


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

which shortchainfatty acids(SCFA)arethe mostabundant.Thesemicrobial metabolitesare
subsequentlavailabldor absorptionby the hostmucosaand canserveasanenergysource.

Approximatelyten gramsof protein reachthe humancolondaily [1], whichincludeboth
host(pancreatienzymesndmucins)aswell asdietaryproteins. Thegut microbiotahasa high
proteolyticcapacityandfermentsthe proteinsinto SCFA branchedchainfatty acids(BCFA),
ammoniaandphenolicandindolic compoundg2+5]. TheseBCFAaregeneratedby branched-
chainaminoacidcatabolismi.e.,the degradatiorof valine leucineandisoleucing6], while the
phenolicandindolic compoundsaredegradatiorproductsof aromaticamino acids.

Nowadaysthe consumptionof dietsthat containhigh protein levelss quite commonand
hasbeenproposedo supportbodyweightreduction,whereboth fat or carbohydrateseplace-
mentby protein resultsin weightloss[7+10].With respecto the effectof high protein dietary
intakeon the compositionof the gut microbiota,it hasbeenshownthatlongterm consump-
tion of high levelsof proteinandanimalfat areassociate@ith the Bacteroides enterotype
[11,12],butit shouldbenotedthat sofar thereis no confirmationthat the high protein content
in the dietsdirectlyleadgo this enterotypeln ratsandmiceashortterm (2 weekshigh pro-
tein dietaryinterventiondid changehe microbial community, wheretherelativeabundance
of Clostridium coccoides (Lachnospiraceae) and Clostridium leptum groups(Ruminococcaceae)
and Faecalibacterium prausnitzii (Ruminococcaceae) decreasedueto theintervention[13,14].
Longerterm, up to sixweekshigh protein dietsalsoinducedmicrobiotashiftsin rats,where
butyrateproducingspeciedelongingto Lachnospiraceae and Ruminococcaceae decreasednd
Escherichia coli increased15]. With verylongterm high-protein/high-fatdietaryintervention,
16month in mice,the microbiotashift maintainsandresultsin similar survivalthenalow fat
diet[16]. However to datelittle is known aboutthe effectof this typeof high-proteindietsand
the microbiotashiftson the bacteriafermentationof protein by the gut microbiota.

In apreviousstudythe effectof long-termhigh protein (HP) dietswasstudiedin amouse
model,andcouldbeshownto resultin alowerbodyweight,reducedadiposityand hepatic
lipid accumulation[17]. Herewedescribehe effectsf long-termhigh-proteindietaryinter-
ventionson gut microbiotacompositionandactivity in mice,using16SribosomalRNA
(rRNA) gene-targetedommunity analysisand metatranscriptomerofiling approachegp
unravelpatternsof activity within the murine caecamicrobial ecosystem.

Methods

Ethics statement

All animalexperimentsvereapprovedoy the Animal ExperimentatiorBoardat Wageningen
University (record#2010017andcarriedout accordingto the guidelinesof the European
Conventionof VertebrateAnimalsUsedfor Experimentationunder EuropeanCouncil Direc-
tive 86/609/EEQJatedNovember,1986.

Mice and diets

Theanimalsusedin this studyarepreviouslydescribedy Schwarand co-authorg[17]. Male
C57BL/6Jnice (age8 weeks)verepurchasedrom CharlesRiver(L'Arbresle France)and
werehousedn the animalfacility of the WageningerUniversity. The miceweredividedinto
four groupsof 10animalsandhousedn pairsin light andtemperature-controlle@nimal
housingfacilities(12/12(light/dark), 20EC)The micehadfreeaccesso food andtapwater.
During thefirst two weekof the studyall micereceivedhe samediet, containing(in %ow/
totalw) casein(14),corn starch(36.1) sucros€36.1),soyoil (4), mineralmixture (3.5),vitamin
mixture (1), cellulosg5) and choline(0.23).This control diet (NPLF)wasgivento onegroup
of miceduring the wholeexperimentin the othergroupsthe amountof protein, fatand
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carbohydratesvaschanged Tablel). Theresponsesf the miceto thedietaryinterventions
wasreportedpreviously[17]. Themiceweresacrificedafter12weekf dietaryintervention
andwereanaesthetisedith Isoflurane theintestinalcontentwascollectedrom theileum,
caecumandcolonandsnapfrozenin liquid nitrogenandstoredat-80EC.

