


whichshortchainfattyacids(SCFA)arethemostabundant.Thesemicrobialmetabolitesare
subsequentlyavailablefor absorptionby thehostmucosaandcanserveasanenergysource.

Approximatelytengramsof proteinreachthehumancolondaily [1], which includeboth
host(pancreaticenzymesandmucins)aswellasdietaryproteins.Thegutmicrobiotahasahigh
proteolyticcapacityandfermentstheproteinsinto SCFA,branchedchainfattyacids(BCFA),
ammoniaandphenolicandindolic compounds[2±5].TheseBCFAaregeneratedbybranched-
chainaminoacidcatabolism,i.e.,thedegradationof valine,leucineandisoleucine[6], whilethe
phenolicandindolic compoundsaredegradationproductsof aromaticaminoacids.

Nowadays,theconsumptionof dietsthatcontainhighprotein levelsisquitecommonand
hasbeenproposedto supportbodyweightreduction,whereboth fator carbohydratesreplace-
mentbyprotein resultsin weightloss[7±10].With respectto theeffectof highproteindietary
intakeon thecompositionof thegutmicrobiota,it hasbeenshownthat longterm consump-
tion of high levelsof proteinandanimalfatareassociatedwith theBacteroides enterotype
[11,12],but it shouldbenotedthatsofar thereisno confirmationthat thehighproteincontent
in thedietsdirectlyleadsto thisenterotype.In ratsandmiceashortterm (2 weeks)highpro-
tein dietaryinterventiondid changethemicrobialcommunity,wheretherelativeabundance
of Clostridium coccoides (Lachnospiraceae) andClostridium leptum groups(Ruminococcaceae)
andFaecalibacterium prausnitzii (Ruminococcaceae) decreaseddueto theintervention[13,14].
Longerterm,up to sixweeks,highproteindietsalsoinducedmicrobiotashiftsin rats,where
butyrateproducingspeciesbelongingto Lachnospiraceae andRuminococcaceae decreasedand
Escherichia coli increased[15]. With verylongterm high-protein/high-fatdietaryintervention,
16month in mice,themicrobiotashift maintainsandresultsin similarsurvivalthenalow fat
diet [16]. However,to datelittle isknownabouttheeffectof this typeof high-proteindietsand
themicrobiotashiftson thebacterialfermentationof proteinby thegutmicrobiota.

In apreviousstudytheeffectof long-termhighprotein (HP) dietswasstudiedin amouse
model,andcouldbeshownto resultin alowerbodyweight,reducedadiposityandhepatic
lipid accumulation[17]. Herewedescribetheeffectsof long-termhigh-proteindietaryinter-
ventionson gutmicrobiotacompositionandactivityin mice,using16SribosomalRNA
(rRNA) gene-targetedcommunityanalysisandmetatranscriptomeprofiling approaches,to
unravelpatternsof activitywithin themurinecaecalmicrobialecosystem.

Methods

Ethics statement

All animalexperimentswereapprovedby theAnimal ExperimentationBoardatWageningen
University(record#2010017)andcarriedout accordingto theguidelinesof theEuropean
Conventionof VertebrateAnimalsUsedfor Experimentation,underEuropeanCouncilDirec-
tive86/609/EECdatedNovember,1986.

Mice and diets

Theanimalsusedin thisstudyarepreviouslydescribedbySchwarzandco-authors[17]. Male
C57BL/6Jmice(age8weeks)werepurchasedfrom CharlesRiver(L'Arbresle,France)and
werehousedin theanimalfacility of theWageningenUniversity.Themiceweredividedinto
four groupsof 10animalsandhousedin pairsin light andtemperature-controlledanimal
housingfacilities(12/12(light/dark), 20ÊC).Themicehadfreeaccessto foodandtapwater.
During thefirst two weeksof thestudyall micereceivedthesamediet,containing(in %w/
totalw)casein(14),cornstarch(36.1),sucrose(36.1),soyoil (4),mineralmixture (3.5),vitamin
mixture (1),cellulose(5) andcholine(0.23).Thiscontrol diet (NPLF)wasgivento onegroup
of miceduring thewholeexperiment.In theothergroupstheamountof protein,fatand
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carbohydrateswaschanged(Table1).Theresponsesof themiceto thedietaryinterventions
wasreportedpreviously[17]. Themiceweresacrificedafter12weeksof dietaryintervention
andwereanaesthetisedwith Isoflurane,theintestinalcontentwascollectedfrom theileum,
caecumandcolonandsnapfrozenin liquid nitrogenandstoredat -80ÊC.

Short-chain fatty acid analysis in caecal luminal content

Shortchainfattyacidsweremeasuredin mouseintestinalsamplesatsection.Luminalcontent
of thecaecum(tenmicepergroup)wascollectedin H3PO4 andisocaproicacid(asaninternal
standard)containingbuffersolution.Sampleswerestoredat -20ÊCuntil further processing.
Thedayof analysis,sampleswerethawed,centrifugedat14.000rpm (5 min), andsupernatant
wascollectedandstoredat5ÊC.Thesampleswerethensubjectedto gaschromatography
(FisonsHRGCMega2,CEInstruments,Milan, Italy) at190ÊCusingaglasscolumnfitted
with Chromosorb101with acarriergas(N2 saturatedwith methanoicacid).

