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Abstract

Many ammonia-rich biomass sources, such as maaackprotein-rich substrates, are
potential inhibitors of the anaerobic digestion (Aocess. It was previously demonstrated
that bioaugmentation ®flethanoculleus bourgensis MS2" in an ammonia inhibited process in
a continuous stirred tank reactor (CSTR), resultagp to 90 % recovery of the methane
production compared to the uninhibited productidawever, cultivation of pure strains has
practical difficulties due to the need of speciavwgth media and sterile conditions. In
contrast, acclimatized enriched cultures have mstenility requirements. In the current
study, an enriched ammonia-tolerant methanogerigreuvas bioaugmented in a CSTR
reactor operating under ammonia-induced, inhib#isgdy-state. The results demonstrated
that bioaugmentation, completely counteracted thmania toxicity effect. This indicates
that a commercial application of bioaugmentationldamprove up to 36 % the methane
production, the greenhouse gas reduction efficieamoy/the gross revenue of ammonia
inhibited full scale biogas reactors. 16S rRNA gsequencing showed that bioaugmentation
changed the microbial composition of the reactessliiting in higher bacterial and lower
archaeal community diversity. The bioaugmentedtogatowed a fourfold increase of the
abundance of the bioaugmented methanogens comipettegl control reactor. This indicates
that ammonia-tolerant methanogens establishedinvle ammonia-inhibited reactor and
dominated over the domestic methanogenic populatmrally, this study showed that the
enriched culture alleviated ammonia toxicity 25 %renefficiently than the previously used

pure culture.
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methanogen.



Nomenclature

AD Anaerobic digestion

ANOVA Analysis of variance

AOA Ammonia-oxidizing archaea
CSTR Continuous stirred tank reactor
HRT Hydraulic retention time

ODeoo Optical density at 600 nm

OLR Organic loading rate

OoTuU Operational taxonomic unit
SAO Syntrophic acetate oxidation
SAOB Syntrophic acetate oxidizing bacterium
SRT Solid retention time

TS Total solid

VFA Volatile fatty acid

VS Volatile solid

Umax Maximum growth rate

1 Introduction

Vast amounts of ammonia-rich organic wastes ardymed yearly from the agricultural
and the food industrial sectors (Kovacs et al., 30Anaerobic digestion (AD) is one of the
most effective methods to treat this waste, asowiges energy (methane) and a bio-fertilizer
(digestate) (Tampio et al., 2016). Moreover, sona@unes (e.g. pig, poultry etc.) that are
often used as substrates in biogas reactors cdmtgiramounts of urea. Ammonia is a well-
known inhibitor of the AD process (Westerholm et 2015). It has been widely shown that

free ammonia (unionised, NHis the most toxic form of the total ammonia (I#HNHs) for



the methanogenic communities mediating the AD me¢Rajagopal et al., 2013). The NH
levels depend on the total ammonia concentrati@ri#gactor and on the NHNH;

equilibrium, which is affected by the temperatune ghe pH (Yenigin and Demirel, 2013).

Many solutions have been proposed to solve the ariamohibition problem. Up to now,
the two most common methods are lowering the oppgramperature and diluting the
reactor content with water (Kelleher et al., 208&Isen and Angelidaki, 2008).
Nevertheless, these methods can counteract the mi@moaicity only to a limited extend, are

uneconomical and do not provide a permanent solMasseé et al., 2014).

Europe has currently more than 17,240 biogas pmdsnost of them use combined heat
and power (CHP) units to generate electricity o@, svith an average efficiency of 40 %
(European Biogas Association, 2015; Herbes eR@lp). At the same time, it has been found
that several of the European biogas reactors ai@isty affected by ammonia toxicity,
leaving unexploited more than 30 % of their methpoikential, while operating in an
ammonia induced inhibited-steady-state (Duan eR@ll2; Fotidis et al., 2014a). This
suboptimal, but apparently stable process is riegulh severe operational problems with
increased C@footprint. In Europe, the minimum price for the@tricity produced from
biogas (using residual resources as feedstock).B@kWhe)'l and the total installed
capacity is 8,333 MW (European Biogas Association, 2015); thus the pema biogas
industry suffers significant economic losses duth&ammonia toxicity. At present, to secure
an uninhibited AD process, biogas plant operatarsmize or completely avoid the high
ammonia containing feedstocks. Nevertheless,imperative to find an alternative and
reliable solution for the treatment of the vast ante of high ammonia containing ammonia-
rich substrates and alleviate their ammonia inbilgieffect in continuous biomethanation

processes.