Short-chain fatty acid analysis in caecal luminal content

Shortchainfatty acidsweremeasuredn mouseintestinalsamplest sectionLuminal content
of the caecun(ten micepergroup)wascollectedn HsPO, andisocaproicacid(asaninternal
standard)containingbuffer solution. Samplesverestoredat -20EQuntil further processing.
Thedayof analysissamplesverethawed centrifugedat 14.000rpm (5 min), and supernatant
wascollectedandstoredat 5SECThe samplesverethen subjectedo gaschromatography
(FisonsHRGCMega2, CE Instruments Milan, Italy) at 190EQisingaglassolumnfitted

with Chromosorb101with acarriergas(N, saturatedvith methanoicacid).

Microbial community composition

MetagenomidNA wasextractedrom theileum, caecumand colonsample44 miceperdiet)
usingtherepeatedeadbeatingpluscolumn (RBB+C)method[18]. Theamountthatwas
usedfor DNA extractionfor theileum wasall whatwe could squeezeut, the caecunroughly
aquarterof ceacatontent(0.1+0.Zrams)andfor the colonacolonicpellet(0.1grams).The
microbial communitiesin theintestinalsamplesvereanalysedvith the Mouselntestinal
TractChip (MITChip). This phylogenetianicroarrayconsistof 3,580differentoligonucleo-
tidesspecificfor the mouseintestinalmicrobiota([19]. Thearraytargetghe V1 to V6 region
of 16SrRNA geneof bacteriaThe 16 SrRNA geneswvereamplifiedfrom 20ng of intestinal
metagenomi®NA with the primers T7prom-Bact-27-FandUni-1492-R(Table2). The PCR
productsobtainedweretranscribed)abelledwith Cy3and Cy5dyesandfragmentedFinally,
the samplesverehybridizedon the arraysat62.5EQor 16hoursin arotation oven(Agilent
TechnologiesAmstelveenthe Netherlands)After the slideswerewashedand scannedgata
wasextractedwith the Agilent FeatureExtractionsoftware(version9.1). The datawasnormal-
izedandanalysedisingasetof R-basedcriptscombinedwith acustom-designedelational
databasewhich operatesinderthe MySQLdatabasenanagemensystem.

RNA extraction, mRNA enrichment, cDNA synthesis and illumina
sequencing

Fourintestinalcaecuncontentsamplegrom eachdietarytreatmentwereusedto analyzehe
metatranscriptomectivity profiles. The RNA wasextractedrom 0.1+0.2yramsof ceacal

Table 1. The composition of ingredients in the four diets. NPLF:Normal proteinlow fat. NPHF Normal protein
high fat. HPLF:High proteinlow fat. HPHF: high protein high 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://abi.org/10.1371djurnal.por.0194066.t00
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Table 2. List of primers used in this study [20-22].

Primer name Sequence Application
T7prom-Bact- 5/ -TGA ATT GTA ATA CGA CTC ACT ATA GGG GTT TGA TCC TGG MITChip
27-F CTC AG-3'

Uni-1492-R 5/ -CGG CTA CCT TGT TAC GAC-3’ MITChip
PROK142R 5' -GGW TAC CTT GTT ACG ACT T-3' QPCR
BACT136% 5'-CGG TGA ATA CGT TCY CGG-3' QPCR

https://abi.org/10.1371djurnal.por.0194066.t0D

content.Thecontentwassuspendedh 500uL ice-coldTE buffer (Tris-HCL pH 7.6,EDTA
pH 8.0).Total RNA wasobtainedvia the Macaloid-base®NA isolationprotocol [23,24]with
in additionthe useof Phasd ock Gelheavytubes(5 Prime GmbH, Germany)during phase
separationThe RNA purification wasperformedusingthe RNAeasymini kit (QiagenUSA),
including anon-columnDNAsel (Roche Germany)treatment[23]. Thetotal RNA waseluted
in 30puL ice-coldTE bufferandthe RNA quantityandquality wereassesseasinga NanoDrop
ND-1000spectrophotometefNanodropTechnologiesWilmington, USA)and Experion
RNA Stdsensinalysikit (BioradLaboratoriednc., USA),respectivelyThe mRNA enrich-
mentwasperformedusingthe mRNA enrichmentkit (MICROBExpressTMAmbion,
Applied Biosystemthe Netherlandsaccordingto the manufacturer'grotocol. Followingthe
enrichmentthe quantityand quality of the RNA wereassesseajain(seeabove)o confirm
the efficacyof the mRNA enrichmentprocedure Onepg of the enrichedmRNA samplevas
usedto reverse-transcribthe RNA to cDNA, and subsequentlgenerataeloublestranded
cDNA usingthe SuperScript®Double-Strande@DNA Synthesikit (Invitrogen,the Nether-
lands,11917+010pndemployingthe SuperScript®ll Reversdranscriptasé€lnvitrogen,
the Netherlandsl8080+044andrandom priming usingrandomhexamerglnvitrogen,
48190+011R4+26].To removeRNA from the doublestrandedcDNA preparationsRNAse
A (RocheGermany)treatmentwasperformed followedby phenol-chloroformextractionand
subsequentDNA purification and concentrationby ethanolprecipitation. Theproductwas
checkedn 1%agarosgeland 3to 8 pg of cDNA wassentfor sequencingGATC Biotech,
Germany).Singlereadlllumina Librarieswerepreparedrom thedouble-strandedDNA
accordingto the ChiP-seqprotocol[27] with insertsizehetweer?00+30Mp, suingbarcoded
tagsfor library constructiongo enableparallelsequencindGATC Biotech,Germany).
Sequencingvasperformedusinglllumina Hiseq200@&ndusing5 pM concentrationof the
library andthe single-endprotocol[24].

