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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 approachBweighted 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 2omics® data are available online for exploration through a graph-
ical interface at https://shiny.migale.inrae.fr/app/faeprau.

Introduction

Thehumangut microbiotaplaysafundamentakole in humanhealth.The collectivegenomes
of bacteriaand other microorganismsn this ecosystemrincluding fungi, virusesandarchaea,
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havereceivedncreasingattentionin the pasttwo decadeglntegrativeHMP (iHMP) Consor-
tium, 2019).Takentogetherthis researcthasrevealedhe extentto whichthe gut microbiome
activelyaffectsmumeroushostfunctions,includingimmune systendevelopmentmainte-
nanceof intestinalmucosaintegrity, humanmetabolismprain processesndbehaviof1+4].
Thecommunity compositionand behaviorof this assemblageanbeinfluencedby avarietyof
factors,suchasdietandlifestyle Alterationsto the gut microbiota,referredto asdysbiosisgcan
disruptessentiahealth-promotingservicesndareassociatewith avarietyof illnesses,
including InflammatoryBowelDisease@BDs) and cancel{5+7]. Within the gut microbiota,
microorganismsnteractin multiple contextsand exhibitheterogeneousehaviorsThediver-
sityandnumberof theseinteractionscangenerateinpredictablgpopulationdynamic,andthe
emergenpropertiesandcross-scalmteractionswithin thesecomplexsystemsrebeststudied
usingcomprehensivénvestigation®f the entire community. In this contexttheintegrative
approachesisedin systemsbiologyrepresentmportant toolsfor studyingtheinterplay
betweerthedifferentbiologicalsystemsvithin thewhole,andmayhelpto elucidatehost
microbiomeinteractiong[8,9].

Amongthe strictly anaerobidacterigpresentin thehumancolon,

is oneof the mostcommontaxaandservessagenerahealthbiomarkerin humang[10].

Theabundancef . is reflectiveof the healthstatusand colonicenvironmentof
thehost.Low levelsof this speciesn the gut areassociate@ith variousgastrointestinatlisor-
ders,suchasIBDs, Irritable BowelSyndromegolorectalcancerpr obesity{11,12].0Oneof the
mechanismby which . exertsabeneficiakffectss the production of butyrate,
whichisinvolvedin maintainingthe gutlining andin fighting inflammation[13+15].More-
over this specieproducesseverabioactivemoleculeghat affectinflammationandgut barrier
function, suchasthe microbial anti-inflammatorymolecule(MAM) [16£18].. is
thusconsideredapromisingnextgeneratiorprobiotic (NGP)which canhelpto not only
restorethe balanceof the microbialflora but alsoto aid in the treatmentof certainpathological
conditions[19,20].Despitetheimportanceof . within the gut, nothingis known
abouttheregulatoryfactorsresponsibldéor arangeof important processesncluding intestinal
colonization,quorum sensingandstresgesponset bile salt,acidicpH, or oxidativestress.
In this bacteriumandfor NGPsin generalthefirst stepin understandingheinteractionsand
behaviomwithin the gutisto considerindividual bacteriaasa biologicalsystempnethat
responddo environmentalperturbationsthrough complexnetworksof geneinteractions.

Recenstudieshaveutilized high-throughputRNA sequencingRNA-seq)to examinegene
expressiornn . strain A2-165mostlywith the goalof identifying differentialgene
expressiomnderdifferentconditions[21+23].However certainunderlyingpropertiescan
only beexplainedy studyingorganismsascomplexsystem$24+26].To this end,expression
datacanbeusedto accuratehgroupgenesnto functionalmodulesbasedn co-expression
patternslin particular,the algorithmdevelopedor weightedgeneco-expressiometworkanal-
ysis(WGCNA) enableghe constructionof genenetworksthrough consideratiorof the co-
expressiompatternsbetweertwo genesaswell asthe overlapbetweemeighboringgeneg27].
Highly correlatedgenesareclusterednto largermodulesbasedn similaritiesin their expres-
sionprofiles,andmembersf agivenmoduleareofteninvolvedin similar functionalpro-
cessef8]. To date, WGCNA hasbeensuccessfullysedto constructgeneco-expression

networksin severabacteriajncluding [29], [30],
[31], [32],and [33].
In the currentstudy,geneexpressiomatawereobtainedfor . A2-165from three

public RNAseqdatasetsCo-expressiometworkswereanalyzedisingWGCNA andgenesvere
clusterednto moduleswith similar expressiomatternsFor eachmodule, weinvestigated
enrichmentin biologicalfunctions.The structureof the networkwasalsoanalyzedo identify
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hub andbottleneckgenespf the 25weidentified, the majority werelocatedin the regionof six
mobile geneticelementghat could promoteintracellularor intercellularDNA mobility. This
studyrepresentshefirst time that a geneexpressiometwork hasbeenconstructedor .

