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Abstract

Faecalibacterium prausnitzii is abundant in the healthy human intestinal microbiota, and the

absence or scarcity of this bacterium has been linked with inflammatory diseases and meta-

bolic disorders. F. prausnitzii thus shows promise as a next-generation probiotic for use in

restoring the balance of the gut microbial flora and, due to its strong anti-inflammatory prop-

erties, for the treatment of certain pathological conditions. However, very little information is

available about gene function and regulation in this species. Here, we utilized a systems

biology approachÐweighted gene co-expression network analysis (WGCNA)±to analyze

gene expression in three publicly available RNAseq datasets from F. prausnitzii strain A2-

165, all obtained in different laboratory conditions. The co-expression network was then

subdivided into 24 co-expression gene modules. A subsequent enrichment analysis

revealed that these modules are associated with different kinds of biological processes,

such as arginine, histidine, cobalamin, or fatty acid metabolism as well as bacteriophage

function, molecular chaperones, stress response, or SOS response. Some genes appeared

to be associated with mechanisms of protection against oxidative stress and could be

essential for F. prausnitzii's adaptation and survival under anaerobic laboratory conditions.

Hub and bottleneck genes were identified by analyses of intramodular connectivity and

betweenness, respectively; this highlighted the high connectivity of genes located on mobile

genetic elements, which could promote the genetic evolution of F. prausnitzii within its eco-

logical niche. This study provides the first exploration of the complex regulatory networks in

F. prausnitzii, and all of the ªomicsº data are available online for exploration through a graph-

ical interface at https://shiny.migale.inrae.fr/app/faeprau.

Introduction
Thehumangutmicrobiotaplaysafundamentalrole in humanhealth.Thecollectivegenomes
of bacteriaandothermicroorganismsin thisecosystem,including fungi,viruses,andarchaea,
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havereceivedincreasingattentionin thepasttwo decades(IntegrativeHMP (iHMP) Consor-
tium, 2019).Takentogether,this researchhasrevealedtheextentto whichthegutmicrobiome
activelyaffectsnumeroushostfunctions,including immunesystemdevelopment,mainte-
nanceof intestinalmucosalintegrity,humanmetabolism,brain processes,andbehavior[1±4].
Thecommunitycompositionandbehaviorof thisassemblagecanbeinfluencedbyavarietyof
factors,suchasdietandlifestyle.Alterationsto thegutmicrobiota,referredto asdysbiosis,can
disruptessentialhealth-promotingservicesandareassociatedwith avarietyof illnesses,
including InflammatoryBowelDiseases(IBDs)andcancer[5±7].Within thegutmicrobiota,
microorganismsinteractin multiple contextsandexhibitheterogeneousbehaviors.Thediver-
sityandnumberof theseinteractionscangenerateunpredictablepopulationdynamic,andthe
emergentpropertiesandcross-scaleinteractionswithin thesecomplexsystemsarebeststudied
usingcomprehensiveinvestigationsof theentirecommunity.In thiscontext,theintegrative
approachesusedin systemsbiologyrepresentimportant toolsfor studyingtheinterplay
betweenthedifferentbiologicalsystemswithin thewhole,andmayhelpto elucidatehost
microbiomeinteractions[8,9].

Amongthestrictlyanaerobicbacteriapresentin thehumancolon,������������	�
� �	�

�
������ isoneof themostcommontaxaandservesasageneralhealthbiomarkerin humans[10].
Theabundanceof �. �	�
�
����� is reflectiveof thehealthstatusandcolonicenvironmentof
thehost.Lowlevelsof thisspeciesin thegutareassociatedwith variousgastrointestinaldisor-
ders,suchasIBDs,Irritable BowelSyndrome,colorectalcancer,or obesity[11,12].Oneof the
mechanismsbywhich�. �	�
�
����� exertsabeneficialeffectsis theproductionof butyrate,
whichis involvedin maintainingthegut lining andin fighting inflammation[13±15].More-
over,thisspeciesproducesseveralbioactivemoleculesthataffectinflammationandgutbarrier
function,suchasthemicrobialanti-inflammatorymolecule(MAM) [16±18].�. �	�
�
����� is
thusconsideredapromisingnextgenerationprobiotic (NGP)whichcanhelpto not only
restorethebalanceof themicrobialflorabut alsoto aid in thetreatmentof certainpathological
conditions[19,20].Despitetheimportanceof �. �	�
�
����� within thegut,nothing isknown
abouttheregulatoryfactorsresponsiblefor arangeof importantprocesses,including intestinal
colonization,quorumsensing,andstressresponsesto bilesalt,acidicpH, or oxidativestress.
In thisbacteriumandfor NGPsin general,thefirst stepin understandingtheinteractionsand
behaviorwithin thegut is to considerindividual bacteriaasabiologicalsystem,onethat
respondsto environmentalperturbationsthroughcomplexnetworksof geneinteractions.

