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Abstract

Microbial communities play an essential role in thiechemical pathways of anaerobic
digestion processes. The correlations between prigamisms’ relative abundance and anaerobic
digestion process parameters were investigated;obgidering the effect of different feedstock
compositions and hydraulic retention times (HRTifts in microbial diversity and changes in
microbial community richness were observed by chapdeedstock composition from mono-
digestion of mixed sludge to co-digestion of foodste, grass clippings and garden waste with
mixed sludge at hydraulic retention times (HRT)3®, 20, 15 and 10 days. Syntrophic acetate
oxidation along with hydrogenotrophic methanogesiasiediated byMethanothermobacter, was
found to be the most prevalent methane formatichvpay, with the only exception of 10 days’
HRT, in whichMethanosarcina wasthe most dominant archae@ignificantly, the degradation of
complex organic polymers was found to be the mosve process, performed by membersSbf
(Thermotogales), Thermonema andLactobacillus in a reactor fed with a high share of food waste.
Conversely,Thermacetogenium, Anaerobaculum, Ruminococcaceae, Por phyromonadaceae and the
lignocellulosic-degradinglostridium were the significantly more abundant bacteriahim iteactor
fed with an increased share of lignocellulosic bassin the form of grass clippings and garden
waste.Finally, microbes belonging tGoprothermobacter, Syntrophomonas and Clostridium were

correlated significantly with the specific methgmeld obtained in both reactors.

Keywords: anaerobic digestionmethanogenesis, 16S rRNA, microbial diversity, arlzeiganic

waste
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1. Introduction

The use of anaerobic digestion (AD) to treat waatewand municipal organic waste has
increased worldwide. AD is a complex biological ggss that converts biomass into biogas through
different microbial pathways and biochemical remmsi (Angelidaki et al., 1999; Appels et al.,
2008; Favaro et al., 2013). One of its benefithérecovery of biomethane, a versatile carrier of
renewable energy, which can be used for electriaitd heat production or as a transport fuel
(Poschl et al., 2010; Weiland, 2010). Mono-digestd diluted substrates such as sewage sludge
and manure is nowadays economically challengingalb®z of the low energy production.
Compared to mono-digestion, co-digestion of mudtiplibstrates provides significant advantages,
including a more balanced supply of nutrients, latidig effect for toxic and inhibiting compounds
and overall increased biogas production, the resfulbhe enhanced supply of organic compounds

(Mata-Alvarez et al., 2014, 2000).

Disturbances in the stability of the AD process @amcur when operational parameters
deviate from normal operating conditions, causfng,example, the accumulation of volatile fatty
acids (VFAs) and ammonia, and a subsequent inbiibibf microbial activity (Chen et al., 2008;
Gerardi, 2003; Mao et al., 2015). Microbial diveysactivities and interactions can also be affécte
by process parameters (e.g. temperature and amnonmfdch in turn affect overall AD
performance (Goux et al., 2016; Lin et al., 2016)derstanding the microbial community structure
and pathways in AD is thus important, to ensurerégilar operation and performance of the AD
process. Currently, due to technological advancésnegeneral knowledge on AD microbial
community compositions and the roles of bacterid archaea in the degradation process is well
established (Campanaro et al., 2016a; Eikmeyet.eP@13). However, only a few studies have
investigated correlations between microbial comryurdiomposition and process parameters

(Campanaro et al., 2016b; Luo et al., 2015; Rivetral., 2009a).
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Biochemical pathways involved in the AD processlzased on rather complex and diverse
microbial roles. Therefore, it is important to urgtand the effect of the microbial community’s
composition and function with regard to the operai parameters required to operate the digester
at optimum conditions and maximise energy recovenestigations conducted on seven anaerobic
digesters fed with sewage sludge have revealedthigatore group of bacteria common to all
digesters is composed of six operational taxondmigats (OTUs) related toChloroflexi,
Betaproteobacteria, Bacteroidetes and Synergistetes (Riviere et al., 2009a). Sludge-based AD
digesters — besides strict anaerobes — contailiadyacteria originating from the feedstock sludge,
which basically consists of aerobic bacteria, am@€lsoroflexi appear mainly in sludge-based AD
processes. Another study regarding sewage sludgestdrs has found that the most common
archaeal taxa areMethanomicrobia, Methanobacteria and Thermoplasmata (Narihiro and
Sekiguchi, 2007). Microbial community variationsrdafluence the AD process and thereby inhibit
or enhance the process. For example, it has beemwnshhat the bio-augmentation of
hydrogenotrophic methanogeMéthanoculleus bourgensis MS2T) in an anaerobic digester can
play a significant role in overcoming ammonia intidn (Fotidis et al., 2014). A shift in
methanogenic pathways and methanogenic communitypaesition has been observed when the
microbial culture is exposed to increasing con@mns of acetate and ammonia (Fotidis et al.,
2013), while specific bacteria such as the filarmaaMicrothrix or Nocardia have been shown to
be associated with foaming incidents in biogastoragKougias et al., 2014). A common feature of
all these studies is that they provide a snapsheticrobial community composition and activity at
a given time and in specific conditions. Howevdre tresponse and development of microbial
communities to external changes in process comditito date, has not been reported adequately in
literature. This information is relevant to enswmooth transitions when changing process

operations or treating specific substrates.
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The main objective of this research was to studgnges in the microbial population
community as a response to variations in the operaf the AD process and co-digestion of urban
organic waste (UOW) comprising food waste, graggpiigs and garden waste with mixed sludge.
This was achieved by: (i) analysing the compositbthe microbial community during UOW co-
digestion in continuously stirred tank reactors T&S), operated at sequentially reduced hydraulic
retention times (HRTSs), (i) comparing two CSTRsl feith different UOW mixing ratios, co-
sewage sludge digestion, food waste, grass clispamgl garden waste and (iii) analysing changes
in the microbial population community in terms efative abundance and diversity, and correlating

these findings with reactor performance and opematiprocess parameters.