It has been previously reported that aceticlasethanogens are sensitive to ammonia



(Chen et al., 2008; Westerholm et al., 2011; Yemigid Demirel, 2013). There is however,
another metabolic pathway, the syntrophic acetaation (SAO) pathway, where acetate is
oxidized by syntrophic acetate oxidizing bacteBAQB) to hydrogen and carbon dioxide,
followed by hydrogenotrophic methanogenesis (Wésler et al., 2016). The SAO pathway
is much less liable to ammonia inhibition (Moestetdal., 2016; Westerholm et al., 2011).
The use of ammonia-tolerant hydrogenotrophic metbanic cultures could provide an
alternative solution to overcome ammonia inhibitiorAD process. Specifically, Costa et al.
(2012) have suggested bioaugmentation as the paterdgthod to deliver and establish these
ammonia-tolerant cultures in ammonia inhibited cardus anaerobic reactors. Based on that
Fotidis et al. (2014b) have successfully bioaugmeeiain ammonia-tolerant pure culture
(Methanoculleus bourgensis MS2") in a continuous reactor. Nevertheless, the afitv of
pure cultures to be used as bioaugmentation indragapecific technical difficulties and is
cost-expensive due to required sterile conditiomsspecial growth media (De Roy et al.,
2014). Contrary to pure cultures, ammonia acclineati(enriched) cultures have lower
requirements to sterility (Narihiro et al., 201B8ditionally, adaptation of the AD process to
high ammonia loads is well established (Rajagopal.e2013; Tian et al., 2017). It is
hypothesized that due to the acclimation procéeset complex communities could be more
robust and thus, better biomethanation inocula ghpuare strain. Enriched ammonia-tolerant
methanogenic cultures have been used before asgom@ntation inocula in batch reactors
with high ammonia levels (Wilson et al., 2013). Hewer, these enriched cultures were never
assessed as bioaugmentation inocula in continutaerabic reactors where the washout of
the inoculated microorganisms poses a big challéiHga et al., 2016; Sivagurunathan et al.,

2015; Westerholm et al., 2016).

Based on the above, three major aims were addresseel current study. First, to use an

enriched ammonia-tolerant methanogenic culturel@saugmentation inoculum in a



continuous stirred tank reactor (CSTR) operatingemmmmonia induced inhibited-steady-
state. Second, based on the lab scale resultsfitedhe effect of bioaugmentation on the
energy production, greenhouse gas (GHG) emissiothgass revenue of the biogas reactor
compared to a reactor operating under ammonia edlunhibited-steady-state. Third, to
compare the data extracted from this study withréisellts derived from a previous study,
which has been conducted under the same experihoemiditions but with the use of a pure

culture as bioaugmentation inoculum (Fotidis et2014b).

2 Materialsand Methods

2.1 Ammonia-tolerant enriched culture

The enriched ammonia-tolerant culture used in thaugmentation process was derived
from a previous experiment (Fotidis et al., 201®)ere inoculum from Hashgj Biogas plant
(Denmark) was acclimatized to stepwise increasemi@mia levels (up to 7 g NF+N L™Y) in
batch reactors. Before introduction to the CSTRteathe enriched culture was incubated at
5 g NH,"-N L™ in batch reactors with BA medium (Zehnder etE80). The pH of the batch
reactors was adjusted to 7.0+0.1 usingg@aid CQ gas mixture (4/1 on volume basis).
Subsequently, 124.8 mL of;knd 31.2 mL of C@were added in the headspace. All the
bottles had 118 mL total and 40 mL working voluraas were incubated at 37+1°C. The
enriched culture showed hydrogenotrophic methariogethway at 5 g Ni-N L™ as
determined by radio labelled experiments usin§'(3-acetate as reported before (Fotidis et
al., 2013). Finally, preliminary high-throughputS6RNA gene sequencing analysis of the
enriched culture showed that it consisted of a bgenotrophic methanogekiéhanoculleus
spp.) and four primary bacterid €oidimicrobium spp.,Aminobacterium spp.,Petrimonas

spp. andefluviitoga spp.).



2.2 Inoculum and feedstock

The inoculum used in the CSTR reactors was rettiénam a full-scale mesophilic
anaerobic reactor (Hashgj Biogas, Denmark) fed pighand cattle manure (>70 %) and
organic waste (>10 %). All the dairy slurry deriviedm Hashgj municipality (Denmark) and
was the primary feedstock used in the experimdms. Sfurry was sieved to remove coarse
materials, thoroughly mixed to ensure homogenéitguighout the experiment and kept at 4
°C before used in the experiment. The basic cheniatits of inoculum and feedstock are

depicted in Table 1.
2.3 Experimental setup

The bioaugmentation experiment was performed initieatical glass CSTR reactors
(Renc Enriched culture bioaugmentation anghRabiotic augmentation) with 2.3 L total and
1.8 L working volumes. Both reactors had organazliag rate (OLR) of 1.74 g VSid*
and solid (SRT) and hydraulic (HRT) retention tineé24 days. Ammonium chloride was
used as additional ammonia source. Each reacetip $1ad a feedstock tank, a feeding
peristaltic pump, an effluent tank, two magnetiosts, a water-displacement gas meter and

an electrical heating jacketed system.