Recentstudieshaveutilizedhigh-throughputRNA sequencing(RNA-seq)to examinegene
expressionin �. �	�
�
����� strainA2-165,mostlywith thegoalof identifyingdifferentialgene
expressionunderdifferentconditions[21±23].However,certainunderlyingpropertiescan
only beexplainedbystudyingorganismsascomplexsystems[24±26].To thisend,expression
datacanbeusedto accuratelygroupgenesinto functionalmodulesbasedon co-expression
patterns.In particular,thealgorithmdevelopedfor weightedgeneco-expressionnetworkanal-
ysis(WGCNA) enablestheconstructionof genenetworksthroughconsiderationof theco-
expressionpatternsbetweentwo genesaswellastheoverlapbetweenneighboringgenes[27].
Highly correlatedgenesareclusteredinto largermodulesbasedon similaritiesin their expres-
sionprofiles,andmembersof agivenmoduleareofteninvolvedin similar functionalpro-
cesses[28]. To date,WGCNA hasbeensuccessfullyusedto constructgeneco-expression
networksin severalbacteria,including ���������	�
� �
��	�
����� [29], �����	����� ���� [30],
���������
� ������ [31], ���	�� �����	�� [32], and��	��������
� �	���� [33].

In thecurrentstudy,geneexpressiondatawereobtainedfor �. �	�
�
����� A2-165from three
publicRNAseqdatasets.Co-expressionnetworkswereanalyzedusingWGCNA andgeneswere
clusteredinto moduleswith similarexpressionpatterns.Foreachmodule,weinvestigated
enrichmentin biologicalfunctions.Thestructureof thenetworkwasalsoanalyzedto identify
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hubandbottleneckgenes;of the25weidentified,themajority werelocatedin theregionof six
mobilegeneticelementsthatcouldpromoteintracellularor intercellularDNA mobility. This
studyrepresentsthefirst time thatageneexpressionnetworkhasbeenconstructedfor �. �	�
��

�����. In addition,anR-Shinyapplicationisavailableonlineto makethedataandtheanalyses
accessibleandusableto awideaudience(https://shiny.migale.inrae.fr/app/faeprau).

Materials and methods

Data sources
In theLebasdataset[22], theauthorsexploredtheeffectson thetranscriptomicprofile of �.
�	�
�
����� A2-165of treatmentwith supernatantfrom ���������
� ������ subsp.lactisCNCM
I-1631,���������
� ������ subsp.�	���	�� CNCM I-3558,�����������
� ��	������ CNCM I-
3689,and��	��������
� ���	������
� CNCM I-3862.TherawRNA-seqfastqfilesareavailable
atArrayExpressunderprojectE-MTAB-9387.In theD'hoedataset,theauthorssequenced
RNA from �. �	�
�
����� A2-165monoculturesat threedifferenttime points[21]. TheRNA-
seqresultsweredepositedin theShortReadArchiveunderthestudyidentifier SRP136465.In
theKangdataset[23], theauthorscomparedthetranscriptomicprofilesof �. �	�
�
����� A2-
165culturedusingdifferentcarbohydrates(galactose,fructose,glucose,N-acetylglucosamine)
asthesolecarbonsource.Dataarein theShortReadArchiveunderthestudyidentifier
SRX10245665.Datasetsandsourcecodehavebeendepositedin theGitLabrepositoryat
https://gitlab.com/adlin-science-public/FaePrau.

Data processing
Theworkflow for thisstudyispresentedin S1Fig.A readcounttablewasobtainedusingthe
rawsequencingreads.After trimming readswith fastpv.0.20.0(defaultparameters,[34]),
fastq-formattedreadswerealignedto thegenomeof �. �	�
�
����� strainA2-165(Genome
AssemblyASM273414v1)usingBWA v.0.7.17[35], allowingasinglemismatchin theread.
Then,sam-formattedalignmentsweresortedandconvertedto bamoutput filesusingSAM-
toolsv.1.10[36]. Thenumberof readspertranscriptfrom eachsamplewascountedusing
HTSeqCountv.0.12.4[37] andGFF-formattedgeneannotationsdownloadedfrom NCBI.We
checkedthedistribution of rawcountsandperformedprincipalcomponentanalysisin each
dataset(S2Fig).GeneexpressionvalueswerenormalizedusingtheDEseq2packagev.1.34.0,
in R[38]. Thecounttable,containing2,950genes(S1Table),wasfilteredto eliminatenon-
expressedgenes.Theresultingfinal datasetcontained2,902genesandwasfurther processed
with WGCNA [39]. Thequalityof theexpressionmatrix wasevaluatedbyhierarchicalcluster-
ing basedon thedistancebetweendifferentsamples,measuredusingSpearman'scorrelation.
No outliersweredetected(S3Fig).

