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Abstract 1 

There is still a lack of information about microbial interactions of anaerobic digestion 2 

microbiome during process disturbance what impedes to predict the mechanisms that 3 

drive community dynamics on these events.  This paper aims to determine how an 4 

organic overloading affects these interactions and to characterize in detail the 5 

microbiome structure and diversity in sewage sludge anaerobic reactors during an 6 

acidosis event.  Two identical sewage sludge anaerobic reactors were subjected to an 7 

organic loading shock by adding glycerol waste. As consequence, volatile fatty acids 8 

accumulated after only 24 hours (up to 2.5 g/L) while Bacteroidales and 9 

Methanomicrobiales became displaced by Firmicutes and Methanosaeta sp, showing 10 

that reactor acidosis can occur without an immediate decline of this methanogen. 11 

Network analysis revealed 9 clusters of co-occurring microorganisms with different 12 

behaviors during overloading. At first, Veillonellaceae family, the main glycerol 13 

degrading, associated with Candidatus Cloacimonetes, volatile fatty acids fermenters, 14 

increased their relative abundance in detriment of the syntrophic bacteria; although as 15 

conditions become more acidic, these groups were displaced by other fermenters like 16 

Porphyromonadaceae and Chitinophagaceae. Eventually, the methanogenesis failed 72 17 

h after organic overloading, when pH reached values lower than 6. Overall, our results 18 

showed a succession of functionally redundant microorganisms, most likely because of 19 

niche specialization during organic overloading. The detailed temporal analysis 20 

elucidated the processes governing the dynamics anaerobic digestion microbiome, a 21 

knowledge required to develop anaerobic digestion management strategies based on its 22 

microbiome during process disturbances. 23 

Keywords 24 

Anaerobic microbiome; glycerol; Methanosaeta; sludge digestion; Veillonellaceae. 25 
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1. Introduction 26 

Anaerobic digestion (AD) is a biological process governed by a complex 27 

consortium of microorganisms that works symbiotically to degrade organic matter into 28 

methane, water and carbon dioxide. The variability of AD microbial community is often 29 

related with AD performance (De Vrieze et al., 2013). Hence, knowledge about the 30 

structural organization and functioning of these communities, especially during AD 31 

imbalance events, is essential to improve the AD efficiency and allows an appropriate 32 

process management (Carballa et al., 2015).  33 

In recent years, an increasing body of literature has assessed the influence of 34 

environmental selectors, like substrate type, ammonia concentration or temperature, in 35 

the composition of AD microbiome (Regueiro et al., 2016; Vanwonterghem et al., 2015; 36 

Zhang et al., 2014). Organic loading rate (OLR) is a critical AD operational parameter 37 

that must be controlled to avoid disturbances in the process (Abendroth et al., 2015; 38 

Rétfalvi et al., 2011). An OLR shock usually causes an imbalance between 39 

hydrolysis/acidogenesis and methanogenesis steps. Consequently, volatile fatty acids 40 

(VFA) accumulate, causing a pH drop and leading to methanogenesis failure (He et al., 41 

2017).  42 

Under high VFA concentrations and low pH values, hydrogenotrophic methanogens, 43 

that are more tolerant to stresses, dominate the metabolic pathways (Fotidis et al., 2014; 44 

Goux et al., 2015). However, the behavior of bacterial communities during organic 45 

overloading disturbances is more complex due to the high number of species and their 46 

functional redundancy (Carballa et al., 2015; De Vrieze et al., 2013). Even when the 47 

overloading is caused by the same co-substrate results of different studies are 48 

contradictory. For example, Regueiro et al. (2015) used glycerol to induce OLR shocks 49 

in pig-manure reactors observing the rise-up of Bacteroidetes and Actinobacteria phyla 50 
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and the overall decrease of Firmicutes despite the growth of Tissierallaceae family. In 51 

contrast, in sewage sludge digesters under glycerol-induced OLR shocks, Bacteroidetes 52 

decreased while Firmicutes increased due to the rise of Veillonellaceae; 53 

Ruminococcaceae and Clostridiales Family X taxa (Ferguson et al. 2018; Braz et al. 54 

2018; Ferguson et al. 2016). Similarly, the community response is not predictable by the 55 

feedstock or the inoculum used in the reactors. For instance, in sewage sludge digesters 56 

under overloadings induced with sugar beet pulp, Bacteroidetes phylum did not changed 57 

in contrast with previous studies (Goux et al. 2015). 58 

These conflicting results indicate that the knowledge about mechanisms controlling 59 

changes in AD microbiome composition is still insufficient to predict the dynamics of 60 

microbial community in AD process. Microbial community assembly processes might 61 

include stochastic and deterministic mechanisms (Zhou et al., 2013, Ofiteru et al., 62 