The complete bioaugmentation experiment was dividesix distinct experimental
periods (P-1 to P-6). Both CSTR reactors starte(dapa not shown) with an ammonia level
in the feedstock of 1.65 g NHN L™ until they established a steady-state, (P-1, dai8).
Ammonia levels were then stepwise increased irieegstock at 3 g NF-N L™ (P-2, days
11-31), 4 g NH*-N L™ (P-3, days 32-62) and 5 g WHN L™ (P-4, days 63-96). After
ammonia concentration in the feedstock increas&dgailH,*-N L™ (during P-4), an
ammonia induced inhibited-steady-state was estadigdays 87-96) for both reactors.

Addition of 100 mL of the enriched culture (@g=0.21-0.23 an@i,a,=0.024 K", from a



batch culture at exponential growth phase) in thg RRactor took place twice on P-5 (days
97 and 99). At the same time, the same volume (20 total) of sterile BA medium with 5
g NH,*-N L™, was also introduced in the reactaesRo apply the same hydraulic effect as the
bioaugmentation inoculum (abiotic augmentation. lays 100-142) of the experiment was
defined as the period after the bioaugmentationadmatic augmentation (i.e. the addition of
sterile medium in reactordg to replicate the hydraulic effect that the bioaegtation
inoculum had on the gRJ) processes took place. Throughout the duratidheé&xperiment,
both reactors were operating continuously and tR& Hhe OLR and the ammonia levels in
the feedstock (corresponding to each period), Wepe stable. The maximum organic matter
concertation delivered to the reactors during flbadigmentation and abiotic augmentation,
was less than 1 % of the OLR and its effect omtleéhane production was considered to be
statistically negligible. Finally, the total ammargoncentrations of the feedstock and the

reactors, throughout the experiment, are depictddg. S1 (Supplementary Material-Part A).
24 Analyses

Total solids (TS), volatile solids (VS), total Kgelhl nitrogen, total ammonia and pH were
determined according to APHA’s Standard MethodsHAP2012). The pH was measured
with a PHM99 LAB pH meter. The methane contentim biogas produced by the CSTR
reactors was measured with GC-TCD (MGC 82-12, Mdbsa/s, Denmark). The volatile
fatty acids (VFA) were determined using gas-chragetph (HP 5890 series Il). The optical
density at 60@m (ODsoq) was determined with a Spectronic 20D+ Spectrapheter

(Thermoscientific, Soeborg, Denmark).
2.5 DNA extraction and high-throughput 16SrRNA gene sequencing

Both archaea and bacteria high-throughput 16S rigbi#e sequencing was performed in

the CSTR reactors before (day 96, P-4) and afegr {21, P-6) bioaugmentation to elucidate



any possible changes in the relative abundancesttianogenic populations. QlAamp DNA
Stool Mini Kit (Qiagen Inc., Mississauga, Canadat 80. 51504) was used to treat the
samples for total genomic DNA extraction as hasliBetated by the manufacturer’'s
instructions (Dokianakis et al., 2004). Nested R@R used for archaea, with archaea-
specific primers 20f (5-TTCCGGTTGATCCYGCCRG-3)&R58r (5'-
YCCGGCGTTGAMTCCAATT-3) for the first amplificatiomound and ARC-344f (5'-
ACGGGGYGCAGCAGGCGCGA-3) and ARC-519r (5-GWATTACGCG5GCKGCTG-3))
for the second amplification round. For bacteri@RPwas performed with specific primers
341f 5-CCTACGGGAGGCAGCAG-3 and 518r 5’-ATTACCGCGII GCTGG-3' for
amplification. In all PCR amplifications, Taq PCRI€ Kit (QIAGEN) was used with 1L
template DNA and 20 pmol of each primer. The PCRddmns for the first and second
amplification were as described by Fotidis et 201(4b). For purification and removal of the
excess primer dimers and dNTPs from the PCR pred@Aquick spin columns (QIAGEN)
were used. Subsequently, the samples were selbd@ifooded libraries preparation and
sequencing on an lon Torrent PGM apparatus withcBd® using the lon Sequencing 200 kit
(all Life Technologies, Inc., Paisley, United Kiragd) according to the standard protocol (lon
XpressTM Plus gDNA and Amplicon Library Preparatitife technologies) (Luo et al.,

2013).
2.6 Microbial community data processing

The raw sequence data were deposited at “sequeaderchive” database
(http://www.ncbi.nlm.nih.gov/sra) under accessiombers SRS1510840 and SRS1511333-
1511335. Raw reads were analysed using CLC Worlkbsoitware (V.8.0.2) with Microbial
genomics module plug in. A trimming procedure waglied to low quality reads according
to default parameters provided by the softwaren@na crossover filter was also performed.