Data analysis
Differentialexpressionanalysiswasperformedwith theDEseq2packagev.1.34.0.Weapplied
cutoffsof P-adj(correctedFDR)< 0.05andabsolutelog2FoldChange(log2FC)> 1.5for the
detectionof genesthatweredifferentiallyexpressedbetweentheconditionsconsideredand
thenegativecontrol.Partialleastsquares-discriminantanalysis(PLS-DA)implementedin the
mixOmicspackageof R(v.6.18.1)[40] wasused.

Construction of weightedgeneco-expressionnetwork
WGCNA iswidelyusedin systemsbiologyto constructascale-freenetworkfrom geneexpres-
siondata[41]. In thisstudy,weusedtheWGCNA packagein R(v.1.71±3).In brief,Pearson's
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correlationmatriceswerecalculatedfor all pairsof genesandweresubsequentlytransformed
into matricesof connectionstrengthsusingapowerfunction; in thiscase,thepowerwas�� =
17.Weselectedpairsof geneswith distancecorrelationcoefficientsgreaterthan0.5from the
threedatasets.Theconnectionstrengthswerethenusedto calculatetopologyoverlap(TO)
[42], whichmeasurestheconnectivityof apair of genes.Hierarchicalaveragelinkagecluster-
ing [43] basedon TO wasusedto identify geneco-expressionmodules,whichgroupsgenes
with similarpatternsof expression.Wechosetheminimum modulesizeof 20without merg-
ing themodules(aheightcut of 0.0).

Functional analysisandnetworks
After extractingthelist of genespresentin eachmodule,weusedeggNOG-mapper,atool for
functionalannotationbasedon precomputedorthologyassignments[44]. Functionalenrich-
mentanalysiswasperformedin eachmodulewith STRING(version9.0;https://string-db.org/
) in March2022.Enrichmentswith strength> 0.5wereselected.Theresultinginteractionnet-
workscontaineddirect(physical)andindirect (functional) interactions,derivedfrom numer-
oussourcesincludingexperimentalrepositoriesandcomputationalpredictionmethods.

Nodeswith ahighdegreeof connectivityarecalledªhubsº;theyinteractwith severalother
genesandmaythusplayacentralrole in thenetwork.Instead,ªbetweennessºmeasuresthe
totalnumberof shortestnonredundantpathspassingthroughagivennodeor edge.Bydefini-
tion, mostof theshortestpathsin anetworkgothroughnodeswith ahighdegreeof between-
ness.Thesenodes,namedªbottlenecksº,becomecentralpointscontrolling the
communicationamongothernodesin thenetwork.In thisstudy,welookedat themeasures
of connectivityandbetweenesswithin eachmodulebyusingarelativehub/bottleneckthresh-
old of top 10%.Networkvisualizationwasperformedwith theigrahpackagev1.2.8.

Results and discussion

Comprehensivetranscriptomic profiles from RNAseqdata
Rawdatafrom previousgeneexpressionprofiling analyse[21±23]werepreprocessedusinga
similarworkflow (S1Fig).Detailson theseexperimentsandthesamplesusedarepresentedin
Table1.To investigatedifferencesin thetranscriptomicprofilesamongthedifferentcondi-
tionsanalyzed,weconductedaPLS-DA.Thisrevealedaclearseparationalongthegene
expressiondatasetsfrom thedifferentpublicationsalongthefirst two principalcomponents,
whichexplained40%and9%of theobservedcovariance(Fig1A).While component1was
sufficientto distinguishtheLebasdataset,thesecondcomponentwasnecessaryfor separation
of theD'hoeandKangdatasets.In total,weidentified50genesthatcouldbeusedto discrimi-
natebetweentheLebasandKangsamples(component1) and50genesthatcouldbeusedto
distinguishtheD'hoeandKangdatasets(component2) (Fig1B).Asshownin Fig1C,thefirst
componentwasprincipally influencedbyclustersof orthologousgenes(COGs)relatedto
translation,carbohydratetransportandmetabolism,cellcyclecontrol,andlipid transport,and
metabolism.Thesecondcomponentwasmorestronglyaffectedbygenesinvolvedin coen-
zymetransportandmetabolism,andinorganicion transportandmetabolism.In particular,
amongthesediscriminatorygenes,wedetectedrubrerythrin (CG447_11045)andreverse
rubrerythrin (CG447_01540),aputativeiron transporter(CG447_11790andCG447_11800),
andenzymesof thecobalaminbiosynthesispathway(CG447_11805,CG447_11815,and
CG447_11845).Rubrerythrinandreverserubrerythrin areknownto function primarily in the
defenseagainstoxidativeradicalsin anaerobicbacteria,whileoxygensensingandtight regula-
tion of iron homeostasisarecloselylinked to bacterialgrowthin anaerobicconditions[45,46].
In addition,cobalaminhasbeendemonstratedto haveaprotectiveeffectagainstoxidative
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stressin somebacteria[47]. Therefore,it appearsthatsomeof thekeydiscriminatorygeneswe
identifiedarefunctionallyrelatedto eachotherandassociatedwith mechanismsfor protection
againstoxidativestress,whichcouldbeessentialfor thegrowthof �. �	�
�
����� underthedif-
ferentanaerobicconditionsinvestigatedin thethreepreviouspublications.