In addition,an R-Shinyapplicationis availableonline to makethe dataandthe analyses
accessiblandusablgo awide audiencghttps://shiny.migalénrae.fr/app/faeprau).

Materials and methods
Data sources

In the Lebadatase{2?], the authorsexploredthe effecton the transcriptomicprofile of .
A2-1650f treatmentwith supernatanfrom subsplactisCNCM
1-1631, subsp. CNCM |-3558, CNCM I-
3689.and CNCM I-3862.Theraw RNA-sedfastdfilesareavailable
atArrayExpressinderprojectE-MTAB-93871n the D'hoedatasetthe authorssequenced
RNAfrom . A2-165monoculturesatthreedifferenttime points[21]. The RNA-
segresultsweredepositedn the ShortReadArchiveunderthe studyidentifier SRP13646%n
the Kangdatasef23], the authorscomparedhetranscriptomicprofilesof . A2-
165culturedusingdifferentcarbohydrateggalactosdyuctose glucoseN-acetylglucosamie)
asthe solecarbonsource Dataarein the ShortReadArchive underthe studyidentifier
SRX1024566Ratasetandsourcecodehavebeendepositedn the GitLabrepositoryat
https://gitlab.com/adlin-sciece-public/FaePrau.

Data processing

Theworkflow for this studyis presentedn S1Fig.A readcounttablewasobtainedusingthe
raw sequencingeads After trimming readswith fastpv.0.20.qdefaultparameterg34]),
fastg-formattedeadswerealignedto the genomeof . strain A2-165(Genome
AssemblyASM273414v1)singBWA v.0.7.1135], allowinga singlemismatchin theread.
Then,sam-formattedalignmentsweresortedandconvertedo bamoutput filesusingSAM-
toolsv.1.1(36]. Thenumberof readspertranscriptfrom eachsamplevascountedusing
HTSeqCount.0.12.437] and GFF-formattedgeneannotationsdownloadedrom NCBI. We
checkedhedistribution of raw countsand performedprincipal componentanalysisn each
datase{S2Fig). Geneexpressiovaluesverenormalizedusingthe DEseqdackager.1.34.0,
in R[38]. Thecounttable,containing2,950genegS1Table) wasfilteredto eliminatenon-
expressedenesTheresultingfinal datasetontained2,902genesindwasfurther processed
with WGCNA [39]. Thequality of the expressiommatrix wasevaluatedy hierarchicalcluster-
ing basedn the distancebetweerdifferentsamplesmeasuredisingSpearman'sorrelation.
No outliersweredetected S3Fig).

Dataanalysis

Differentialexpressioranalysisvasperformedwith the DEsegq2rackager.1.34.0We applied
cutoffsof P-adj(corrected=DR)< 0.05andabsolutdog2FoldChang@og2FC)> 1.5for the
detectionof geneghat weredifferentiallyexpressetietweerthe conditionsconsideredand
thenegativecontrol. Partialleastsquares-discriminardnalysigPLS-DA)implementedn the
mixOmicspackagef R (v.6.18.1]40] wasused.

Construction of weightedgeneco-expressiometwork

WGCNA iswidelyusedin system®iologyto constructascale-fremetworkfrom geneexpres-
siondata[41]. In this study,weusedthe WGCNA packagén R (v.1.71+3)In brief, Pearson's
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correlationmatriceswerecalculatedor all pairsof genesandweresubsequentlyransformed
into matricesof connectionstrengthausingapowerfunction; in this casethe powerwas =
17.We selectegbairsof genewwith distancecorrelationcoefficientggreaterthan 0.5from the
threedatasetsT he connectionstrengthsverethenusedto calculateaopologyoverlap(TO)
[42], which measureshe connectivityof a pair of genesHierarchicalaveragdinkagecluster-
ing [43] basedn TO wasusedto identify geneco-expressiomoduleswhichgroupsgenes
with similar patternsof expressionWe chosehe minimum modulesizeof 20without merg-
ing the modules(a heightcut of 0.0).

