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Abstract

In this study, the effect of ammonia (NH3) as a disturbance on the microbial
communities during anaerobic digestion (AD) was examined. NH3 was progressively added
into 5 stabilized semi-continuous bio-reactors containing biowaste at 5 different NH3 loading
rates until an inhibitory concentration was reached, and maintained at this concentration for 3
hydraulic retention times (75 days). The performance and the microbial community of the
digesters were analysed. The digesters performances were hindered at higher NH3 loading
rates, marked by lower biogas productions and the accumulation of volatile fatty acids. At the
microbial community level, changes depended on the NHj3 loading rate. For instance, the
digester with the highest NH3 loading rate showed a hydrogenotrophic methanogenic profile

resulting from the growth of Methanosarcina spp. and acetate-consuming microorganisms, as



well as the restricted growth of obligate acetoclastic archaea. This work can be helpful for the

design of future acclimation strategies in AD.

Introduction

Anaerobic digestion (AD) is a multistep process for the treatment of organic waste that
generates biogas by the action of the microorganisms. Biogas production in the anaerobic
digesters strongly relies on the stability of the microbial community, which is influenced by
the physicochemical state of the digester (Calusinska et al., 2018). For example, high levels of
volatile fatty acids (VFA) production can inhibit methanogenesis by acidification (Garcia-
Pefa et al., 2011). Microorganisms can also be vulnerable to substances in the organic waste
(Chen et al., 2008). In AD, the primary cause of methanogenesis inhibition is too high levels
of Total Ammonia Nitrogen (TAN).

TAN is the combination of Free Ammonia Nitrogen (FAN or NH3) and ammonium
ions (NH4") (Chen et al., 2008). The chemical equilibrium between TAN and NH; is mainly
dependent on pH and temperature (Anthonisen et al., 1976). NHs; and NH;" species are
commonly present in wastewater and organic waste as a result of the microbial decomposition
of proteins, amino acids, uric acid and other N-containing compounds (Islam et al., 2019).

TAN inhibition power is mainly caused by NHs. At the cellular level, NH3 can
produce an alteration of the intracellular pH, an increase in maintenance energy requirements,
a depletion of intracellular potassium, and an inhibition of specific enzyme reactions
(Wittmann et al., 1995). The inhibition of AD is reported to occur at a huge range of NH3
concentrations, ranging from 27 to 1450 mg NHj/L (Capson-Tojo et al., 2020). This can be
explained by several factors, such as differences in digester operation and in the composition
of the microbial communities (Capson-Tojo et al., 2020). To mitigate TAN inhibitory effects,

several approaches can be used including the dilution of the reactor content with water, air



stripping, addition of absorbing material, lowering the operating temperature, co-digestion
with high carbon content substrate, bioaugmentation, membrane separation, precipitate
formation, addition of ion exchange media, and addition of trace elements (Bayrakdar et al.,
2018; Borja et al., 1993; Farrow et al., 2017; Ortner et al., 2014; Tian et al., 2018). However,
the implementation of these methods is complex and associated with high operational costs.
Conversely, the acclimation of the microbial community to higher ammonia concentrations
has been regarded as a practical and cost-effective strategy (Tian et al., 2018). Acclimation is
a process that involves gradual adjustments within the microbial community modulated by
gradual changes in their environment, improving their performance or survival (Madigou et
al., 2016). Thus, in the TAN inhibition scenario, microorganisms are fed with substrate
containing slowly increasing concentrations of TAN. As a result of this acclimation,
microorganisms are able to tolerate TAN levels up to 5 times higher than those unacclimated
(Yenigiin and Demirel, 2013).

In terms of microbial assessment, previous studies investigating the TAN effect in
ADs have shown that the syntrophic degraders were activated at increased TAN
concentrations, while some other species as cellulolytic bacteria were inactivated (Kalamaras
et al., 2020; Tian et al., 2018; Yan et al., 2019). Regarding the methanogenic community
structure under the influence of TAN in ADs, discrepant results were found (Capson-Tojo et
al., 2020).

The aim of this study is to elucidate how the process of microbial acclimation
produces a change in the microbial community structure and, more precisely, to explore
which microorganisms in the ADs can be acclimated. As well, the objective was to determine
whether this change in the microbial community structure is independent of the TAN loading

rate (or the time used to reach the highest TAN concentration) during acclimation. This



analysis will give insight into the observed discrepancies found in the literature about
microbial inhibition due to NH3 in ADs (Capson-Tojo et al., 2020).

To do this, anaerobic reactors were supplemented with NH,CI at different loading
rates up to a final NH3 concentration able to inhibit the AD process, and the microbial
populations in the reactors during this acclimation process were characterized at different
time-points using 16S DNA gene high-throughput sequencing. So, rather than looking at the
NH;s levels that can be reached by using the acclimation strategy as in previous studies
(Kalamaras et al., 2020; Tian et al., 2018; Yan et al., 2019), in this work the effect of the time
used for microbial acclimation was investigated.

In addition to this novel strategy, to our knowledge, this is the first time the system of
ammonia acclimation is comprehensively studied over time at the microbial community
structure level using different NH3 acclimation times. Specifically, the sample set generated to
study the microbial community evolution associated with the temporal dynamics under
ammonia acclimation comprises 6 operational conditions and 8 screened time-points. In order
to interpret this complex dataset, advanced chemometric methods (Bouhlel et al., 2018) were
used to identify the microorganisms that responded similarly to the NH3 acclimation process.