Data filtering

Sequencingeneratedetweerl3.4and 177million readspersampleThedatasetsupporting
theresultsof this articleis availablén the NCBI smallreadsarchive(sra)repository,under
accessiomumberSRP043409he datawasfiltered,assembledinnotatedandclassifiecas
previouslydescribedDavidset al., 2016).Briefly,thetaxonomicorigin of the contigswas
assignedby alignmentof the predictedprotein sequencewith the NCBI'snon-redundant
databaseagtrievingthe taxonomicfamily classificatiorof the protein sequencevith the high-
estsimilarity. Classificatiorup to family levelwaschosendeterminedin our previousstudyto
beableto haveenoughconfidencen the assignmenand still enoughprecisionin theinvolved
community member[28]. Functionalannotationwasachievedy assignmenbof KEGG
orthologyidentifiersto all predictedprotein sequencesisingthe KEGGKAAS server(Moriya
et al., 2007 http://www.genome.jp/tols/kaas) Expressiorevelsof individual genesvere
determinedby aligningthe mRNA readswith the assemblegrotein-encodingcontigsand
enumeratinghetotal amountof nucleotidesalignedwith the correspondingORFs.
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Functional analysis and metabolic pathway mapping

Theexpressiotevelsof eachof the protein encodingregionsin eachof the samplesverenor-
malizedby scalingeachgeneby the total numberof nucleotideghat weremappedio ORFsof
that samesampleThenormalizedexpressiotevelsvereusedto determineboth relativeactiv-
ity andfunctionalanalysisn Canocadb.0.Metabolicmappingof the metatranscriptomepro-
fileswasperformedquantitativelyby mappingthe KEGGannotatedoprotein sequencesnto
metabolicpathwaymapsusingtheiPathv2 module(http://pathways.embl.de/@&h2.cgi#).
Geneexpressionevelsof the metabolicpathwaysvasindicatedby the line width, whichwas
determinedfrom thelog 10valuesf thereadcountper KEGGannotatedprotein.

Specifidunctionswereselectedn KEGGannotationsandrelativeactivitywasmappedn
bar plotsor boxplots statisticakignificancavastestedusingthe Wilcoxon test.

Results & discussion

Long-termeffectof high protein dietson the compositionandactivity of the gut microbiota
wereassessdd al2-weeldietaryinterventionstudyin mice.The effectf high protein
(caseinwerestudiedbothin alow- andhigh-fatdietarybackgroundto evaluatevhetherdie-
tary fat contentaffectshe outcomeof the high proteinintervention.Male C57BL/6Jnice of
10weekgqyoungadults)weregiventhe control, anormal protein andlow fat diet, for two
weeksfollowedby a12weekdietaryintervention.Mice weredividedinto four groups(n = 10
pergroup),receivingthe control diet (normal protein low fat, NPLF),anormal protein high
fatdiet (NPHF),ahigh proteinlow fat diet (HPLF) or ahigh protein high fat diet (HPHF)
(Tablel). Theeffectof thesedietaryinterventionsweremeasuredn termsof microbiota
compositionandactivity, the latter beingdeterminedbasedn the fermentationoutput, mea-
suredby luminal SCFAlevelsaswell astranscription-activitylevels.

Dietary proteins differentially modulate luminal SCFA levels

Themain fermentationmetabolitef dietaryprotein areshortchainfatty acids predomi-
natedby acetatepropionateandbutyrate.During protein fermentationalsoBCFAareformed
from the degradatiorof branchedamino acids. Gaschromatographyvasusedto measure
concentration®f acetatepropionate butyrate valerateandthe BCFAiso-butyrateandiso-
valeratdn caecaluminal contentof micereceivingthe differentdiets.