2010). However, a growing body of literature indicates that deterministic processes, 63 

particularly environmental selectors and species interactions, guide long-term 64 

population changes in AD steady-state reactors (Peces et al. 2018; Ju et al. 2017; Lucas 65 

et al. 2015; Vanwonterghem et al 2014; Fernández et al. 1999). During OLR shocks, 66 

AD microbial community is affected by the external stressors (Ferguson et al. 2018; Xu 67 

et al. 2018; Goux et al. 2015). Nevertheless, the importance of biotic interactions during 68 

overloadings remains obscured as both synchronised and divergent changes in 69 

composition has been observed (Ferguson et al. 2018; Braz. et al., 2018; Goux et al. 70 

2015). 71 

Co-occurrence networks can reveal the relationships between different microbial groups 72 

in complex systems (Deng et al., 2012; Faust et al., 2012), but only few studies have 73 

applied them to disentangle microbial interactions in AD. Xu et al. 2018, used this 74 

analysis to find the connections between microorganisms and operational parameters 75 
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during and organic overloading event in anaerobic digesters, observing that the 76 

Firmicutes phyla was the group most connected with biogas production. Rui et al. 77 

(2015) investigated the microbiome of 43 anaerobic reactors using co-occurrence 78 

networks finding that, despite high variations among microbial communities, the AD 79 

core-community is organized into functional groups of microorganisms.    80 

Understanding the mechanisms that govern the microbial species interactions during 81 

AD imbalance events is needed to develop adequate process management strategies and 82 

to avoid process failure (Widder et al., 2016). The importance of microbial interactions 83 

in AD and other microbial systems during perturbations, has long being acknowledged 84 

(Koch et al. 2013; Fernández et al. 1999) but remains scarcely explored. Therefore, this 85 

study aimed to investigate the biotic interactions and dynamics that are stablished 86 

during an OLR shock in sewage sludge digesters microbiomes in a thorough temporal 87 

scale. To achieve this goal, the microbial communities of two parallel anaerobic 88 

digesters feed on sewage sludge and operated identically, were exhaustively studied 89 

with high-throughput amplicon sequencing during steady-state and acidosis induced 90 

with glycerol as co-substrate.  91 

 92 

2. Materials and methods 93 

2.1. Anaerobic reactors and experimental periods  94 

Two identical (R1 and R2) anaerobic continuous stirred (160 rpm, Heidolph 95 

RZR 2041) tank reactors with a working volume of 14 L were operated in mesophilic 96 

range (37°C) at a hydraulic retention time (HRT) of 20 days.  They were inoculated 97 

with approximately 14.0 g VSS/L (14.5 g VS/L) of anaerobic sludge from a full-scale 98 

sewage sludge mesophilic anaerobic digester. The reactor feeding was prepared every 99 

other week mixing primary and secondary sludge (70:30, v/v) and kept at 4 °C until 100 
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needed. During stabilization period (day 0 to 94), both reactors were operated at an 101 

OLR of 1.8 g COD/ L d. Then, two periods were defined to evaluate the effect of 102 

organic overloading on the AD microbiome: pre-shock (period 1) and shock (period 2). 103 

During period 1 (day 95 to 102), the reactor biomass was sampled twice a day (at 10 104 

and 16 h) to determine the microbiome fluctuation inherent to steady-state operation. 105 

On day 102, the OLR was increased to 5 g COD/L d by adding glycerol waste, a residue 106 

from a biodiesel production plant, and it was maintained until the end of the experiment 107 

(day 105). The glycerol waste was selected based in its substantial worldwide 108 

production (more than two million tons per year) and because it improves the 109 

methanization efficiency, making it a great co-substrate for AD process (Ciriminna et al. 110 

2014; Regueiro et al. 2012). The characterization of feedstock used during stabilization, 111 

period 1 and 2 are shown in table 1. During this period (day 102 to 105), the AD 112 

microbiome was examined by an intensive sampling scheme, namely biomass was 113 

sampled 2-4 times per day (at 10, 13, 16 and 19 h). The detailed sampling scheme is 114 

presented in Table A1 (supplementary information). Biomass samples consisted of well-115 

homogenized 2 mL triplicate aliquots that were stored at -80°C until the DNA 116 

extraction. Additionally, biogas production was measured online; pH, VFAs, total (TA) 117 

and partial (PA) alkalinity and total chemical oxygen demand (CODt) were measured 118 

each time that biomass samples were collected; and biogas composition was measured 119 

once a day.  120 

 121 

2.2. Analytical methods  122 

Biogas production was measured with gas flow meter (µ flow - Bioprocess 123 

control) and its composition was analyzed by gas chromatography (HP5890 Series II, 124 

thermal conductivity detector, stainless steel column and helium as carrier gas) (García-125 
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Gen et al., 2015). Physico-chemical parameters, such as pH, CODt, total solids (TS), 126 

volatile solids (VS), TA and PA were measured according to standard methods (APHA, 127 