The outcome of this study will provide an in-depth understanding of the possible

responses derived from the microbial acclimation to NH3 during AD.



Material and methods

2.1. Feedstock and inoculum

During the course of the experiment, the bioreactor feed was prepared once a week as
follows: 87 g of biowaste was diluted in biochemical potential buffer (International Standard
ISO 11734 (1995)) to a final volume of 2 L to reach a concentration of 12.5 g of chemical
oxygen demand per liter (COD/L). Biowaste was provided by an industrial food waste
deconditioning unit (Valdis Energie, Issé, France) and kept at -20°C. Characteristics of the
biowaste were as follows: dry matter = 21%, volatile matter = 92% of the dry matter,
chemical oxygen demand (COD) = 287.0 gO,/L, dissolved organic carbon (DOC) = 2704
mgC/L, dissolved inorganic carbon (DIC) = 32 mgC/L, C=50.1% of the dry matter, N=3.4%
of the dry matter.

The inoculum was obtained from a mesophilic full-scale anaerobic digester treating
primary sludge at the Valenton (France) wastewater treatment plant. To prepare the inoculum
before its use, it was left under anaerobic conditions at 35°C for two weeks to digest the
remaining residual organic matter (Cardona et al., 2019). Characteristics of the inoculum were
as follows: dry matter = 1%, volatile matter = 61% of the dry matter, chemical oxygen
demand (COD) = 12.9 g O,/L, dissolved organic carbon (DOC) = 149 mgC/L, dissolved
inorganic carbon (DIC) = 753 mgC/L, C=22.6% of the dry matter, N=2.2% of the dry matter.

2.2. AD experimental set-up

Six semi-continuous stirred tank reactors (Bioprocess Control AB, Sweden) with a
working volume of 5 L (7 L of total reactor space) were used. Reactors were operated with a
constant organic loading rate (OLR) of 0.5 g COD/L/day, a hydraulic retention time (HRT) of
25 days, an agitation of 90 rpm and at a constant temperature of 35°C. Reactor feeding was
performed once a day with the previously described biowaste mixture (200 mL/day). Feeding

was followed by excess liquid removal to maintain a constant volume.



The incubation consisted of 4 different periods: the initial stabilization period, the
acclimation period, the plateau at the highest NH3 concentration, and the restoration period to
the initial NH3 concentration values.

The initial period lasted for 14 weeks to stabilize the microbial communities inside the
reactors. At day 98, once carbon consumption and methane production were stabilized, the
process of microbial acclimation to NH3 was started for 5 of the 6 reactors (reactors R2-R6),
while the remaining reactor (R1) was left at the same stabilization conditions for the full
course of the experiment. During the acclimation period, NH4Cl (Arcos Organic, 99%) was
monotonically added to the feed in reactors R2-R5, while in reactor R6, NH4Cl was added
directly. In all these digesters, the final NH3 concentration was of 183 mg/L. This NH;
concentration partially inhibits the microbial community, as observed in a preliminary
experiment (establishment of a half inhibitory concentration for the inoculum and substrate
used in this experiment as described elsewhere (Poirier et al. 2016)). The final concentration
of NH3 was reached for R2 in 3 HRT (75 days), R3 in 2 HRT (50 days), R4 in 1 HRT (25
days), R5 in 0.56 HRT (14 days), and R6 in 0.08 HRT (2 days). Thus, R1 corresponds to the
control reactor, R6 to the reactor with the highest NH,Cl loading rate, and R2 to R5 reactors
covered the intermediate conditions.

The amount of NH4Cl to be added each time to reach this NH; concentration was
calculated after measuring the experimental values of pH and the concentration of ammonium
ions (NH,"), and using Egs. (1) and (2).

[NHs] = e [TAN], Eq. (1)

(e T +10PH)
[TAN] = [NH;] + [NH], Eq. (2)
where T represents the temperature in K, and [TAN], [NH4'] and [NHs] represent respectively

the final concentrations of TAN, NH4" and NHz in mg/L.



After reaching the desired final concentration of NHs, reactors R2-R6 were maintained
at this concentration for 3 HRT (75 days). After that period, NH4Cl addition was stopped,
producing a dilution effect of the NH3; concentration due to the addition of the feed. As a
consequence, NHs3 concentration was reduced down to the initial NH; concentrations. A
summary of the NH3 values over the course of the experiments are given in Figure 1.

Temperature and pH were monitored daily. Every week, 60 mL of liquid from the
reactor were collected for the chemical and microbial community structure analyses. The
samples were centrifuged at 10,000 g for 10 minutes to separate the pellets from the
supernatants. Both pellets and supernatants were snapped frozen in liquid nitrogen. Pellets
were kept at -80°C until the DNA extraction, and supernatants were stored at -20°C until the
chemical analysis. Every week, methane content in the gas produced was measured and gas
samples were collected for isotopic composition measurements.

2.3. Gas production measurements

The biogas production flow was measured using a pFlow (Bioprocess Control). The
biogas was collected in Tedlar® bags and the composition was analyzed directly from the
bags using a micro gas chromatograph (CP4900, Varian) as described by Madigou (Madigou
etal., 2016).