Functional analysisand networks

After extractingthelist of genegpresenin eachmodule,we usedeggNOG-mappeiatool for
functionalannotationbasen precomputedrthologyassignment§i4]. Functionalenrich-
mentanalysisvasperformedin eachmodulewith STRING(version9.0;https://string-dborg/
) in March 2022 Enrichmentswith strength> 0.5wereselectedTheresultinginteractionnet-
workscontaineddirect (physical)andindirect (functional) interactions derivedfrom numer-
oussourcesncluding experimentatepositoriesand computationalpredictionmethods.

Nodeswith ahigh degreeof connectivityarecalled®hubs®;theyinteractwith severabther
genesaandmaythusplayacentralrolein the network.Instead 2betweennessheasurethe
total numberof shortesthonredundantpathspassinghroughagivennodeor edge By defini-
tion, mostof the shortespathsin anetworkgothroughnodeswith ahigh degreeof between-
nessThesenodeshamed®bottlenecks®hecomecentralpointscontrolling the
communicationamongothernodesin the network.In this study,welookedatthe measures
of connectivityandbetweenessithin eachmoduleby usingarelativehub/bottleneckhresh-
old of top 10% Networkvisualizationwasperformedwith theigrahpackages1.2.8.

Results and discussion
Comprehensiveranscriptomic profiles from RNAseqdata

Rawdatafrom previousgeneexpressiomprofiling analysd21+23]werepreprocessedsinga
similarworkflow (S1Fig). Detailson theseexperimentandthe samplesisedarepresentedn
Tablel. Toinvestigatadifferencesn thetranscriptomicprofilesamongthe differentcondi-
tionsanalyzedyweconducteda PLS-DA.Thisrevealedclearseparatioralongthegene
expressiomatasetfrom the differentpublicationsalongthefirst two principal components,
which explained40%and 9%of the observedovariancgFig 1A). While componentl was
sufficientto distinguishthe Lebaslatasetthe seconcdcomponentwasnecessarfor separation
of the D'hoeandKangdatasetdn total, weidentified 50geneghat could beusedto discrimi-
natebetweerthe LebasandKangsamplegcomponentl) and 50geneghat couldbeusedto
distinguishthe D'hoe and Kangdatasetg§component2) (Fig 1B).Asshownin Fig 1C,thefirst
componentwasprincipally influencedby clustersof orthologousgenegCOGs)relatedto
translation,carbohydratdransportand metabolismgellcyclecontrol, andlipid transport,and
metabolismThe seconccomponentwasmore stronglyaffectedby genesnvolvedin coen-
zymetransportand metabolismandinorganicion transportandmetabolismIn particular,
amongthesediscriminatorygeneswedetectedubrerythrin (CG447_1104%ndreverse
rubrerythrin (CG447_01540g putativeiron transporter(CG447_1179and CG447_11800),
andenzyme®f the cobalaminbiosynthesipathway(CG447_1180%;G447_1181%nd
CG447_11845Rubrerythrinandreversaubrerythrin areknown to function primarily in the
defenseagainsixidativeradicalsn anaerobidacteriawhile oxygensensingandtight regula-
tion of iron homeostasiarecloselylinked to bacterialgrowthin anaerobiaonditions[45,46].
In addition, cobalaminhasbeendemonstratedo havea protectiveeffectagainsoxidative
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Tablel. Description of the datasetand samplesusedin this study.

SamplelD
ERR436341
ERR436342
ERR436343
ERR436344
ERR436345
ERR436346
ERR436347
ERR436348
ERR436349
ERR436330
ERR436331
ERR436332
ERR436333
ERR436334
ERR436335
SRR689&D
SRR6898M
SRR6898&b
SRR6898B
SRR689&M
SRR68988D
SRR1386KB18
SRR1386B19
SRR13868R20
SRR1386R21
SRR1386B22
SRR1386BR23
SRR1386B24
SRR1386825

Characteristicsaccordingto previousstudies Growth medium

control
control
control

supernatat
supernatat
supernatat

FP_3h
FP_3h
FP_%h
FP_%h
FP_15h
FP_15h
galactose
galactose
glucose
glucose
NAG
NAG
fructose
fructose