Microbial community composition

MetagenomicDNA wasextractedfrom theileum,caecumandcolonsamples(4 miceperdiet)
usingtherepeatedbeadbeatingpluscolumn(RBB+C)method[18]. Theamountthatwas
usedfor DNA extractionfor theileumwasall whatwecouldsqueezeout, thecaecumroughly
aquarterof ceacalcontent(0.1±0.2grams)andfor thecolonacolonicpellet(0.1grams).The
microbialcommunitiesin theintestinalsampleswereanalysedwith theMouseIntestinal
TractChip (MITChip). Thisphylogeneticmicroarrayconsistsof 3,580differentoligonucleo-
tidesspecificfor themouseintestinalmicrobiota([19]. ThearraytargetstheV1 to V6 region
of 16SrRNA genesof bacteria.The16SrRNA geneswereamplifiedfrom 20ngof intestinal
metagenomicDNA with theprimersT7prom-Bact-27-FandUni-1492-R(Table2).ThePCR
productsobtainedweretranscribed,labelledwith Cy3andCy5dyesandfragmented.Finally,
thesampleswerehybridizedon thearraysat62.5ÊCfor 16hoursin arotation oven(Agilent
Technologies,Amstelveen,theNetherlands).After theslideswerewashedandscanned,data
wasextractedwith theAgilentFeatureExtractionsoftware(version9.1).Thedatawasnormal-
izedandanalysedusingasetof R-basedscriptscombinedwith acustom-designedrelational
database,whichoperatesundertheMySQLdatabasemanagementsystem.

RNA extraction, mRNA enrichment, cDNA synthesis and illumina

sequencing

Four intestinalcaecumcontentsamplesfrom eachdietarytreatmentwereusedto analyzethe
metatranscriptomeactivityprofiles.TheRNA wasextractedfrom 0.1±0.2gramsof ceacal

Table 1. The composition of ingredients in the four diets. NPLF:Normalprotein low fat.NPHFNormalprotein
highfat.HPLF:High protein low fat.HPHF:highproteinhigh fat [17].

NPLF NPHF HPLF HPHF

(g/kg) dry matter

Milk protein 140 160 484 580

Corn starch 361.35 291.3 189.35 80

Sucrose 361.35 291.4 189.35 80

Soybean oil 40 40 40 40

Palm oil 0 120 0 123

Minerals 35 35 35 35

Vitamins 10 10 10 10

a-Cellulose 50 50 50 50

Choline 2.3 2.3 2.3 2.3

https://doi.org/10.1371/journal.pone.0194066.t001
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content.Thecontentwassuspendedin 500μL ice-coldTEbuffer(Tris-HCL pH 7.6,EDTA
pH 8.0).TotalRNA wasobtainedviatheMacaloid-basedRNA isolationprotocol[23,24]with
in addition theuseof PhaseLockGelheavytubes(5 PrimeGmbH,Germany)during phase
separation.TheRNA purification wasperformedusingtheRNAeasymini kit (Qiagen,USA),
includinganon-columnDNAseI(Roche,Germany)treatment[23]. ThetotalRNA waseluted
in 30μL ice-coldTEbufferandtheRNA quantityandqualitywereassessedusingaNanoDrop
ND-1000spectrophotometer(NanodropTechnologies,Wilmington, USA)andExperion
RNA Stdsensanalysiskit (BioradLaboratoriesInc.,USA),respectively.ThemRNA enrich-
mentwasperformedusingthemRNA enrichmentkit (MICROBExpressTM,Ambion,
AppliedBiosystem,theNetherlands)accordingto themanufacturer'sprotocol.Followingthe
enrichment,thequantityandqualityof theRNA wereassessedagain(seeabove)to confirm
theefficacyof themRNA enrichmentprocedure.Oneμgof theenrichedmRNA samplewas
usedto reverse-transcribetheRNA to cDNA, andsubsequentlygeneratedoublestranded
cDNA usingtheSuperScript1Double-StrandedcDNA Synthesiskit (Invitrogen,theNether-
lands,11917±010),andemployingtheSuperScript1III ReverseTranscriptase(Invitrogen,
theNetherlands18080±044)andrandompriming usingrandomhexamers(Invitrogen,
48190±011)[24±26].To removeRNA from thedoublestrandedcDNA preparations,RNAse
A (Roche,Germany)treatmentwasperformed,followedbyphenol-chloroformextractionand
subsequentcDNA purification andconcentrationbyethanolprecipitation.Theproductwas
checkedon 1%agarosegeland3 to 8μgof cDNA wassentfor sequencing(GATCBiotech,
Germany).SinglereadIllumina Librarieswerepreparedfrom thedouble-strandedcDNA
accordingto theChiP-seqprotocol[27] with insertsizesbetween200±300bp,suingbarcoded
tagsfor library constructionsto enableparallelsequencing(GATCBiotech,Germany).
SequencingwasperformedusingIllumina Hiseq2000andusing5 pM concentrationof the
library andthesingle-endprotocol[24].