Exploration of transcriptomic datawith R-Shiny
WedevelopedanR-Shinyapplicationto facilitatedeeperexplorationof thetranscriptomic
datafrom eachof thethreestudies.Forexample,usingthisapproachon theLebasdataset,we
observedthat treatmentof �. �	�
�
����� with supernatantfrom �. ������ subsp.������ generated
moretranscriptionaldownregulationthanupregulationrelativeto thecontrol (seeour
R-Shinyapplication),confirming thefindingsof theoriginalstudy[22]. In theKangdataset,a
comparisonbetweenbacteriaraisedon glucoseor fructoseasthesolecarbonsource
highlightedthat themostupregulatedgenewasCG447_08360,whichencodesaputativePTS
glucosetransportersubunitIIBC (Fig2A and2B).Thisgenewasalsohighlyupregulatedin the

Table1. Description of the datasetandsamplesusedin this study.

SampleID Characteristicsaccordingto previousstudies Growth medium

ERR4363141 control Yeastextract-casein hydrolysate-fatty acidsmodifiedmedium(YCFAm)
containing2 g/L cellobioseand2 g/L glucoseascarbonsources.

Supernatants from severallacticacidbacteria/bifidobacteria strainswere
testedfor their impacton growthof �. �	�
�
�����.

[22]

ERR4363142 control

ERR4363143 control

ERR4363144 �����������
� ��	������ cellfreesupernatant

ERR4363145 �����������
� ��	������ cellfreesupernatant

ERR4363146 �����������
� ��	������ cellfreesupernatant

ERR4363147 ��. ������ supernatant

ERR4363148 ��. ������ supernatant

ERR4363149 ��. ������ supernatant

ERR4363150 ���������
� ������ subsp.�	���	�� cellfreesupernatant

ERR4363151 ���������
� ������ subsp.�	���	�� cellfreesupernatant

ERR4363152 ���������
� ������ subsp.�	���	�� cellfreesupernatant

ERR4363153 ��	��������
� ���	������
� cellfreesupernatant

ERR4363154 ��	��������
� ���	������
� cellfreesupernatant

ERR4363155 ��	��������
� ���	������
� cellfreesupernatant

SRR6898059 FP_3h Medium for colonbacteria(mMCB) modifiedandcontaining50mM
D-fructoseascarbonsource.

[21]
SRR6898064 FP_3h

SRR6898055 FP_9h

SRR6898063 FP_9h

SRR6898054 FP_15h

SRR6898060 FP_15h

SRR13865118 galactose Yeastextract-casein hydrolysate-fattyacids(YCFA)medium
supplementedwith 0.5w/v carbonsources,vitamin solutionandshort-

chainfattyacids(v/v).
[23]

SRR13865119 galactose

SRR13865120 glucose

SRR13865121 glucose

SRR13865122 NAG

SRR13865123 NAG

SRR13865124 fructose

SRR13865125 fructose

� NAG: �-acetylglucosamine.

https://doi.org/10.1371/journal.pone.0271847.t001
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presenceof galactose.AsthetranscriptionPTSgenesisusuallyregulatedin responseto sub-
strateavailability[48], thissuggeststhatCG447_08360encodesagalactose/glucosetrans-
porter.Finally,theD'hoedatasetprovidedtheopportunity to track�. �	�
�
����� gene
expressionacrossthreegrowthtime-points.In theR-Shinyapplication,it waspossibleto com-
pare,for example,expressionat time 15hwith thatat time 3handto highlight themostupre-
gulatedanddownregulatedgenesbetweenthesetime-points(Fig2C±2H).Notably,serine/
threonineandferrousiron transporterswerehighlyupregulatedat theearliertime compared
to later,whichsuggeststhatavailableserine,threonine,andferrousiron areimportedinto the
cellduring earlygrowth(Fig2D and2E).It wasalsointerestingto observetheupregulationof
CG447_14545at time 3h(Fig2F);thisgeneencodesamulti-antimicrobial extrusion(MATE)
effluxtransporter,whichplaysarole in antibiotic resistanceaswellaspotentiallyin bacterial-
hostinteractionsandintercellularsignaling[49,50].Instead,time-point 15hwasmarkedby
strongupregulationof CG447_09920andCG447_06950,whichencodeenergy-couplingfac-
tor (ECF)transportScomponentandDNA polymeraseIV, respectively(Fig2Gand2H). ECF
transportersareresponsiblefor vitamin uptakein prokaryotes[51], whileDNA polymeraseIV
ispartof theSOSresponseto DNA damagein bacteriaandcontributessignificantlyto cellfit-
nessin latestationaryphaseculturesin theabsenceof anyexogenousDNA damage[52]. Our