NAG: -acetylglucosamine.

https://da.org/10.1371¢urnal.pon®271847.t001

Yeasextract-casin hydrolysate-fiy acidsmodified medium (YCFAm)
containing2 g/L cellobioseand 2 g/L glucoseascarbonsources.
Supernatats from severalacticacidbacteria/biidobactera strainswere
testedfor theirimpacton growthof .
cellfreesupernaint [22]

cellfreesupernaant
cellfreesupernaant

subsp. cellfreesupernatant
subsp. cellfreesupernatant
subsp. cellfreesupernatant

cellfreesupernatat
cellfreesupernatat
cellfreesupernatat

Medium for colonbacterigdmMCB) modified and containing50mM
D-fructoseascarbonsource.
[21]

Yeasextract-casin hydrolysae-fattyacids(YCFA) medium
supplenentedwith 0.5w/v carbonsourcesyitamin solutionandshort-
chainfatty acids(v/v).

[23]

stressn somebacterig47]. Thereforejt appearshat someof the keydiscriminatorygenesve
identified arefunctionallyrelatedto eachotherandassociateith mechanismgor protection
againsbxidativestressyhich couldbeessentialor the growthof . underthedif-
ferentanaerobiconditionsinvestigatedn thethreepreviouspublications.

Exploration of transcriptomic datawith R-Shiny

We developedin R-Shinyapplicationto facilitatedeepetexplorationof the transcriptomic
datafrom eachof the threestudies For exampleusingthis approacton the Lebadatasetwe
observedhattreatmentof . with supernatanfrom . subsp. generated
moretranscriptionaldownregulatiornthan upregulationrelativeto the control (seeour
R-Shinyapplication),confirming thefindings of the original study[22]. In the Kangdataseta
comparisorbetweerbacteriaraisedon glucoseor fructoseasthe solecarbonsource
highlightedthat the mostupregulatedyenewasCG447_0836Qyhich encodes putativePTS
glucosearansportersubunitlBC (Fig 2A and 2B). This genewasalsohighly upregulatedn the
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Fig 1. Partial least-squaraliscriminant analysisof RNA-seqdata. (A) PLS-DAplot of RNA-segdatashowingclear
transcrigome-basedliscrimination amongthethreepublicationdatasetsEachpoint representshetranscriptome
signatureof onesamplewith ellipsesepresentin@5%confidercelevel (B) Geneswith high discriminatay ability
wereidentifiedfrom PLS-DA (C) Histogramshowingthe distribution of COG categorie (Clustersof Orthologous
Genespssociatedith the geneswith the highestdiscriminatay powerin thetwo componentgyeneratedy PLS-DA.
Sees2Tablefor thefull list of discriminatay genes.

https://dbi.org/10.1371durnal.por.0271847.¢0L

presencef galactoseAsthetranscriptionPTSgeness usuallyregulatedn responséo sub-
strateavailability[48], this suggestthat CG447_08366ncodesgalactose/glucogmns-
porter.Finally,the D'hoe dataseprovidedthe opportunity to track . gene
expressioracrosghreegrowthtime-points.In the R-Shinyapplication,it waspossibleo com-
pare for exampleexpressiorattime 15hwith thatattime 3handto highlightthe mostupre-
gulatedanddownregulatedyenedbetweerthesdime-points(Fig 2C+2H).Notably,serine/
threonineandferrousiron transportersverehighly upregulatedatthe earliertime compared
to later,which suggestthat availableserine threonine,andferrousiron areimportedinto the
cellduring earlygrowth (Fig 2D and 2E).It wasalsointerestingto observehe upregulationof
CG447_14548ttime 3h (Fig 2F);this geneencodes multi-antimicrobial extrusion(MATE)
effluxtransporterwhich playsarolein antibiotic resistancaswell aspotentiallyin bacterial-
hostinteractionsandintercellularsignaling[49,50].Instead time-point 15hwasmarkedby
strongupregulationof CG447_0992andCG447 _0695@yhich encodeenergy-couplindac-
tor (ECF)transportScomponentand DNA polymeraséV, respectivelyFig2Gand2H). ECF
transportersareresponsibldor vitamin uptakein prokaryoteg51], while DNA polymeraséV
is part of the SOSesponsd¢o DNA damagen bacteriaandcontributessignificantlyto cellfit-
nesgn latestationaryphaseculturesin the absencef anyexogenou®NA damagg52]. Our
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Fig 2. lllustration of transcriptomic datamining. (A) and(C) Visualizaton of RNAsegresultswith volcanoplots.(B,
D, E,F, G, H) Boxplotsshowingthe readcountsfor genef interestamongdifferentgrowth conditions.

https://abi.org/10.1371durnal.por.0271847.g02

R-Shinyapplicationthusprovidednewinsightinto eachdataseandrevealgieneshat may
playarolein thefitnessof . underthe differentgrowth conditionsemployed.

