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Summary

Methanogenianhibitors are oftemused to study methanogenesisamplex microbial
communities or,inhibit methanogens in the gastrointestinal tract of livesttmkever the
resulting structural and functional changes in archaeal and bacterial coresargtipoorly
understood.We characterizedanicrobial community structure and activitymesocosms seeded
with cow dung.ananunicipal wastewater treatment plamaerobic digestesludgeafter
exposure tagwo methanogen inhibitors, 2-bromoethanesulfona(BES)and propynoic acid
(PA). Methane production was reduced by 89% (0.5 mM BES), 100% (10 mM BES), 24% (0.1
mM PA), and 95% (10 mM PA). Using modified prirsgéargeting thanethyl-coenzyme M
reductasé€mcrA) gene, changes imcrA geneexpressiorwere found to correspomdth changes
in methane production and the tela activity of methanogens. Methanogeaativity was
determined by:the relative abundance of methanogen 16S cRNA as a percentage of the
total communityl6S rRNA cDNA Overall methanogenic activity was lower wharesocosms
were exposed to higher concentrations of latibitors and @etclastic methanogengere
inhibited to a greatezxtent than hydrogenotrophic methanog@&ystrophic bacterial activity,
measured by¥6S rRNAcCDNA, wasalsoreduced following exposure to both inhibitors, but the

overallstructureof theactivebacterial communityvasnot significantlyaffected

K ey wordsmethanogenic inhibitors, mctA6S rRNA, 2bromoethanesulfonate, propynoic

acid

Introduction

Methane can be viewed as a potent greenhouse gas, an energy source, a dangerous and
explosive byproduct of anaerobic biodegradateomaste product divertingnergy from animal

feed, or a driver of microbial carbon cycling (Hallam et al. 2@8ont and Accorsi 2006
Knittel and Boetius 20Q%ppels et al. 201;1Chowdhury and Dick 2033PCC 2013 Patra and

This article is protected by copyright. All rights reserved



64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

Yu 2013). Due tahe importance of methane in fields ranging from climate science to animal
husbandry, meh research has focused on understanding the activity of methanogenic archaea
under anaerobic conditions (Reeve et al. 1@®hrad 2007). Aerobic methane generation has
also been identified and may be an important source of methane from (€admes al. 2008);
however the.currentstudy focueson methane production under anaerobic conditiods. A

known methanogenic archaea contain genes that encode for the costhyysme M reductase
(MCR), which catalyzes the final step of methanogenesis. There are two isoenzymes, MCRI and
MCRII, and'themcr A andmrtA genes encode for thesubunit of eaclof these isoenzymes
respectively(Reeve et al. 1997 ThemcrA/mrtA genes have been a common target for
measuringsmethanogen abundance, activity, and diveiBigtinctions betweemcrA andnrtA
geneftentare’not madia the literatureandhereafter weise mcrA to refer tothe combination

of both genes, unlespecified otherwiseThe agreement between phylogenetic trees based on
16S rRNA genes anaicrA genes hakelped to support the use of timerA gene as a

methanogen specific phylogenetic target (Luton et al. 2002).

Compounds that inhibit methanogenesis have been important in research to study pure
cultures of'methanogens (Ungerfeld et al. 2004tkins et al. 2012), carbon cycling in soils
(Sugimotesand Wada 199%/u et al. 2001), ruminal methanogens (Ungerfeld et al. ;Z006u
et al. 2011b), dechlorination (Perkins et al. 9%4iu and Lee 2001), mercury methylati¢gtag
et al. 201QAvramescu et al. 2011), production of volatile fatty acids (Zhang et al; 2048 et
al. 2015), ‘anaerobic digestion (Zinder et al. 298avarro et al. 2014), and the degradation of
nitrosaminegTezel et al. 201)1land methanethiqiSun et al. 2016 Furtherjnhibitorshave
beenusefukin-elucidating the activity of methanogens related to metal and ritetalithylation
(Meyer et'al. 2008Thomas et al. 2011)A variety of chemicals have been applied to inhibit
methanogenesis in livestock to either reduce methane emissions or to direct more of the feed
energy to animals for increased agricultural output (i.e., milk and ifMathmuller and
Kreuzer 1999Boadi et al. 2004Beauchemin et al. 2009). Regardless of the intended use, when
methanogeni€ nhibitors are used in mixed communities, detailed charaiberiof inhibitor-
induced changes to both archaeal and bacterial populations is needed to ensure thavéue obse
effects can be accurately ascribed to the inhibition of methanogenic aatidity elucidateany
indirect effects. This is especially important given that a wide diversity of methanogenic
inhibitors with varying properties and mechanisms of aam@navailable Methanogeit
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inhibitors can be divided into several categories (as review@duigt al. 2011)), including
analogs otoenzyme MGunsalus et al. 197&inder et al. 1984), inhibitors of methanopterin
biosynthesis (Dumitru et al. 2003), medium and long chain fatty acids (Prins et alSb@va
et al. 2003) nitrocompound$Zhou et al. 2011hhalogenated hydrocarbo(i3enman et al.
2007), ethylene (Oremland and Taylor 19&setylengOremland and Taylor 19755prott et al.
1982), and,unsaturated analogs of propionate and butyrate (Ungerfeld et aU2§83eld et
al. 2004'Ungerfeld et al. 20Q&hou et al. 2011b).