Data filtering

Sequencinggeneratedbetween13.4and177million readspersample.Thedatasetsupporting
theresultsof thisarticleisavailablein theNCBI smallreadsarchive(sra)repository,under
accessionnumberSRP043409.Thedatawasfiltered,assembled,annotatedandclassifiedas
previouslydescribed(Davidset al.,2016).Briefly,thetaxonomicorigin of thecontigswas
assignedbyalignmentof thepredictedproteinsequenceswith theNCBI'snon-redundant
database,retrievingthetaxonomicfamilyclassificationof theproteinsequencewith thehigh-
estsimilarity.Classificationup to family levelwaschosen,determinedin our previousstudyto
beableto haveenoughconfidencein theassignmentandstill enoughprecisionin theinvolved
communitymember[28]. Functionalannotationwasachievedbyassignmentof KEGG
orthologyidentifiersto all predictedproteinsequences,usingtheKEGGKAASserver(Moriya
et al.,2007;http://www.genome.jp/tools/kaas).Expressionlevelsof individual geneswere
determinedbyaligningthemRNA readswith theassembledprotein-encodingcontigsand
enumeratingthetotalamountof nucleotidesalignedwith thecorrespondingORFs.

Table 2. List of primers used in this study [20–22].

Primer name Sequence Application

T7prom-Bact-
27-F

5’-TGA ATT GTA ATA CGA CTC ACT ATA GGG GTT TGA TCC TGG
CTC AG–3’

MITChip

Uni-1492-R 5’-CGG CTA CCT TGT TAC GAC-3’ MITChip

PROK1492R 5' -GGW TAC CTT GTT ACG ACT T-3' QPCR

BACT1369F 5'-CGG TGA ATA CGT TCY CGG-3' QPCR

https://doi.org/10.1371/journal.pone.0194066.t002
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Functional analysis and metabolic pathway mapping

Theexpressionlevelsof eachof theproteinencodingregionsin eachof thesampleswerenor-
malizedbyscalingeachgeneby thetotalnumberof nucleotidesthatweremappedto ORFsof
thatsamesample.Thenormalizedexpressionlevelswereusedto determinebothrelativeactiv-
ity andfunctionalanalysisin Canoco5.0.Metabolicmappingof themetatranscriptomepro-
fileswasperformedquantitativelybymappingtheKEGGannotatedproteinsequencesonto
metabolicpathwaymapsusingtheiPathv2module(http://pathways.embl.de/iPath2.cgi#).
Geneexpressionlevelsof themetabolicpathwayswasindicatedby theline width, whichwas
determinedfrom thelog10valuesof thereadcountperKEGGannotatedprotein.

Specificfunctionswereselectedon KEGGannotationsandrelativeactivitywasmappedin
barplotsor boxplots,statisticalsignificancewastestedusingtheWilcoxontest.

Results & discussion

Long-termeffectsof highproteindietson thecompositionandactivityof thegutmicrobiota
wereassessedin a12-weekdietaryinterventionstudyin mice.Theeffectsof highprotein
(casein)werestudiedboth in alow- andhigh-fatdietarybackground,to evaluatewhetherdie-
tary fat contentaffectstheoutcomeof thehighprotein intervention.MaleC57BL/6Jmiceof
10weeks(youngadults)weregiventhecontrol,anormalproteinandlow fatdiet,for two
weeks,followedbya12weekdietaryintervention.Miceweredividedinto four groups(n = 10
pergroup),receivingthecontrol diet (normalprotein low fat,NPLF),anormalproteinhigh
fatdiet (NPHF),ahighprotein low fatdiet (HPLF)or ahighproteinhigh fatdiet (HPHF)
(Table1).Theeffectsof thesedietaryinterventionsweremeasuredin termsof microbiota
compositionandactivity,thelatterbeingdeterminedbasedon thefermentationoutput,mea-
suredby luminal SCFAlevels,aswellastranscription-activitylevels.

Dietary proteins differentially modulate luminal SCFA levels

Themain fermentationmetabolitesof dietaryproteinareshortchainfattyacids,predomi-
natedbyacetate,propionateandbutyrate.During protein fermentationalsoBCFAareformed
from thedegradationof branchedaminoacids.Gaschromatographywasusedto measure
concentrationsof acetate,propionate,butyrate,valerateandtheBCFAiso-butyrateandiso-
valeratein caecalluminal contentof micereceivingthedifferentdiets.

Overall,thehighproteindietsledto anincreaseof SCFAandBCFAconcentrationsin the
caecum(Fig1).However,dueto thehighvariationbetweenindividual mice,asignificant
increasecouldonly bedetectedfor iso-butyratein theHPHFgrouprelativeto theNPHFgroup,
andfor valericacidin theHPLFgroupcomparedto theNPLFgroup.In theseanalysesit should
alsobetakeninto accountthat therelativeamountof cornstarchin thedietswasdrastically
decreasedin dietswith increasedproteinandfat content.Notably,this impliesthatdespitethe
reducedavailabilityof cornstarchfor microbialfermentationin theHPHFdiet,themicrobiota
still generatedhigheroverallSCFAandBCFAconcentrationsthat likely derivefrom protein
fermentation.Proteinfermentationhasbeenproposedto accountfor up to 17%of theoverall
SCFAproductionin thecaecum(Macfarlane,et al.,1992).Apparently,high levelprotein fer-
mentationby themicrobiotasupportshigherBCFAconcentrationsin thecaecallumenascom-
paredto fermentationof thealternative,readilydigestiblenutrients(e.g.cornstarch).

