomass sampled on day 240 (15AT15 versus 15AT37; Fig. 550 

4) resulted in elevated CH4 production from acetate but not from H2/CO2. This could 551 

be partly due to a lower level of substrate availability at 37ºC compared to 15ºC as 552 

CO2 solubility decreases with increasing temperature. This, in turn could have an 553 

effect on acetoclastic methanogens by reducing substrate competition at 37ºC. Indeed, 554 

MAR-FISH indicated that these methanogenic populations had the ability to take up 555 

14C bicarbonate at the two temperatures investigated. However, this uptake was 556 

observed to occur after 5 minutes of incubation at 15ºC, against 10 minutes at 37ºC 557 

for biomass sampled at day 240 (15ºC), while the reverse trend was observed for 558 

acetate (Table 2). Finally the ability to take up 14C bicarbonate from hydrogenotrophic 559 

populations was not impacted by the change in SMA assay temperature for the same 560 

biomass (day 240 at 15ºC; Fig. 4). Taken together, these results suggest a higher 561 

contribution of hydrogenotrophic methanogenesis during bioreactor operation at 15ºC 562 

than at 37ºC, which could be partly attributed to an increase in abundance of 563 

hydrogenotrophic methanogens but could also involve substrate competition for 564 

acetoclastic populations. 565 

 566 

Conclusions 567 

This study integrated metaproteomics with genomic (DNA and RNA) and 568 

physiological data recovered from samples taken over the course of a psychrophilic 569 

AD bioreactor trial, from which the following conclusions could be inferred: 570 
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 571 

(1) DNA-based phylogenetic data were consistent with metaproteomic profiles for 572 

characterising the most predominant microbial groups throughout the bioreactor trial. 573 

(Methanosaetaceae and Proteobacteria).  574 

 575 

(2) RNA-derived DGGE analysis uncovered metabolically active groups that the 576 

DNA-based comparative approach missed e.g. transient occurrence of 577 

Methanosarcinaceae directly after the temperature drop event where acetate 578 

accumulation was recorded. 579 

  580 

(3) Methanosaetaceae were found to drive acetoclastic methanogenesis at both 581 

operation temperatures, with possible energy conservation through a coenzyme F420 582 

hydrogenase driven system. In addition, acetoclastic methanogens were also reported 583 

to take up 14C-bicarbonate.  584 

 585 

(4) SMA and MAR-FISH were consistent in highlighting the increase of 586 

hydrogenotrophic methanogens in 15°C biomass, as characterised by genomic and 587 

metaproteomic results. 588 

 589 

(5) Changes in microbial community structure (phylogenetic diversity) and function 590 

(protein expression) were found to underpin the adaptation of mesophilic sludge to 591 

LtAD. 592 

 593 

Finally, future molecular experiments applied to psychrophilic AD would benefit 594 

greatly from integrating metagenomes derived from the AD environment. This would 595 
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facilitate high-impact proteomic resolution, which could in turn support the discovery 596 

of novel genes and proteins for bio-industrial applications. 597 
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Table 1 Summary of R1 and R2 operational performance during trial 779 

aChemical oxygen demand removal efficiency (%), where values are the period mean (standard deviation in parentheses) 780 
bMethane (CH4) in biogas (%), where values are the period mean (standard deviation in parentheses) 781 
cMethane (CH4) yield (L), where values are the period mean with measurements taken on a weekly basis (standard deviation in 782 
parentheses) 783 
 784 
 785 
 786 
 787 

 788 
  789 

  37°C  15°C 
Phase period PI PII PIII  PIV PV PVI PVII 
Days 0-40 41-80 81-125  126-132 133-160 161-200 200-240 
CODREa         

R1 91(3) 90(5) 96(2)  86(5) 88(6) 88(4) 92(2) 
R2 90(7) 88(6) 91(4)  54(22) 68(8) 83(6) 88(7) 