Construction of weightedgeneco-expressiometwork

To chooséhe bestsoft-thresholdingpower,weanalyzedetworktopologyand determined
that 17wasthe lowestappropriatepowervalue with ascale-freéopologyfit indexof 0.95and
arelativelyhigh averageonnectivity(Fig 3A). WGCNA reveale®4distinct modulesrepre-
sentinghighly co-expressedetworksof genegFig 3B+3D).Thelist of genesn eachmodule
of the WGCNA analysiss availablen S3Table.Two modulesturquoiseandblue,weremore
notablylargerthantherest,with 568and431genestespectivelyTable2). Thegreymodule
containedthe non-clusteringgenesof which therewereonly 36,suggestinghat WGCNA per-
formedwellunderthe parameterappliedhere.

Individual modulescanrepresenindependenunits that areresponsibldor certainbiolog-
icalfunctions.Bylinking the geneexpressiorof the moduleswith the experimentatonditions
employedijt maybepossibldo identify modulesthathaveimportant functionsunder certain
conditions.To this end,weusedWGCNA to correlateeachmodulewith the conditionsused
in thethreepublications(LebasD'hoeandKang)by calculatingvaluesof Module Significance
(MS)for module-traitcorrelations(Fig 4A). Theexpressionevelsor eachmoduleacrosghe
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Fig 3. Network construction and module detectionwith WGCNA. (A) Networktopologyanalysidor variousvalues
of soft-thresholdng powerswith the scale-freéndexandthe meanconnectiviy asafunction of the soft-threshatling
power.(B) Dendrogramof all geneslividedinto 24moduleswith dissimilarty basecdn topologicaloverlap,
presentedvith assigneanodulecolors.(C) Dendogranrepresentig the 24modulesdentifiedby WGCNA. The
heightcut(redline, heightcut= 0.0)wasusedto unmergemodules Thegreymodulerepresentgeneghat arenot
includedin anyof the othermodules(D) A heatmapdepictingthe topologicaloverlapmatrix (TOM) amongall genes
in theanalysisTheintensityof thered colorindicateshe strengthof the correlationbetweerall pairsof genes.

https://dbi.org/10.1371durnal.por.0271847.908

24samplesverethenvisualizedFig 4B).Severalargemodulesrepresenexpressiorthanges
thatclearlydelineatédbetweerLebaon onesideand D'hoeandKangon the other.Indeed the
blue,cyan,pink, brown,and purplemodules(Pearsorcorrelationcoefficient 0.75)corre-
spondto geneghatwereupregulatedn the D'hoeand Kangdatasetsyhile thegreen salmon,
red,andyellowmodules(Pearsorcorrelationcoefficient - 0.75)represengeneghatwere
upregulatedn the LebaglatasetThis suggestthatthe expressiompatternsof thegenesn
thesemodulesreflectthewaysin whichthe growthof . differedamongthe condi-
tionsusedin thedifferentstudies.

Functional and pathwayenrichmentanalysis

Thetop biologicalprocesseassociatewith the largebrown andbluemoduleswere?struc-
tural constituentof ribosome®and?@regulationof translation® respectivelyTable3). Several
moduleswereenrichedin metabolicfunctionssuchasarginine,histidine,cobalaminor fatty
acidbiosynthesiggreenred, lightgreenor royalbluemodulesyespectivelyTable3 andFig
5). We alsoidentified clustersof geneselatedto bacteriophagéunction, chaperonesstress
responseor SOSesponsesuggestingheinvolvementof functionsrelatedto adaptive
responsefarkred,tan and blackmodules) Overall,wefound that genesnvolvedin similar
pathwaysr with the samebiologicalfunction tendedto belongto the sameexpressiortluster
with WGCNA, which supportsthe relevancend utility of thisintegrativebioinformatics
approachn this context.