Dietary proteins modulate intestinal microbiota composition

Intestinalcontentof four miceperdietarytreatmentwasusedto analyzethemicrobiotacom-
positionafter12weeksof diet intervention,separatelyanalyzingileal,caecalandcolonic
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microbiota,usingtheMITChip platform.Thisplatformemploysa16SrRNA targetedphylo-
geneticmicroarraydesignedfor thecomprehensiveanddeepprofiling of mouseintestinal
microbiotacomposition[29,30,20,31].MITChip analysisrevealedclearlydistinctmicrobiota
compositionprofilesin theileumascomparedto thoseobtainedfor caecalandcoloniccon-
tent.Notably,theilealmicrobiotacompositionpatternsdid not clusteraccordingto thedie-
tary intervention,whereasthecaecalandcolonicmicrobiotaprofilestendedto clusterclosely
togetherandsub-clusteredaccordingto thediet (S1Fig).Thecaecumisconsideredasthe
intestinalregionwheremostprominentmicrobiotafermentationtakesplace(Nguyenet al.,
2015,Hugenholtzet al.,2016).Moreover,thecaecumallowedtheextractionof anamountof
intestinalcontentthatprovidedRNA amountscompatiblewith metatranscriptomeanalysis.
Therefore,our analysesfocusedon thecompositionandmetatranscriptomeanalysisof the
microbiotaresidingin this intestinalregion(seebelow).

MITChip analysesrevealeddistinctmicrobiotacompositionatprobelevelin thecaecum
from animalsthatwerefedthenormalprotein (NPLFandNPHF)or highproteincontent
(HPLFandHPHF) diets(Fig2A).Notably,within theNPdietsthefat levelresultedin distinct
clusteringof themicrobiotafrom miceon thelow (NPLF)andhigh (NPHF) fat contentdiets,
whereasmicrobiotacompositionatprobelevelfailedto discriminatetheHP dietson basisof
their fat-content.This finding illustratesthatwithin theNPdiet contexttheothermainnutri-
tional component(i.e.,fat content)hasaprominent influenceon themicrobiota,whereasthis
effectis lostor overruledby thehighproteincontentin theHP diet context.

Fig 1. Caecal luminal SCFA concentrations in μmol/g content measured with gas chromatography. � Indicatessignificancebetweentwo groups(Ttest,P< 0.05).In
light greyareboth thenormalproteindiets:NormalProtein-LowFat(NPLF)andNormalProtein-HighFat(NPHF).In darkgreyareboth thehighproteindiets:(High
Protein-LowFat(HPLF)andHigh Protein-HighFat(HPHF).

https://doi.org/10.1371/journal.pone.0194066.g001

Metatranscriptome analysis of the microbial fermentation of dietary milk proteins in the murine gut

PLOS ONE | https://doi.org/10.1371/journal.pone.0194066 April 17, 2018 6 / 16

https://doi.org/10.1371/journal.pone.0194066.g001
https://doi.org/10.1371/journal.pone.0194066


Fig 2. 2a.Hierarchicalclusteringof thecaecalsampleson log10transformedprobeleveldataof theMITChip. TheclusteringwasmadeusingPearsondistanceandvia
theWard linking method.2b. Redundancyanalysison genus-level phylogeneticgroupsof theMITChip data.Theexplanatoryvariableswerethedietarygroups,weight
of themice,acetate,propionate,butyrate, valerate,iso-butyrateandiso-valerate.Explanatoryvariablesaccountfor 85.8%of thetotalvariation,andin thefigure57.5%of

Metatranscriptome analysis of the microbial fermentation of dietary milk proteins in the murine gut

PLOS ONE | https://doi.org/10.1371/journal.pone.0194066 April 17, 2018 7 / 16

https://doi.org/10.1371/journal.pone.0194066


Microbiota and fermentation-metabolite data integration

In orderto relatechangesin caecalmicrobiotacompositionto thedifferentdiets,theweightof
themice(previouslypublishedin [17]), aswellasto SCFAandBCFAasthemainmetabolites
of microbialfermentation,hybridizationsignalsof in total96genus-levelphylogeneticgroups
weresubjectedto redundancyanalysis(RDA).TheRDA includedtheconcentrationsof ace-
tate,propionate,butyrate,iso-butyrate,valerate,iso-valerate,theweightof themiceandthe
dietsasexplanatoryvariables.Overall,theseexplanatoryvariablesaccountedfor 85.8%of the
total variation,57.5%of whichwascoveredby thefirst two canonicalaxes(Fig2B).Samples
from animalsconsumingdifferentdietsclusteredseparatelyalongthesecanonicalaxes,and
theLFNP,HFNPandHFHPdietsasexplanatoryvariableshadasignificant(Monte CarloPer-
mutationtest,p<0.05)impacton thetotal variationof thedata.Microbial groupsthatcorre-
latedwith theLFNPdiet includedBifidobacterium, Lactobacillus delbrueckii etrel.,
Lactobacillus plantarum etrel.,Lactobacillus acidophilus etrel.,Lactobacillus gasseri etrel.,and
Ruminococcus obeum etrel.Notably,thesegroupsalsocorrelatedwith caecalacetateconcen-
trations.Notably,Ruminococcus obeum canuseawiderangeof sugars[32], andlactobacilliare
knownfor their rapidsugarimport andmetabolism[33]. Thehigherabundancesof thesetypi-
calsaccharolyticbacterialgroupssuggestthat in themiceon theLFNPdiet,thehigherrelative
amountsof thecarbohydratesin thisdiet, i.e.,cornstarchandsucrose,areincompletely
digestedandabsorbedin thesmallintestine,andthusavailablefor microbial fermentationin
thecaecum.TheHFNPdietaswellasthebody-weightof themicestronglycorrelatedwith
higherabundancesof severalgroupswithin Clostridium clusterXIVa.Moreoverthesegroups
anti-correlatewith theHP dietarygroups,similarlyseenin ratson high-proteindiets[13,15].
Inversely,Akkermansia muciniphila wasanti-correlatedwith theHFNPdietandbody-weight,
whereA. muciniphila wasreportedbeforeto decreasein abundancein diet inducedobese
mice[34,29].Samplestakenfrom animalsfedtheHP dietsgroupedcloselytogetherandcorre-
latedwith elevatedlevelsof BCFAaswellaswith ahigherabundanceof Parabacteroides dista-
sonis etrel.BothParabacteroides distasonis andtheUnclassifiedPorphyromonadaceae belong
to Porphyromonadaceae, which isdecreasingin abundancein themicefedNPHF(seemeta-
transcriptomesectionbelow).