2. Materialsand methods

2.1 Char acterisation of input feedstock materials

The feedstock materials included mixed sewage sluftgpd waste, grass clippings and
garden waste, which were collected from severaltions in Denmark, as described in Fitamo et al.
(2016a). The addition of UOW to existing AD opeoat at wastewater treatment plants (WWTPSs)
is able to boost biogas production, and currengdsoreactor facilities at WWTPs can be used in
this regard (Fitamo et al., 2016b). Organic feedstwas shredded into small particles with a shear-
shredder (ARP SC 2000) and knife mill (Wiencken 292and Fitzmill model D, Daso-6).
Individual organic waste materials were then charégsed in terms of physicochemical properties
(e.g. total solids (TSs), volatile solids (VSs)atdKjeldahl nitrogen (TKN), lipids, VFAs, proteins

total C and total N). The analytical methods arsecdbed in Fitamo et al. (2016a).

2.2 Experimental set up and operation

The co-digestion experiment was conducted to madrbiogas production from UOW, by adding
food and plant materials (garden waste and grggsings) to existing sludge digestion at WWTPs.

The laboratory experimental work was carried outwn CSTRs, named R1 and R2, each with a
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working volume of 7.5 L. The temperature was keptstant in thermophilic conditions (8% and
with hot water circulation supplied by a circuldosed heating system. The co-substrates were fed
into the reactor via an automated feeding systeasedb on the organic loading rate (OLR) of the
reactor. The set-up was equipped with an autonsttethg system and a water displacement gas-
metering counter to measure the amount of biogaduged. The CSTRs were operated in five
distinctive operational phases. Phase | aimed @bkshing a baseline performance relative to
existing sewage sludge AD, and it included the maigestion of 100% mixed sludge (primary and
secondary sludge mixed at a 1:1 V/V ratio) in bBthand R2, with a HRT of 30 days (HRT30).
After Phase |, UOW was added to the mixed sludgkfed into the reactors in fixed percentage VS
mixing ratios throughout Phases Il to V. ReactorrBdeived 10:67:16:7 and reactor R2 received
10:44:32:14 of sewage sludge, food waste, gragpinlys and garden waste, respectively. The
ratios were set up in order to have high food waste1, while the VS share of food waste was
reduced but the lignocellulosic garden and clippifeedstock doubled in R2. An overview of the
experimental setup is provided in Table 1, whichveh that the HRT was reduced stepwise, from
30 days (HRT30) in Phase IlI, to 20 days (HRT20Piase Ill, to 15 days (HRT15) in Phase IV
and, finally, to 10 days (HRT10) in Phase V. Phds#slll, IV and V lasted for about 2.5, 1.9,61.

2.8 and 2.5, respectively. Specific methane yigldductivity, concentrations of ammonia and
acetate measured during the co-digestion of UO\RIrand R2 are provided in Figure S-1 in the

Supporting Information (SI) (Fitamo et al., 2016a).

<Table 1 here>

2.3 Sampling and DNA extraction

Within each operational phase, duplicate reabtoth samples (10 mL) were taken from
both reactors once steady-state conditions werehegh— this amounted to 10 samples in total.

Residual plant particles present in the sample® wemoved, using a 100 um nylon cell strainer



148 filter. Centrifugation of the filtered samples (@00 rpm, 10 minutes) was conducted to obtain ~1.5
149 g of cell pellet. The total microbial DNA extraatio(DNA isolation and purification) was
150 performed using the PowerSoil® DNA Isolation Kitopscol (MO BIO Laboratories, Carlsbad,
151 CA) with an additional initial cleaning step by FloéChloroform:lsoamyl Alcohol 25:24:1 pH 8
152  (Sigma-Aldrich, DK). The quality of the purified DNwas examined with gel electrophoresis, and
153 the DNA concentration was analysed with NanoDrop®QThermoFisher Scientific, Waltham,

154  MA).

155 2.4 16SrRNA gene sequences

156 The samples were sequenced by utilising the IhanWiSeq platform at Ramaciotti Centre
157  for Gene Function Analysis, University of New SowMttales (Sydney, Australia), by amplifying the
158 V4 hypervariable region of the 16S ribosomal gedARIsing 515f-806r primers and following the
159  protocol of the Earth Microbiome Project (Earth kticiome, 2011). The raw lllumina sequence
160 data obtained in this research work were submittedhe National Centre for Biotechnology
161  Information’s (NCBI) sequence read archive datal{&®P078424) under the bio-project number
162 (PRJINA328964). The sequences were analysed with@&imic Workbench Software (V.8.0.2),
163  equipped with a microbial genomics module plug-& @eviously described (Kougias et al.,
164 2016a). OTUs were aligned using MUSCLE software gdEdRC, Nucleic Acids Res). The
165 Maximum Likelihood Phylogenetic tree, Alpha divéysindex and Beta diversity were computed
166  as described by Kougias et al., (2016). The totmhlmer of reads obtained and total OTUs with
167  corresponding taxonomy assignment for the micratwatmunity in both R1 and R2 are reported in
168  Table 1. OTUs with 10 sequences or fewer were densd extremely rare and were discarded from
169  further analysis. Direct comparison of the micrbbe&lative abundance between the samples was
170  performed at genus and phylum level and was cdkxilas a percentage of the total community for

171  each sample.
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The classification used to make the comparison extgntage relative abundance was
carried out with highly abundant (> 0.5% relatilmiadance) and lowly abundant (between 0.01% -
0.5% of relative abundance) OTUs, whereas they weearded from analysis when lower than
0.01%. Most of the result and discussion sectiamuses on the most abundant microbes in the
community (> 0.5% of relative abundance), while tless abundant microorganisms were
considered only when statistically significant. Hesps showing the relative abundance changes
(fold changes), due to comparisons of differenemgon times and feedstock compositions, were

prepared with the Multiexperiment viewer (MeV 4)(8aeed et al., 2003).