While"many inhibitorsareconsidered methanogeapecific,various studies have found
that otherimicroorganisms can be affect&tie most commonly used methanogenesis inhibitor,
2-bromoethanesulfonate (BES), a coenzyme M analog, has been found to also inhib
dechlorinatingsbacteria (Loffler et al. 199Zhiu and Lee 2001) and to affect bacterial growth on
aliphatic alkenegBoyd et al. 2006). Propynoic acid (PA), an unsaturated propionate analog with
one triple carbon bond, &@soan effective inhibitor of metlmengenesis (Ungerfeld et al. 2004
Zhou et al.,2011b)However, limited studies have been performed on the effects of PA on the
structure of*microbial communiti€Patra and Yu 2013). To date, studies of the impacts of
methanogeia inhibitors on bacterial and archaeal communities have relied on clone libraries,
denaturinggradientgel electrophoresis (DGGE), or termimastrictionfragment length
polymorphism (TRFLPjargeting thel6S rRNA gene (Chiu and Lee 20Xu et al. 2010aXu
et al. 2010bPatra and Yu 2013.ins et al. 2015) and thacrA gene (Denman et al. 2007).
Results froam DGGBbased evaluations of the impact of inhibitors have shown changes in the
overall community structurebut did not yield insightsto how specific ppulations were
impacted(Chiuand Lee 20QPatra and Yu 2013). Studies using TRFLP dodeclibraries of
the 16S rRNA gene have repordetreases in the relative abundancaoefclastic
methanogens argyntrophic bacteria and increases in the relative abundance of homoacetogens
after exposure.of mesophilic anaedigester sludge to BES and chloroform (Xu et al. 2010a
Xu et al. 2010b). In a study of cow rumen communities A gene clone libraries and
guantitativesPCR revealed a decrease in the most abundant methagege:s,
Methanobrevibacter, under BES inhibited conditions (Denman et al. 20@&ihce these studies
relied on DNA-based techniques (Chiu and Lee 20@hman et al. @7, Xu et al. 2010aXu
et al. 2010bPatra and Yu 201.ins et al. 2015), they may not hak@vealedshortierm

changes in microbial activity in batch mesocosms or in systems with low yieldisleezialow
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126 growthratesand the retention of dead or inactive biomass and extracellular DNIAq et al.

127 2014 Smith et al. 2015a).

128 In this study, we evaluated a modification to commonly used PCR primer setstargeti

129 themcrA gene to expand their coverage. We then applied this primer set to track the expression
130 of mcrA genes.by using reverse transcriptasangjtative PCR (RIgPCR) in mixed

131 communities seeded with anaerobligester sludge and cow dung at different levels of inhibition
132 by either BES'or PA. The effects of BES and PA on methanogenic and bacterial populations
133 were characterized through a cordiion of DNA-and RNAbased lllumina sequencing

134 targeting the/4 region of the 16S rRNA gene and 16S rR8NA, and thancrA gene and

135 merAtranseripteDNA.

136 Resultsi& Discussion

137  mcrA primer.design and mock community characterization

138 Totarget thencrA gene in methanogens, thdasforward primer described Ifyteinberg
139 and Regan (2009) was modified with additional degeneracies and used with the previously
140 reportedmcrA-rev reverse primgiSteinberg and Regan 2008). These modifications improved
141 the predicted.amplificatiofor 10 of the 32 methanogewnsth complete genomes available

142 (Table S1) Amplification was confirmed using ten DNA extracts from pure cultures of

143 methanogens«(Table S2, Table SBheseDNA extracts were pooled to create two mock

144 communities A and B, to represent either a relatively even community (A) or an uneven

145 community(B) with relative methanogebNA abundancesimilar tothosefound in an

146 anaerobic digestéEmith et al. 2013) For mock communities A and B, both the 163\/iR

147 genesandmcrA.genes were sequencefl third mock communitymock community APCRwas
148 createdoy.poolingthe PCR products from individually amplifiadcr A gene for each

149 methanogenCalculated relative abundancesre determinetbased on pooled concentrations
150 and the experimental sequencinguiés are compared Figure 1.