Effect of high protein and high fat on overall microbial metatrancriptome

patterns

Theactivityprofilesof themicrobiotaobtainedfrom thecaecumof miceweredeterminedby
metatranscriptomeanalysisin eachof thediet-groupsat theendof thedietaryintervention
period.To thisend,thecaecalcontentsof four miceof theLFHP,HFHP,HFNPandthree
miceof theLFNPgroupwereusedfor RNA extraction,mRNA enrichment,cDNA synthesis
andillumina metatranscriptomesequencing.Thesequencingeffortsgeneratedbetween3.4x
105 and19.2x 105 (with asingleoutlier of 5.6x 106) highqualitymRNA-derivedsequence
readspersample.To determinethefunction andtaxonomyof thesereads,theyweremerged
andde novo assembledinto largercontigsusingthepipelinedescribedpreviously[28], creat-
ing asinglecontigreferencesetfor all samples.A totalof approximately3.8x 104 contigs
couldbeassembledwith anoveralllengthof 29.8x 106 bases(n50= 945).Thesecontigs
encodedatotalof approximately5.5x 104 predictedprotein-encodingopenreadingframes.
Between54%and74%of themRNA readscouldbeassignedto thepredictedprotein-

thevariationisshown.Thesamplesarecolourcodedperdietarygroup:in light blueNPLF,darkblueNPHF,in orangeHPHFandin redHPLF.Thenominalvariables
areindicatedin blackarrowsandthespeciesthathad50%or moreof their variationon thefirst two axesareshownwith bluearrows.

https://doi.org/10.1371/journal.pone.0194066.g002
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encodinggenes(Table3).Clusteringof theexpressionlevelsof thedifferentsamplesresem-
bledthatof theMITChip-derivedmicrobiotacompositionprofiles(S2Fig).Therefore,analo-
gousto microbialcomposition,themicrobiotaactivityprofiling enabledthedetectionof the
impactof thedietaryfat contentin theNPdiets,whereasthiseffectof thefat contentappeared
to belostor overruledby thehighproteincontentin theHP diets.

Effect of high protein and high fat diets on microbiota function profiles

To focusonly on functionsthataredifferentiallyexpressedwithin themicrobiotaasafunction
of thedifferentdiets,weemployedanin houseRscriptto detectKEGGmodulesthataredif-
ferentiallyexpressed.Remarkably,thedifferentfat levelsin thediets(HF versusLF)werenot
significantlycorrelatedto anydifferentiallyexpressedKEGGmodules.In contrast,thecom-
parisonof samplesderivedfrom NPandHP diet fedmiceenabledthedetectionof KEGG
modulesthatdisplayedsignificantlydifferentexpressionlevels.TheKEGGmodulesenriched
in theNPdietderivedsampleswereall associatedwith sugarmetabolism,whereasthemodules
enrichedin theHP dietderivedsampleswereconsistentlyassociatedwith proteinmetabolism
(Table4).Thesefindingsarein goodagreementwith theclusteringanalysesaswellasthe

Table 3. Number of reads from the illumina sequencing, rRNA filtering, assembly of the mRNA reads and functional assignment of the coded proteins on the

assembled mRNA contigs.