In addition, gas from the digesters was sampled with 7 mL vacuumed serum tubes.
The isotopic compositions of CH, and CO, (§**CH, and 8"3CO,) in these samples were
determined using a trace gas chromatograph Ultra (Thermo Scientific) attached to a Delta V
Plus isotope ratio mass spectrometer via a GC combustion 111 (Thermo Scientific). **CH, and
8*3C0O, were used to establish whether methane was produced through an acetoclastic or a
hydrogenotrophic methanogenesis process as in Cardona et al. (2019). The apparent isotopic
factor (aapp) was calculated from 83 CH, and §CO, with the following equation:

Gapp = (87°CO, + 10%) / (8"°CH,4 + 10°) Eqg. (2)



It is conventionally assumed that if oapp is higher than 1.065, methane was mainly
produced through the hydrogenotrophic pathway. On the other hand, if oap IS lower than
1.055, methane was produced through the acetoclastic pathway (Conrad, 2005; Whiticar et al.,
1986).

2.4. Chemical analysis

Acetic acid, butyric acid, and propionic acid were quantified in an ionic
chromatograph (ICS 5000+, Thermo Fisher Scientific) equipped with an lonPAC ICE-AS1
column and using a mobile phase composed of heptafluorobutyric acid (0.4 mmol/L) and
tetrabutylammonium (5 mmol/L).

Ammonium ion (NH4") concentration was determined using the Nessler’s colorimetric
method following the French norm (NF T 90-105) (Cardona et al., 2019), and the dissolved
organic and inorganic carbons were measured following the French norm NF EN 1484 using
a DOC analyzer (TOC-L-Shimadzu).

2.5. Microbial structure analysis

For each reactor, the 16S DNA was sequenced for 8 samples (days 84 (before
acclimation), 98 (start of acclimation), 105, 112, 133, 154, 182 and 217). This sampling aimed
to determine the evolution of the microbial communities during the period of acclimation to

NHs.

Total DNA was extracted from the pellet using Powersoil™ DNA isolation kit (Mobio
Laboratories Inc. Carlsbad) according to the manufacturer’s instructions. Extracted DNA
concentrations were determined using a quantifying fluorescent dye assay (Qubit dsSDNA HS
Assay Kit, Invitrogen, Eugene) and Qubit 2.0 Fluorometer (Invitrogen, Life Technologies,

Eugene).



The DNA extracted by this method was used for the amplification of the bacterial and
archaeal hypervariable region V4-V5 of the 16S rDNA genes with the primers 515F (5'-
GTGYCAGCMGCCGCGGTA-3') (Wang et al, 2007) and 928R (5
CCCCGYCAATTCMTTTRAGT-3") (Wang and Qian, 2009). More precisely, a fusion
method was employed (lonAmplicon Library Preparation (FusionMethod) Protocol, Revision
C). The forward primer was modified by the addition of a PGM sequencing adaptor (adaptor
A: 5-CCATCTCATCCCTGCGTGTCTCCGACTCAG-3") and a barcode (5'-adaptor A-
Barcode-515F-3"). The reverse primer was modified by the addition of a PGM sequencing
adaptor (adaptor trP1: 5'-CCTCTCTATGGGCAGTCGGTGAT-3") (5'-adaptor trP1-928R-3").
V4-V5 region was amplified according Platinum Pfx Supermix protocol (Life Technologies)
in a 50 pL reaction mixture containing 1X Pfx amplification buffer, 0.3 mM dNTP mix,
1 mM MgSOy, 0.3 pM of each primer, 1U of PlatinumPfx DNA polymerase, and 10-20 ng
extracted DNA. The mixture was held at 94 °C for 5 min, followed by 30 cycles at 94 °C for

15 s, 50 °C for 30 s and 68 °C for 1 min, and a final extension step at 68 °C for 5 min.

PCR products were cleaned using the Agencourt AMPure XP magnetic beads
purification system (Beckman Coulter) according to the manufacturer’s instructions, with a
bead:amplicon ratio of 1.2, and were eluted in 45 uL TE Buffer (10 mM Tris-HCI pH 8.0,
1 mM EDTA). Quantification was done with a capillary electrophoresis bioanalyzer (2100
Electrophoresis Bioanalyzer, Agilent Technologies, Santa Clara) using the Agilent DNA 1000
Kit (Agilent Technologies). Purified libraries were diluted (in a first step to 500 pM and then
to 100 pM). Equal volumes of amplicons were then combined in equimolar concentrations
(100 pM) for sequencing. Emulsion PCR was carried out to prepare template-positive ISPs
containing clonally amplified DNA, using the Ton PGM™ Hi-Q View OT2 Kit with the lon
OneTouch™ 2 Instrument. The template-positive ISPs were enriched with the lon

OneTouch™ ES according to the manufacturer’s instructions. Sequencing was performed on



an lon Torrent Personal Genome Machine using lon 316 chip and the lon PGM Hi-Q View
Sequencing Kit according to the manufacturer’s instructions. The PGM software filtered out
low quality and polyclonal sequence reads, and the quality filtered data was exported as FastQ

file. Between 10,000 and 40,000 high quality reads were generated for each sample.