151 When comparing the results obtained for mock comnes#t and B,the trends were

152 similar for bath genes although some differences in the percent relative abundarees

153 observed (Figure 1). A previous comparison of meitgan mock communities with TRFLP

154 notedgreater differences between expected and observed communities basecha tipene

155 as compared to the 16SNR gene, which were attributed to the higher number of degeneracies

156 in the primers used for thacrA gene (Lueders and Friedrich 2003). Comparingcaigulated
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157 and experimentallyneasured communities using theg commurity dissimilarity metric, we

158 observedh lowercommunitydissimilarity based on thacrA gene §y. of 0.48, 0.33, and 0.40
159 for mock communities A°CR, A,and B, respectively) compared to the dissimilarity based on
160 the 16S rRNA gend)(. of 0.58 and 0.72 for mock communities A andé&spectively. These

161 differencegnay. result, in part, from challenges in quantification using amplicon sequencing due
162 to gene targetpecific biasesPCR conditions, quantification method, and primessd(Suzuki

163 and Giovannoni 199&hou et al. 2011,&Pinto and Raskin 20)2

164 The'relative abundance bfethanobacteriumwas much greater, whitbe relative

165 abundance dflethanosaeta was much lowethanpredicted for both the 16S rRNA angtrA

166 geneqFigure ). However both genera wemaoreabundant in mock community B compared
167 to mock community A for both geneas expectedFor Methanobrevibacter, Methanococcus,

168 andMethanosphaera, the relative abundance as measured byrittd gene was much lower in
169 mock communitie®\ and Bas compared to th@edictedvalues and thsemeasured by the 16S
170 rRNA geneObvious PCR biases were not responsible for this underrepresentatierpasers
171 have nanismatches withher targetsequences for these organigffiable S3)and mock

172 community"ARCR, which wagenerated by pooling individualymplified PCR products of the
173 mcrA geneirom each strainexhibited similar resulté~igure 1) Other factors that can affect
174 sequencing'errors include template concentration (Kennedy et al. 2014) and librargtjgnepa
175 method Schirmer et al. 2095 Errors during Illumina sequencing can be related to certain
176 motifs, which can vary based on library preparation metBotimer et al2015). The

177 differences/between thgredictedand the experimental sequencingulésobserved for the mock
178 communitiessanbe useful in guiding the analysesnoésocosm samples, as described below
179 Previous studies that compared the methanogen community structures using sequémeing of
180 16S rRNA genemcrA gene, and other functional genes related to methanogenesis have found
181 some quantitative differences depending on the gene sequenced (Dziewit et;alVi#das et

182 al. 2015), but.did not include mock communities for comparison. Giverbdenations made
183 with the meek’'communities, weote thaur interpretationof sequencing resultsom unknown

184 mesocosm'samples focusesthe comparison of relative abundanoesveen sampte

185 Inhibition reduced methane production, mcrA expression, and 16SrRNA of methanogens
186 To characterizehorttermchanges in mixed communities induced by methanogenic

187 inhibitors, biomass samples were collected from cow dung and anaerobic digester sludge
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mesocosmeperated for nine days at varying levels of methanogenic activity controlled through
the addition of BES and PA. Methanogenic activity was monitored through the measuréme
methane production amdcrA gene expressionlhe microbial communitieand their activities
were charaerized using sequencing of the 168NA gene 16S rRNA cDNA mcrA genes, and
mcrA transcriptcDNA. As expected, with increasing concentrations of the methanogen
inhibitors BES.and PA, the rate of methane production and cumulative methane groduce
decreasd (Figure 2 and Figure S1fExpression of thencrA gene correspondedd the rateof
methane productio(igure 2) This finding is important, as relationships between the
expression of genes and the resulting function are often assumed but raretyenhiiRivcca et
al. 2015). @nilarly, higher total methane productimrasassociated with a higher proportion of
active methanogens as measuretid3/rRNA cDNAsequences (referred to here as “relative
activity”) of methanogens over the total community (includiagteria andArchaea) (Figure 2).
This finding_Is consistent witbtherobservations linking these measuremamisn anaerobic
membrane. bioreactor (Smith et al. 201&byl anaerobic digestefd/ilkins et al. 2015)There

are wellrecognized biases associated wjtlantifying16S rRNA cDNAto measureactivity,
including differences inrrn operon copy numbeesd life-style strategieamong different
populations.These biasesighlight theimportance of comparindRNA levels with other
measuregsf'metabolic activityBlazewicz et al. 201)3 Here theobserved correlationetween
methanogen 16S rRNA cDNA concentrations and expressiets of a functional gene specific
to methanagen@earson matrix correlatian= 0.93)(Figure 2)indicates that 16S rRNA activity
can be a reliable metric for methanogen activity, at least for the camediitiors.