Sample name Total reads mRNA Assembled mRNA reads Bacterial protein coding in assembled contigs

HPLF_3 3.49E+07 7.14E+05 73.7% 83.1%

NPLF_2 3.29E+07 1.58E+06 66.2% 83.1%

NPLF_3 3.11E+07 1.92E+06 64.0% 88.6%

HPLF_4 1.93E+07 3.83E+05 64.7% 80.2%

HPLF_1 1.81E+07 4.02E+05 76.4% 78.2%

NPHF_1 1.40E+07 4.48E+05 62.1% 83.7%

NPLF_1 1.61E+07 7.28E+05 62.6% 80.1%

HPHF_1 2.49E+07 6.38E+05 73.2% 73.0%

HPHF_2 1.77E+08 5.58E+06 73.3% 82.0%

HPHF_3 1.34E+07 3.37E+05 75.8% 75.5%

NPHF_2 1.83E+07 4.03E+05 68.0% 74.9%

NPHF_3 2.35E+07 5.60E+05 72.2% 59.7%

HPLF_2 3.29E+07 6.78E+05 75.0% 70.6%

NPHF_4 2.40E+07 5.99E+05 64.7% 65.2%

HPHF_4 1.77E+07 5.78E+05 80.5% 53.1%

https://doi.org/10.1371/journal.pone.0194066.t003

Table 4. Enriched modules within the NP or HP dataset. SignificanthigherKEGGnumbers(Ttest,P<0.05)weretakentogetherfor theNPdietsor HP dietsandthe
likelihoodfor theexpression of amodulewascalculated (with P<0.05).

Module nr of KEGGs in

modules

nr of KEGGs

found

Module explanation

Enriched in

NP

M00377 10 4 Reductiveacetyl-CoApathway(Wood-Ljungdahlpathway)[PATH:map01200map00720]

M00422 5 3 Acetyl-CoA pathway,CO2= > acetyl-CoA[PATH:map00680]

M00196 4 3 Multiple sugartransportsystem[PATH:map02010][BR:ko02000]

Enriched in

HP

M00018 10 4 Threoninebiosynthesis,aspartate=> homoserine=> threonine[PATH:map01230
map00260]

M00299 4 3 Spermidine/putrescinetransport system[PATH:map02010][BR:ko02000]

M00236 3 3 Putativepolaraminoacidtransport system[BR:ko02000]

https://doi.org/10.1371/journal.pone.0194066.t004
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anticipateddietaryimpactson thenutrientsavailablefor fermentationin thecaecumof the
micethatwerefedon thedifferentdiets.

Effect of high protein and high fat on microbial community activity

Themicrobial familiesLachnospiraceae, Erysipelotrichaceae andClostridiaceae dominatedin
theoverallactivityassociatedwith thedegradationof proteins,supportingtheir high relative
contribution in thetotalmRNA activityprofile in all thesamples(S3AFig).Erysipelotrichaceae
hasrelativelyhigherabundancesin theHP diets,while theabundancesof Lachnospiraceae
decreasedin theHP diets.Manyof thebutyrateproducingbacteriabelongto Lachnospiraceae,
Ruminococcaceae andEubacteriaceae andall of thesefamiliestendedto decreasein theHP,
supportingearlierstudiesin rodents[13,15,14].

To further supportaneventualroleof microbialgroupsin protein fermentation,themeta-
transcriptomedatasetswereminedfor genesinvolvedin proteolysis(S3BFig),aminoacid
metabolism(S3CFig),andaminoacidtransport(S3DFig),basedon their KEGGorthology
annotation.EspeciallytheErysipelotrichaceae displayedanincreasedcontribution to theover-
all proteindegradation,whichwasmostprominentlydetectedin samplesobtainedfrom mice
thatwerefedtheHPLFdiet,whereasasimilar trendwasobservedin thesamplesobtained
from HPHF-fedmice(Fig3).Conversely,theLachnospiraceae tendedto decreasetheir relative
contribution to theoverallproteindegradation,illustratedby thereducedexpressionof pepti-
daseandaminoacidmetabolismfunctionsby thisbacterialgroupin theHPLFcomparedto
theNPLFdiet.Thesetwo familiesdisplayoppositefeaturesin responseto theprotein levelin
thediet,suggestingaminoacidcatabolismactivityin Erysipelotrichaceae andcarbohydrate
dependencein Lachnosipraceae. RemarkablyBacteroidetes familieshardlycontributedto the
overallproteincatabolism(S3B,S3CandS3DFig),eventhoughtheir abundancewascorre-
latedwith theHP dietsin theMITChip analysis.Althoughmembersof Bacteroides haveprevi-
ouslybeenassociatedwith aminoacidintakein humans[11] andincreasedin miceon ahigh-
proteindiet [14], in thepresentstudythismicrobialgroupdid not seemto prominentlypartic-
ipatein transportandcatabolismof aminoacids.

In contrastto theobservedincreasedrelativeabundanceof proteindegradationrelated
transcripts,oneof theglycolysis-associatedgenesencodingthe6-phosphofructokinase, was
lessexpressedin theHPLFdiet,whichwasmainlydueto thedecreasedexpressionobserved
for Lachnospiraceae (S3EFig).TheLachnospiraceae appearedto belesseffectivein theutiliza-
tion of proteinsourcesandweremoredependenton carbohydrateutilization in thegut.These
resultsarein agreementwith theobservationthat theClostridium coccoides group,belonging
to theLachnospiraceae, wasfound in reducedabundancein responseto highprotein levelsin
thediet in rat experiments[13].