Operational taxonomic units’ (OTUs) phylogenetisigement was performed with Multiple



Sequence Comparison by Log- Expectation on trim(840 bp) sequences using Greengenes
v13_5 database as reference (clustered at 97 %).<bilarity cut-off was set at 97 %. The
creation of new OTUs was allowed when taxonomy lsiritly percentage was lower than 80

% and the minimum occurrence was five reads. OTel®wligned using MUSCLE software
implemented in CLC software. Maximum Likelihood Rigeny (tree) was performed with
Neighbor Joining as construction method and witte§uCantor as nucleotide substitution
model to estimate the evolutionary distance betvgegiences. Bootstrap analysis was
performed with 100 replicates to test the certagitthe evolutionary relation and distance.
Alpha diversity was measured based on number of Q0bao 1 bias-corrected and
Phylogenetic diversity. Beta Diversity represerdaedprincipal coordinate analysis” of the

16S rRNA gene OTUs was obtained using Bray-Curarim

3 Theory/calculation
3.1 Growth rate and maximum methane production

The maximum growth rateugay) of the enriched culture was calculated from tbges of the
linear part of the graph of the batch reactors ar@hproduction (natural logarithm) versus
time as has been described before (Fotidis e2@l4a). The methane production of bothR
and Ry continuous reactors during P-1 was consideredeasmbximum methane production
(uninhibited) of the dairy slurry, which used taeft any changes in the performance of the

two reactors throughout the experiment.
3.2 Steady-state

As steady-state was defined a quasi-steady-statek{iéshwaran et al., 2016), for at least a
period of ten successive days with less than 1@&#fatwon in the methane production, VFA

accumulation and pH fluctuation (Fotidis et al.18

10



3.3 Statistics

Analysis of variance (ANOVA) was used to define satistically significant differences
among the different methane productions. ANOVA gsialhad a confidence interval of 95
% (p < 0.05, i.e., a 5 % significance level). Altsstical analyses were made using the

Graphpad PRISM 5.0 program (Graphpad Software, 8an Diego, California).
3.4 Thepotential economic and environmental impact of bioaugmentation

In order to define the effect of bioaugmentatiortlvg energy production and the GHG
emissions of the biogas reactor compared to aoeaperating under ammonia induced

inhibited-steady-state the following assumptionseneade:

1. The CQ equivalent was calculated as 25 t&quivalent per t CIH(IPCC, 2013).

2. Both reactors had zero GHG emissions.

3. The upper calorific value of methane was used @EkWh ni® CH,) to evaluate the
energy recovery from the bioaugmentation (Schlegl.e2010).

4. The electricity production efficiency from biogasa typical CHP unit was determined to
be 40 % (Uusitalo et al., 2016)

5. The tariff of electrical power produced from a Chiftt combusting biogas in EU is

between 0.11 and 0.28 € kWIEuropean Biogas Association, 2015).

To approximate the increase from the bioaugmemtatiaghe annual gross revenue of a
typical full-scale, manure-based biogas reactoratpey under inhibited-steady-state, it was

assumed that:

1. The reactor's operational size was 5,000 m
2. The feedstock had the same VS content as the teddstesented in Table 1.
3. The HRT of the reactor was 24 days.