2.5 Statistical analysis

Statistics were performed using a general lineadet®analysis (GLM Procedure, SAS
Institute, 2009). Firstly, differences in microbabundance in the two reactors (R1 or R2) and in
the subsequent phases (Phases | to Phase V) wmliedsin a series of single-trait analyses,
including the reactor and the phase as effectstlam@bundance of each microorganism as a trait.
Each microbial abundance was analysed separatefy te GLM. The dataset for the analysis
consisted in all the pairs of replicates sampleithiwieach reactor during the different phases (data
structure is reported in Table 1). In order to dethe trend of microbial abundance variation with
respect to a change in HRT, the phase was alteehatincluded in the analysis as a linear,
guadratic or cubic covariate. The model with thesmsignificant shapes in variation (linear,
qguadratic or cubic; < 0.05) for the phase effect was therefore chosenefrh microbial

abundance.

Methane yield, methane content of biogas, total Viaividual VFAs, pH, reactor productivity
and ammonia were then used as traits to analysatieas in the operational process parameters.
Reactor (R1 or R2) and phase (Phase | to V) wegddd as fixed effects (e.g. traits were analysed

by considering if they belonged to reactor R1 or &20 a specific Phase, I-V), and the abundance
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of each microorganism as a linear covariate. 18 Wy, any variation in the operational process
parameters was considered as depending on thetioaria microbial abundance. Single-trait
models were run, all including the same fixed festfixed) and each one considering different
biochemical parameter;(parameter) as trait and a different microorganiskn{microorganism) as
covariate, that can be generalized par-ameter; = fixed + microorganismg;. This approach was
used to avoid the over-parameterization of the m@de, to have too many parameters for the
number of data), and to avoid problems of overlagpvariances due to the introduction of

microorganisms with similar variations in abundaincthe same model.

3. Results and discussion
3.1 General microbial community composition and diver sity

The phylogenetic composition of the most abundautdria and archaea (OTUS) in the
entire microbial community was established, basethe 16S rRNA gene sequence considering all
samples from both reactors in all of the considgreases (Figure 1). Between 90 and 96% of the
OTUs were classified at the phylum level, showingtithe majority of the microorganisms found
in the reactors could be identified at the phylumel. In contrast, only 47-73% of the entire
community was classified at the genus level (TableThis shows strong diversity among the
samples. Further research, using advanced seqgeecimiques, is needed to classify in detail any
unknown microbes and to understand their specdie in the complex anaerobic degradation

process.

< Figure 1 here >

In general, the bacterial community consisted Ffmicutes, OP9, Synergistetes,
Proteobacteria, Bacteroidetes, Thermotogae, Dicyoglomi and Chrloroflexi as the main phyla
(Figure 1 and Figure S-2). The predominance of qigthetic groups such asirmicutes,

Proteobacteria andBacteroidetes was a result of their ability to degrade a widegenf substances
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such as cellulose, proteins, pectin and other xetiolcompounds (Chouari et al., 2005; Zitomer et
al., 2016).The only identified archaeal phylum wé&sryarchaeota (Figure 1 and Figure S-3),
which is a well-known microorganism involved in gas production. These results are comparable
to previous studies of dominant core microorganisiassified at the phylum level in biogas
reactors (Luo et al., 2015; Nelson et al., 201YjéRe et al., 2009b; Sundberg et al., 2013).
Microbial community diversity between different sponal reactor phases was evaluated
using principal coordinate analysis (PCoA), whidsesses the similarities between the microbial
community among samples. The results of the PCallyais are provided in Figure 2, showing
that the samples were concentrated into four alsisterresponding to the individual operational
phases of the reactors. For both reactors, theltseslearly demonstrate a shift in microbial
community diversity in accordance with changesemdistock composition (AD of sewage sludge in
Phase | to AD of UOW in Phase Il) and the HRT dof teactors (Phase II-Ill). Similarities and
differences between microbial community diversitydperational conditions could be explained
with PCoA, which could capture 64% of the variat@rmicrobial communities, indicated by PCol

and PCo2 as 47% and 17%, respectively.

During Phase | (100% mixed sludge) of the AD opera the samples examined for both
R1 and R2 clustered closely when operating at HRTd&ys, as seen in Figure 2. In Phase II,
microbial community diversity decreased accordmghte PCoA and the alpha diversity (Figure S-
4) in both reactors, most likely because of theoohtiction of UOW co-substrates to the reactors
(the HRT of Phases | and Il was the same at 30)ddyss reduction in microbial community
diversity between Phase | and Phase Il could betaltlee higher amount of lipids and proteins in
the UOW in comparison to sewage sludge, therelginigato inhibition of the microorganisms due
to the accumulation of VFAs and an increase in ama@oncentration (Fotidis et al., 2013;
Kougias et al., 2016b; Palatsi et al., 2010). lildalso be the case that especially activatedyslud

also contains microorganisms from the WWTP prociessaerobic microaerophilic and facultative
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microorganisms while urban organic waste consistsaigenous microbes (Favaro et al., 2013;
Kim et al., 2009). The microbial biomass in thedgle would decrease as the share of the sludge is
reduced in the co-digested feedstock. Moreover,R@®A and alpha diversity showed that the
decrease in microbial diversity was more pronouriod®2 than in R1, in connection with the fact
that R1 received more food waste than R2, whickeatws was fed with a higher share of green
waste containing lignocellulosic material. This wisothat the slowly degradable feedstock in R2
resulted in lower microbial community diversity cpared to the readily degradable feedstock in

R1 (Figure 2 and Figure S-4) in Phase Il (HRT30).