Overall,the high protein dietsled to anincreaseof SCFAand BCFAconcentrationsn the
caecun(Fig 1). Howeverdueto the high variationbetweerindividual mice,asignificant
increasecould only bedetectedor iso-butyratein the HPHF grouprelativeto the NPHF group,
andfor valericacidin the HPLFgroupcomparedo the NPLFgroup.In theseanalyse# should
alsobetakeninto accountthatthe relativeamountof cornstarchin the dietswasdrastically
decreaseth dietswith increasegrotein andfat content.Notably,this impliesthat despitethe
reducedavailabilityof cornstarchfor microbial fermentationin the HPHF diet, the microbiota
still generatedhigheroverallSCFAand BCFAconcentrationghat likely derivefrom protein
fermentation.Proteinfermentationhasbeenproposedo accountfor up to 17%of the overall
SCFAproductionin the caecumMacfarlaneegt al., 1992) Apparently high levelproteinfer-
mentationby the microbiotasupportshigherBCFAconcentrationsn the caecalumenascom-
paredto fermentationof the alternative readilydigestiblenutrients (e.g.cornstarch).

Dietary proteins modulate intestinal microbiota composition

Intestinalcontentof four mice perdietarytreatmentwasusedto analyzehe microbiotacom-
positionafter12weekf dietintervention,separatelanalyzingleal,caecahnd colonic
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Fig 1. Caecal luminal SCFA concentrations in pmol/g content measured with gas chromatography. * Indicatessignificancebetweertwo groups(Ttest,P < 0.05).In
light greyareboth thenormal protein diets:Normal Protein-LowFat(NPLF)and Normal Protein-High Fat(NPHF). In dark greyareboth the high protein diets:(High
Protein-LowFat(HPLF)andHigh Protein-High Fat(HPHF).

https://da.org/10.1371¢urnal.pon®194066.g0D

microbiota,usingthe MITChip platform. This platformemploysa 16 SrRNA targetecphylo-
genetiomicroarraydesignedor the comprehensivanddeepprofiling of mouseintestinal
microbiotacomposition[29,30,20,31MITChip analysigevealedtlearlydistinct microbiota
compositionprofilesin theileum ascomparedo thoseobtainedfor caecahndcoloniccon-
tent. Notably,theilealmicrobiotacompositionpatternsdid not clusteraccordingto the die-
tary intervention,whereaghe caecahnd colonicmicrobiotaprofilestendedto clusterclosely
togetherand sub-clustere@ccordingto the diet (S1Fig). Thecaecuris consideredasthe
intestinalregionwheremostprominentmicrobiotafermentationtakesplace(Nguyenet al.,
2015 Hugenholtzet al., 2016).Moreover the caecumallowedthe extractionof anamountof
intestinalcontentthat providedRNA amountscompatiblewith metatranscriptomeanalysis.
Thereforepur analysefocusedn the compositionand metatranscriptomanalysiof the
microbiotaresidingin this intestinalregion(seebelow).

MITChip analysesevealedlistinct microbiotacompositionat probelevelin the caecum
from animalsthat werefedthe normal protein (NPLFandNPHF) or high protein content
(HPLFandHPHF) diets(Fig 2A). Notably,within the NP dietsthefatlevelresultedin distinct
clusteringof the microbiotafrom miceon thelow (NPLF)andhigh (NPHF) fat contentdiets,
whereasnicrobiotacompositionat probelevelfailedto discriminatethe HP dietson basisof
their fat-content.Thisfinding illustratesthat within the NP diet contextthe other main nutri-
tional component(i.e.,fat content)hasa prominentinfluenceon the microbiota,whereashis
effectislostor overruledby the high protein contentin the HP diet context.
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Fig 2. 2a.Hierarchicalclusteringof the caecabample®n logl0transformedprobeleveldataof the MITChip. TheclusteringwasmadeusingPearsordistanceandvia
theWard linking method.2b. Redun@ncyanalysi©n genus-leviephylogereticgroupsof the MITChip data.The explanatoryariablesverethe dietarygroups weight
of themice,acetatepropionate pbutyrate valerateiso-butyrae andiso-valeate.Explanatoryariablesaccountfor 85.8%of the total variation,andin thefigure 57.5%of
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thevariationis shown.The samplesrecolour codedper dietarygroup:in light blueNPLF,dark blueNPHF,in orangeHPHF andin red HPLF.Thenominal variables
areindicatedin blackarrowsandthe specieshathad50%or moreof their variationon thefirst two axesareshownwith bluearrows.