4. The reactor was operating for 330 days per year.

11



5. Bioaugmentation improved the biogas production ®ya3

4 Resultsand Discussion
4.1 Reactors performance

During P-1, both reactors ¢ and Ry) had a statistically similapg0.05) average
methane production yield (Fig. 1) of 263 mL £4f VS, at steady-state. defined as a period
of ten successive days with less than 10 % vanatidhe methane production, VFA
accumulation and pH fluctuation (Fotidis et al.180) When ammonia levels increased in the
feedstock to 3 g NiI-N L™ (P-2) and 4 g NEI-N L™ (P-3) methane production, at inhibited-
steady-state, was decreased in both reactors be®@and 43 % compared to P-1. At the
beginning of P-4 both reactors briefly recovereshs®f their lost methane productivity, due
to the acclimation of the methanogenic communttethe increased ammonia levels (Chen et
al., 2008). Nevertheless, the methane productiaimi@bited again, and at the end of P-4
was approximately 31 % less for both reactorstétdy-state) compared to P-1. Immediately
after bioaugmentation (P-6), theRreactor demonstrated a significant improvement in
methane production rate, which led to a new unitgubsteady-state (days 131-142). In this
new steady-state, the-R reactor was operating continuously for approxityai®o HRTs
with approximately 40 % higher methane productiae compared to the inhibited-steady-
state at the end of P-4. Surprisingly, thgfReactor regained 97.2 % of the methane
production rate it had before the introductionta aidditional ammonia to the feedstock (P-
1), practically completely overcoming the ammomiaibitory effect. Contrary to R, the
control reactor (By) remained in an ammonia-induced inhibited-steddiesn P-6, slightly
increasing (5 %) its methane production comparde-4o This statistically significant
(p<0.05), but small improvement in methane production, d&es to the slow acclimation of

the methanogenic populations to the high ammonreldgGao et al., 2015).

12



Finally, a direct comparison betweeg,Rand Ry during the final steady-state (days 131-
142), shows that K: had an average of more than 36 % higher methartiption rate.
Overall, the study showed, for the first time, thatenriched ammonia-tolerant methanogenic
culture could be successfully used as bioaugmentatoculum to completely counteract
ammonia inhibition in a CSTR reactor. This remadraapproach is alternative to
conventional methods (dilution and temperature havgg, used today to alleviate ammonia

toxicity in AD reactors (Nielsen and Angelidaki,GH).
4.2 VFA accumulation and pH fluctuation

The total VFA accumulation pattern (Fig. 2) wasamsistence with the biomethanation
performance of the two reactors. Specifically, bathctors started with low VFA levels
during P-1 and P-2. When ammonia negatively aftetite reactors at the end of P-2 and
during P-3, led to a maximum VFA accumulation (®0ng HAc L'%). At that point, both
reactors had a transient methane production regppesbably due to microbial acclimation,
which initiated the reduction of the VFA levelstaé end of P-3. During P-4, VFA levels
were stabilized above 1,000 mg HA¢ for both reactors. After bioaugmentation (P-6,R
reactor’s VFA dropped below 1,000 mg HAZ Bnd were kept stable within the normal
limits for continuous AD of dairy slurry until thend of the experiment (Fang et al., 2011).
Contrary to the B, VFA accumulation (Fig. 2) in & verified that the reactor was at
inhibited-steady-state (days 121-142) at 5 g,NNI L™, with VFA levels above the
established threshold of 1,500 mg HAC while having a stable daily methane production.
Despite the VFA accumulation, pH in both reactoaswnly slightly reduced throughout the
experiment (from 8.15 to 7.7), due to the stronfidsing capacity attributed to high ammonia

content (Liu et al., 2008).

13



4.3 Microbial population richness, diversity and dynamicity

In this study, next generation sequencing of 1688ARene hypervariable V3 region was
chosen to evaluate microorganisms’ richness, tigassicrobial taxa and to calculate relative
abundances. Microbial richness (number of operatitaxonomic units-OTUs, at 97 %
similarity level) of R.nc and Ry were analysed across two different time pointforee(P-4)
and after (P-6) bioaugmentation/abiotic augmenati@uality results of sequencing and
complete taxonomic assignment of microbial OTUsraported in Fig. S2, Table S1 and

Data set 1 (Supplementary Material-Part A and Bhart

Alpha and beta diversity indices demonstrated tge tynamicity and diversity in
microbial communities most probably due to ammaosécity (Fig. 3 and Fig. S3,
Supplementary Material-Part A), highlighting opgesrends in archaeal and bacterial
communities. Specifically, archaea diversity, aftex bioaugmentation (P-6), greatly
decreased resulting in a more specialized commuRiity archaeal community, which was
responsible for the biomethanation process, wastidedly narrowed its diversity to species
more robust to ammonia toxicity. Specifically, ayjpueduction in B,c diversity occurred in
P-6 (Fig. 3a), indicating that the bioaugmentatimtulum addition most probably escalated

the reduction in archaea diversity.

Contrary to archaea, bacteria samples taken b#ferkioaugmentation/abiotic
augmentation clustered closely, while samples takéh6 diverged greatly with a high
increase in the diversity, especially iasFig. 3b). These findings strongly suggest that
microbial acclimation to ammonia, enhanced the remolb bacterial species present in the
reactors, with an additional increase ig,Rnicrobial diversity due to bioaugmentation. A
possible explanation is that the bioaugmented rgatrotrophic methanogens decreased the
hydrogen partial pressure, thermodynamically allmihe SAO pathway to evolve (Hattori,

2008) and more SAOB species to thrive. Moreovex jitierease in bacterial diversity supports

14



the assumption that bacteria are tolerant to amantoxicity, which mainly is affecting the

methanogenic archaea.