2012). VFA concentrations were determined by gas chromatography using a Hewlett 128 

Packard 5890A device equipped with a flame ionization detector (García-Gen et al., 129 

2015). Reactor performance was compared between duplicates using a T-test, 130 

considering p-value ≤ 0.01, in IMB® SPSS® Statistics Version 22. 131 

 132 

2.3. DNA extraction and sequence processing 133 

Biomass samples were thawed and homogenized thoroughly in a vortex. For 134 

each sample, DNA was extracted from 1 mL biomass for which the supernatant was 135 

removed after 3 min of centrifugation at 20 000 g using the Stool DNA Isolation Kit 136 

(Norgen, Thorold, Canada) according to manufacturer instructions. Total DNA 137 

concentrations were quantified in a Qubit fluorometer (Thermo Fisher Scientific, 138 

Waltham, MA, USA) and checked for size integrity by standard electrophoresis. 139 

Fragments of the 16S rRNA gene were amplified for both Bacteria and Archaea 140 

domains with primers including Illumina adaptors and barcodes. The V3V4 region of 141 

the bacterial 16S rRNA gene was amplified with the primer pair S-D-Bact-0341-b-S-17 142 

and S-D-Bact-0785-a-A (Klindworth et al. 2013). For Archaea, the V2V3 region was 143 

amplified with the primer set Arch1F and Arch1R (Cruaud et al., 2014). An initial 144 

polymerase chain reaction (PCR) was carried out with 3 ng of extracted DNA, 100 nM 145 

for bacterial primers or 200 nM for archaeal primers and 1X Q5® High Fidelity Master 146 

Mix (New England BioLabs) which contains the Q5® High Fidelity DNA polymerase, 147 

2mM MgCl2 and 200 µM dNTPs. The PCR was performed as follows: an initial 148 

denaturation at 98 ºC for 30 s, followed by 20 or 22 cycles for Bacteria and Archaea 149 

primers respectively that consisted on denaturation (98 ºC) for 10 s, annealing for 20 s 150 
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and extension (72 ºC) for 20 s; finishing with a final extension step at 72 ºC during 2 151 

min. The annealing temperature was 50 and 48 ºC for bacterial and archaeal primers 152 

respectively. These PCRs were followed by a second PCR to add the Illumina adapters 153 

and barcodes to the amplicons that was run under similar conditions but only for 15 154 

cycles and with an annealing temperature of 60 ºC. Once constructed, DNA libraries 155 

were checked for size and concentration using a Bioanalyzer (Bioanalyzer, Agilent 156 

Technologies, Santa Clara, CA, USA). After library preparation, samples were 157 

quantified by qPCR, pooled and sequenced in a MiSeq (Unidad de Genómica, Parque 158 

Científico de Madrid). Paired-end reads (2 × 300) were generated according to the 159 

manufacturer instructions (Illumina, Inc.).  160 

The obtained reads were de-multiplexed and trimmed to remove Illumina 161 

adapters, barcodes and sequencing primers. Then, paired reads were merged as 162 

previously described (Eren et al., 2013) removing any read containing bases with a 163 

quality score under 30, and using a minimum overlapping length 50 basepairs. Any 164 

sequence with indeterminations was also removed from the analysis. Quality-filtered 165 

sequences were analyzed for chimeras with VSEARCH (Rognes et al., 2016). After 166 

quality filtering, 3.1 million bacterial and 1.4 million archaeal sequences were clustered 167 

into 23,703 and 711 different OTUs, respectively (Table A2) using an open-reference 168 

approach into Operational Taxonomic Units (OTU) at a 97% cutoff for sequence 169 

similarity in the QIIME pipeline v.1.9.1 (Caporaso et al., 2010). The taxonomic 170 

affiliations of OTUs were determined using the RDP classifier (Wang et al., 2007) 171 

against the SILVA v123 database (Quast et al., 2013). 172 

 173 

2.4. Diversity and network analysis  174 
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Richness and evenness indices were used to measure the within-sample bacterial 175 

and archaeal community diversity due to organic overloading. Community richness was 176 

estimated as the number of distinct OTUs, while community evenness, that measures 177 

the equitability between the different species present in a community, was determined 178 

as the Simpson evenness (E) index. Differences in community structure were assessed 179 

using the Bray-Cutis dissimilarities. This index was used to determine the community 180 

turnover through time of each reactor using a fixed window analysis to assess the 181 

degree of community change every three days (Read et al. 2011). For this analysis, we 182 

calculated the community structure change between the beginning and end of a period 183 

of time as the Bray-Curtis dissimilarity within the same reactor.  To make possible the 184 

comparison of community turnover between the two experimental periods, period 1 was 185 

subdivided into windows of the same temporal length than period 2 (3 consecutive 186 

days).  For period 2 dissimilarities were calculated between the initial and last day (from 187 