< Figure 2 here >

Keeping the feedstock composition constant, a téslu the HRT from 30 days (Phase II)
to 20 days (Phase lll) resulted in a shift in mimab community diversity (Figure 2) in both
reactors. This result could be due to the adapifamicroorganisms to the new co-substrate in the
feedstock. However, microbial community diversigyesifically increased in R2, when moving

from Phase Il to Il (Figure S-4).

When reducing the HRT from 20 to 15 days (PhaseollPhase 1V), R1 and R2 showed
opposing behaviours (Figure 2), in that while Rd féth food waste showed increased microbial

diversity, R2 fed with lignocellulosic material ddoped a more specialised microbial community.

Finally, in Phase V, the AD processes were operatedvery low HRT (10 days) — a drastic
condition that could lead to process instabilityd awperational failure and bring the microbial
community to a point of imbalance. In R1, microlsammunity diversity decreased significantly,
indicating a wash out of non-adherent microbesamsiple for food waste degradation (Figure S-
4), which are mainly present in the liquid parttbé reactor. On the contrary, in R2, microbes
related to lignocellulosic degradation and adhetomthe substrate were more resistant to the wash

out action.
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3.2 Trendsin microbial abundance variation

The relative abundance of microbes (bacteriazgioldaea) for each operational phase (Phase
| to V) of R1 and R2 was provided in Figure 3. DigriPhase |, the most dominant microbes
according to the taxonomy assignment at the phyawal were classified asirmicutes (40-49%),
OP9 (11-13%) andSynergistetes (7-10%) in reactors R1 and R2 (Figure 3a). The relative
abundance oBynergistetes and OP9 decreased in line with decreasing HRTs. BBfhergistetes
and OP9 are known to ferment organic compounds (carbohigdraorganic acids) and cellulose,

sugars, hemicellulose, respectively, intpand acetate (Dodsworth et al., 2013).

< Figure 3 here >

Other bacteria, such &soteobacteria, were abundant (11%) in Phase | (when the reactors
were fed with sole-mixed sludge, MS), but they Ibegaundetectable when the reactors were fed
with UOW co-substrates in Phase Il, R1/30 and RZFRgure 3a). AlsoDictyoglomi (1-5%),EM3
(3—-4%) andChloroflexi (1-2%) disappeared when the substrate was chamgeddsiudge to co-
substrate (Phase | to Phase Il) (MS to R1/30 an@RFigure 3a)becauseChloroflexi especially
is known to come with feedstock sludge and is nyagglen in sludge digestions. These microbes
were favoured in Phase | (MS), possibly becaush@fludge adapting to AD, but they were less
favoured compared to other microbes in the AD oMJQ@hase Il - V), which could be due to the
reduction in the amount of sludge in the influedther studies have reported tl@ttloroflexi are
frequently found in digested sludge taken from wasater treatment plants (Chouari et al., 2005;

Riviere et al., 2009a; Yamada et al., 2005).

On the contrary, microorganisms belongingBacteroidetes were completely absent in
Phase | (MS) and were observed with high relativendance (10.1%) in Phase Il (R1/30 and
R2/30, Figure 3a) and sequentially increased dudihgses Il to V (R1/30 to R1/10 and R2/30 to

R2/10). During the AD of sludge in Phase | (MSk tielative abundance dhermotogae at the

10
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phylum level was 1% in R1, but this increased ibs&quent operational phases with corresponding
values of 5%, 20%, 19% and 30% for Phases Il (R1/M0(R1/20), IV (R1/15) and V (R1/10),
respectively (Figure 3a). Microorganisms belongiog Thermotogae are known as hydrogen-
producing bacteria and produce acetate and &Cby-products from biomass and organic waste
fermentation in thermophilic conditions. Similargfn increasing trend in the relative abundance of

Thermotogae was observed in R2 (R2/30 to R2/10).

Regarding the archaeal community, methane-produgydgogenotrophidlethanother mobacter
and Methanosarcina were the predominant and core taxa throughoute#periment (Figures 3b
and 3c), indicating that archaea are more indepgnttean bacteria in response to different
feedstock compositions. Generally, from Phase |)(MSPhase Il (R1/30 and R2/30), the relative
abundance oEuryarchaeota increased from 2% to 9% and 7% in R1 (R1/30) a2d(R2/30),
respectively (Figure 3a). On the contrary, theyrelased in abundance from 3% to 0.5% (by a
factor of 5) and by 6% to 0.3% (by a factor of ®R1 (from R1/15 to R1/10) and R2 (from R2/15
to R2/10) when the HRT was changed from HRT15 (PH¥$ to HRT10 (Phase V) (Figure 3a),
thus indicating that archaea are more dependeRfohthan on feed composition. In both reactors
(R1 and R2), a considerable decrease in methare wias also observed when the HRT was
changed from 15 days to 10 days as seen in FiguréS3), which may be due to overloading or

washout ofEuryarchaeota.

In all phases, relative abundance Méthanothermobacter remained constant except in
Phase V (HRT10), where abundance decreased (FigtyreR1/10 and R2/10). The relative
abundance oMethanosarcina increased dramatically at HRT10 (Phase V, R1/10 R2d10)
(Figure 3c). The genuMethanosarcina provides metabolic capability in both acetoclasiied
hydrogenotrophic methanogenesis and has also legemted to be more favourable in elevated

ammonia and VFA concentrations (Calli, 2005; Dee¥ei et al., 2012; Staley et al., 2011).
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3.3 Influence of different parameterson AD microbial community composition

3.4.1 The effect of feedstock composition

The percentage of relative microbial abundanceidensd in each reactor (R1 and R2) and
in the different phases (Phases | to Phase V)ageerfor the replicates, is shown in a heat map and
also includes the fold changes of the most abund&roorganism in a steady-state condition in R1
and R2 (Figure 4). GLM analysis provided informatabout the significant variation in microbial
abundance, due to the different UOW feedstock caitipas, and to the operational phase. The
core dominant genera found in both reactors v monema, S1 (P<0.001), Anaerobaculum
(P<0.05), Coprothermobacter and Methanothermobacter, as seen in Figure 4 and Figure S-5 (SI).
Species belonging t&oprothermobacter were identified as proteolytic anaerobic thermbgphi
microbes in the biogas reactors and also establisjigtrophy with hydrogenotrophic methanogens
(Gagliano et al., 2015). Moreover, it is known thrembers oBacteroides play a significant role in
cellulose, fats and proteins degradatigtatamoto et al., 2007; Li et al., 2013)leanwhile,
Anaerobaculum was found for the fermentation of organic aciddl @aarbohydrates into acetate,

hydrogen and C&XMenes and Muxi, 2002).