https://da.org/10.1371durnal.pon®194066.90D

Microbiota and fermentation-metabolite data integration

In orderto relatechangesn caecamicrobiotacompositionto the differentdiets,the weightof
themice (previouslypublishedin [17]), aswellasto SCFAand BCFAasthe main metabolites
of microbialfermentation hybridizationsignalsof in total 96 genus-levgbhylogenetigroups
weresubjectedo redundancyanalysi{RDA). The RDA includedthe concentration®f ace-
tate,propionate butyrate iso-butyrateyvaleratejso-valeratethe weightof the miceandthe
dietsasexplanatoryariablesOverall theseexplanatoryariablesaccountedor 85.8%of the
total variation,57.5%of which wascovereddy thefirst two canonicalaxeqFig 2B). Samples
from animalsconsumingdifferentdietsclusteredseparatellongthesecanonicalaxesand
the LFNP,HFNP andHFHP dietsasexplanatoryariablehadasignificant(Monte CarloPer-
mutationtest,p<0.05)impacton thetotal variationof the data.Microbial groupsthat corre-
latedwith the LFNPdietincludedBifidobacterium, Lactobacillus delbrueckii etrel.,
Lactobacillus plantarum etrel., Lactobacillus acidophilus etrel., Lactobacillus gasseri etrel.,and
Ruminococcus obeum etrel. Notably,thesegroupsalsocorrelatedwith caecahcetateoncen-
trations.Notably,Ruminococcus obeum canuseawiderangeof sugarg32], andlactobacilliare
known for their rapid sugarimport and metabolisn{33]. The higherabundancesf thesetypi-
calsaccharolytibacterialgroupssuggesthatin the miceon the LFNPdiet, the higherrelative
amountsof the carbohydrates this diet, i.e.,cornstarchandsucroseareincompletely
digestechndabsorbedn the smallintestine,andthusavailabldor microbial fermentationin
thecaecumTheHFNP diet aswell asthe body-weightof the mice stronglycorrelatedwith
higherabundancesf severagroupswithin Clostridium clusterXIVa. Moreoverthesegroups
anti-correlatewith the HP dietarygroups similarly seenin ratson high-proteindiets[13,15].
Inversely Akkermansia muciniphila wasanti-correlatedwith the HFNP diet and body-weight,
whereA. muciniphila wasreportedbeforeto decreasé abundanceén dietinducedobese
mice[34,29].Samplesakenfrom animalsfedthe HP dietsgroupedcloselytogetherand corre-
latedwith elevatedevelsof BCFAaswellaswith ahigherabundancef Parabacteroides dista-
sonis etrel. Both Parabacteroides distasonis andthe UnclassifiedPorphyromonadaceae belong
to Porphyromonadaceae, whichis decreasingn abundancén the micefed NPHF (seemeta-
transcriptomesectionbelow).

Effect of high protein and high fat on overall microbial metatrancriptome
patterns

Theactivity profilesof the microbiotaobtainedfrom the caecunof miceweredeterminedby
metatranscriptomenalysisn eachof the diet-groupsatthe endof the dietaryintervention
period.To this end,the caecatontentsof four mice of the LFHP,HFHP,HFNP andthree
miceof the LFNPgroupwereusedfor RNA extraction mMRNA enrichment,cDNA synthesis
andillumina metatranscriptomaequencingT he sequencingffortsgeneratedetweerB8.4x
10° and 19.2x 10° (with asingleoutlier of 5.6x 1P) high quality mRNA-derivedsequence
readspersampleTo determinethe function andtaxonomyof thesereadstheyweremerged
andde novo assemblethto largercontigsusingthe pipelinedescribedgreviously[28], creat-
ing asinglecontigreferencesetfor all samplesA total of approximately3.8x 10* contigs
couldbeassembledvith anoveralllengthof 29.8x 10 base§n50= 945).Thesecontigs
encodedhtotal of approximateh5.5x 10* predictedprotein-encodingopenreadingframes.
Betweerb4%and 74%o0f the mRNA readscould beassignedo the predictedprotein-
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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+053 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+053 75.0% 70.6%
NPHF_4 2.40E+07 5.99E+053 64.7% 65.2%
HPHF_4 1.77E+07 5.78E+053 80.5% 53.1%

https://da.org/10.1371durnal.pon®194066.t003

encodinggeneqTable3). Clusteringof the expressionevelsof the differentsamplesesem-
bledthat of the MITChip-derived microbiotacompositionprofiles(S2Fig). Therefore analo-
gousto microbial composition the microbiotaactivity profiling enabledhe detectionof the
impactof the dietaryfat contentin the NP diets,whereaghis effectof the fat contentappeared
to belostor overruledby the high protein contentin the HP diets.