2.6. Bioinformatic analysis

The FROGS pipeline was used to analyze the 16S DNA tags reads. FROGS (Find
Rapidly Operational Taxonomic Units (OTU) with Galaxy Solution) is a galaxy workflow
designed to produce an OTU count matrix from high depth sequencing amplicon data
(Escudié et al., 2018). Briefly, the reads between 100 and 500 base pairs (bp) were merged
and the resulting dataset was denoised. The reads kept were clustered with Swarm algorithm,
and chimera and singleton reads were removed. Finally, the taxonomic affiliation of the
remaining reads was determined using Silval32 16S as the reference database, resulting in
1287 different OTUs. The counts for every sample and OTU were arranged into a 48-by-1287
data matrix (samples in rows, OTU counts in columns).

2.7. Data analysis pipeline

OTU counts were analyzed using both traditional and advanced data analysis methods.

In the first approach, the microbial community structure in the reactors was
investigated with bar plots of their relative abundances (Puig-Castellvi et al., 2020) built using
the phyloseq R-package (McMurdie and Holmes, 2013). The tolerance to NH; was
investigated at the order level for the bacterial populations and at the genus level for the
archaeal populations.

In the second approach, with the aim of getting a better understanding of the microbial
dynamics across reactors and time, while maintaining the full affiliation of the
microorganisms, the same data were examined using chemometric methods. In this approach,

every sample was first normalized by the Relative Log Expression method (Anders and
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Huber, 2010; Badri et al., 2018) using the scone R-package (Cole and Risso, 2019). Next,
OTUs not present in at least 20 % of the samples were discarded to reduce the dataset
sparsity. Doing this, 703 OTUs were kept for further analysis. Before removal of the
discarded OTUs, the randomness of their distribution in relation to the experimental setup was
checked, and it was concluded that their presence could not be attributed to the ammonia
addition.

The resulting OTU counts data matrix was investigated by Common Components
Analysis (CCA) (Bouhlel et al., 2018; Puig-Castellvi et al., 2020; Rutledge, 2018). CCA
searches for orthogonal components defined by a linear combination of the original variables,
as in Principal Component Analysis (PCA). However, CCA has the advantage over PCA in
that variables that have the same effect on the dispersion of the observations will be grouped
together in the same Common Component (CC), and that the first CCs will group together the
largest number of variables with the greatest effect on a particular dispersion of the
individuals. In CCA, each component is composed of a scores vector (the coordinates of the
sample on the orthogonal directions in the CC subspace), a loadings vector (the contributions
of the original variables to the definition of the new subspace directions), and a salience
vector (corresponding to the importance of the variables in defining each CC direction).

In this analysis, CCA was used to determine those OTUs that presented a similar
response to the ammonia acclimation period across the different reactors. Data were column-
centered and norm-scaled before CCA (Bylesjo et al., 2009). For each CC, variables (e.g.,
OTUs) associated with loading values beyond 2 standard deviations (+ 2 x SD) were selected
(Bouhlel et al., 2018) and graphically represented in a topological tree based on the
phylogenetic data of these OTUs using the GraPhlAn online tool from the Galaxy website

(http://huttenhower.sph.harvard.edu/galaxy/).
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Results and discussion

1) Bioreactor performance

Figure 1 shows the chemical performance data (biogas production, methane
concentration, aapp, PH, Vvolatile fatty acids acetate and propionate concentrations, DOC, and
DIC), as well as the NH; concentration, for the different reactors over the course of the
experiment.

Results from Figurel show that the stabilization phase (which lasted until the 98"
day) had a similar behaviour in all reactors. In general, the biogas production was around 400
mL/day and contained 85% of methane. Moreover, the methanogenic profile observed during
the stabilization phase was acetoclastic (oapp < 1.055). The value of the NH3; concentration
stabilized at approximately 20 mg/L, which is insufficient to cause inhibition (Capson-Tojo et
al., 2020). The lack of inhibition was confirmed by the absence of VFAs accumulation and
the pH constant at around 7.8. A deviation from the general performance was detected for the
biogas production in R4, which was at 350 mL/day. This lower gas production was attributed
to a gas leakage during stabilization. This hypothesis is supported by the fact that the rest of
the parameters for R4 were comparable to those of the other reactors.

During the acclimation period, the relative CH,4 content remained stable although the
biogas production dropped at a rate proportional to the NH3 addition rate. This response
suggests that the methanogenic community was strongly affected by the NH3 addition. This is
in agreement with the fact that acetoclastic methanogens are considered to be the
microorganisms most sensitive to NH3 excess (Rajagopal et al., 2013).The DOC and the
acetate levels increased, while the DIC decreased. This response suggests a reduced microbial
activity from the species involved in the last steps of the degradation. Propionate levels also
increased in the digesters with the shortest NH3 acclimation period. The rest of the parameters

followed the same profile observed during the stabilization phase.
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During the plateau at the highest NH3 concentration (represented in Figl by the two
lines of the same color as the reactor label), some parameters varied more significantly.

At the beginning of the plateau, when ammonia level was maximum in the reactors,
the lowest biogas production was observed for every reactor. This time-point also presented
the maxima of DOC and the minima of DIC. In addition, for reactors R5 and R6, and to a
lesser extent in reactor R2, it coincides with the minimal relative content of CH, in the biogas.
For R3 and R4, the relative content of CH, remained unaffected. After this low biogas
production, the values were partially restored later. The time needed for the recovery of the
gas production was longer for those digesters with the faster NH3 addition (R5 and R6).