Differences in the mesocosms for different inhibition conditions were aedly
sequencinghe 16 SrRNA gene,16S rRNA cDNA mcrA gene, anancrA transcript cDNA As
expected, given the short duration of éxperiment, differences in the archaeal DN#sed
sequencing.results for tiige conditions were modest (Figure 3a and c). In contitasRNA-
based sequencing resulisdure 3 and d)revealedsubstantiatifferences for théive
mesocosmsThese results highlight changes to the methanogenic community structure, but do
not reflect ¢hanges in absolute abundance or activity. Based on the 16S rRNA cDNA
guantification(Figure 2), the methanogenic community was shown tmbeeless active with
increasing inhibitor concentratioAs with the mock communities, the broad trends in relative

abundance and activity across inhibition conditions within a given methanogenic genus were
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similar for the two different genes sequend¢&tjure 3a and b compared to Figure 3c and d).
However theactual values fopercent elative abundance and activityr the two genewere
quite different Similar to the results from the mock communitiglethanosaeta spp.appeared
to be more abundant and actveenmcrA-based sequencimgas usedwhile Methanospirillum
spp.were mereabundant and active according to 16S rRb&sedsequencing.

Methanosaeta spp.werethe most abundant and active methanogettse control
samplesrepresenting 38 % of the archaeal 16S rRNA gene and 71 % of the afiddeBNA
cDNA sequenceg@-igure 3). Results frommcrA gene and transcrigDNA sequencing of the
control sampleglso showMethanosaeta spp.werethe most abundant and active methanogens,
representing 86 % and 93 % of the methanogen community and active methanogen community,
respectively.Further, the activity oMethanosaeta spp. was reduced in both BES and PA 10
mM inhibition cenditions, shown by both 16BNA cDNA andmcrA transcripttDNA results
(Figure 3b and d). ittle difference was observed betwedathanosaeta spp. activity in PA 0.1
mM compared to the control conditioithis is consistent with the methane generation results
since,amongrthe four inhibited conditionthie most methaneas generated in the PA 0.1 mM
treatmen{Figure 2). Results from both the 163\/"R gene and.6S rRNA cDNAsequencing
indicatedthaMethanosphaera spp. andviethanobrevibacter spp. represented a greater fraction
of the archaeal community and actaechaeatommunity under all inhibited conditions
compared to the control (Figura and b).These genera made up a smaller fraction ofritré\-
based communities, thoudyhethanobrevibacter spp. was found to be more actioe the most
inhibited cenditions as compared to the control basedapA transcriptcDNA (Figure 3c).
MethanoregulasSpp.constitutedl5-33 % of the archaeal community according to 1684R
gene sequencing, bis activity represented muchsmaller fraction, between@ %, based on
16S rRNA,cDNAsequencindor all conditions. Using mcr A-based sequencinlyiethanoregula
spp. represented less than 2 % of the abundance and activity of methanogens under all
conditions. Differences betweeNlethanoregula 16S rRNA genes and cDNA sequencing have
been previously reported (Smith et al. 201S@ith et al. 2015b), but little is known about how
these levelsitranslate to activity. These results could indicat®éti@noregula was present in
the inoculum, but not active in the mesocosms or could result from differencesr@lationship
of activity to rRNA levels within the cells of this genlisterestingly Methanoregula has only
one copy of the 16S rRNA gene, while most other methanogens have two or more. This is
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further supporof the possible different lifestyle strategyMéthanoregula compared to other

methanogens.

16SrRNA cDNA and mcrA transcripts highlight differential methanogen response to inhibitors

Thesmock community resultemonstratethatMethanobacterium was less abundant in
themcrA gene-based communities compared to the R&S\rgenebased communities (Figure
1) and this was similarly observed in the meso@rgure 3a compared to c). However, the
RNA-based sequencing of therA transcript cDNArevealed much higher activity of
hydrogenaotrophic methanogelgthanobacterium spp. andviethanomicrobium spp. at high PA
and both BES*conditions compared to the adrffigure 3d). The16S rRNA cDNAbased
activity difference foMethanobacterium spp. was less substantiblut shoveda similar trend
(Figure 3h).

One.explanation for thidifference inmcrA-based activity may be the presence of a
second gene that encodes for an isoenzyme of metleylzyme M, thertA gene. This gene
has been found in members of bMbthanobacterium andMethanomicrobium genera
(Bonacker et al. 1992 uton et al. 2002)but to date has not been reported in aceticlastic
methanogens©ther genera with identifieairtA genes includ&lethanothermobacter spp.
(GenBank IDAY289753.) andMethanosphaera spp. (Fricke et al. 2006), though the gene is
not well'annotated or differentiated fraeportedmcrA gene sequence# comparison between
representative sequences from the different operatior@adaxic units (OTUs)rom this study
that were identified alslethanobacterium andMethanomicrobium shows that of the seven
OTUs, one is highly similar (95.9%) tdethanobacterium mrtA gene (OTU 6Figure S2)and
washighest.in.relative activity in the BESd PA 10 mM conditions (Figure S3). Interestingly,
pure culture studies witllethanobacterium thermoautotrophicum have found differential
expressionofthencrA andmrtA genes, with thertA being more highly expressed during the
exponential growth phasd# methanogens and under conditions of high substrate availability
(Bonacker et al. 1992ihl et al. 1994Pennings et al. 1997).