< Figure 4 here >

Limited numbers of significant variations were fdumetween the reactors fed with different
UOW co-substrate compositions (Figure 4). Among rtiast abundant microbes (> 0.5% relative
abundance), three OTUs classified Aagmerobaculum, Thermacetogenium and Ruminococcaceae
were significantly more abundant (two to three @jnen R2 compared to R1 £B.05).
Thermacetogenium is a thermophilic syntrophic acetate oxidising tedam and has also been
identified in the AD of kraft-pulp wastewater (Hatt 2000). This finding confirmed that the
methane production pathway was favoured by syntcopletate oxidation (hydrogenotrophic

methanogens) in UOW co-digestion.
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Other microbes, with a percentage relative abuceldess than 0.5%, were significantly
enriched in R2 and belonged forphyromonadaceae (11 times more abundant in R2) and
Clostridium (three times more abundant in RZ001). Members of th€lostridium genus are
known to degrade complex cellulose biopolymers (@ual., 2015; Nelson et al.,, 2011) and
lignocellulosic material components (Cirne et 2007; O’Sullivan et al., 2005).

Sl (Thermotogales) and Thermonema, (relative abundance (> 0.5%) decreased significam R2
compared to R1 @90.05) by a factor of 2 and 1.3, respectively (Fegut). Thermotogales
microorganisms are involved in the fermentatiorsobstrates such as glucose, acetate, methanol
and starch as well as reducing elemental sulphdisatphate (Balk et al., 2002; Feng et al., 2010).
R1 was enriched with carbohydrate and fat-degradimgoorganisms ot.actobacillus (5 times;
P<0.05) (Li et al., 2013)Other less abundant OTUs, such Esguobacterium, Bacillus and
Allochromatium, decreased in R2 compared to R1 by a factor oh6di6, respectively (Figure 4).
The rest of the microorganisms , apart frGaidicoprobacter (P<0.05), were found in both R1 and
R2, irrespective of the feedstock.

3.4.2 The effect of HRT

Differences in microbial relative abundance, duéydraulic retention times, were detected
by considering the effect of the operational phasethe abundance of each microbe. Figure 4 and
Figure 5, respectively reports the abundances ofahbial communities in the two reactors in the
different phases and the changes in the relativen@ddnce of microorganisms between phases.
Microbes related to the fermentation of sugars adetate, lactate, ethanol, €énd B, such as
Thermonema, S1 and Caldicoprobacter (Bouanane-Darenfed et al.,, 2011), syntrophic #&eeta
oxidiser, such a¥hermacetogenium (Hattori, 2000), and.actobacillus increased by a factor of at
least seven (Figure 5). The GLM analysis (FiguresBpwed a significant trends for these
microorganisms, either lineafi{ermonema; P<0.01), quadratic (i.e. roughly assumed the shae of

curve: Caldicoprobacter, Thermacetogenium; P<0.001), or cubic (i.e. showing an inflection point:
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Lactobacillus;, P<0.05). At HRT10 (Phase V) the community populatiaisCaldicoprobacter,
Thermacetogenium and Lactobacillus decreased in abundance (Sl: Figure S-5), excestetlof
Thermonema and S (Figure 6), which may be due to process inhibitiesulting in a yield and

methane productivity drop.

< Figure 5 here >

The relative abundance afcinetobacter, Solibacillus, Dictyoglomus, Proteiniclasticum,
Exiguobacterium, Fervidobacterium, Bacillus, Allochromatium and SMB53 decreased by a factor
of at least three in subsequent phases compaiidaee | (Figure 5 and Figure S-5 (Sl)). The trend
of Dictyoglomus was linear (R0.01), The shape of variation fSolibacillus and Proteiniclasticum
was mainly linear (R0.05), but also a quadratic component was closgytoficance (P=0.06). The
other microorganisms had a mixed pattern of vammtivith both linear and quadratic significant

components (£0.05).

< Figure 6 here >

During the AD process of Phase Il to Phase V, OTiEmbers ofFervidobacterium,
Bacillus, Allochromatium andSVIB53 decreased in abundance, as shown in Figure 6 gudeFs-5
(SI). The most dominant genera in Phases Il, lld d¢ at HRT30, HRT20 and HRT15,
respectively, were simple and complex sugar-feringritacteria §1), proteolitic microorganisms
(Coprothermobacter), organic acid-degrading bacteringerobaculum) Methanothermobacter and
Thermonema ((Figure 6 andrigure S-5 (SI)). This could be due to increasedR@E UOW in the
feedstock. Additionally, Figure 5 shows an incragdirend of the dominant bacterial community,
S1 and Thermonema, which could be due to higher specific growth saseirviving washouts at
shorter HRTs, and of a taxon belongingFiomicutes (order MBAOS; Figure S-2), another taxon
among the most representative. An almost decreadmegpd of Anaerobaculum and

Coprothermobacter with respect to HRT, except for the last phase THR, was also noted. The
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methane-producing microorganism, naméhgthanothermobacter, remained constant at HRT20

and HRT15 but dropped at HRT10.