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

To focusonly on functionsthat aredifferentiallyexpressevithin the microbiotaasafunction
of the differentdiets,weemployedanin houseR scriptto detectKkEGGmodulesthat aredif-
ferentiallyexpressedRemarkablythe differentfat levelsn the diets(HF versud_F) werenot
significantlycorrelatedo anydifferentiallyexpressekEGGmodulesin contrastthe com-
parisonof sampleslerivedfrom NP andHP diet fed miceenabledhe detectionof KEGG
modulesthat displayedsignificantlydifferentexpressionevelsThe KEGGmodulesenriched
in the NP dietderivedsamplesvereall associatedith sugametabolismwhereashe modules
enrichedin the HP diet derivedsamplesvereconsistentlyassociatewith protein metabolism
(Table4). Thesdindingsarein goodagreementvith the clusteringanalyseaswellasthe

Table 4. Enriched modules within the NP or HP dataset. Signifi@nthigherKEGGnumbers(Ttest,P<0.05)weretakentogetherfor the NP dietsor HP dietsandthe
likelihoodfor the expres®on of amodulewascalculate (with P<0.05).

Module nr of KEGGs in nr of KEGGs Module explanation
modules found
Enriched in | M0O0377 10 4 Reductiveacetyl-CoApathway(Wood-Ljungdahlpathway)PATH:mgp01200map00720]
NP M00422 5 3 Acetyl-QoA pathway CO2= > acetyl-CoAPATH:map00680]
M00196 4 3 Multiple sugartransportsystenfPATH:map2010]BR:ko0200]
Enrichedin | MO0018 10 4 Threoninebiosyntheis,aspartate > homoserine= > threonine[PATH:map01230
HP map0026D
M00299 4 3 Spermidineputrescne transpat systenfPATH:ma@2010][BR:ko0D00]

M00236 3 3 Putativepolaraminoacidtranspat systen{BR:ko0®00]
https://da.org/10.1371durnal.pon®194066.t004
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anticipateddietaryimpactson the nutrientsavailableor fermentationin the caecunofthe
micethatwerefedon the differentdiets.

Effect of high protein and high fat on microbial community activity

Themicrobial familiesLachnospiraceae, Erysipelotrichaceae and Clostridiaceae dominatedin
the overallactivity associatedith the degradatiorof proteins,supportingtheir high relative
contribution in the totalMRNA activity profile in all the sample§S3AFig). Erysipelotrichaceae
hasrelativelyhigherabundances the HP diets,while the abundancesf Lachnospiraceae
decreaseth the HP diets.Many of the butyrateproducingbacterigbelongto Lachnospiraceae,
Ruminococcaceae and Eubacteriaceae andall of thesefamiliestendedto decreasé the HP,
supportingearlierstudiesn rodents[13,15,14].

To further supportan eventuakole of microbialgroupsin protein fermentation the meta-
transcriptomedatasetsvereminedfor genesnvolvedin proteolysigS3BFig),aminoacid
metabolism(S3CFig),andaminoacidtransport(S3DFig),basedn their KEGGorthology
annotation.Especiallyhe Erysipelotrichaceae displayedanincreasedontribution to the over-
all proteindegradationyhich wasmostprominently detectedn sample®btainedfrom mice
thatwerefedthe HPLF diet, whereas similar trend wasobservedn the sample®btained
from HPHF-fedmice (Fig 3). Converselythe Lachnospiraceae tendedto decreaséheir relative
contribution to the overallprotein degradationillustratedby the reducedexpressiorof pepti-
daseandaminoacidmetabolismfunctionsby this bacterialgroupin the HPLFcomparedo
the NPLFdiet. Thesetwo familiesdisplayoppositefeaturesn responséo the proteinlevelin
thediet, suggestingminoacidcatabolisractivity in Erysipelotrichaceae andcarbohydrate
dependencén Lachnosipraceae. RemarkablyBacteroidetes familieshardly contributedto the
overallprotein catabolism(S3B,S3Cand S3DFig), eventhoughtheir abundancevascorre-
latedwith the HP dietsin the MITChip analysisAlthough membersof Bacteroides haveprevi-
ouslybeenassociatedith aminoacidintakein humans[11] andincreasedn miceon ahigh-
proteindiet[14], in the presentstudythis microbial groupdid not seento prominently partic-
ipatein transportand catabolisnof aminoacids.