In their original study,Lebasetal. showedhat . A2-165respondgo cell-free
supernatantérom lacticacidbacteriaby downregulatingnobilomegenesandupregulating
cell-wallrelatedgenesHere,we observedhat the purplemodule(downregulatedn Lebagel-
ativeto D'hoeand Kang)containedclustersof genegelatedto transposorand mobilization
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Table2. Sizeof geneco-expressiormodules.

Module color Number of genes
black 144
blue 431

brown 270
Cyan 64
darkgreen 28
darkgrey 21
darkred 30

darktruguise 28

green 175
greenyellov 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://cbi.org/10.1371djurnal.por.0271847.t0D

proteins,while converselytheyellowmodule(upregulatedn Lebagelativeto D'hoeand
Kang)waslinked with processeassociatetb the cellwall andthe regulationof cellshapeln
addition,wefound that somegenesnvolvedin mobilizationor cell-wallsynthesigorm poten-
tial networksof interaction(Table3). In this way,theresultsfrom our WGCNA strengthen
theobservationdy Lebasetal.

Identification of hub and bottleneckgenes

Next,wefocusedn the geneswith the highestintramodularconnectivity(hub genes)as
theseserveasthe bestrepresentativesf the expressiorof the moduleasawhole[39] andplay
importantrolesin biologicalprocessed\Network analysigighlightedthe 25genesith highest
connectivity,andall belongto the turquoisemodule(Fig 6 and Table4). Geneswith the high-
estdegreeof betweennesgalledbottlenecksontrol mostof theinformation flow, andthus
representhe critical pointsof the network[53]. In our network,weobservedhatthetop 25
bottleneckgeneslsobelongedo theturquoisemodule,andtheytendedto behubsaswell
(Table4). Amongtheseweidentified genesncodingproteinsinvolvedin DNA metabolism
suchasDNA topoisomeraséll (CG447_1350andCG447_13565PNA primase
(CG447_1352andCG447_13625)elaxas€CG447_02250andintegras€CG447_13030),
aswellasgroupll intron reversdranscriptase/maturag€G447_11550Whenweanalyzed
thelocationof thesegeneon the chromosomewefound thattheyweredistributedin seven
regionssixencodednobilegeneticelement{MGEs)and onecarriedprophagegenesinter-
estingly the TraG protein family, encodecby putativeMGEs1,4,and6 (Table4), hasbeen
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Fig 4. Identificatio n of the modulesassocied with conditionsin the three original datasets(A) Heatma
depictingthe correlationbetweermoduleeigengengandthe original datasetsPearsorcoefficientcorrelatioms are
indicated.The -value isindicatedin parenthess.(B) Heatmapof geneexpressiotevelsn the modulesacrosghe
samplesn thethreeorigina datasets.

https://abi.org/10.1371durnal.por.0271847.g04

shownto beinvolvedin bacterialconjugation[54]. However to our knowledgeno conjuga-
tion systemhasbeendescribedn . andno endogenouplasmidwasisolatedn
thesequencedtrains.Theabsencef conjugativeplasmidsbut the presencef manyconjuga-
tion-relatedgenesuggestthe presencef integrativeand conjugativeslementgICEs)in .

In addition,weobservedhatthe six MGEshighlightedin the turquoisemodule
werestronglyassociatewithin agenenetwork. Thisraisegjuestionsaboutpossibleshared
meansof regulationand/orinduction for theseslements.

Theconditionsin the gut, which arecharacterizedby extremelyhigh concentration®f
microbial cellsandphagestepresenbneof the mostfavorablescologicahichesfor horizontal
geneexchangelndeed the gut microbiomerespondgo selectivgpressureghroughthe genetic
restructuringof gut populationsdriven mainly via horizontalgeneexchangés5,56].Recently,
it wasshownthat ICEsplayanimportantrolein the adaptationof to
humanoral, pharyngeahndgutenvironmentg57]. Indeed,|ICEsencodenumerousfunctions
suchasresistanceo stresor antibioticsand numerousenzymesnvolvedin diversecellular
metabolicpathwaysFurtherinvestigations neededo understandherole(s)playedoy MGEs
in the evolutionof the . genometheir influenceon the dynamicresponseo selec-
tive pressurdi.e.antibiotics,|BDs),andthe consequencdsr hosthealth.