Fig 1. Partial least-squarediscriminant analysisof RNA-seqdata.(A) PLS-DAplot of RNA-seqdatashowingclear
transcriptome-baseddiscrimination amongthethreepublicationdatasets.Eachpoint representsthetranscriptome
signatureof onesample,with ellipsesrepresenting95%confidencelevel.(B) Geneswith highdiscriminatory ability
wereidentifiedfrom PLS-DA.(C) Histogramshowingthedistribution of COGcategories(Clustersof Orthologous
Genes)associatedwith thegeneswith thehighestdiscriminatory powerin thetwo componentsgeneratedbyPLS-DA.
SeeS2Tablefor thefull list of discriminatory genes.

https://doi.org/10.1371/journal.pone.0271847.g001
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R-Shinyapplicationthusprovidednewinsightinto eachdatasetandrevealsgenesthatmay
playarole in thefitnessof �. �	�
�
����� underthedifferentgrowthconditionsemployed.

Construction of weightedgeneco-expressionnetwork
To choosethebestsoft-thresholdingpower,weanalyzednetworktopologyanddetermined
that17wasthelowestappropriatepowervalue,with ascale-freetopologyfit indexof 0.95and
arelativelyhighaverageconnectivity(Fig3A).WGCNA revealed24distinctmodulesrepre-
sentinghighlyco-expressednetworksof genes(Fig3B±3D).Thelist of genesin eachmodule
of theWGCNA analysisisavailablein S3Table.Twomodules,turquoiseandblue,weremore
notablylargerthantherest,with 568and431genes,respectively(Table2).Thegreymodule
containedthenon-clusteringgenes,of whichtherewereonly 36,suggestingthatWGCNA per-
formedwellundertheparametersappliedhere.

Individual modulescanrepresentindependentunits thatareresponsiblefor certainbiolog-
ical functions.Bylinking thegeneexpressionof themoduleswith theexperimentalconditions
employed,it maybepossibleto identify modulesthathaveimportant functionsundercertain
conditions.To thisend,weusedWGCNA to correlateeachmodulewith theconditionsused
in thethreepublications(Lebas,D'hoeandKang)bycalculatingvaluesof ModuleSignificance
(MS)for module-traitcorrelations(Fig4A).Theexpressionlevelsfor eachmoduleacrossthe

Fig 2. Illustration of transcriptomic datamining. (A) and(C) Visualization of RNAseqresultswith volcanoplots.(B,
D, E,F,G,H) Boxplotsshowingthereadcountsfor genesof interestamongdifferentgrowthconditions.

https://doi.org/10.1371/journal.pone.0271847.g002
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24sampleswerethenvisualized(Fig4B).Severallargemodulesrepresentexpressionchanges
thatclearlydelineatebetweenLebason onesideandD'hoeandKangon theother.Indeed,the
blue,cyan,pink, brown,andpurplemodules(Pearsoncorrelationcoefficient� 0.75)corre-
spondto genesthatwereupregulatedin theD'hoeandKangdatasets,while thegreen,salmon,
red,andyellowmodules(Pearsoncorrelationcoefficient� - 0.75)representgenesthatwere
upregulatedin theLebasdataset.Thissuggeststhat theexpressionpatternsof thegenesin
thesemodulesreflectthewaysin whichthegrowthof �. �	�
�
����� differedamongthecondi-
tionsusedin thedifferentstudies.

Functional andpathwayenrichmentanalysis
Thetop biologicalprocessesassociatedwith thelargebrownandbluemoduleswereªstruc-
tural constituentof ribosomeºandªregulationof translationº,respectively(Table3).Several
moduleswereenrichedin metabolicfunctionssuchasarginine,histidine,cobalamin,or fatty
acidbiosynthesis(green,red,lightgreen,or royalbluemodules,respectively;Table3andFig
5).Wealsoidentifiedclustersof genesrelatedto bacteriophagefunction,chaperones,stress
response,or SOSresponse,suggestingtheinvolvementof functionsrelatedto adaptive
responses(darkred,tanandblackmodules).Overall,wefound thatgenesinvolvedin similar
pathwaysor with thesamebiologicalfunction tendedto belongto thesameexpressioncluster
with WGCNA,whichsupportstherelevanceandutility of this integrativebioinformatics
approachin thiscontext.