4.4 Taxonomy composition and microbial variability following the bioaugmentation

effect

A general overview of the microbial community stire showed thduryarchaeota (96
% relative abundance) a@tenarchaeota (1 % relative abundance) were the most abundant
archaeal phylairmicutes (57 % relative abundancddacteroidetes (27 % relative
abundance) and WWEL (4 % relative abundance) wefartihe dominant phyla of bacteria

domain.

The archaeal community was dominatedithanosarcina genus with 94 % relative
abundance on average in the different samples.chedsed presence Miethanosarcina
(from 95 % to 88 % of relative abundance) was avidéhen comparing P-4 and P-6 ia.R
while its abundance was quite stable iy Elightly increase from 96 % to 98 % in P-6). This
is a proof that bioaugmentation has rapidly chartgednicrobial composition in the
bioaugmentation reactor; something that the naageimation process cannot achieve (if at

all) in such short timeframe.

Methanoculleus genus decreased in both reactors after bioaugtientbiotic
augmentation. Specifically, a drastic decreaddethanoculleus genus abundance was
observed (from ~1 % to ~0.1 %) iR while the decrease was weaker @ drom ~1 % to
~0.6 %). Analysis showed no differenceMiethanoculleus genus abundance betweegy R
and Rc before inocula addition, however, the same corsparafter bioaugmentation
showed a fourfold increase in abundanc#ethanoculleus spp.in Rene. Results obtained at
OTUs level indicated the presence of different gggeofMethanoculleus genus with opposite

behaviours. It was demonstrated the occurrenceMtlanoculleus spp. resident and

15



abundant in & and R, before the inocula addition that strongly redutteslr abundance
after bioaugmentation/abiotic augmentation (froih%.to 0.06 %, on average). On the
contrary,M. bourgensisincreased threefold (from 0.07 % to 0.2 %) itstreéaabundance

only in Reng indicating the bioaugmentation positive effecbrigbver, this trend is even more
evident comparing & and Rcafter bioaugmentation/abiotic augmentation wheee th
relative abundance ®. bourgensisincreased more than 16-fold i R(Fig. 4a). It seems
that the microbial changes evolved in thgedfRwere part of the “microbiological domino
effect”, which has been identified as the main na@t$m of a successful bioaugmentation
process in anaerobic systems (Fotidis et al., 204Hdang et al., 2015). Since methanogens
are known to be crucial players (define the overalkcess rates) of the SAO pathway (Wang
et al., 2015), it seems that in this study methansgvere the bioaugmentation “process
steering microbes”. As “process steering microl@@g’defined the non-dominant
microbiological groups that, under specific enviremtal conditions, can dictate the activity
of a microbiological system. Even though, methansgae non-hub species (i.e. species that
are not directly associated with many other spg¢lesust and Raes, 2012), it seems that
bioaugmentation could give them the pivotal rolel@ermining the overall microbial

consortium.

Another interesting finding was the presence od¢hDTUs ofCandidatus nitrososphaera
genus increasing in abundance of 16-fold g-Rfter bioaugmentation (from 0.2 % to 2.3
%). This genus belongs to phylu@nenarchaeota, well known as ammonia-oxidizing archaea
(AOA). Moreover, the same trend of increased abnoed27-fold) was found in two OTUs
classified only at phylum level & enarchaeota (from 0.2 % to 1.0 % and from 0.03 % to
0.5 %). It was demonstrated by Tourna et al. (2041 the AOANitrososphaera viennensis
is able to grow at increased ammonia levels witis@erably higher growth rates when was

grown in co-culture with bacteria, possibly relatedHyphomicrobium spp. and
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Mesor hizobium spp.. It can be postulated that the presenceedbdloteria in B, (after
bioaugmentation), enhances the activity and coresgtyuthe abundance f.

nitrososphaera.