3.5 Biochemical correlation of the microbial community with AD process parameter s

The proper functioning of the AD process is infloed by a number of intertwined
microorganisms governing the complex biochemicahways. Performance parameters measured
in the reactors, such as specific methane yieldhame productivity, ammonia concentration and
acetate (SI: Figure S-1) (reported in Fitamo et2016a), were correlated with OTUs abundance.
The GML analysis (Table S-1, Sl) produced a cokgffit of linear regression for each biochemical
parameter-microbial abundance pair: a positive faoet indicated that an increase in targeted
microbial abundance also caused an increase iittehemical parameter under consideration,
whereas a negative coefficient indicated a decrgetfe biochemical parameter, due to an increase
in microbial abundance (Table 2 and Table S-1). WVm®mparing microbial community
composition with AD performance parameters (Fig&rd,Sl), methane yield and productivity
significantly increased @®.05; Table 2) when an increase in abundance i@riatcurred for the
OTUs assigned to Proteobacteridcifietobacter iwoffii, OTU: 532569; Allochromatium),
Thermotogae (S1, Fervidobacterium, two OTUs) and Bacteroidete$hermonema). On the other
hand, a significant decrease<(P05; Table 2) in methane productivity and yieldswabserved
following an increase in the abundanceDottyoglomus, Fervidobacterium (two OTUs) and in the
OTU 573124 belonging toAcinetobacter. Moreover, methane productivity and yield were
significantly affected by the abundance of micr@migms belonging to the phylum Firmicutes

(Coprothermaobacter, Syntrophomonas, Clostridium, Proteiniclasticum, Exiguobacterium, Bacillus,
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two OTUsincluding Bacillus muralis, Solibacillus and SMB53), which is mostly involved in the
hydrolysis of complex organic matter. Variatiortlie methane percentage was instead significantly
affected (R0.001) only by abundance of the OTU belonging te gylum Chloroflexi, class
Anaerolineae, even if relatively low in abundance (P<0.05) (lBaB-1), members of which may be
thermophilic or mesophilic, are generally ubiquga@and play an important role in the environment

(Yamada et al., 2006).

Considering the VFAs, a significant decrease in abandance of these acids<(f001,;
Table 2), in particular in propionate {®.05; Table 2), was related to an increase in
Syntrophomonas (OTU: 1110842), known to beta-oxidise saturatetyfatids to acetate or acetate
and propionate (Sieber, 2010). Propionate sigmiflgadecreased (®.01; Table S-1) following an
increase in OTU 254504 belonging to the or@dA-98 of the clas<lostridia, phylumFirmicutes,
known to be involved in syntrophic acetate oxidatiactivities. The concentration of acetate
followed the same trend £B.05) for methane yield and production, apart3br(P=0.013; Table
2). Acetate also significantly increased whiglethanosarcina increased (P<0.01; Table 2) and
seemed also to be significantly associated with phglum Firmicutes (Coprothermobacter,
Syntrophomonas, Clostridium, Solibacillus), and withMethanosarcina, OTU positively correlated
with acetoclastic methanogens, because acetatsubsirate foMethanosarcina metabolism. On
the other hand, acetate variation was not relaiedatiation in the hydrogenotrophic methanogen
Methanothermobacter thermautotrophicus, since methane is mainly produced via syntrophitaaee
oxidation association followed by hydrogenotropmethanogenesis. Butyrate, the last VFA
considered in this study, resulted significantlythe abundance @&yntrophomonas, OTU 203894
andAnaerobaculum (phylum Synergistetes, OTU 533824; R0.001, Table 2), a genus able to reduce

substrates to butyrate with glucose as an eleckooor.

The increase inaerobaculum abundance (0.01; Table 2) was also related to a decrease
in the concentration of ammonia. Moreover, ammamacentration increased in relation to the
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increase inSyntrophomonas, OTU 203894, able to convert atmospheric molecui&nogen to
ammonia (Sieber, 2010). pH variation was only aéfddy an OTU assigned @ostridium (Table

2), whereby an increase in abundance was relatesh toicrease in pH £0.001), and by some
other non-abundamirmicutes OTUs (Table S-1). Table S-1 (SI), providing anmi@w of the less
abundant OTUs significantly correlated with AD merhance parameters, showed that biogas
production process was affected not only by dontimaigsroorganisms, but also by less abundant

but crucial microorganisms.

Overall, the results of the microbial community lges show that the composition of
feedstock and the process condition affects theersiity of the microbial community. The
biochemical correlation also reveals that certaougs of microbes particularly hydrolytic bacteria
are significantly correlated with anaerobic digestprocess performance parameters. Knowledge of
changes in microbial community structures as a aesp changes in feedstock composition,
operational process parameter and reactor perfaeneould help wastewater treatment plants and

biogas plant to enhance the methane yield and ptivity through bioaugmentation.

4. Conclusion
The dominant microbial communityProteobacteria, observed in sludge-based mono-
digestion decreased in abundance compared to #erabic co-digestion of urban organic waste

(UOW). Nevertheless, a new communitjermonema, increased during the co-digestion of UOW.

Complex  organic  polymer  degraders Thermacetogenium,  Anaerobaculum,
Ruminococcaceae and Clostridium were significantly abundant in reactor fed with hhighare of
lignocellulosic material (R2) howeve®l, Thermonema and Lactobacillus were found to be

significantly abundant in reactor fed with high shaf food waste (R1). The relative abundance of
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S1 and Thermonema increased, while other taxa suchQaprothermobacter, Anaerobaculum and

Dictyoglomus decreased in line with sequentially decreased HRTs

Syntrophic acetate oxidation, followed by hydrogemohic methanogenesis, was
established as the main methane formation pathwayoth R1 and R2. However, the relative
abundance of methanogerkaryarchaeota (Methanothermobacter) decreased when the HRT was
changed from 15 to 10 days, in which c&gthanosarcina became dominant. Methane yield was
correlated with severdirmicutes (Coprothermobacter, Syntrophomonas, Clostridium) involved in
the hydrolysis stage. The concentration of aceteds correlated with several OTUs, such as
Methanosarcina and Acinetobacter iwoffii, while the concentration of ammonia was associaiéd

Anaerobaculum andSyntrophomonas.