MBb         
R1 66(9) 60(7) 58(9)  62(12) 64(8) 61(4) 56(9) 
R2  63(6) 51(11) 57(7)  61(16) 63(6) 58(11) 57(9) 

MYc         

R1 5.67(0.56) 6.74(0.56) 8.23(1.02)  5.24(0.69) 6.39(0.87) 7.56(1.01) 8.03(0.78) 

R2 5.72(0.61) 6.22(0.74) 7.56(0.72)  4.23(1.42) 6.42(0.78) 7.23(0.73) 7.61(0.92) 
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Table 3 Identification and putative function of proteins excised from 2-D gels from 790 
anaerobic granular biomass of reactors R1 and R2 at 37°C (day 125) and at 15°C (day 791 
128 and day 240).  792 
Protein name Accession 

number(s) 
Microbial 
assignment 

Suggested Function 

General metabolism & biosynthesis 
Acetyl-coA synthetase  gi|330506786 Methanosaeta concilii  Acetate utilisation 
Acetyl-coA synthetase  gi|499737809 Syntrophus 

aciditrophicus  
Acetate utilisation 

Glutaconate-CoA transferase gi|495794133 Dethiobacter 
alkaliphilus  

Acetate formation 

Butyryl-CoA dehydrogenase gi|334902573 Thermodesulfobacterium 
sp.  

Butyrate degradation 

Iron-containing alcohol dehydrogenase gi|500472455 
gi|500471288 
gi|501811427 

Geobacter sp. Ethanol degradation 

Iron-containing alcohol dehydrogenase gi|505938069 Desulfobulbus 
propionicus  

Ethanol degradation 

Iron-containing alcohol dehydrogenase gi|499652122 
gi|330981490 
gi|330957848 

Pseudomonaceae Ethanol degradation 

Enolase gi|330506450 M. concilii  Glycolysis/ Gluconeogenesis 
Triose-P isomerase gi|330508946 M. concilii  Glycolysis/ Gluconeogenesis 
Fructose-biP aldolase gi|88602327 Methanospirillium 

hungatei  
Glycolysis/ Gluconeogenesis 

PfkB domain  protein gi|330507700 M. concilii  Pentose phosphate pathway 
3-hexulose-6-P synthase  gi|330506676 M. concilii  Formaldehyde assimilation 
Bifunctional formaldehyde activating 
enzyme/3-hexulose-6-P synthase 

gi|330507450 M. concilii  Formaldehyde assimilation 

Succinyl-CoA synthetase β-subunit gi|500017842 S. fumaroxidans TCA cycle 
Bifunctional short chain isoprenyl diP 
synthase 

gi|330508369 M. concilii  Biosynthesis of secondary 
metabolites 

Aminotransferase  gi|330508265 M. concilii  Lysine biosynthesis 
Dihydrodipicolinate synthase  gi|330506987 M. concilii  Lysine biosynthesis 
Dihydroxy-acid dehydratase  gi|330507263 M. concilii  Amino acid biosynthesis 
Ketol-acid reductoisomerase gi|330506661 M. concilii  Amino acid biosynthesis 
Ketol-acid reductoisomerase gi|88602531 M. hungatei  Amino acid biosynthesis 
Phosphoribosylformyl-glycinamidine 
synthase II  

gi|330506496 M. concilii  Purine metabolism 

Adenylylsulfate reductase  
α-subunit 

gi|151302335 
gi|151302332 
gi|18034269 

Syntrophobacteraceae Sulfur metabolism 

Adenylylsulfate reductase α-subunit gi|500017195 S. fumaroxidans Sulfur metabolism 
Dissimilatory sulphite reductase α-
subunit 

gi|505941299 D.  propionicus Sulfur metabolism 

Hydroxylamine reductase  gi|330507988 M. concilii  Nitrogen metabolism 
Aldehyde oxidoreductase gi|505938067 D. propionicus  Oxidation reduction 
Sulfate adenylyltransferase  gi|505937406 D. propionicus  Sulfur metabolism 
SufBD domain protein gi|330507765 M. concilii  Iron-sulfur cluster assembly 
Methanogenesis    
5,10-methylene-H4MPT reductase gi|304314099 