To investigatethespecificactivitypatternsof thethreepredominantlyactivemicrobialfam-
ilies,i.e.theLachnospiraceae, Erysipelotrichaceae andClostridiaceae, in moredetail,their spe-
cific-activitywasplottedon themetabolicmapavailablein theiPATH softwaresuite(S4Fig).
Nevertheless,eachof themicrobial familiesdisplayedquitedistinctexpressionpatterns.For
example,Lachnospiraceae stronglyexpressedgenescodingfor enzymesinvolvedin theconver-
sionof phosphoenolpyruvateto oxaloacetate,andlipid biosynthesisactivity,whereastheErysi-
pelotrichaceae hardlydisplayedtheseactivities.In turn, theErysipelotrichaceae appearedto be
muchmorefocusedon theconversionof malate,fumarateandsuccinate.Finally,thepredom-
inant Clostridiaceae representativesexpressedboth theseactivities,aswellasabroadspectrum
of pathwaysrelatedto aminoacidmetabolism.Notably,eachof theiPATH mappedpathways
for theactivitypatternsof thefamiliesLachnospiraceae, Erysipelotrichaceae andClostridiaceae
appearedto displaygaps,suggestingincompleteor incorrectannotationsof genesin the
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metatranscriptomedata.Thismayeitherbedueto their low in situ expressionlevelsor incor-
rectfunctionalannotation,or taxonomicmisclassificationof thepredictedproteins.Manyof
theinaccuraciesin assignmentof function andtaxonomicorigin of asequencederivedfrom
themousececumis likely dueto inaccurateannotationassignmentsin theNCBI databaseas
wellasthesubstantialdissimilaritybetweenthereferencegenomesandthemetatranscriptome
dataobtainedfrom themicrobialcommunityresidingin themurine intestinaltract.Addition-
ally,thelimited depthof metatranscriptomeanalysiscouldalsoprovidealimitation in the
detectionof completeand/or lowly expressedpathways.

Overall,membersof theErysipelotrichaceae appearedto benefitmostsignificantlyfrom the
HPLFdiet,andtheexpressionprofilesassignedto thisgroupconfirmedits focuson pathways
for thedegradationof aseveralaminoacids.In theHPHFdietgroup,possiblydueto the
higherfat content,theadvantageof theErysipelotrichaceae appearedto bereducedrelativeto
theLFdietsandtheyappearedto beat leastpartiallyreplacedbymembersof theClostridiaceae
thatexpressedawider rangeof aminoacidcatabolicpathways.

Theobservedexpressionprofilesof genesencodingenzymesinvolvedin SCFAproduction
suggestthatErysipelotrichaceae producedpredominantlyacetateasthemainendproductof

Fig 3. Expression levels of peptidases, amino acid metabolism related proteins and amino acid transporters originating from the Erysipelotrichaceae,

Clostridiaceae and Lachnospiraceae. All thegenesthatwerepredictedaccordingto their KEGGorthologyto belongto eitherpeptidases,aminoacidmetabolismor
aminoacidtransporters,wereaccumulated andplottedin aboxplot.On theverticalaxisthenumberof readsaredepicted.

https://doi.org/10.1371/journal.pone.0194066.g003
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proteincatabolism,whereasClostridiaceae andLachnospiraceae werepredictedto produce
bothacetateandbutyrate(Fig4).However,theErysipelotrichaceae expressedgenesinvolved
acetyl-coAto butyryl-coAconversion,usingtheenergy-conservingcrotonyl-coApathway
[35], suggestingthatalsothis familycontributesto butyrateproduction.Notably,theexpres-
sionof genesencodingbutyrate-kinaseandbutyryl-CoA:acetate-CoA-transferasethatarealso
involvedin thecrotonyl-CoApathwaywasnot detectedin Erysipelotrichaceae, which is likely
dueto theerroneousannotationsof thehomologousacetate-kinaseandotherSCFAtransfer-
asefunctionsin thisbacterialgroup[36±38].Genesthatencodetheenzymesrequiredfor pro-
pionateproductionappearedbarelyexpressed,andwereexclusivelyassignedto thebacterial
familiesPorphyromonadaceae andSphingomonadaceae. Theverylow expressiondetectedfor
thepropionateproductionpathwaymayindicatethat for amorecompletereconstructionof
themicrobiomeactivityprofiles,metatranscriptomedatasetswith ahigherdepthof analysis
wouldberequired.Analogously,wefailedto detecttheexpressionof genesencodingenzymes
involvedin BCFAproduction,whichmayalsorequireahigherdepthof metatranscriptome
analysisconsideringthatconcentrationsof thesemetaboliteswere2±3ordersof magnitude
lowerthanthoseof acetate,propionateandbutyrate(Fig1).Alternatively,someof the
enzymesinvolvedmight not beclassifiedaccuratelyin theKEGGsystemandmaythereforebe
missed.Despitetheselimitations in assigningspecificenzymeandpathways,theenriched
modulesassociatedwith aminoacidmetabolismin themetatranscriptomedataestablishedthe
roleof themicrobiotain thefermentationof dietaryproteins.Theunalteredpatternof specific
activitiesassignedto Lachnospiraceae, Erysipelotrichaceae andClostridiaceae indicatestheir
consistentcontribution to the in situ proteincatabolismdespitethesubstantialdifferencesin
proteincontentof therespectivediets.