In their original study,Lebasetal.showedthat �. �	�
�
����� A2-165respondsto cell-free
supernatantsfrom lacticacidbacteriabydownregulatingmobilomegenesandupregulating
cell-wallrelatedgenes.Here,weobservedthat thepurplemodule(downregulatedin Lebasrel-
ativeto D'hoeandKang)containedclustersof genesrelatedto transposonandmobilization

Fig 3. Network construction andmoduledetectionwith WGCNA. (A) Networktopologyanalysisfor variousvalues
of soft-thresholdingpowers,with thescale-freeindexandthemeanconnectivity asafunction of thesoft-thresholding
power.(B) Dendrogramof all genesdividedinto 24modules, with dissimilarity basedon topologicaloverlap,
presentedwith assignedmodulecolors.(C) Dendogramrepresenting the24modulesidentifiedbyWGCNA. The
heightcut(redline,heightcut= 0.0)wasusedto unmergemodules.Thegreymodulerepresentsgenesthatarenot
includedin anyof theothermodules.(D) A heatmapdepictingthetopologicaloverlapmatrix (TOM) amongall genes
in theanalysis.Theintensityof theredcolor indicatesthestrengthof thecorrelationbetweenall pairsof genes.

https://doi.org/10.1371/journal.pone.0271847.g003
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proteins,whileconversely,theyellowmodule(upregulatedin Lebasrelativeto D'hoeand
Kang)waslinked with processesassociatedto thecellwallandtheregulationof cellshape.In
addition,wefound thatsomegenesinvolvedin mobilizationor cell-wallsynthesisform poten-
tial networksof interaction(Table3). In thisway,theresultsfrom our WGCNA strengthen
theobservationsbyLebasetal.

Identification of hub andbottleneckgenes
Next,wefocusedon thegeneswith thehighestintramodularconnectivity(hubgenes),as
theseserveasthebestrepresentativesof theexpressionof themoduleasawhole[39] andplay
important rolesin biologicalprocesses.Networkanalysishighlightedthe25geneswith highest
connectivity,andall belongto theturquoisemodule(Fig6 andTable4).Geneswith thehigh-
estdegreeof betweenness(calledbottlenecks)control mostof theinformation flow,andthus
representthecritical pointsof thenetwork[53]. In our network,weobservedthat thetop 25
bottleneckgenesalsobelongedto theturquoisemodule,andtheytendedto behubsaswell
(Table4).Amongthese,weidentifiedgenesencodingproteinsinvolvedin DNA metabolism
suchasDNA topoisomeraseIII (CG447_13500andCG447_13565),DNA primase
(CG447_13520andCG447_13625),relaxase(CG447_02250),andintegrase(CG447_13030),
aswellasgroupII intron reversetranscriptase/maturase(CG447_11550).Whenweanalyzed
thelocationof thesegeneson thechromosome,wefound that theyweredistributedin seven
regions:sixencodedmobilegeneticelements(MGEs)andonecarriedprophagegenes.Inter-
estingly,theTraGprotein family,encodedbyputativeMGEs1,4,and6 (Table4),hasbeen

Table2. Sizeof geneco-expressionmodules.

Module color Number of genes

black 144

blue 431

brown 270

cyan 64

darkgreen 28

darkgrey 21

darkred 30

darktruquoise 28

green 175

greenyellow 83

grey 36

lightcyan 50

lightgreen 34

lightyellow 33

magenta 85

midnightblue 54

pink 89

purple 83

red 164

royalblue 31

salmon 71

tan 76

turquoise 568

yellow 254

https://doi.org/10.1371/journal.pone.0271847.t002
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shownto beinvolvedin bacterialconjugation[54]. However,to our knowledge,no conjuga-
tion systemhasbeendescribedin �. �	�
�
����� andno endogenousplasmidwasisolatedin
thesequencedstrains.Theabsenceof conjugativeplasmidsbut thepresenceof manyconjuga-
tion-relatedgenessuggeststhepresenceof integrativeandconjugativeelements(ICEs)in �.
�	�
�
�����. In addition,weobservedthat thesixMGEshighlightedin theturquoisemodule
werestronglyassociatedwithin agenenetwork.Thisraisesquestionsaboutpossibleshared
meansof regulationand/or induction for theseelements.

Theconditionsin thegut,whicharecharacterizedbyextremelyhighconcentrationsof
microbialcellsandphages,representoneof themostfavorableecologicalnichesfor horizontal
geneexchange.Indeed,thegutmicrobiomerespondsto selectivepressurethroughthegenetic
restructuringof gutpopulations,drivenmainlyviahorizontalgeneexchange[55,56].Recently,
it wasshownthat ICEsplayanimportant role in theadaptationof ��	��������
� ������	�
� to
humanoral,pharyngealandgutenvironments[57]. Indeed,ICEsencodenumerousfunctions
suchasresistanceto stressor antibioticsandnumerousenzymesinvolvedin diversecellular
metabolicpathways.Furtherinvestigationisneededto understandtherole(s)playedbyMGEs
in theevolutionof the�. �	�
�
����� genome,their influenceon thedynamicresponseto selec-
tivepressure(i.e.antibiotics,IBDs),andtheconsequencesfor hosthealth.