The other OTUs observed here were more closely related to knawsequences.
OTU 2 wasalso highest in relative activity durimgethanogenesis inhibitednditions and is
more closely related tine mcr A gene fromMethanobacterium sp. TO1, which is only 71.8%
similar to theMethanobacterium mrtA gene. We suspect that there are reas®yond the

increase imrtA expression that alloWethanobacterium andMethanomicrobium to continue
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expressing thexcrA gene during inhibitor exposur&.hese findings areonsistent with other
studies that found hydrogenotrophic methanogens to be less sensitive to inhibition than
aceticlastic methanogef@inder et al. 1984Perkins et al. 1994Xu et al. 2010aLins et al.

2015). Multiple explanations have been offered to explain these reguisding differences in
cell envelopes.that mightselt indifferentialexposure to inhibitors or differences in coenzyme
M transport rateéxXu et al. 2010a).

It'is‘important to note that the shiftskigure 3represent relatey changes in total
metanogen abundance and activity. Given the challenges with quantitative nucleic acid
extractions from heterogeneous biomass samples, these relative abundance and activity data were
not convertedto an absolute quantification of abundance or activity per biomass. However, by
comparing‘therabundance and activity of methanogens as a fraction of the total community
abundance and activitécteria andArchaea) (Figure 2),it is clear that the methanogenic

activity waslower for higher inhibitor concentrations.

Activity of syntrophic bacteria Syntrophomonas reduced by BES and PA

Seven populations of previously described syntrophic fatty-acid oxidizing bacteeia wer
identified,inthese mesocosm sampleBie communities were predominantly comprised of
Syntrophomonas; a butyrate and higher VFA oxidizer (Sousa et al. 2007)Santhella, a
propionateroxidizer (Liu et al. 1999) (Figure 4). These populations have a coupled metabolism
with hydrogenotrophic methanogenskeep the partial pressure of ldw such that their
metabolism is energetically favorablBue to this importantetationship between syntrophic
bacteria and methanogens, the inhibition of hydrogenotrophic methar(éigune %) likely
cause an increase in the partial pressure of hydrogen and therefore cliaagetivity of
syntrophic bacteriaDifferencesn gere copy numberand growth strategies limit the
conclusioenstthat can be drawn by using the abundari@SofRNA as an glicator of activity
(Blazewicz et al. 2013 Therefore wefocus on comparing trendsrielative activity within a
genusacross different treatmen@ndless ondirect comparisonsetween genera withia
specificitreatmentsing fluorescence in situ hybridizatigrlSH) in sewage sludge digesters
exposed to BESu et al. (2010b) observed a lower abundance of syntrophic bacteria under
methanogenesis inhibited conditions compared to a contrdhe current study, greater changes
were obsrved in relative activity (RNAased) as compared to relative abundance ({biiged)

due to the short duration of the experiment (Figure 4). The variation in syntrophicabacter
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abundance and activity between duplicates was higher in inhibited sampigesred to the
controls and the differences between other bacterial groups (Figure Sgrddtesr variability
may be the result of unstable conditions for syntrophic populations as a result of methanogen
inhibition. _Syntrophomonas abundance and activity were lower during inhibited conditions
compared to.the contr@Figure 4) In contrast,he relative abundance and activitySpfithella
did not decrease with the presence of either inhibitor. The energetics @itbuatyd propionate
oxidation is‘depeatent on the partial pressure of hydrogen, which was not measured in this
study, but'may have contributed to the differential response (FigureO@@gr factors that may
contribute to these observed differences include the production andategradtesof 16S

rRNA levels. While these rates are not known, differences in 16S rRNA gene copy number
betweernSyntrophomonas andSmithella, three and one copies, respectivalyggestifferential
growth strategies. igher16S rRNA geneopy numbers are assagd withhigher growth rates
following environmental chang€Klappenbach et al. 2000), consistent with our finding tha
Syntrophomonas responded more quickly tbe presence ahethanogeic inhibitors.

Inhibitors cause few changes in the 16SrRNA of most active bacterial genera

Overall,the bacterial community present in the mesasosasquite diverse, containing
greater than 900 OTUs, grouped at a 0.68quence similaritgut-off, and 600 phylotypes,
grouped based daxonomic identificatiorat the genus levelThe shifts in the structure ofeh
active bacterial community wermt siguificant betweerduplicates of the different conditions
(6yc AMOVA, p-value > 0.05) (increasing the number of replicates would imavease the
power of this test).There werdew changes in the relative activity of the 20 most abundant
phylotypegFigure 5a) Other studies have found evidence for community shifts during longer-
term exposure.to methanogenic inhibitarsing DGGEand TRFLPfollowing BES exposure
for 18 menthsChiu and Lee 200768 dayqLins et al. 2015), and 48 days (Xu et al. 2010Db).
DGGE also revealed shifts in rumen fluid mesocosms exposed fiar RA hoursvhen used in
combination with other inhibitors (Patra and Yu 2018)s difficult to compare these previous
findings'with the current studsinceDGGEand T-RFLP providdess restution for community
structure characterization asdecific bacterial groups responsibbe Eommunityshifts were
notalwaysidentified.