gi|1002717 
gi|333988092 

Methanobacteriaceae  Methanogenesis from CO2 

H4MPT S-methyltransferase subunit H  gi|88603421 M. hungatei  Methanogenesis from CO2 
Acetyl-CoA decarbonylase/synthase β-
subunit 

gi|330507407 M. concilii  Methanogenesis from acetate 

Acetyl-CoA decarbonylase/synthase δ-
subunit 

gi|330507405 M. concilii  Methanogenesis from acetate 

Acetyl-CoA decarbonylase/synthase γ-
subunit 

gi|330507404 M. concilii  Methanogenesis from acetate 

Methyl-coenzyme M reductase α- gi|330506955 M. concilii  Methanogenesis 
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subunit 
Methyl-coenzyme M reductase α-
subunit 

gi|284413655 
gi|333988259 
gi|284413647 
gi|284413653 

Methanobacteriaceae Methanogenesis 

Methyl-coenzyme M reductase α-
subunit 

gi|88603395 M. hungatei  Methanogenesis 

Methyl-coenzyme M reductase β -
subunit 

gi|330506958 M. concilii  Methanogenesis 

Methyl-coenzyme M reductase β -
subunit 

gi|304315297 
gi|517427 

Methanothermobacter 
sp.  

Methanogenesis 

Methyl-coenzyme M reductase β -
subunit 

gi|88603391 M. hungatei  Methanogenesis 

Methyl-coenzyme M reductase γ -
subunit 

gi|330506956 M. concilii  Methanogenesis 

Methyl-coenzyme M reductase γ -
subunit 

gi|3334251 
gi|304315294 
gi|209972166 

Methanothermobacter 
sp. 

Methanogenesis 

Coenzyme F420 hydrogenase α-subunit gi|120503 
gi|325957976 

Methanobacterium sp.  Methanogenesis 

Coenzyme F420 hydrogenase β-subunit gi|330508186 M. concilii Methanogenesis 
Energy generation and conservation   
Electron transfer flavoprotein α-subunit gi|499737807 S. aciditrophicus  Electron carrier 
Manganese-dependent inorganic 
pyrophosphatase 

gi|330507876 M. concilii  Oxidative phosphorylation 

V-type ATP synthase α -subunit gi|330508339 M. concilii  Oxidative phopshorylation 
V-type ATP synthase β-subunit gi|330508338 M. concilii  Oxidative phopshorylation 
Transport & membrane proteins   
ABC transporter substrate-binding 
protein 

gi|330506721 M. concilii  Peptides/nickel transport 

Extracellular ligand-binding receptor gi|500019185 S. fumaroxidans  Amino acid transport 
Extracellular ligand-binding receptor gi|116696827 S. fumaroxidans Amino acid transport 
Extracellular ligand-binding receptor gi|503306591 

gi|502270723 
Variovorax sp. Amino acid transport 

Periplasmic binding protein gi|330506714 M. concilii  Iron transport system 
Periplasmic phosphate-binding protein gi|503306262 

gi|502269613 
Variovorax sp. Phosphate transport system 

Phosphate binding protein gi|330508190 M. concilii Phosphate transport system 
DNA repair & chaperones   
ATP-dependent DNA helicase  gi|70606034 Sulfolobus 

acidocaldarius  
DNA repair 

Thermosome gi|330507490 M. concilii  Chaperone 
DnaK gi|499737026 S. aciditrophicus  Protein folding 
Chaperonin GroEL gi|501046744 

gi|499741908 
gi|506415105 
gi|501519703 

Anaeromyxobacter sp. Protein refolding 

Chaperonin GroEL gi|2493643 Stenotrophomonas 
maltophilia 

Protein refolding 

Other    
Beta-lactamase domain-containing 
protein 

gi|330506350 M. concilii  Xenobiotic degradation 

S-layer-related duplication domain-
containing protein 

gi|330507267 M. concilii  Cell envelope 

TPR repeat-containing protein gi|330506457 M. concilii  Intracellular traficking and 
secretion 