102 to 105 days). Also, differences in community structure were visualized by 188 

transformed-based Principal Component Analysis (tbPCA) after applying Hellinger 189 

standardization to community data. Then community structure relationship with 190 

operational parameters was analyzed by calculating the multiple regression of the 191 

environmental variables with the ordination axes and the significance tested by a 192 

permutation test. Next, significantly correlated (p-value ≤ 0.01) operational parameters 193 

were projected onto the ordination. These analyses were performed using the R 194 

statistical environment with the Vegan package (Oksanen et al., 2016).  195 

To find potential associations among microorganisms, a co-occurrence network 196 

analysis was performed based on the abundant taxonomic groups at genus level. 197 

Microbial networks were constructed with CoNet v.1.1.1. (Faust et al., 2012). Prior to 198 

analysis, OTUs were grouped by taxonomy affiliations at genus level, and then the 323 199 
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genera with relative abundances over 0.1% in any of the samples were included in the 200 

analysis. Compositional effects were avoided using bootstrap-renormalization 201 

procedure (Faust et al., 2012). Two correlations (Spearman and Pearson) and two 202 

distances (Bray Curtis and Kullback-Liblener dissimilarities) were used to infer 203 

relationships (edges) between microorganisms (nodes), discarding any linkage not 204 

supported by at least two measurements. Benjamini-Hochberg procedure was used to 205 

correct for multiple comparisons, discarding edges over the threshold of q ≤ 0.05.  206 

Resulting network was then analyzed to detect highly interacting groups of nodes 207 

(clusters) using GLay algorithm (Su et al., 2010).  208 

 209 

3. Results and discussion  210 

3.1. Rapid change of operational parameters to organic overloading  211 

Two replicate anaerobic reactors were seeded with the same inoculum and 212 

operated for 105 days, that were divided into three operational periods: stabilization 213 

period (day 0 to 94), pre-shock phase or period 1 (95-102 d) and overloading phase or 214 

period 2 (102-105 d). All measured operational parameters were statistically similar in 215 

both reactors throughout their operation (p-value ≤ 0.01). In stabilization period, the 216 

CH4 production was 0.9 g COD/L d, resulting in a methanization efficiency of around 217 

45% during a very stable operation (Table 2). The same steady trend was observed for 218 

pH, TA, PA and VFAs values that did not vary over the stabilization period. Likewise, 219 

in period 1, reactors performance remained constant and comparable to the stabilization 220 

period (Fig. 1). These results are similar to previous data in sewage sludge anaerobic 221 

digestion literature (Razaviarani and Buchanan, 2014; Rétfalvi et al., 2011).  222 

During OLR shock (period 2), the operational parameters showed three different 223 

phases (Fig. 1). First, in the initial 9h of overloading, no significant changes were 224 
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observed in reactors functioning, except for the methanization efficiency, which 225 

dropped to 22%. Second, between 9 and 33 h large changes were observed when the 226 

VFA concentration rose to 2.4 g/L, and consequently, pH and alkalinities decreased. 227 

Biogas composition changed from 61% to 30% CH4 and from 30% to 60% CO2 (Fig. 228 

1A) in response to a pH decrease and consumption of PA (Fig. 1B). Finally, after 33 h 229 

of overloading to the end of the experiment (72 h); the TA, PA and total VFA 230 

concentrations stabilized (VFAs > 5 g/L) while the CH4 fraction in the biogas increased 231 

to 42% (48h), probably due to the decline of CO2 production. The experiment was 232 

stopped after 72 h of OLR shock, when pH was below 6 and CH4 production decreased 233 

to 0.49 COD/L d. Regardless the changes in some operational parameters, the TS and 234 

VS remained stable during all experiment period.   235 

Although butyric, acetic and valeric acids also accumulated, propionic acid had 236 

the highest concentration among VFAs (Fig. 1C) as previously observed by authors that 237 

used glycerol to induce the organic overloading (Ferguson et al., 2016; Regueiro et al., 238 

2015; Rétfalvi et al., 2011). However, the observed shifts of operational parameters in 239 

these studies occurred later (after 2 to 5 days of overloading) than in study (only 24h). 240 

Differences in reactor operation could explain this observation, like more TA available 241 

or prior acclimatization of the community to glycerol as co-substrate.  242 

 243 

3.2. Microbial community diversity and structure reflected the OLR shock 244 

The OLR shock decreased archaeal but not bacterial richness. It also affected the 245 

uniformity of both communities although in an opposite trend: Bacteria became more 246 

uneven, while Archaea became more even (Fig 2). A reduction on microbial diversity 247 

has been observed in other studies of OLR shocks in anaerobic reactors (Fitamo et al., 248 