In the currentstudy, @& indicator analysi§Dufréne and Legendre 199%as applied to

determine the bacteripbpulationsvhose activity (based dt6S rRNA cDNA wasindicative
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of each condition.The statistically significant groups-(¢@lue < 0.05) are shown in Figure 5b.
Of the bacteriapopulations identified as indicators of the control samples, two are syntrophic
populations $yntrophomonas and an unclassified member®trophomonadaceae). As
previously describedhis result wagxpected due to the inhibition of these groups in both BES
and PA conditions. An unclassified member of the oFdmsobacteriales wasalso more active

in control samples compared to all other conditions. Populations identified asarslma
inhibited conditions include cellulose degraders lacteriacommonly found in rumen and

plant matterdigesters, includi@gllulosilyticum (Li et al. 2A.4), Clostridium 111 andlV (Collins

et al. 1994)Prevotella (Williams et al. 2013 and Succinivibrio (Yue et al. 2013). Future
studies emplayingnethanogenic inhibitors should recognize the potential for these populations
to exhibitinereasd activity and for the activity of some syntrophic bacteria to decrease.

Experimental Procedures

Primer design and mock community construction

Primers targeting thexcr A gene were designed throughiarilico analysis followed by
testing with pure cultures and mock communities. First, existing primer gettofien et al.
2006 Steinberg,and Regan 2Q@&einberg and Regan 2Q0(®keleke et al. 2013)ere compared
to partialmcrA'sequences downloaded from GenBank (NCBI, Bethesda, MD) and back
translated-fullflength McrA protein sequences using EMBOSS Backtranseq with the
Methanothermobacter thermoautotrophicus strain Delta H codon usage table (EMBL EBI,
Hinxton, UK) using MEGA 6.0 (Tamura et al. 2013). The forward primias(Steinberg and
Regan 2008) was modified with additional degeneracies
(5GGYGGIGIMGGNTTCACHCARTA-3 bold font indicates changes). Theeese primer
mcrA-rev.was.used as reported previouslyC&TTCATBGCGTAGTTVGGRTAGT3)
(Steinbergand’Regan 2008primer specificity and coverage were assesssitico using MFE
primer 20 (Qu et al. 2012). The V4 region of 16S rRNA gene was targeted using universal
primers F515 (5"GTGCCAGCMGCCGCGGTAA3’) and R806 (5'-
GGACTACHVGGGTWTCTAAT-3') (Caporaso et al. 2011)The coverage of these primers
was verified with TestPrime 1(&lindworth et al. 2012). Bothrpmer sets were checked for
complementarity with sequences from the complete genomes of the methanogens used in the

mock communitiegTable S1)
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To verify the amplification of thexcrA gene from a range of methanogessg the re
designed primerDNA extracts from pure cultures of methanogens were used as a template for
PCR over a range of annealing temperatures. PCR was performed using 20 pL reactions with
primers at 500 nM, 0.5 ng of template, 0.3 mg/mL bovine serum albumin (BSA), 10 pL Phusion
High Fidelity.Master Mix (NEB, Ipswich, MA), and nucleasee water. An initial 2 min
denaturation at 95 °C was followed by 30 cycles of denaturing at 95 °C for 20 s, annealing at 55
°C for 15 s;"and extension at 72 °C for 30 s, with a final extension at 72 °C for 5 min. PCR
products werevisualized on a 1.5 % agarose gel.

Three different mock communities were created by mixing varying amounts of either
DNA extragtssor amplified PCR products. Mock community A was made by mixing DNA
extracted from*10 methanogenic strains based on concentration and genome length ta achieve
relatively even communifythe inclusion of twdviethanospirillum andMethanosar cina strains
and differentiagene copy numbers contribute to slight deviations from complete evenness.
Mock community A-PCR was made by mixingrA gene amplified PCR products from each
methanogenrbased on PCR product concentration to achieve a community similar to mock
community*A:=Mock community B was constructed by mixing DNA extracts from each
methanogen,based on genome length to achieve a community representative of an anaerobic
digester(Smith et al. 2013). Expected community struesusased on these calculations are
shown in Figure 1 Samples from these mock communities were submitted for sequencing and

analyzed as described below.