The particular microbial community composition addersity of the corresponding
feedstock composition and operational parametetddceupport biogas plants to enhance the
anaerobic digestion process performance by usingaugmentation of the respective
microorganisms to achieve rapid microbial adaptatiod also optimal production of methane yield

and productivity.
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List of Figures

Figure 1: Phylogenetic trees of OTUs, describiregehtire microbial community observed in both
reactors (R1 and R2) during the AD of mixed sludgd co-digestion of urban organic waste at
55°C and HRTs of 30, 20, 15 and 10 days. The lettatdnotes kingdom, p_ (phylum), c_ (class),
o_ (order), f_ (family), g_ (genus) and s_ (spgdiasonomical levels. Thick branches indicate

bootstrap analysis values higher than 50.

Figure 2: Differences in microbial community divigysshown by principal coordinate analysis
ordination (PCoA), considering differences in hydimaretention time (Phases | to V) and
feedstock composition (R1 and R2). The diamond esapdicate the AD process in R1, while the

circles represent R2. The arrows indicate changesdrobial composition.

Figure 3: The relative abundance of microorganibased on the taxonomical classification of the
microbial community in both reactors (R1 and R2¢ath operational phase (Phase | to V) (a)
identified at phylum, (b) identified at genus leyed 0.5 OTUs of relative abundance) and (c)
archaeal community at genus level (> 0.5 OTUs |)o&der unidentified OTUs were included in
“Unclassified”. The letter MS denotes sole mixaadgje at HRT of 30 days (Phase 1), the numbers
30 (Phase 11),20 (Phase 111),15 (Phase 1V) andPtaée V) denotes the hydraulic retention times at

the respective reactors (R1 and R2).

Figure 4: The heat map of the average relative ddure of replicates of dominant microorganisms
in the different phases (Phase | to Phase V) witiirand R2 (on the left panel), and fold changes
(log2(R1/R2)) from R1 to R2 (on the right panel). Colsaales are shown on top of each panel. On
the left panel, the most abundant microorganisashown in red colour and the less abundant in
blue and black. On the right panel, the relativeralance increment in fold change is coloured by
red, while the decrease in fold change is colouragteen. The black colour indicates if there was
no fold change. The asterisks close to the lefttarible right panels indicate the significancehaf t
phase and reactor effects, respectively<®.B5; ** P<0.01; *** P<0.001), on the variation in

average microbial abundance.

Figure 5: General trends of the most abundant migamisms classified at genus level with respect
to changes in operational phases (Phase |, Phd2edse 1ll, Phase IV and Phase V). Abundance

was calculated from averaged row data as logariththe ratio between each phase (I, Ill, IV and



V) and the reference phase (Phase I). The obtagsedts are denoted as Phase Il (Phase Il versus
1), Phase lll (Phase Ill versus I), Phase IV (PRasersus |) and Phase V (Phase V versus ).
Trends are classified in: a) linear; b) quadratjosubic; d) mixed shapes of variation, accordmg t
the general linear models analysis (GLM).

Figure 6: The percentage of relative abundancewofidant microorganisms (> 0.5 OTUs ) with a
change in the operational phase: Phase | (R1 apdPRase Il (R1 and R2) and Phase V (R1 and
R2).



1 Tables

2 Table 1. Overview of process conditions and sequencing results. Co-digestion at HRTs of 30, 20, 15
3 and 10 days, with corresponding co-substrate compositions in R1 and R2. Feedstock composition is
4  shown as the ratios of sludge, food waste, grass clippings and garden waste, respectively, for R1

5 and R2 (all VS-based).

Feedstock Reads OTUs | >0.5% of relative abundance
Sample | Phase | HRT | Reactor assigned | (>10 | Genus | Family | Order | Class | Phylum
(days) totaxa | reads) | (%) (%) (%) (%) | (%)
RUMS| || 30 1 Sludge* 85069 186 62 87 88 88 0
RUMS | | 30 1 Sludge* 110862 193 73 85 87 87 91
::;]JSO-I I 30 1 10:67:16:7 109386 109 60 93 96 96 9%
R1/30-11 | 1l 30 1 >> 96073 113 63 92 95 95 95
R1/20-| 11 20 1 >> 67045 108 64 80 96 96 96
R1/20-11 | 1l 20 1 >> 128505 132 60 80 96 96 96
R1/15-1 v 15 1 >> 101730 135 62 72 94 94 94
R1/15-11 | IV 15 1 >> 111771 198 63 74 92 92 93
R1/10-| Vv 10 1 >> 123175 79 70 e 95 95 95
RY/10-II | V 10 1 >> 130529 128 63 72 94 94 94
R2IMS| | | 30 2 Sludge* 136020 360 47 71 73 73 79
R2IMS | | 30 2 Sludge* 113342 229 72 86 88 88 0
::;2/304 I 30 2 10: 44:32:14 108985 161 56 88 91 91 91
R2/30-11 | Il 30 2 >> 49967 121 54 92 94 94 A
R2/20-| 11 20 2 >> 116453 176 64 75 90 90 0
R2/20-11 | 1l 20 2 >> 129588 133 49 70 90 90 0
R2/15-1 v 15 2 >> 45503 142 62 75 93 93 93
R2/15-11 | IV 15 2 >> 109209 145 68 78 93 93 93
R2/10-| Vv 10 2 >> 42890 107 51 57 91 91 91
R2/10-11 |V 10 2 >> 58895 134 47 52 91 91 91

6 *Mixture of primary and activated sludge



Table 2. Significant sources of variation for AD biochemical performance parameters obtained in single-trait linear model analyses considering
phases (Phases I-V) and reactors (R1 and R2) as fixed effects and the microbial abundance as a covariate. The P-value of microbial abundanceis
reported for each model run, and significant results (P<0.05) are shown in bold and green font. The direction of the variations was indicated by
different colours (blue: same variation; red: opposite variation; white: close to zero variation). When phase and reactor effects resulted as

significant (P<0.05) in a model, they were indicated with a P or R superscript close to the P-value of microbial abundance. Only the most

interesting OTUs and biochemical parameters were reported (an extended list is provided in Table S-1).