The methanogenic activities during the early part of the plateau period shifted towards
the hydrogenotrophic profile due to the NH3 addition, and were shifted back to acetoclastic
after the biogas production was restored. The observed minima value of DIC could be a
consequence of the assimilation of the dissolved CO, by hydrogenotrophic archaea. However,
the only digester that was effectively hydrogenotrophic (aap, higher than 1.065) at some point
during the plateau period was R6. For R2-R5 reactors, the calculated aapp Values indicated
mixed contributions of both acetoclastic and hydrogenotrophic methanogenesis.

In all the altered reactors (R2-R6), the increase of the NHj levels caused an
accumulation of VFA (acetate and propionate) that reached their maxima at the plateau period
(Fig. 1) revealing some degree of inhibition caused by the NHj3 addition Hence, the high
values of DOC may be representative of this VFA accumulation. However, after that maxima,
the VFA decreased in all digesters except for the one with the immediate NH3 addition. This
result indicates that despite all digesters being altered due to the NH3 addition, the acclimation
strategy in R2-R5 reactors allowed for a faster recovery than in R6. Derived from the
accumulation of VFA, the pH during the plateau in R6 was more acid than in the other

reactors (Fig.1). Similarly, for R5, the pH was also slightly more acidic, although it returned
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to normal values by the end of the plateau. In reactors R2-R4, pHs were close to those in R1,
indicating that the reactor conditions were more stable in those reactors in which NH3 was
added more slowly.

Finally, the decrease in the NH; concentration after the plateau did not modify the
biogas production (except for R3, where it decreased), nor the relative content of methane,
VFAs, DOCs and DICs compared to the end of the plateau. On the other hand, the decrease in
NHj3 caused a basification of the pH (the change is most apparent in R2), and digesters R3 and
R6 showed a methanogenic hydrogenotrophic activity. The higher variability in terms of pH
and methanogenic activity across digesters in this last period can be argued as the recovery of
the original NHs levels resulted in a less constrained environment in ecological terms. Then,
the observed differences across digesters are the consequence of the stochastic readjustment

of the microbial community to the new NH3 concentration levels.

2) Relative abundance in the reactors

Overall, the microbial diversity consisted of 1287 OTUs (34 archaeal OTUs and 1253
bacterial OTUs). Of these, 91 OTUs (5 archaeal OTUs and 86 bacterial OTUSs) had a relative
abundance greater than 1% in at least one of the samples.

The archaeal diversity (Fig.2A) is mainly dominated by the methanogenic archaea
Methanobacterium (1 OTU) and Methanosarcina (2 OTUs).

At the 84™ day, the sample point descriptive of the stabilization period, the relative
abundance of the total archaea in R1-R6 reactors was 2.3-3.9%. Similarly, in the reactor with
no NHjs addition (R1), the archaeal diversity remained steady during all the experiment and
the relative abundance of the total archaea was <3%. In reactors with slow NH3 addition (R2-
R5), the archaeal structure was similar to that of R1, but less stable over time. However,for

the reactor with the fastest NHjz addition (R6), the archaeal population total relative
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abundance decreased continuously during the plateau until the 133" day, implying that the
NH3 exposure was too intense to allow the survival of the community.

In R6 and to a lesser extent in R5, coinciding with the lowered NH3 levels at the latest
time-points, the archaea levels rose to >8% of the relative abundance. The substantial increase
of the archaea population was mainly associated with one Methanosarcina spp. (OTU_11).
Thus, the increase of Methanosarcina relative abundance after lowering the NH3 levels must
be regarded as an adaptation response to the acclimation period since these relative abundance
values are much higher than those found in the control reactor (R1), despite the NH3 values in
R5 and R6 reactors being higher (~150 mg/L) at the latest dates. Methanosarcina is known to
be more tolerant to ammonia inhibition than other archaea (Bonk et al., 2018). It must be
noted, however, that the relative abundance of Methanosarcina dropped in R6 reactor at day
217 (at the restoration period). This decrease was interpreted to be the result of the removal of
the environmental pressure to the inhibited microorganisms, which can now recover their
initial niche, and to the consumption of an important quantity of accumulated VFA facilitating
archaea growth (Figurel).

The bacterial structure of the reactors was composed of more than 24 orders,
Bacteroidales (31 OTUs), Cloacimonadales (4 OTUs), Clostridiales (23 OTUs) and
Synergistales (4 OTUs) being the predominant ones (Fig.2B).

Analogously to the archaeal structure, the bacterial structure at the 84™ day was very
similar across reactors, denoting their successful stabilization.

The bacterial profile of R1 remained very stable over time, although some changes in
diversity were detected. For instance, one Sphingobacteriales species (OTU_22) reached
observable abundances at day 105 (Fig. 2B), and persisted during the rest of the experiment.