Mesocosm set-up and sampling

Mesocosms were seeded by mixéhg wet cow dung, collected from a field where grass
and corn.fed.cattle were grazinging sterile plastic scoops, witl@@ mL of concentrated
(approximately’5,000 mg/L tdtauspended solids) anaerobic digester sludge collected from a
mesophilic (32°°C) wastewater treatment plant anaerobic sludge digester (Northfield Wastewater
Treatment Plant, Whitmore Lake, M) 150 mL serum bottle€ontrol mesocosms contained
no addednhibitor. The effect of Zoromoethanesulfonate (BES) addition was evaluated at
concentrations of 0.5 and 10 mM, whereas propynoic acid (PA) was tested at canocsnifat
0.1 and 10 mM.Duplicate mesocosms were run for the contrithout inhibitor, 10mM BES,
and 10 mM PA conditions, and single mesocosms were run for 0.5 mM BES, 50 mM BES, 0.1

mM PA, and 2 mM PA. Excellent agreement in gas production was observed in duplicate
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404 mesocosms (Figure S1ThestartingpH ranged from 6.3 to 7.0 in tllmesocosms and was

405 adjusted to pH 7.0 using sodium hydroxide prior to capping with a butyl rubber stopper, crimp
406 seaing, and purgng with N, gas. Incubations were carried out in a 31 °C water bath and the
407 mesocosm contents were mixed on magnetic stieqla

408 A glass.syringe (Chemglass Life Sciences, Vineland, New Jersey) was used to measure
409 gas production‘and collect gas for composition measurements about every othEna@H,,

410 CO,, and Neomposition in the headspace gas was measuicaplicate fo each samplasing

411 a gas chromatograpBéwMac, Bethlehem, PA) coupled with a thermal conductivity detector
412 (TCD). On day/9, after a final collection of the headspace gas, the bottles were opened and the
413 biomass centrifuged at 4 °’he supernatant wakecanted and biomass samples were collected
414 for DNA and RNA extractios the latter being preserved with RNAlater (Qiagen, Valencia,

415 California). Following collection, biomass samples were frozes8@t°C until extraction.

416 Mesocosmnuclec acid extractions, cDNA synthesis, and quantitative PCR

417 DuplicateDNA and RNAextractions were performed fduplicatebiomass samples

418 collectedfrom the same mesocosior the following conditions: control, 0.5 mM BES, 10 mM
419 BES, 0LmM,RA, and 10 mM PA. e automateéxtraction Maxwell 16 Blood LEV kit or

420 Maxwell 16 simplyRNA tissue kit, for DNA or RNA, respectivelyas usediccording to the

421 manufacturerstinstructionsith slight modifications as described below. Briefly, zirconium
422 beads (0.1 mm) and lysis buffer were added to each sample and three 2 minute bead beating
423 steps were performed, replacing the lysis buffer after each bead bdimeginase K was added
424  to each sample for DNA extraction prior to the automatic extrasteps For RNA extraction,
425 the nmethod.was.the same, except bead beating was performetioglcerol homogenization
426 buffer and 10 ul of DNase 1 was added to the extraction kit. Nucleic acid quality anityquant
427 were determined using spectrophotometry (Nanodrop 1000, Thermo FiseifiSc

428 Wilmington, DE), fluorospectrometry (Quantifluor dsDNA and RNAtgyns (Promega,

429 Madison, WI)), and for RNA samples using electrophoresis with the Experion RNyssriit

430 (Bio-Rad, Hercules, CAXDNA was synthesized using SuperScript® VIEDNA synthesis kit
431 according to the manufacturer’s instructions (Invitrqgearlsbad, CA).

432 PCR products$or use as gPCR standards were genenagetd) the protocalescribed

433 above for bothmcrA and 16S riRIA geneamplicons, using DNA extracts from mesocosm

434 samples pooled by equal mass as the temfiete@and McMahon 201 Sonthiphand et al.
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2013). PCR products were visualized on a 1.5 % agarose gel and the band was excised and
purified with the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA). Amptfend purified
pools were quantified using the Quantifluor dsDNA system and fluorospectrorsetngl
dilutions of the pools were prepared for gPCR standards and ranged frd6f ¢6pies/pL for
merA and 16-10° copies/uL for 16S rRA genes The Mastercycler Realplex Ep (Eppendorf,
Hamburg, Germany) was used to perform &CR with triplicate wells for each sample and
reaction'velumes of 19 pL using Fast Plus EvaGreen Master Mix (Biotium, Hay@aj.

Fomward andreverse primer concentrations were 500 nM, except the nezefsgrimer was

used ak50 nM. The conditions used for thermocycling were as described above with slight
modificatiors sinstead of 30 cycles, 50 cycles weised and a melting curamalysis was
performed-as the final step check for spurious amplification products. To improve annealing
conditions for thencrA transcriptcDNA quantification, an initial 2 min denaturation of the
cDNA at 95 °Cwas followed byfive cycles of 95 °C for 20 s, 55 °C for 15 s, followed by a
temperature ramp of 0.1 °C/s to 72 1@1ion et al. 2002Morris et al. 201} and extension for

72 °C for 30gsw Then 45 cycles were performed without the temperature ramp with a fina
extension at 72 °C for 5 minThe standard curves’Rvere 0.995 and 0.998 and efficiencies

were 74%and 89%, foncrA and 16S riRA genes, respectively.