Conclusions

Despitetheimportanceof . to guthealth the generegulatorynetworksthat deter-
mine the behaviorof this bacteriumwithin its ecologicahichearestill unknown.Usingan
integrativebioinformaticsapproachthis work describeshefirst reconstructionof co-expres-
sionnetworksin . strain A2-165.0ur findingsprovideinsightsinto therelation-
shipsamongseveratellularprocessesnd provideevidencdor atight network of mobile
geneticelementsThiswork highlightscandidategeneghat shouldbefurther investigatedor
their role(s)in theresponsef . to differentfactorsin the gut, including antibiot-
ics,therapieslifestyleor diet.As . is consideredh promisingnextgeneration
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Table3. Functional enrichmentin eachmodule,analyzedwith STRING9.0.

Module name Term description Observedgenecount | Backgraund genecount | Strength
black Catalyticcomplex 9 52 0.64
Incl. Glycosyhydrolaselike 10 5 7 1.25
SOSesponse 5 8 1.2
blue Oxidoredictaseactivity,actingon NAD(P)H 6 7 0.85
Regulatiorof translation 9 18 0.62
Electrontransportchain 11 24 0.58
tRNA aminoaglation for proteintranslation 11 25 0.56
Polysacchridebiosyntheic process 12 28 0.55
Pyrimidine-mntainingcompoundmetaboic process 16 40 0.52
Polysacchridemetabolicprocess 15 38 0.52
brown Structuralconstituent of ribosome 33 52 0.93
rRNA binding 25 42 0.9
RNA binding 45 133 0.65
tRNA binding 10 30 0.65
cyan Protontransmenbranetranspoter activity 5 20 1.18
dargreen Incl. sideof membrare, cdar,ggdef-likedomain 3 5 1.89
Incl. hypoxanthire cataboligprocessand selenocorpound metabolism 5 12 1.73
darkred Incl. bacteriophgemu, gpt,andgp36 9 14 1.9
Incl. peptidyl-lysne methylaton 6 12 1.79
Incl. transpositionand vancomycirresistance 12 22 1.83
green Arginine biosynthais 5 6 1.24
Incl.d I-2-amino-thiazoline-4-arboxylicacidhydrolag 7 14 1.02
greenyellay Ribosomebiogenesis 7 43 0.85
lightcyan nucleotidebiosyntheticprocess 9 12 1.78
lightgreen Cobalaminbiosynthéic process 16 21 1.92
lightyellow Incl. dnaalkylationand sulfatereduction 20 23 1.98
Incl. irre n-terminal-like domainandflavodoxn 4 14 1.49
magenta Incl. cysteingproteaserp andterminase-likefamily 9 11 1.53
Incl. feoadomainandcysteingransport 4 8 1.32
midnightblue | Amino sugarcataboligorocessand hexokiraseactivity 5 5 1.83
purple Molybdenumcofactorbiosynthesis 6 9 1.48
Incl. transposonencodedorotein tnpw, and ecfsigmafactor 9 11 1.57
Incl. endonucleasrelaxasemoba/vird2,andbacteriaimobilizaion protein (mobc) 4 5 1.56
red Histidine biosyntheic process 6 10 1.11
royalblue Fattyacidbiosynthetigprocess 8 15 1.79
Respons#o toxic substare 3 14 1.39
salmon Incl. zinc-ribbondomainand RNA polymeraseigma-7dike 3 5 1.54
Incl. brxaandpglzdomain 5 20 1.16
tan Stressesponse 5 8 1.47
Chaperone 6 15 1.28
turquoise Incl. tail tubeprotein, and c-typelectin fold 59 72 0.74
Incl. aaa-likedomain,andyodl-like 51 80 0.63
Incl. maff2family, and nlpc/p60family 35 56 0.63
yellow Cellwall 9 28 0.67
Regulatiorof cellshape 11 23 0.85
Enrichmerts with strength> 0.5wereselectedincl. meansnclude.
https://da.org/10.1371¢urnal.pon®271847.t003
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Fig 5. lllustration of enrichmert analysiswith STRING (version9.0). Resultsirepresentedor themodules
aLightgreen® (red color: Cobalaminbiosynthetigpathway)2Darkred® (blue color: Bacteriophagfunctions,
aRoyalblué (red color: Fattyacidbiosynttesis)2Purple® (greencolor: Transposn-encodedroteins red color:
Molybdenum cofactorbiosynthess;yellowcolor: Endonuclase/relaxas.