Two distinct bacterial dynamics depending on the NH3 addition rate were observed.
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The first was observed for R2-R5 reactors. In these reactors, Cloacimonadales were
more prominent than in R1, although their presence was severely hindered in R5 at 182" and
217" days (end of plateau and restoration periods, respectively) (Fig2B). This decrease seems
to be connected to the recovery of Methanosarcina population for the same samples (Fig2A).
Cardiobacteriales (1 OTU), DTU014 (1 OTU), Ilzimaplasmatales (1 OTU), and
Spirochaetales (3 OTUs) also presented significant abundances in reactors R2-R5 compared
to R1. These microorganisms, together with the archaeon Methanosarcina, should be
regarded as the ones most acclimatable to NHs.

The second microbial dynamic was observed in reactor R6. Firstly, by day 112" (at the
start of the plateau period), Cloacimonadales relative abundance became negligible. In line
with the response observed for reactors R2-R5, it can be interpreted that Cloacimonadia spp.
does not tolerate a fast increase in the NHj levels. Secondly, at later time-points in R,
Spirochaetales (3 OTUs) and Acholeplasmatales (1 OTU) had a substantial increase, and to a
lesser extent, also DTUO14 (1 OTU), Enterobacteriales (4 OTUs), and MSBL9 (1 OTU),
among others. This fact indicates that these microorganisms are highly tolerant and can grow
despite the high ammonia concentration. The low relative abundances of Cardiobacteriales
and Izimaplasmatales in R6 suggests that these two microorganisms can only be acclimated if
NHg is added slowly.

The different temporal fluctuations observed in the reactors revealed that the microbial

susceptibility to NHj is very complex and varies among microorganisms.

3) Microbial Response to NH3
In order to get a general view of the dynamics of the microbial communities across
reactors and time, and untangle the main growing responses to NHs, the microbial data were

analyzed with CCA (Figure 3A-C). In this analysis only those OTUs that were detected in at
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least 20% of the samples (n=703 OTUs, see Methods) were considered. With CCA, the
components obtained are a linear combination of the OTUs that give the same dispersion for
the set of samples. Thus, CCA detects those OTUs that have a similar susceptibility to NH3,
even if these OTUs are found at subdominant population levels. Moreover, the most
significant OTUs for each component can be regarded as representative of the main microbial
community dynamics (see Methods) and are discussed more in detail below.

CCA only revealed three interpretable components, and the CCA scores are given in
Fig3A-C.

The temporal evolution of the scores in Common Component 1 (CC1, Fig3A) show
that the most important microbial community alteration is the inhibition that appeared after
the start of NH3 addition at day 98. In this component, score values slowly declined over time
for reactor R1 samples. For reactor R2-R6 samples, the same trend was observed during the
first half of the experiment, although the scores declined more steeply and reaching negative
values after day 112. CC1 is therefore descriptive of a microbial community prevalent in R1
and inhibited in reactors R2-R6 at 183 mg/L of NHs. It is worth noting that, in reactors R2-
R5, the microbial community represented by this component shows a partial tolerance to NH3,
since it was not strongly inhibited until it was exposed to the highest NH3 concentrations.

On the other hand, both Common Component 2 (CC2, Fig3B) and 3 (CC3 (Fig3C,
respectively) were mainly representative of the microbial dynamics within just one of the
reactors. Specifically, these reactors correspond to those with the two fastest NH3 addition
rates (CC2 for R5, and CC3 for R6). For these two reactors, the temporal evolution of CC2
and CC3 peaked at the 154™ and 105" days, respectively, both coinciding with two samples
from the stabilization plateau. Thus, the exposure to short acclimation periods caused two
different changes in the microbial community composition (one observed in reactor R5 and

the other in reactor R6).
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However, while the whole acclimation period in R5 was mainly defined by CC2, CC3
was only relevant during the first half of the corresponding acclimation period in R6. This
result reveals that the microbial community represented by CC3 was not stable over time and
died after circa 1.5 HRT, and led to a switch of the methanogenic profile towards
hydrogenotrophic methanogenesis. This disturbance could be due to the abrupt acidification
(Figl and Fig3E). Hence, NH3 additions similar to those used in R6 must be avoided so as to
not produce microbiota instabilities.

Furthermore, CC2 also showed a mild contribution in reactor R3 during the
acclimation period, although this contribution disappeared when the highest NHj;
concentration was reached. This result suggests that the microbial community defined by CC2
can only exist while the non-acclimatable microorganisms are inhibited. This was also
observed in reactor R5, since CC2 contribution decreased significantly during the NHj
restoration period.

Finally, the fact that none of the components showed positive scores during the plateau
period in R2-R4 reactors points out that the NH3 acclimation in those reactors did not require
a strong readjustment of the microbial community, but it was mediated instead by
physiological changes in the microorganisms.

To summarize, we can conclude than CC1 is representative of the microbial
community that is inhibited by NH; addition, while CC2 and CC3 correspond to those that
can survive the acclimation period. At the same time, microorganisms represented by CC3

can tolerate higher levels of NH3 than those represented by CC2 (Figure 4).

4) Key microorganisms of the NH3 acclimation
In order to focus on the most characteristic OTUs from each CC, only the OTUs with

high loadings (greater than £ 2 SD) were selected and used for microbial interpretation.
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Hence, 13 OTUs were selected for CC1, 45 OTUs for CC2, and 47 for CC3. In total, 103
OTUs (4 archaeal and 99 bacterial) were selected in at least one CC.