Conclusions
Despitetheimportanceof �. �	�
�
����� to guthealth,thegeneregulatorynetworksthatdeter-
mine thebehaviorof thisbacteriumwithin its ecologicalnichearestill unknown.Usingan
integrativebioinformaticsapproach,thiswork describesthefirst reconstructionof co-expres-
sionnetworksin �. �	�
�
����� strainA2-165.Our findingsprovideinsightsinto therelation-
shipsamongseveralcellularprocesses,andprovideevidencefor atight networkof mobile
geneticelements.Thiswork highlightscandidategenesthatshouldbefurther investigatedfor
their role(s)in theresponseof �. �	�
�
����� to differentfactorsin thegut,includingantibiot-
ics,therapies,lifestyle,or diet.As�. �	�
�
����� is consideredapromisingnextgeneration

Fig 4. Identificatio n of the modulesassociated with conditionsin the threeoriginal datasets.(A) Heatmap
depictingthecorrelationbetweenmoduleeigengenesandtheoriginaldatasets.Pearsoncoefficientcorrelationsare
indicated.The�-value is indicatedin parentheses.(B) Heatmapof geneexpressionlevelsin themodulesacrossthe
samplesin thethreeoriginal datasets.

https://doi.org/10.1371/journal.pone.0271847.g004
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Table3. Functional enrichment in eachmodule,analyzedwith STRING9.0.

Module name Term description Observedgenecount Background genecount Strength

black Catalyticcomplex 9 52 0.64

Incl. Glycosylhydrolase-like 10 5 7 1.25

SOSresponse 5 8 1.2

blue Oxidoreductaseactivity,actingon NAD(P)H 6 7 0.85

Regulationof translation 9 18 0.62

Electrontransportchain 11 24 0.58

tRNA aminoacylationfor protein translation 11 25 0.56

Polysaccharidebiosynthetic process 12 28 0.55

Pyrimidine-containingcompoundmetabolic process 16 40 0.52

Polysaccharidemetabolicprocess 15 38 0.52

brown Structuralconstituentof ribosome 33 52 0.93

rRNA binding 25 42 0.9

RNA binding 45 133 0.65

tRNA binding 10 30 0.65

cyan Protontransmembranetransporter activity 5 20 1.18

dargreen Incl. sideof membrane,cdar,ggdef-likedomain 3 5 1.89

Incl. hypoxanthinecatabolicprocess,andselenocompoundmetabolism 5 12 1.73

darkred Incl. bacteriophagemu, gpt,andgp36 9 14 1.9

Incl. peptidyl-lysine methylation 6 12 1.79

Incl. transpositionandvancomycinresistance 12 22 1.83

green Arginine biosynthesis 5 6 1.24

Incl.d l-2-amino-thiazoline-4-carboxylicacidhydrolase 7 14 1.02

greenyellow Ribosomebiogenesis 7 43 0.85

lightcyan �� 
��� nucleotidebiosyntheticprocess 9 12 1.78

lightgreen Cobalaminbiosynthetic process 16 21 1.92

lightyellow Incl. dnaalkylationandsulfatereduction 20 23 1.98

Incl. irre n-terminal-like domainandflavodoxin 4 14 1.49

magenta Incl. cysteineproteaseprp andterminase-likefamily 9 11 1.53

Incl. feoadomainandcysteinetransport 4 8 1.32

midnightblue Amino sugarcatabolicprocessandhexokinaseactivity 5 5 1.83

purple Molybdenumcofactorbiosynthesis 6 9 1.48

Incl. transposon-encodedprotein tnpw,andecfsigmafactor 9 11 1.57

Incl. endonucleaserelaxase,moba/vird2,andbacterialmobilization protein (mobc) 4 5 1.56

red Histidine biosynthetic process 6 10 1.11

royalblue Fattyacidbiosyntheticprocess 8 15 1.79

Responseto toxic substance 3 14 1.39

salmon Incl. zinc-ribbondomainandRNA polymerasesigma-70like 3 5 1.54

Incl. brxaandpglzdomain 5 20 1.16

tan Stressresponse 5 8 1.47

Chaperone 6 15 1.28

turquoise Incl. tail tubeprotein,andc-typelectin fold 59 72 0.74

Incl. aaa-likedomain,andyodl-like 51 80 0.63

Incl. maff2family,andnlpc/p60family 35 56 0.63

yellow Cellwall 9 28 0.67

Regulationof cellshape 11 23 0.85

Enrichmentswith strength> 0.5wereselected.Incl. meansInclude.