2017; Kampmann et al., 2014; Xu et al., 2018). It has been proposed that the increase of 249 
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VFAs induced by the OLR shock inhibits the growth of some microorganisms (Fitamo 250 

et al., 2017). In this sense, our results suggest that while several Bacteria become 251 

inhibited resulting in the dominance of less organisms, some Archaea might perish 252 

under period 2 conditions causing a loss of species. 253 

Community structure was also modified during the organic overloading 254 

following similar changing trends in both R1 and R2 that were correlated with the 255 

increase of OLR, VFAs accumulation and the decrease of pH (p-value ≤ 0.01; Fig 3); in 256 

concordance with other observations of structure shift during overloading influenced by 257 

those operational parameters (Goux et al., 2015; Hori et al., 2006; Xu et al., 2018).  258 

In addition, community structure was different between R1 and R2 even though 259 

they were inoculated from the same source. Communities with diverging taxonomic 260 

compositions under stable environments have been repeatedly observed in bioreactors 261 

and other environments (Fernandez-Gonzalez et al., 2016; Louca et al., 2018) which can 262 

be the result of stochastic immigration and ecological drift (Zhou and Ning, 2017); 263 

although, as recently discussed by Louca et al. (2018), taxonomic turnover is generally 264 

not explained by ecological drift and can be driven by intrinsic, mostly biological, 265 

deterministic processes. 266 

The temporal change of the AD microbiome or community turnover, became 267 

accelerated during overloading. In period 1, community turnover were 19±2 and 8±4% 268 

for Bacteria and Archaea respectively, likewise to other observations on bioreactors 269 

during steady-state periods (Hai et al., 2014). In contrast, during period 2 microbial 270 

community turnover largely increased (Bacteria: 48±2% and Archaea 39±1%) 271 

indicating the strong influence of the sudden OLR shock provoked by the addition of 272 

glycerol as a new co-substrate on the microbial community organization and its low 273 

resistance to change in face of a perturbation. Microbial communities of wastewater 274 
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treatment systems can have short reaction times toward sudden external perturbations 275 

(Braz et al. 2018; Koch et al. 2013). In other studies, when the microbial community 276 

was gradually adapted to a new co-substrate, for example, by applying a gradual OLR 277 

increase or pulse feeding; the AD microbiome structure was more resistant to organic 278 

overloading or other process imbalances (Ferguson et al. 2016; De Vrieze et al. 2013; 279 

Ghasimi et al. 2015).  280 

 281 

3.3. Organic overloading changed community composition and induced a temporal 282 

succession of co-occurring microorganisms.  283 

Both Bacteria and Archaea community compositions were similar between 284 

replicated reactors despite the differences in community structure (Fig. 4). Community 285 

composition was quite stable in period 1, when over 70% of Bacteria belonged to phyla 286 

Bacteroidetes, Firmicutes, Proteobacteria and Chloroflexi (Fig. A1) and the most 287 

abundant genera were Sedimentibacter sp. and two unknown Bacteroidales taxa (Fig 288 

4A, Fig. A1). Most Archaea taxa were methanogens, dominated by Methanosaeta sp. 289 

and an unknown Methanomicrobial genus (Fig. 4B, Fig. A1). These groups of 290 

organisms are commonly found in sewage sludge anaerobic digesters and many have 291 

been described as part of the core community of full-scale mesophilic sludge digesters 292 

(Mei et al., 2017).  293 

In period 2, community composition was altered and a temporal succession of 294 

the dominant microorganisms occurred (Fig 4). The changes included initial increments 295 

of Veillonellaceae and Treponema bacterial groups as well as Methanosaeta and 296 

Methanoculleus methanogenic genera; microorganisms that decreased towards the end 297 

of the experiment. It is widely known that AD microbial community composition is 298 

commonly affected by organic overloading (Goux et al., 2015; Regueiro et al., 2015).  299 
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AD process is possible due to the activity of several microorganisms that form a 300 

highly-interconnected community in which several species establish different types of 301 

biological associations, such as mutualism, symbiosis or competence. The temporal 302 

succession of organisms and their potential associations during the organic overloading 303 

was explored by a network analysis on the dominant fraction of the microbial 304 

community (relative abundances > 0.1% in any of the samples). Nine highly 305 

interconnected groups or clusters of co-occurring microorganisms could be identified 306 

(Fig 5, Fig A2), that altogether contained 63.7 ± 6.9 and 95.5 ± 1.9 % of the bacterial 307 

and archaeal communities, respectively. These clusters were characterized by distinct 308 

temporal trends, indicating the occurrence of a temporal succession of related groups of 309 

microorganisms during the OLR shock (Fig. 6, Fig. A3). Clusters also had different 310 

taxonomic compositions (Fig. 7, Table A3). While clusters 2, 4, 6 and 7 contained both 311 

archaeal and bacterial taxa; clusters 1, 3, 5, 8 and 9 were solely composed by Bacteria. 312 