In contrastto the observedncreasedelativeabundancef protein degradatiorrelated
transcripts,oneof the glycolysis-associategnesncodingthe 6-phosphofructokinasavas
lessexpresseth the HPLFdiet, whichwasmainly dueto the decreasedxpressiorobserved
for Lachnospiraceae (S3EFiQ). The Lachnospiraceae appearedo belesseffectivein the utiliza-
tion of protein sourceandweremore dependenbn carbohydratautilization in thegut. These
resultsarein agreementith the observatiorthatthe Clostridium coccoides group,belonging
to the Lachnospiraceae, wasfound in reducedabundancen responséo high proteinlevelsn
thedietin rat experimentg13].

To investigatahe specificactivity patternsof the threepredominantlyactivemicrobial fam-
ilies,i.e.the Lachnospiraceae, Erysipelotrichaceae and Clostridiaceae, in moredetail,their spe-
cific-activitywasplotted on the metabolicmapavailablén theiPATH softwaresuite(S4Fig).
Neverthelesgachof the microbial familiesdisplayedjuite distinct expressiorpatterns For
exampleLachnospiraceae stronglyexpressedenesodingfor enzymesnvolvedin the conver-
sionof phosphoenolpyruvatt oxaloacetateandlipid biosynthesisctivity, whereashe Erysi-
pelotrichaceae hardly displayedheseactivities.In turn, the Erysipelotrichaceae appearedo be
muchmorefocusecdbon the conversionof malate fumarateand succinateFinally,the predom-
inant Clostridiaceae representativesxpressetioth theseactivities,aswell asabroadspectrum
of pathwayselatedto aminoacidmetabolismNotably,eachof the iPATH mappedpathways
for the activity patternsof the familiesLachnospiraceae, Erysipelotrichaceae and Clostridiaceae
appearedo displaygapssuggestingncompleteor incorrectannotationsof genesn the
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Fig 3. Expression levels of peptidases, amino acid metabolism related proteins and amino acid transporters originating from the Erysipelotrichaceae,
Clostridiaceae and Lachnospiraceae. All the geneshatwerepredictedaccordingio their KEGGorthologyto belongto eitherpeptidase,aminoacidmetabolisrmor
aminoacidtransportes,wereaccumulatd andplottedin aboxplot. On the verticalaxisthe numberof readsaredepicted.

https://da.org/10.1371¢urnal.pon®194066.908

metatranscriptomelata.This mayeitherbedueto their low in situ expressionevelsor incor-
rectfunctionalannotation,or taxonomicmisclassificatiorof the predictedproteins.Many of
theinaccuraciesn assignmenof function andtaxonomicorigin of asequenceéerivedfrom
themousececumis likely dueto inaccurateannotationassignment the NCBI databaseas
well asthe substantiatlissimilarity betweerthe referencagenomesandthe metatranscriptome
dataobtainedfrom the microbial communityresidingin the murine intestinaltract. Addition-
ally,thelimited depthof metatranscriptomeanalysisouldalsoprovidealimitation in the
detectionof completeand/or lowly expresse@athways.

Overall,membersof the Erysipelotrichaceae appearedo benefitmostsignificantlyfrom the
HPLFdiet,andthe expressiomprofilesassignedo this groupconfirmedits focuson pathways
for thedegradatiorof aseverabminoacids.In the HPHF diet group,possiblydueto the
higherfat content,the advantag®f the Erysipelotrichaceae appearedo bereducedrelativeto
the LF dietsandtheyappearedo beatleastpartially replacecby membersof the Clostridiaceae
thatexpressedwider rangeof aminoacid cataboligpathways.

The observedxpressiomprofilesof genesencodingenzymesnvolvedin SCFAproduction
suggesthat Erysipelotrichaceae producedpredominantlyacetatexsthe main endproductof
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Activity in SCFA production
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Fig 4. Average relative abundances of metatranscriptome derived families that have activity towards SCFA production. Acetateproduction viaacetatkinase,
acetyl-CoAsynthasend phosphée acetyltranferasg K00925K00625K01895K13788Propiorateproducion viapropionae CoA-tranderaseandacetyl-@A
synthas€K01895K01026)Butyrateproductionviabutyratekinase acetoacetatCoA-tranderaseand phosphée butyryltransferas¢k01034K01035K01896 K00929,
K00634)Error barsareSDof total activity pertypeof SCFA(Acetate Propiorateor Butyrate)in eachdietarygroup.