Fig 4. Average relative abundances of metatranscriptome derived families that have activity towards SCFA production. Acetateproduction viaacetatekinase,
acetyl-CoAsynthaseandphosphateacetyltransferase(K00925,K00625,K01895,K13788;Propionateproduction viapropionateCoA-transferaseandacetyl-CoA
synthase(K01895,K01026);Butyrateproductionviabutyratekinase,acetoacetateCoA-transferaseandphosphatebutyryltransferase(K01034,K01035,K01896,K00929,
K00634).Error barsareSDof totalactivitypertypeof SCFA(Acetate,Propionateor Butyrate)in eachdietarygroup.

https://doi.org/10.1371/journal.pone.0194066.g004
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Conclusion

Hereweshowthatprolongedfeedingof highprotein leveldietsfor aperiodof 12weeks
exertedaprominenteffecton thecompositionof caecalmicrobiotaandits protein fermenta-
tion capacity,supportingelevatedSCFAproductionin thecaecallumenascomparedto fer-
mentationof thealternativenutrients(i.e.,cornstarchor fat). In addition,thedataalso
revealedaprominent influenceon themicrobiotacompositionof thefat contentin dietsthat
containnormalprotein levels.Themicrobialcommunitymembersmostactivein thedifferent
dietgroupsbelongedto thefamiliesof theLachnospiraceae, Erysipelotrichaceae andClostridia-
ceae, andwerepredictedto producemainlyacetateandbutyratebasedon themetatranscrip-
tomeprofiles.Therelativeactivityof especiallytheErysipelotrichaceae appearedto be
increasedin miceconsumingthehighproteindiets,althoughtheClostridiaceae expresseda
wider rangeof differentaminoacidmetabolismassociatedpathways.Moreoverthetotalactiv-
ity of thegenesinvolvedin thesemetabolitesdoesnot correspondto theconcentrationof ace-
tate,propionateandbutyratemeasuredin thecaecum.Sothereisneedfor metaboliteflux
measurements,ratherthanluminal steadystateconcentrations.Furthermoreamorecomplete
reconstructionof themicrobiomeactivityprofilesisnecessaryto provideacomprehensive
understandingof theroleof Erysipelotrichaceae andClostridiaceae in the in situ fermentation
of dietaryprotein.Suchimprovedunderstandingwouldbestronglyfacilitatedbypureand
mixedin vitro culturestudiesusingrepresentativesof thesemicrobialfamiliesto bettercharac-
terizetheir metabolicrepertoireandthegenesinvolvedin therelevantpathways,whichwould
enableamoreaccuratemetatranscriptomemapping.In conclusion,thedatapresentedhere
provideclearmetabolicindicationsconcerningthemicrobialgroupsinvolvedin protein
catabolismin theintestine,but morecompleteunderstandingof thepreciseroleof these
microbeswill requireabetterunderstandingof their physiologicalcharacteristicsandmay
alsorequiremetatranscriptomedatasetswith ahigherdepthof analysis.

Supporting information

S1 Fig. Hierarchical clustering of all the samples on log10 transformed probe level data of

the MITChip. Theclusteringwasmadeusingpearsonsimilarity andviatheWard linking
method.Thelettersbelowor indicativefor theorigin of thesample:C for caecum,L for colon
andI for ileum.
(TIF)

S2 Fig. Hierarchical clustering on normalized (annotated) bacterial metatranscriptome

data. Clusteringof the15sampleswasdoneusingpearsonsimilarity andviatheWard linking
method.In light greyareboth thenormalproteindiets:NormalProtein-LowFat(NPLF)and
NormalProtein-HighFat(NPHF).In darkgrayareboth thehighproteindiets:(High Protein-
LowFat(HPLF)andHigh Protein-HighFat(HPHF).
(TIF)

S3 Fig. S3a Relativeabundanceof totalmetatranscriptome(activity)on family level.All the
genesthatwerepredictedwith aKEGGorthologywereaccumulatedandtheir taxonomicori-
gin on family levelisplottedhere.Familieswith activityover0.5%abundancesin anyof the
conditionsareplotted.S3bcd. Relativeabundanceof familiesexpressingpeptidases(b), amino
acidmetabolismrelatedproteins(c) andaminoacidtransporters(d). All thegenesthatwere
predictedaccordingto their KEGGorthologyto belongto eitherpeptidases,aminoacid
metabolismor aminoacidtransporters,wereaccumulatedandtheir taxonomicorigin on fam-
ily levelisplottedhere.Familieswith activityover0.5%abundancesin anyof theconditions
areplotted.S3e. Expressionlevelof 6-phosphofructokinasein theglycolysispathway.This
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enzymecatalizesastepin theglycolyticpathwayandits genewastranscribedatalowerlevel
in theHPLFdiet,whichwasmainlydueto thedecreasedexpressionfrom Lachnospiraceae.
(TIF)

S4 Fig. Metabolic activity of Lachnospiraceae: Green; Clostridiaceae: Red; Erysipelotricha-
ceae: Blue. Theexpressionpatternsof all theKEGGnumbersper individual familywereplot-
tedin with theiPATH softwaresuite.In eachof themicrobialfamiliesuniqueexpression
patternswerefound,whichareindicatedwithin thegreycircles.Lachnospiraceae strongly
expressedgenescodingfor enzymesinvolvedin theconversionof phosphoenolpyruvateto
oxaloacetate,andlipid biosynthesisactivity.TheErysipelotrichaceae appearedto bemuch
morefocusedon theconversionof malate,fumarateandsuccinate.TheClostridiaceae repre-
sentativeswereconcludedto expressboth thesefeaturesandabroadspectrumof pathways
relatedto aminoacidmetabolism.
(TIF)
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