Only abundant clusters (total accumulated relative abundance by domain > 5% on any 313 

sample, Fig. 6) are further discussed.  314 

During the first 9 hours of overloading and before operational variables showed 315 

relevant shifts, the relative abundances of several clusters changed respect to the 316 

baseline observed during period 1. While clusters 3 (only Bacteria) and 7 increased, 317 

clusters 4, 5, 6 and 9 decreased (Fig. 6); trends that overall, were maintained during the 318 

increment of propionate concentration between 9 and 48 h of overloading (Fig. 1). The 319 

most abundant organisms in cluster 3 were unknown members of Veilloneallaceae 320 

family (Fig 7, Table A3), that is a group of fermentative organisms commonly detected 321 

in anaerobic environments rich in organic matter (Marchandin and Jumas-Bilak, 2014), 322 

which 323 
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reached a maximum value of 21.9 % of bacteria relative abundance. In these reactors, 324 

this group likely drove the glycerol fermentation into propionate, a process described 325 

for many genera of this family such as Anaerosinus (Strömpl et al., 1999). The second 326 

most abundant organisms in cluster 3 was Cloacamonaceae uncultured genus W22, 327 

which is the main responsible for the rise of Candidatus Cloacimonetes (WWE1) 328 

phylum observed during period 2 (Fig. A1.A). The increment of Candidatus 329 

Cloacimonetes (WWE1) have been already reported during OLR shocks in anaerobic 330 

digesters related to the accumulation of propionate as these organisms might ferment 331 

aminoacids and syntrophically oxidize propionate into H2, CO2 and acetate (Goux et al., 332 

2015; Hagen et al., 2014; Pelletier et al., 2008). Therefore, the increase of the 333 

uncultured W22 genera is likely linked to the production of propionate by 334 

Veillonellaceae, suggesting a commensal relationship between both organisms. Many 335 

other organisms of cluster 3 belonged to Spirochaetes phylum that might be able to 336 

perform syntrophic acetate oxidation (Lee et al., 2013). 337 

In Bacteria, cluster 3 displaced microorganisms mostly from clusters 4, 6 and 9, 338 

which are rich in different types of hydrolytic and fermentative bacteria. Cluster 4, that 339 

was the dominant bacterial group in period 1, was mostly composed by an unknown 340 

Bacteoidales family SB-1 (Fig 7, Table A3). Bacteroidales is a broad order containing 341 

mainly anaerobic saccharolytic organisms, although other substrates might be used as 342 

well (Krieg et al., 2010). Other groups found within cluster 4 were also hydrolytic or 343 

fermentative bacteria like Ruminoccoccaceae, Anaerolinaceae T78 and Synergistaceae 344 

vadinCA02 group, from Synergistetes phylum, that exhibits obligatory anaerobic 345 

aminolytic metabolism. Cluster 9 was also dominated by fermenters, mainly 346 

Sedimentibacter, that only ferments pyruvate and amino acids, accompanied by other 347 

fermentative Firmicutes like Anaerovorax (Fig 7, Table A3). Most syntrophic bacteria 348 
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(i.e.: Syntrophomonas or Syntrophus, Fig 7, Table A3) located in Cluster 6, also 349 

diminished in abundance during the overloading. The latter can be related to the high 350 

propionate concentrations, which quickly reached values over 2 g/L (24h) and can 351 

inhibits syntrophic bacteria (Ban Q et al., 2013). 352 

Archaeal cluster 7 also incremented during the initial 48 hours of overloading, 353 

displacing archaea within clusters 4 and 6 which only contains hydrogenotrophic 354 

methanogens (Fig 7, Table A3). Cluster 7 contained the largest archaeal diversity, with 355 

9 taxa, representing on average the 58.3 ± 15.7 % of archaeal community. The principal 356 

organisms in the cluster was Methanosaeta (up to 68.5 % of Archaea), which was 357 

accompanied by Methanoculleus, Methanobrevibacter or Methanobacterium, all 358 

hydrogenotrophic methanogens. Methanosaeta became the most dominant methanogen 359 

during most of the overloading period. It is a well-known acetoclastic methanogen that 360 

grows in low levels of acetate. It has been suggested that Methanosaeta could survive 361 

only in low VFA concentrations (Griffin et al., 1998). However, our data showed that 362 

Methanosaeta can temporally withstand VFAs concentrations of mostly propionic acid, 363 

between 2.5 – 5.0 g/L. Franke-Whittle et al. (2014) also reported a single observation of 364 

an AD reactor with high VFA concentration (3.9 g/L of propionate and 1.25 g/L of 365 

acetate) dominated by Methanosaeta. These data suggest that the shift between 366 

hydrogenotrophic (Methanoculleus sp.) and aceticlastic (Methanosaeta sp.) 367 

methanogens as a warning indicator of acidosis during high OLR (Goux et al., 2015) is 368 

not universal.  369 

After 48h of overloading, trends of the most dominant clusters changed. By then, 370 

more than 5.5 g/L of VFAs, mostly propionic and butyric acids, were already 371 

accumulated, lowering the pH (6.2) in the reactors. pH decreased even further after 72 h 372 