https://abi.org/10.1371durnal.por.0271847.906

probiotic, our resultsraisethe questionof its functionality, which seemselatedto environ-
mentalconditions.This aspectmustbetakeninto accountfor the optimizationin the adminis-
tration of . asaprobioticin patientswith analtereddigestiveecosystenin
addition,weprovideanonlinetool at https://faeprau.omics.ovHor dataexplorationthrough
auser-friendlygraphicaliinterfacethat maybeusefulfor the scientificcommunity.In the

Fig 6. Network plot depicting the top connectimsin the 2turquoise® module. Nodesrepresengenesandnodesize
is correlatedwith the degreeof connectiviy of thegene.

https://abi.org/10.1371durnal.por.0271847.906
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Table4. Identificatio n of hub and bottleneckgenesrom the WGCNA network.

Gene Deg Betweenress Betweenress2 Hub score Putative function

Putative mobile elemert 1

CG447_0820 220 409.41 50 0.979 chromosomepartitioning protein ParB
CG447_0840 231 702.79 342 0.991 conjugaltransferprotein TraG
Putative mobile elemeri 2
CG447_0290 221 414.15 17 0.983 helix-turn-helix domain-cmtaining protein
CG447_0250 226 555.10 699 0.985 relaxase
Putative mobile elemert 3
CG447_0880 229 524.75 41 0.990 proteinBART-1
CG447_0830 222 551.30 179 0.969 hypotheticaprotein
Putative mobile elemert 4
CG447_0890 236 793.09 40 0.997 conjugaltransferprotein TraG
CG447_0895 215 338.09 115 0.975 condensincomplexsubunit2
CG447_0815 211 311.56 7 0.968 conjugaltransferprotein TraE
CG447_0825 230 661.10 469 0.990 CHAP domain-@ntaining protein
CG447_0845 220 393.73 54 0.982 recombinase
CG447_0885 214 409.66 221 0.960 hypotheticaprotein
Putative mobile elemeri 5
CG447_1365 217 482.68 330 0.960 hypotheticalprotein
CG447_1340 214 460.67 1275 0.951 Prgl family protein
CG447_1550 245 1242.96 271 1.000 groupll intron reversdranscriptase/raturase
Putative mobile elemert 6
CG447_1630 237 786.67 58 0.997 site-specifiéntegrase
CG447_1800 244 1223.08 252 0.998 DNA topoisomeaselll
CG447_1815 177 308.72 1178 0.806 virulence-assciatedprotein E
CG447_1820 225 651.28 422 0.971 DNA primase
CG447_1865 233 752.36 134 0.987 DNA topoisomease
CG447_1870 230 538.49 75 0.992 DUF4366domain-cortaining protein
CG447_1880 212 317.01 10 0.970 peptidaseM23
CG447_1820 213 324.64 13 0.972 virulence-assciatedprotein E
CG447_1825 212 355.56 263 0.964 DNA primase
CG447_1890 225 484.23 259 0.986 conjugaltransferprotein TraG
CG447_1325 220 437.92 246 0.979 recombinase
Putative phageregion
CG447=0045 | 220 447.01 178 0.975 1S30family transposase

All geneselongto turquoise® module.Asterisksndicatehub genesAll othersarehub-bottlene& genes.

https://da.org/10.13714urnal.pon®271847.t004

future, this interfacemayevolvein orderto addRNAseqdatageneratedy researcheams
studying .

Supporting information

S1Fig. Flow chart of datapreparation, processingand analysis.
(TIF)

S2Fig. Exploratory analyseof eachdataset.After processinghe raw data,wecheckedhe
distribution of raw countsand performedprincipal componentanalysis.
(TIF)
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S3Fig. Sampleclustering. Thequality of the expressiomatrix wasevaluatedy sampleclus-
tering basedn the distancebetweerdifferentsamplesmeasurecgsSpearman'sorrelation.
No outliersweredetected.

(TIF)

Si1Table.Count table from RNAseqdata.
(XLSX)

S2Table.List of discriminatory genesn componentsl and 2 with PLS-DAanalysis.The
tool eggNOG-mappewasusedfor functionalannotationbasedn precomputedrthology
assignments.

(XLSX)

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