All 4 selected archaea belong to different families (Methanobacteriaceae,
Methanosarcinaceae, candidatus Methanomethylophilaceae, and to an unknown family from
the phylum Crenarchaeota), whereas the bacteria are from 27 different orders (see
Supplementary Table S1).

OTUs selected in CC1 are from diverse orders, indicating that the inhibitory action of
NH;3 is prevalent across all microbial realms. These OTUs, from Aminicenantia,
Anaerolineae, Coprothermonbacteriales, and Cloacimonadales among others, are typical
from sewage sludge (Riviére et al., 2009). The inhibition (and lack of adaptation) of these
OTUs due to NH3 may result from the absence of mechanisms for surviving at high NH3
levels, which would be unnecessary for these OTUs since NH3 concentration in sludge is
typically not as elevated. Similarly, Crenarchaeota, a chemolitoautotroph archeon that grows
by oxidizing NH3 (Konneke et al., 2005), was also selected in CC1. It can be argued that the
inhibition of this microorganism results from the unsuitable environmental conditions for
carrying out the NH3 oxidation, as ammonia-oxidizing archaea prefer soils with low NH3;
levels (Di et al., 2010).

Conversely, the presence of OTUs from polyphyletic classes, such as Clostridia or
Bacteroidales, is reduced in this component pointing out the preference of these
microorganisms for N-enriched environments as reported elsewhere (Rui et al., 2015).

Finally, methanogenic archaea were not selected in CC1 despite it being known that
they are inhibited in NHj3 rich environments (Yenigin and Demirel, 2013), suggesting that
these microorganisms successfully adapted to NHj3 inhibition. This can be observed in Fig2
for Methanosarcina (with an increased abundance at the latest time-points in reactors R5 and

R6) and Methanobacterium (since similar abundance levels were maintained throughout the
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experiment). Regarding CC2, a wide range of microorganisms was selected. Most of the
selected OTUs (except for OTU_59) are associated with a better growth during the
stabilization plateau in reactor R5. On the other hand, the response was severely inhibited for
OTU_59 (genus Acetobacteroides). The only species reported from this genus is an acetate-
and hydrogen-producer (Su et al., 2014). In this experiment, the highest acetate concentration
was found in reactor R5 shortly after the start of the plateau (day 133). Thus, it is possible that
inhibition of OTU_59 growth is due to acetate accumulation.

In CC2, 2 archaea were selected. One is a hydrogenotrophic Methanobacteriaceae
(OTU_38), while the other is a Methanomethylophylaceae (OTU_210) capable of using
methyl-amine as substrate for methane formation (Borrel et al., 2017). It has been reported
that Methanobacteriaceae are hardly affected by NHj inhibition (Bonk et al., 2018). The
existence of hydrogenotrophic archaea in this component would also explain the peak in the
apparent isotopic factor observed in reactors R3 and R5 after entering into the acclimatisation
plateau. On the other hand, methyl-amine formation may be favoured in ammonia-rich
environments (such as the in these reactors), thus promoting the growth of
Methanomethylophylaceae species.

As for the bacterial OTUs selected in CC2, the most numerous phylogenetic orders are
the Clostridiales (19 OTUs), Bacteroidales (8 OTUs) and Synergistales (5 OTUs).
Clostridales, together with Bacteroidales, showed an increased relative abundance due to NH3
concentration (De Vrieze et al., 2015), while Synergistales can grow in environments rich in
NH;3 (Godon et al., 2005).

Within the Clostridiales, the most important families were Family XI (5 OTUs),
Family XIII (3 OTUs), Ruminococcaceae (3 OTUs) and Syntrophomonadaceae (5 OTUs).
Syntrophomonas have been described as NHgs-tolerant (Bonk et al., 2018). In addition,

Tissierella (from Family XI) presence is known to be enhanced by the thermal hydrolysis of
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amino acids in sewage sludge, which is a NH, -releasing chemical process (Chen et al.,
2019).

Finally, in this component, a Spirochete OTU was also selected. Nevertheless, in this
case, its favorable growth in R5 could be attributed to its ability to consume acetate (Lee et
al., 2015), such as Syntrophomonas.

CC3 is descriptive of the microbial community resistant to a fast NH; addition
(Fig3C). The highest level of this component is found in reactor R6, coinciding with the start
of the NHj3 addition, indicating a marked preference for N-enriched media.

Only a Methanosarcina mazei archaea species was selected in CC3 while for bacteria,
the major groups are the Clostridiales (26 OTUs) and the Bacteroidiales (8 OTUs). In
addition, single OTUs from the bacterial orders Alphaproteobacteria, Bacilli,
Desulfovibrionales, Erysipelotrichia, and Phycisphareae, among others, were also selected in
CC3 (Fig.3).

Most of the OTUs from Clostridiales and Bacteroidales were selected either in CC2 or
CC3 component, showing that OTUs from these two groups have a preference for the
presence of NH3 (De Vrieze et al., 2015).

Within the Bacteroidales, the most common genus was Proteiniphilum (5 OTUs).
Interestingly, in a recent publication, Proteiniphilum growth was found to be promoted by the
thermal hydrolysis of proteins, which could be a source of NH3 (Chen et al., 2019).

Within the Clostridiales, the most common families were Clostridiaceae 1 (5 OTUs),
Christensenellaceae (4 OTUs), Ruminococcaceae (4 OTUs), Lachnospiraceae (3 OTUs) and
Peptostreptococcaeae (3 OTUES).