https://doi.org/10.1371/journal.pone.0271847.t003
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probiotic,our resultsraisethequestionof its functionality,whichseemsrelatedto environ-
mentalconditions.Thisaspectmustbetakeninto accountfor theoptimizationin theadminis-
tration of �. �	�
�
����� asaprobiotic in patientswith analtereddigestiveecosystem.In
addition,weprovideanonlinetool athttps://faeprau.omics.ovh/ for dataexplorationthrough
auser-friendlygraphicalinterfacethatmaybeusefulfor thescientificcommunity.In the

Fig 5. Illustration of enrichment analysiswith STRING(version9.0).Resultsarepresentedfor themodules
ªLightgreenº(redcolor:Cobalaminbiosyntheticpathway), ªDarkredº(bluecolor:Bacteriophagefunctions),
ªRoyalblueº (redcolor:Fattyacidbiosynthesis),ªPurpleº (greencolor:Transposon-encodedproteins; redcolor:
Molybdenum cofactorbiosynthesis;yellowcolor:Endonuclease/relaxase).

https://doi.org/10.1371/journal.pone.0271847.g005

Fig 6. Network plot depicting the top connectionsin the ªturquoiseº module.Nodesrepresentgenes,andnodesize
iscorrelatedwith thedegreeof connectivity of thegene.

https://doi.org/10.1371/journal.pone.0271847.g006
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future,this interfacemayevolvein orderto addRNAseqdatageneratedby researchteams
studying�. �	�
�
�����.

Supporting information
S1Fig.Flow chart of datapreparation, processing,andanalysis.
(TIF)

S2Fig.Exploratory analysesof eachdataset.After processingtherawdata,wecheckedthe
distribution of rawcountsandperformedprincipalcomponentanalysis.
(TIF)

Table4. Identificatio n of hub andbottleneckgenesfrom the WGCNA network.

Gene Deg Betweenness Betweenness2 Hub score Putative function

Putativemobile element 1

CG447_00320 220 409.41 50 0.979 chromosomepartitioning proteinParB

CG447_00340 231 702.79 342 0.991 conjugaltransferproteinTraG

Putativemobile element 2

CG447_02190 221 414.15 17 0.983 helix-turn-helix domain-containingprotein

CG447_02250 226 555.10 699 0.985 relaxase

Putativemobile element 3

CG447_07080 229 524.75 41 0.990 proteinBART-1

CG447_07630 222 551.30 179 0.969 hypotheticalprotein

Putativemobile element 4

CG447_08090 236 793.09 40 0.997 conjugaltransferproteinTraG

CG447_08095 215 338.09 115 0.975 condensincomplexsubunit2

CG447_08115� 211 311.56 7 0.968 conjugaltransferproteinTraE

CG447_08125 230 661.10 469 0.990 CHAPdomain-containingprotein

CG447_08145 220 393.73 54 0.982 recombinase

CG447_08185 214 409.66 221 0.960 hypotheticalprotein

Putativemobile element 5

CG447_11365 217 482.68 330 0.960 hypotheticalprotein

CG447_11540 214 460.67 1275 0.951 PrgI family protein

CG447_11550 245 1242.96 271 1.000 groupII intron reversetranscriptase/maturase

Putativemobile element 6

CG447_13030 237 786.67 58 0.997 site-specificintegrase

CG447_13500 244 1223.08 252 0.998 DNA topoisomeraseIII

CG447_13515� 177 308.72 1178 0.806 virulence-associatedproteinE

CG447_13520 225 651.28 422 0.971 DNA primase

CG447_13565 233 752.36 134 0.987 DNA topoisomerase

CG447_13570 230 538.49 75 0.992 DUF4366domain-containingprotein

CG447_13580 212 317.01 10 0.970 peptidaseM23

CG447_13620 213 324.64 13 0.972 virulence-associatedproteinE

CG447_13625 212 355.56 263 0.964 DNA primase

CG447_13690 225 484.23 259 0.986 conjugaltransferproteinTraG

CG447_13725 220 437.92 246 0.979 recombinase

Putativephageregion

CG447_04045 220 447.01 178 0.975 IS30family transposase

All genesbelongto ªturquoiseºmodule.Asterisksindicatehubgenes.All othersarehub-bottleneck genes.

https://doi.org/10.1371/journal.pone.0271847.t004
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S3Fig.Sampleclustering.Thequalityof theexpressionmatrix wasevaluatedbysampleclus-
teringbasedon thedistancebetweendifferentsamples,measuredasSpearman'scorrelation.
No outliersweredetected.
(TIF)

S1Table.Count table from RNAseqdata.
(XLSX)

S2Table.List of discriminatory genesin components1 and2 with PLS-DAanalysis.The
tool eggNOG-mapperwasusedfor functionalannotationbasedon precomputedorthology
assignments.
(XLSX)

S3Table.List of the genesin the detectedmodules.
(XLSX)
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