The bacterial community showed higher diversity whempared with archaeal
community, although it was possible to obtain taotait assignment at genus level only for
20 to 30 % of relatively abundant microbes. Thekla 16S rRNA databases is because
microorganisms are not yet isolated. Overall, €rRega were found to be the most abundant
(>1 % of relative abundance, Fig. 4B8)ostridium spp.,Caldicoprobacter spp.,Alkaliphilus
spp, Candidatus, Cloacamonas, Sedimentibacter spp. andSyntrophomonas spp.. All of these
genera have members that are known to mediatealitfprocesses of the overall AD process
(e.g. VFA fermenters, amino acid fermenters, otaeeoxidising bacteria) (Schnirer et al.,
1996). It seems that, in this complex anaerobigrenment, bacteria were more ammonia-
tolerant compared to any methanogenic archaea.widutd indicate that, at high ammonia
concentrations, in the syntrophic relationship lestwhydrogenotrophic methanogens and
SAOB, the methanogens are the most sensitive parffilee increased abundance of
Caldicoprobacter spp. has been related before to high ammoniadéx®lg NH,"-N L™) in
batch anaerobic reactors (Poirier et al., 201&edims thataldicoprobacter spp., a sugar
fermenter (Zamanzadeh et al., 2016), becomes sitbsiompetitive to the other sugar

fermenting bacteria, due to its increased tolerao@mmonia toxicity.

Finally, it must be mentioned that the microbiotadianalysis was performed before (day
96, P-4) and one HRT after (day 121, P-6) bioaudatiem, in order to depict the fast
changes in the microbial dynamicity, coupling thereased methane production of the
reactors that resulted from bioaugmentation. Tloeeefmethanogenic communities occurred
in both reactors later in the experiment (until d4®) were not analysed. Nevertheless, it

would be interesting for the future research t@ssshe dynamicity of the microbiome of the
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bioaugmented anaerobic systems for more HRTSs.
45 Thesignificance of bicaugmentation for the biogasindustry

Based on the lab scale experiments, it was estihth&g bioaugmentation will improve
up to 36 % the energy production, the GHG reductificiency and the gross revenue for
every ton VS of substrate treated in an ammoniitgd biogas reactor (Table 2). This
significant overall improvement would take placeheut any changes in the infrastructure or
the operational parameters (HRT, temperature, Q@ioffmonia-rich substrate etc.) of the
biogas reactor. However, it was not in the scopt@fcurrent study to assess meticulously
the environmental and economic effects of bioaudatem. To evaluate all the technical,
industrial and economic parameters involved, fodle experimental assessment must be
performed. With this in mind, today manure-basextjas plants are in need of finding more
types of biomass to use as co-substrates to iretbas methane production potential.
However, as it was aforementioned, the biogas ingirxas no established process to
efficiently digest the ammonia-rich substrates tratavailable in vast amounts. If
bioaugmentation is used in the industrial levell allow new ammonia-rich substrates to be
introduced in the reactors, without the correspogdirawbacks from the ammonia toxicity
effect. This means, that a typical European fulllscmanure based biogas reactor (with
5,000 nf working volume), could have an increase in theuahgross revenue between

100,000 to 240,000 € due to bioaugmentation.
4.6 Bioaugmentation efficiency of enriched versus pureculture

A previous study, performed under the same expeiaheonditions using a pure
methanogenic straiM. bourgensis MS2") as bioaugmentation inoculum, demonstrated a
~90.3 % recovery of the initial uninhibited of matie production (Fotidis et al., 2014b). The

comparison between the two studies indicates tfea¢hriched culture alleviated ammonia
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toxicity more efficiently (by ~25 %) than the puelture. Additionally, De Roy et al. (2014)
stated that the performance of pure cultures colidshge when they are co-cultivated with
complex microbial communities. This behaviour couge significant implications during
the bioaugmentation (e.g. unfavourable physicocbaheionditions, washout of the
bioaugmented culture etc.), which could lead tapss failure (Westerholm et al., 2012).
These findings strengthen the hypothesis that anmartoferant enriched cultures could
potentially be the proper bioaugmentation inocalalteviate ammonia toxicity in full-scale

biogas reactors.

Finally, except of pure strains and enriched celtusynthetic microbial communities (i.e.
co-cultures of two or more specific microbial pagidns in a controlled environment)
(Pandhal and Noirel, 2014) are currently attracthmginterest of scientists for engineered
inocula that solve specific biotechnological chadles (Grol3kopf and Soyer, 2014). Up to our
knowledge, ammonia-tolerant, synthetic microbiahoaunities have never been tested as
bioaugmentation inocula in continuous anaerobictoea, which could be considered as a

viable solution in future applications.

5 Conclusions

Cultivation of pure strains of methanogens thatlvamnsed as bioaugmentation inocula in
ammonia-inhibited anaerobic reactors is conneadédéddhnical difficulties compared to
enriched cultures. This manuscript presents fofiteetime the application of enriched
cultures for remediation in ammonia inhibited conbus reactors. This novel approach
demonstrated a 100 % recovery of the inhibited A@ress after bioaugmentation with an
ammonia-tolerant methanogenic enriched culture patential economic and environmental

benefits. Since enriched culture improved methandyzction more than 40 %, it was 25 %
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more effective biomethanation inoculum compared pure strain (M. bourgensis MS2T).
Finally, the addition of the enriched culture, tygged a shift of the microbial composition,
resulting to lower archaeal community diversitymgmsed by species more tolerant to

ammonia.
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Figure Captions

Fig. 1. Methane production yield of the CSTR reactors. Eb@rs denote standard deviation from the

mean of triplicate measurements of the biogas metbantent (n= 3).