Hypothetical function    
Hypothetical protein gi|752801495 S. fumaroxidans  Periplasmic transporter protein 
Hypothetical protein gi|330508331 M. concilii  Inorganic ion transport and 

metabolism 
Hypothetical protein gi|330508095 M. concilii Inorganic ion transport and 

metabolism 
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Hypothetical protein gi|330509085 M. concilii  Posttranslational modification, 
chaperones 

Phasin family protein gi|503305728 
gi|502268423 

Variovorax sp. Unknown function 

Pentapeptide repeat-containing protein gi|330509040 M. concilii  Unknown function 
Hypothetical protein gi|330507834 M. concilii  Unknown function 
Hypothetical protein gi|330508083 M. concilii  Unknown function 
Hypothetical protein gi|330508090 M. concilii  Unknown function 
Hypothetical protein gi|88603754 M. hungatei  Unknown function 
Hypothetical protein gi|88603509 M. hungatei  Unknown function 
Hypothetical protein gi|330508124 M. concilii  Unknown function 
Hypothetical protein gi|88602287 M. hungatei  Unknown function 
Hypothetical protein gi|494524963 Methanolinea tarda  Unknown function 
Hypothetical protein gi|506347166 V. paradoxus  Unknown function 

 793 
 794 
  795 
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FIGURE AND TABLE LEGENDS 796 

797 
  C       D 798 

 799 
 800 
Figure 1. Phylogenetic affiliation of (A) archaeal and (B) bacterial 16S rRNA gene 801 

sequences identified from day 125 (37°C) and day 240 (15°C) bioreactor biomass, 802 

calculated using the GTR + gamma model of DNA substitution implemented by 803 

RAxML 7.0.3 (Stamatakis, 2006). Bootstrap replicates (total 1000 replicate samples) 804 

supporting the branching orders are shown at relevant nodes. 805 

  806 
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 807 

Figure 2. Absolute quantification of the 16S rRNA gene abundance of methanogens 808 

from biomass sampled on day 125 (37°C), 128 and 240 (15°C) for R1 and R2 809 

bioreactors. Error bars indicate the standard deviation and are the result of two 810 

replicates. Dashed line relates to detection limit of assay (106 copies gVSS-l). 811 
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813 

 814 

Figure 3. (A) 16S rRNA based DGGE analysis of archaea present in R1 and R2 at 815 

37°C (Day 125), initial days after a temperature drop to 15°C (Days 126, 128 and 816 
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132) and also at the end of trial (Day 240; 15°C). Arrows indicate excised DGGE 817 

bands that were sequenced for both R1 and R2. Numbers in blue indicate bands that 818 

were more prominent in cDNA than in DNA profiles (B) Phylogenetic affiliation of 819 

the archaeal 16S rRNA gene sequences obtained from the selected DNA and cDNA 820 

DGGE bands, calculated by using a GTR + gamma model of DNA substitution 821 

implemented by RAxML 7.0.3 (Stamatakis, 2006). Bootstrap replicates (total 1000 822 

replicate samples) supporting the branching order are shown at relevant nodes. DGGE 823 

band relating to sequence is in parentheses. (C) UPGMA cluster analysis of archaeal 824 

16S rRNA gene fragments generated from DGGE profiles. Similarity calculated by 825 

Sørensen’s (Bray-Curtis) distance measurement. 826 

  827 

 by guest on N
ovem

ber 5, 2015
http://fem

sec.oxfordjournals.org/
D

ow
nloaded from

 



 828 

Figure 4. Specific methanogenic activities from biomass sampled on day 125 (37°C) 829 

and day 240 (15°C) for direct methanogenic substrates, namely acetate and H2/CO2. 830 

Results are expressed as ml CH4 gVSS-1d-1. All values are means of triplicate 831 

measurements and error bars indicate the standard deviation. 832 
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