OTUs Phylum Genus CH,4 Productivity | CH, yield % CH,| | VFA Acetate Butyrate | Propionate| |Ammonia| pH
573124 | Proteobacteria | Acinetobacter 0.02 | ™R 0.02| ™| o028 02 ™ 0 Rl 047 0.97 028|" |08
532569 | Protecbacteria | Acinetobacter 0.03| ™ 0.03|™| 032 02 ™ 0 ™" 042 0.99 023 ™08
563656 | Proteobacteria | Allochromatium 0.01 ™ 0.01|™ 0.2 01 ™ 0™ 04 0.92 026" |08
533824 | Synergistetes | Anaerobaculum 0.84 P 0.78 |° 0.77 05|" 0.56 of 0.69 0017 |04
302965 | Firmicutes Bacillus 0.01|™® 001 ™| 026 02 ™ 0 ™ 048 0.98 0.28 0.8
578257 | Firmicutes Bacillus 0.01| ™ 0.01|™®| 026 02| ™ 0™ 046 0.99 027 7 |08
210805 | Firmicutes Caldicoprobacter 037 * 03" 0.69 0.7 0.55 0.9 0.15 1|/" |05
1108449 ' Firmicutes Caldicoprobacter 02|” 014 ° 0.34 05|" 0.26 0357 0.91 038" 04
1047886 | Firmicutes Clostridium 038 " 031" 0.58 0.8 0.6 091 * 0.27 094" |04
220242 | Firmicutes Clostridium 032" 041" 0.08 03" 0.42 0.59 0.47 068" 01
2971192 | Firmicutes Clostridium 0.01| ™ 001" o021 02 ™ 0 ™| 046 0.99 028" |08
1130771 Firmicutes Clostridium 0.65° 077 |° 0.46 06" 0.69 036 P 0.67 0533P | 0
272967 | Firmicutes Coprother mobacter 0.01| ™ 0.01|™®| 019 0.4 005 ™| 093 0.67 07 " 07
OTU-001 | Dictyoglomi | Dictyoglomus 0.01| ™ 0.01|™®| 024 02| ™ o™l 05 0.97 03" 08
189039 | Firmicutes Exiguobacterium 0.05| ™ 0.05|™ 0.4 03~ 0.01|™| 058 0.84 0.33 0.7
109610 Thermotogae | Fervidobacterium 0.03| ™ 0.03|™| 033 02~ 0™ 053 091 0.3 0.7
559513 | Thermotogae | Fervidobacterium 0.02| ™ 0.02| ™ 0.3 0.2 (R 0™ 048 0.95 0.28 0.8
4415598 | Firmicutes Lactobacillus 071 P 0.65° 0.58 0.8 0.45 019 P 0.67 008" |05




o

3851582 | Firmicutes Lactobacillus 0.98 0.95 0.47 0.7 0.64 0.15 0.99 0.08 0.7
592689 | Euryarchaeota | Methanosarcina 012 ™ 013 ™ 0.5 01|" 0.02| ™| 026 0.84 0.11 0.8
369183 | Euryarchaeota | Methanother mobacter 077 | ™ 08" 0.65 0.8 052 ® | 073 0.75 0.45 0.7
167215 | Firmicutes Proteiniclasticum 0.01|™® 0.02|™®| 027 02 ™ 0 ™| 048 0.96 0.28 0.8
OTU-002 | Thermotogae | S1 0.76 ™ 0.82° 0.18 03|" 0.85 R 1 0.08 0.82 05
777316 | Thermotogae | S1 0.05|° 0.05|" 0.21 0.6 0.13 0.79 0.57 0.97 0.6
555945 | Firmicutes SMB53 0.01|™® 001 | ™| 022 01|™ 0™ 044 0.96 0.27 0.8
821325 | Firmicutes Solibacillus 0.01 ™ 0.02|™®| o027 0.2|™ 0 Rl 047 0.97 0.27 0.8
287657 | Firmicutes Solibacillus 0.02 | ™R 002 ™| o031 02|™® o™ 04 0.98 0.22 0.8
1110842  Firmicutes Syntrophomonas 057 ™ 0.65° 0.27 o™ 047 ® | 059 0.03 0.63 0.3
2677385 | Firmicutes Syntrophomonas 0.02| ™ 0.02| ™ 0.3 02 R 0™ 045 0.95 0.26 0.8
203894 | Firmicutes Syntrophomonas 0.89 P 0.85° 0.77 04" 0.6 0.01 0.57 0.02 05
247170 | Firmicutes Thermacetogenium 034 * 0.27|" 0.8 0.8 0.46 0.97 0.12 0.82 0.5
248523 | Firmicutes Thermacetogenium 035° 0.27|° 0.87 0.9 0.43 0.75 0.15 0.62 0.3
242302 | Firmicutes Thermacetogenium 023" 017 ° 0.38 0.8 0.36 0.64 0.61 0.66 0.4
566078 | Bacteroidetes | Thermonema o|” o|” 011 01" 0" | 049 0.84 0.36 0.8
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Figure 3

(C) Genus level: archaea communities
(@) Phylum level (b) Genus level
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Figure 4
Click here to download high resolution image
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