Sequencingand-analysis

Samples from the mock community, mesocosm DNA, and mesocosm cDNA were
submitted for sequencing of the V4 region of the 168ARene at the Host Microbiome
Initiative (University of Michigan, Ann Arbor, MI) Primers F51%nd R806 (Caporaso et al.
2011)were.modified fodual-indexsequencing as described Kgzich et al. (2013) PCR was
performediusing Accuprime TAQ (Invitrogen) and thermocylcing conditions were 95 °C
denaturationsfor 2 min, followed by 30 cycles of denaturation at 95 °C for 20 s, annealing at 55 °
C for 15 s, and'extension at 72 °C for 5 min, the final extension was performed at 72 °C for 5
min. Samples were also submitted for sequencing ahth& gene following themplification
proceduralescribed aboveAfter amplification of either gene, the SequalPrep Normalization
Plate Kit (Life Technologies, Grand Island, NY) was used to pool samples by eqsal ma
Amplicons were multiplexed and sequenced using the Illumina MiSeq, Reagent Kit \(@&hs
for mcrA amplicans resulting in a total of 20,842 pairedd reads after quality filteringnd

between 193 and 2,240 sequencesspaiple. For 16S rRNA gene amplicorlReagent Kit V3
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was used and resultenl15,152 sequences per sample after quality filtering and subsampling.
The resulting sequences were processed with m{@uitoss et al. 2009) following the Schloss
MiSeq SORKaozich et al. 2013) and classified using the tBSA taxonomy from the
Ribosomal Database Projé€ole et al. 2013) and thmcrA taxonomic database from Yang et
al. (2014). FermcrA sequencedour ambiguous base pairs were allowed and a similarity cutoff
of 85.8% was used for the genus level corresponding to a 97% cutoff for the 16S rRNA (Yang et
al. 2014).The'generated sequence data were submitted to the DDBJ/EMBL/GenBank databases
under Accession Number SRP062486.
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Figure Legend
Figure 1. Comparison between the calculated and experimental relative abundance of
methanogen mock communities based on the sequencing of the mcrA gene (a) and 16S
rRNA gene (b). Mock community A-PCR was created by pooling the PCR products from
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individually amplified mcrA genesfor each methanogen. Mock community A and B were
created by pooling DNA extracts before amplification. The expected compositions were
calculated based on DNA concentrations of the extracts from 10 strains measured by

fluor ospectrometry, genome size, and gene copy number or PCR product quantification by
fluor ospectremetry (Table S2). Two different strainswer e included for the genera
Methanospirillum and Methanosarcina. All strainsincluded in the mock communities were
identified through mcrA gene and 16SrRNA gene sequencing. The mcrA gene based
sequencing resultsincluded one sequence each identified as Methanohal ophilus and

Methanoculleus, which wer e excluded from the graphs.

Figure 2. Cumulative methane production and molecular characterization of methanogens
in cow dung.and anaerobic digester sludge mesocosms after nine days of incubation.
Relative methanogen activity based on methanogen 16SrRNA cDNA asa % of the total
community (including Bacteria and Archaea) (bars), mcrA expression normalized by 16S
rRNA cDNA (diamonds) deter mined with RT-gPCR, and cumulative methane production
(circles). Error barsfor methane production volume represent the propagated uncertainty
in methane.concentration measurements. mcrA expression isdisplayed as the aver ages and
standard deviations of triplicate RT-qPCR reactions. Duplicates shown represent duplicate
biomass samples from the samereactors. No inhibitor was added in control conditions.

Figure 3. Relative abundance (DNA) and activity (RNA) of methanogensin anaerobic
mesocosmssafter nine days of incubation based on 16SrRNA genes (a), 16SrRNA cDNA
(b), mcrA genes(c), and mcrA transcript cDNA (d) sequencing. Sequences from duplicate
samplesfar each condition are combined (duplicates are shown in Figure $4).

Figure 4=Relative abundance (a) and activity (b) of syntrophic bacteria as a per centage of
the total bacterial and archaeal communities based on 16SrRNA gene and 16SrRNA
cDNA sequencing in anaer obic mesocosms after nine days of incubation. Duplicates shown

repr esent duplicate biomass samples from the samereactors.

Figure 5. Relative activity based on the 20 most abundant bacterial phylotypes grouped at
the genus-level (a) and the phylotypesidentified asindicator organisms (p <0.05) (b) in
anaer obic mesocosms after nine days of incubation for each inhibition condition.
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859 Duplicates shown represent duplicate biomass samples from the samereactors. No
860 inhibitor wasadded in control conditions.
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