(5.8), when valeric acid concentrations also increased. In parallel, a succession between 373 
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different types of fermentative bacteria was observed. After 48h of overload, 374 

Veillonellaceae and its cohort (cluster 3) become replaced by Bacteroidales and 375 

Synergistetes of cluster 4, including a transitional increment of Porphyromonadaceae 376 

(cluster 5) at 54 h and increment of Chitinophagaceae (cluster 2) at the end of the 377 

experiment (Fig. 7, Table A3). Simultaneously, Methanosaeta (cluster 7) drastically 378 

dropped in abundance to finally be replaced by the putative hydrogenotrophic 379 

methanogen, Methanobacteriales_WSA2 (cluster 2, Fig. 7, Table A3); although the 380 

methane production strongly decreased.  381 

The intense timeframe of this study allowed to partially unveil fast-changing 382 

biotic interactions in the AD microbiome. Acidogenic bacteria are known to react 383 

immediately when exposed to high substrate amounts by increasing their metabolic 384 

activity and cell numbers (Schnürer et al. 1999). The acidogenic that reacted faster and 385 

more intensely to the OLR shock was Veillonellaceae family. The rise of this taxon 386 

during glycerol OLR shocks seems to be common (Braz et al. 2018; Ferguson et al. 387 

2018), probably due to its ability to degrade glycerol, but it is not universal (Regueiro et 388 

al. 2015). Similarly, a succession of microorganisms seems to be a common feature 389 

after an OLR shock, but the specific populations that are involved in the temporal 390 

succession are far from common among AD digesters, even in the case of using the 391 

same type feedstock or co-substrate (Braz et al 2018; Fitamo et al 2017; Goux et al. 392 

2015; Regueiro et al. 2015).  393 

Functional redundancy has been proven in long-term AD reactors (Theuerl et al 394 

2015) and it is known that other microorganisms can overtake missing functions during 395 

perturbations (Fernández et al. 1999). The observed temporal succession among 396 

different taxa of the same functional groups (i.e.: fermenters, methanogens) during the 397 

changing conditions of the overloading event is a strong indication of the importance of 398 
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temporal metabolic niche effects (mechanisms selecting organisms able to exploit 399 

specific methabolic pathways, Louca et al. 2018) in AD microbiome under OLR shocks. 400 

In these events, several factors are selecting between functionally redundant 401 

microorganisms. The introduction of a new substrate, the availability of its products of 402 

degradation that promotes commensalism relationships, the changing pH conditions and 403 

other biotic interactions like competition, are mechanisms creating new niches. Co-404 

occurring microorganisms likely established positive biological interactions, that in 405 

some cases could be inferred (i.e. cluster 3). In other cases, co-occurring organisms are 406 

limited by similar factors (i.e. cluster 6). However, the lack of taxonomic resolution and 407 

the large fraction of microbial diversity still undescribed obscure the detailed nature of 408 

the biotic interactions. As our knowledge about uncultured species and their capabilities 409 

advances, we would be able to uncover the detailed nature of the biological processes. 410 

 411 

4. Conclusion  412 

The effect of a sudden increase of OLR by the addition of glycerol as a co-413 

substrate affected AD process performance similarly in both replicated reactors, 414 

producing a fast VFA accumulation, reactor acidification and final AD process failure. 415 

The overloading induced a redistribution in the equitability of microorganisms and a 416 

loss of Archaea species, but also an increment in community temporal turnover, 417 

indicating the lack of resilience of these microbiomes that were not previously exposed 418 

to the added co-substrate. AD microbiome turnover seems to be driven by community 419 

internal dynamics during steady-state AD operation whereas, an OLR shock imposes 420 

environmental selecting criteria. The changing environment during overloading caused 421 

a temporal succession of functionally redundant microorganisms suggesting niche 422 

specialization. Several mutualistic and competitive relationships among groups of 423 
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microorganisms occurred, although most of the details of those mechanisms remain 424 

obscured due to the lack of information about genetic and physiological capabilities of 425 

many microbial clades of AD microbiome. Increments in VFAs are not always adverse 426 

for Methanosaeta, and reactor acidosis can occur, at least transitorily, without a decline 427 

of this methanogen. Overall, the observed succession of functionally redundant 428 

microorganisms influenced by changes on environment and species interrelationships 429 

highlights that deterministic processes drive AD community dynamics during OLR 430 