On the other hand, two OTUs (OTU_17 and OTU_65, a Synergistales and a

Betaproteobacteriales) were selected for both CC2 and CC3, revealing the capability of some
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microorganisms to adapt differently in presence of high NH3 levels depending on the addition
rate.

Interestingly, some of the OTUs selected for CC3 are known to play a role in the
microbial community rearrangement derived from the TAN addition with no acclimation in
batch AD reactors (Poirier et al., 2016). For instance, the archaeon Methanosarcina mazei was
the predominant archaeon when TAN levels were increased to 7.5g/L in Poirier’s study
(Poirier et al., 2016). In addition, in that study, Ruminococcaceae and Lachnospiraceae
(among other Clostridia) were found to be predominant in reactors with low initial TAN
levels (up to 10g/L), while Peptostreptococcaeae was associated with 25g/L TAN.
Furthermore, OTU_17 and OTU_65 were found to respond positively when extreme
concentrations of TAN (up to 50g/L) were used.

The fact that no obligate acetoclastic methanogen was selected in CC3 can be
explained by acetoclastic archaea being more sensitive to NH3 than the hydrogenotrophic
archaea (Borja et al., 1996). It has also been stated that Methanosarcina species are more
resistant to high NH; levels than other methanogenic archaea because of their high volume to
surface ratio and to their capability to form big clusters (Calli et al., 2005). Moreover, the
switch from acetoclastic methanogenesis to hydrogenotrophic methanogenesis (Fig3F) may
have also been strengthened by the growth of bacteria that perform symbiosis or syntrophic
relationship with hydrogenotrophic bacteria, such as the sulfate-reducing Desulfovibrio
(Bryant et al., 1977), the H,-producing Acetivibrio (Patel and MacKenzie, 1982), and the
acetate-oxidizing Synergistaceae (Ito et al., 2011), all of which are selected in CC3. In all, this
explains the accumulation of acetate in reactor R6 (Fig. 1).

The marked hydrogenotrophic profile of the microbial community described by CC3
was also observed experimentally (Fig. 3F). While reactors R1-R5 presented an acetoclastic

profile over the whole course of the experiment, R6 followed a different trend, switching to a
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hydrogenotrophic profile after the addition of NH3 (day 98) and peaking at day 133 (Fig. 3F).
After the acclimation period was finished, the methanogenic profile transitorily switched back
to acetoclastic and then returned again to hydrogenotrophic at the last sampled day, indicating
that the acclimated microbial community was in overall hydrogenotrophic.

This observed instability of the methanogenesis profile agrees with the fact that the
microbial community defined by CC3 did not last for all the stabilization plateau in R6

(Fig3C).

Conclusions

The strategy of NHj acclimation caused perturbations in the performance of all
digesters, the one from the digester with the fastest NH3 addition being the most extreme.

CCA revealed 3 main changes in the community structure derived from the NH;3
addition, associated with the inhibition of non-acclimated microorganisms and the growth of
the acclimated ones. Most of these microorganisms belonged to the orders Clostridiales and
Bacteroidales.

Hence, we have shown that the AD process can be acclimated to NHs, and that the
resulting changes in the microbial community structure will be a function of the NHj
concentration and addition rate.
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Figure 1. Summary of the performance data. Vertical blue lines correspond to the start of the NH;
addition. The two parallel lines of the same color as the reactor labels denote the limits of the plateau
period at the highest NH; concentration. Horizontal black lines in the apparent isotopic factor (olapp)
indicate the thresholds limits for the methanogenic acetoclastic (0ap,<1.055) or hydrogenotrophic
(0app>1.065) activities in the digesters.

Figure 2. Microbial structure of the reactors. A) Relative abundance of archaea. B) Relative
abundance of bacteria. Black lines in A) represent the NH; concentration over time in the reactor.
Figure 3. Heatmap representation of the reactors’ evolution over time. A-C) Common Components
Analysis scores. D) TAN. E) pH. F) Apparent isotopic factor (aap). In F), Samples with a
hydrogenotrophic methanogenic profile (o, > 1.065) were labelled with ‘h’, while those with a
marked acetoclastic methanogenic profile (ozp < 1.055) were labelled with ‘a’. Red dashed lines
represent the limits of the plateau period at the highest NH; concentration, while the black dashed lines
represent the acclimation and restoration periods.

Figure 4. Interpretation of CCA results.

Figure 5. Phylogenetic tree of the OTUs selected from the CCA analysis. OTUs, represented by the
outer dots in the tree, were colored differently according to the component they were selected in: red
for OTUs selected in CC1, blue for OTUs selected in CC2, and green for OTUs selected in CC3. To
improve tree readability, the background of groups of OTUs at different phylogenetic levels were
colored according to their average importance of the components (i.e. redder if CC1 is more important,

and so on). Full phylogenetic affiliation associated with each cluster is given in Table S1.
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Highlights:

e The influence of different NH3 loading rates in AD acclimation was tested.
e All tested acclimation strategies altered the digesters states.
e The most affected parameters were the VFA and the biogas production.

e The microbial communities were modulated by the NH3 loading rate.

e Most of the acclimated OTUs are from the Clostridiales and bacteroidales orders.
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