Fig. 2. Total VFA accumulation (expressed in acetate \eent) and pH fluctuation in the CSTR
reactors. Error bars denote standard deviation ffearmean of triplicate measurements of the VFA (n

= 3).

Fig. 3. Principal coordinate analysis describes archaeahd bacterial b) communities richness and
variability indicated before (Pre) and after (Pdsiaugmentation/abiotic augmentation ia,fRand

Rci. Only the first two principal components are shown

Fig. 4. Relative abundance identified for the most intiengsa) archaea and b) bacteria are represented
as a heat map (left part), to evidence folds’ clkargght part) and indicated before (Pre) and after

(Post) bioaugmentation/abiotic augmentation ga.Rnd Ry



Table 1. Characteristics of the inoculum and the feedstm#d in the CSTR reactors (n=3,

SD)
Parameter Inoculum Feedstock
Value £ SD Value £ SD
TS?(g-LY) 29.9+0.2 56.1+0.1
VS® (g-LY 18.50.1 41.7+0.2
Total Kjeldahl nitrogen (g N 1) 4.0+0.2 2.7+0.1
Total ammonia (g NE-N- L™ 3.2+0.2 1.7+0.1
pH 7.9 7.2
Total VFA® (g L™ 2.2+0.3 11.0+0.9

2 Total solids, Volatile solids¢ Volatile fatty acids



Table 2. Preliminary approximation of the impact of bioaugntation on the energy
production, the GHG reduction efficiency and thesgrprofit of manure based biogas

reactors (n=3, SD)

Bioaugmentation Without Difference

bioaugmentation

Electrical energy 1122.9+17.8 824.9+23.6 298+17.1
(KWhe t* VS)
CO; Equivalent 4.5+0.1 3.310.1 1.2+0.1

(t CO, Eq. t* VS)

Minimum gross revenue 134.7+2.1 99.0+2.8 35.7£2.0
(Et1VS)
Maximum gross revenue 314.4+5.0 231.0+6.6 83.4+4.8
(Et1VS)

2 Overall it was assumed that: 1) the reactor siae 5000 m 2) the HRT was 24 days, 3) the reactor
was operating for 330 days per year, 4) the bioamngation improved the production by 36 %, 5) the
CO, equivalent was 25 t Gquivalentt CH,, 6) the upper calorific value of methane was 1k\0h

m3 CH,, 7) the electricity production efficiency was 40 8 the tariff of electrical power was 0.11-0.28

€ kWh' and 9) both reactors had zero GHG emissions.
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Archaea

Genus

Methanosarcina

Methanoculleus

Methanobrevibacter

Methanosaeta

Candidatus Nitrososphaera
Methanomassiliicoccaceae clade VadinCA11
higher taxonomical levels

OTUs

Candidatus Nitrososphaera SCA1145 (00229:00398)
Candidatus Nitrososphaera SCA1145 (756973)
Methanoculleus sp. (00051:00486)

Methanoculleus sp. (00046:00764)

Methanoculleus bourgensis (00286:01728)
Methanoculleus bourgensis (00431:00540)

Bacteria b)

Genus

Clostridium

Caldicoprobacter

Alkaliphilus

Candidatus Cloacamonas
Sedimentibacter
Syntrophomonas

Turicibacter

Paludibacter

Ruminofilibacter

Treponema

Proteiniphilum
Proteiniclasticum

Galllicola

RFN20 (Erysipelotrichaceae)
Brachybacterium

Petrimonas

Acholeplasma

Tannerella

Butyrivibrio

Aminobacterium

OTUs

Caldicoprobacter (4472825)
Alkaliphilus (759378)
Candidatus Cloacamonas (00036:00693)
Syntrophomonas (00035:00598)
Ruminofilibacter (00011:02101)
Erysipelotrichaceae RFN20 (00034:01987)



Highlights

*  Anenriched culture successfully remediated an ammoniainhibited continuous reactor

* 36 % improvement on energy production, on GHG reduction and on revenue was achieved
*  Animmediate recovery of the ammoniainhibited biomethanation process was achieved

e Anenriched culture was a better bioaugmentation inoculum compared to a pure strain

*  Bioaugmentation was performed without excluding the ammonia-rich feedstock