shocks. 431 
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 688 

FIGURE CAPTIONS 689 

Fig 1. Reactors performance during periods 1 and 2 (average values from R1 and R2 690 

and standard deviation). A) Organic loading rate (OLR), methane production and biogas 691 

composition; B) pH, total and partial alkalinity, C) acetic, propionic, butyric and valeric 692 

acid concentrations. In panel C, time is expressed as day - hour of the day. 693 

Fig 2. Boxplot of community richness and evenness for Bacteria and Archaea domains 694 

during periods 1 and 2. The graphics show the values of the minimum, first quartile, 695 

median, third quartile and maximum. The box comprises 50% of the observations and 696 

the points are the outlier values. 697 
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Fig 3. Transformed-based Principal Component Analysis (tbPCA) ordination diplot for 698 

the bacterial (A) and archaeal (B) communities. The tbPCAs show the microbial 699 

community structure at the OTU level for the two anaerobic reactors during period 1 700 

and period 2. Labels indicate the time in hours after the beginning of the OLR shock. 701 

Labels of samples taken during period 1 have been omitted for clarity. Blue vectors 702 

indicate incrementing values of the operational variables that are significantly correlated 703 

with community structure (p-value ≤ 0.01). 704 

Fig.4. Community composition profile at the most detailed taxonomic level available. 705 

Relative abundance of the most prevalent taxa (those exceeding 1% in average) in 706 

bacterial (A) and archaeal (B) communities in R1 and R2.  For period 1, the averaged 707 

relative abundances of each taxon are shown (details included in Fig. A1). Period 2 is 708 

organized by hours after OLR shock. 709 

Fig 5. Co-occurrence network of abundant genera (relative abundances > 0.1%) 710 

connected by positive interactions (q ≤ 0.05). The 9 clusters of highly interconnected 711 

microorganisms are shown. Node color indicates the cluster affiliation while node shape 712 

refers to the domain: circle for Bacteria and square for Archaea. For taxonomy 713 

assignment of nodes see Fig A2.  714 

Fig.6. Temporal trends during organic overloading of the abundant clusters of co-715 

occurring microorganisms divided by domain. Accumulated relative abundances of 716 

bacterial (A), and archaeal (B) organisms. For comparison, average values during period 717 

1 are also shown and denoted as time 0 where error bars indicate standard deviations. 718 

Clusters were considered as abundant if the total accumulated relative abundance by 719 

domain was larger than 5% on any sample.  720 

Fig. 7. Variation through time of the dominant microorganisms (relative abundances 721 

>1% in any sample) in AD reactors. Microorganisms best taxonomic resolution is 722 
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indicated on the right, were (A) indicates Archaea, (B) Bacteria and (un) undetermined 723 

when it was not possible to identify the genus. Cluster affiliation of each microorganism 724 

is showed on the left column. Time is expressed as day - hour of the day. 725 
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Table 1.  Total COD, OLR, TS and VS values of feedstock used during the stabilization 

period, period 1 and 2.  

Feedstock characteristics Stabilization period Period 1 Period 2 

Total COD (g O2/kg) 36.8 ± 0.9 43.1 ± 4.2 111.1 ± 5.3 

OLR (g COD/ L d) 1.8 ± 0.1 2.2 ± 0.2 5.6 ± 0.3 

TS (g TS/kg) 32.1 ± 0.9 26.6 ± 2.0 74.3 ± 2.1 

VS (g TS/kg) 22.8 ± 0.5 21.7 ± 1.6 65.2 ± 1.9 

COD: Chemical oxygen demand; OLR: Organic loading rate; TS; Total Solids; VS: volatile 

solids 
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Table 2. Anaerobic reactors performance during stabilization period (days 0-94). 

Results correspond to averaged values and standard deviations from the two reactors (n 

= 42). 

 

Operational parameters  

OLR (g COD/L d) 1.8 ± 0.1 

CH4 (g COD/L d) 0.9 ± 0.2 

pH 7.3 ± 0.1 

TA (g CaCO3/L) 3.6 ± 0.1 

PA (g CaCO3/L) 2.8 ± 0.1 

TS (g/L) 20.1 ± 3.2 

VS (g/L) 10.1 ± 1.1 

Acetic acid (mg/L) < 60 

Propionic acid (mg/L) < 30 

Methanization efficiency (%) 45 ± 0.1 

OLR: Organic loading rate; TA: Total alkalinity; PA: Partial alkalinity; TS: Total solids; VS: Volatile solids. 
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Highlights  
 

• Operational parameters similarly varied after few hours of organic overloading 
in replicated reactors.  

• Methanosaeta sp. incremented with increasing VFA concentrations.  
• The organic overloading induced a redistribution in the equitability of 

microorganisms and a loss of Archaea species.  
• Community structure was not resilient changing rapidly after the OLR increased. 
• Fast temporal replacement of functionally redundant microorganisms was 

observed. 