https://da.org/10.137 1§urnal.pon®194066.g00

protein catabolismwhereasClostridiaceae and Lachnospiraceae werepredictedto produce
both acetatendbutyrate(Fig 4). However the Erysipelotrichaceae expressedenesnvolved
acetyl-coAto butyryl-coAconversionusingthe energy-conservingrotonyl-coApathway
[35], suggestinghat alsothis family contributesto butyrateproduction.Notably,the expres-
sionof geneencodingbutyrate-kinasend butyryl-CoA:acetate-CoA-trangfasethat arealso
involvedin the crotonyl-CoApathwaywasnot detectedn Erysipelotrichaceae, whichis likely
dueto the erroneousannotationsof the homologousacetate-kinasand other SCFAtransfer-
asegfunctionsin this bacterialgroup[36+38].Geneghat encodethe enzymesequiredfor pro-
pionateproductionappearedarelyexpressedhndwereexclusivehassignedo the bacterial
familiesPorphyromonadaceae and Sphingomonadaceae. Theverylow expressiordetectedor
the propionateproduction pathwaymayindicatethat for amore completereconstructionof
the microbiomeactivity profiles,metatranscriptomelatasetsvith ahigherdepthof analysis
would berequired.Analogouslywefailedto detectthe expressiorf geneencodingenzymes
involvedin BCFAproduction,which mayalsorequireahigherdepthof metatranscriptome
analysigonsideringthat concentration®f thesemetabolitesvere2+3ordersof magnitude
lowerthanthoseof acetatepropionateandbutyrate(Fig 1). Alternatively someof the
enzymesnvolvedmight not beclassifiecaccuratelyn the KEGGsystenand maythereforebe
missedDespitethesdimitations in assigningpecificenzymeand pathwaysthe enriched
modulesassociate@ith aminoacidmetabolismin the metatranscriptomelataestablishethe
role of the microbiotain the fermentationof dietaryproteins.The unalteredpatternof specific
activitiesassignedo Lachnospiraceae, Erysipelotrichaceae and Clostridiaceae indicatestheir
consistentontribution to the in situ protein catabolisndespitethe substantiatlifferencesn
protein contentof therespectiveliets.
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Conclusion

Hereweshowthat prolongedfeedingof high protein leveldietsfor aperiod of 12weeks
exertedaprominenteffecton the compositionof caecamicrobiotaandits protein fermenta-
tion capacitysupportingelevatedSCFAproductionin the caecalumenascomparedo fer-
mentationof the alternativenutrients(i.e.,cornstarchor fat). In addition,the dataalso
revealedh prominentinfluenceon the microbiotacompositionof the fat contentin dietsthat
containnormal protein levelsThe microbial communitymemberamostactivein the different
dietgroupsbelongedo the familiesof the Lachnospiraceae, Erysipelotrichaceae and Clostridia-
ceae, andwerepredictedto producemainly acetateandbutyratebasedn the metatranscrip-
tomeprofiles.Therelativeactivity of especiallyhe Erysipelotrichaceae appearedo be
increasedn miceconsumingthe high proteindiets,althoughthe Clostridiaceae expressed
wider rangeof differentamino acid metabolismassociate@athwaysMoreoverthetotal activ-
ity of the genesnvolvedin thesametabolitesioesnot correspondo the concentrationof ace-
tate,propionateandbutyratemeasuredn the caecumSothereis needfor metaboliteflux
measurementsatherthanluminal steadystateconcentrationsFurthermoreamore complete
reconstructionof the microbiomeactivity profilesis necessarto provideacomprehensive
understandingpf therole of Erysipelotrichaceae and Clostridiaceae in the in situ fermentation
of dietaryprotein. Suchimprovedunderstandingvould be stronglyfacilitatedby pureand
mixedin vitro culture studiesusingrepresentativesf thesemicrobial familiesto bettercharac-
terizetheir metabolicrepertoireandthe genesnvolvedin the relevantpathwayswhich would
enableamoreaccuratenetatranscriptomenapping.ln conclusionthe datapresentedere
provideclearmetabolicindicationsconcerningthe microbial groupsinvolvedin protein
catabolisnin theintestine but more completeunderstandingof the preciserole of these
microbeswill requireabetterunderstandingf their physiologicatharacteristicandmay
alsorequiremetatranscriptomelatasetsvith ahigherdepthof analysis.

Supporting information

S1 Fig. Hierarchical clustering of all the samples on logl0 transformed probe level data of
the MITChip. Theclusteringwasmadeusingpearsorsimilarity andviathe Ward linking
method.Thelettersbelowor indicativefor the origin of the sampleC for caecumL for colon
and| for ileum.

(TIF)

S2 Fig. Hierarchical clustering on normalized (annotated) bacterial metatranscriptome
data. Clusteringof the 15samplesvasdoneusingpearsorsimilarity andviathe Ward linking
method.In light greyareboth the normal protein diets:Normal Protein-LowFat(NPLF)and
Normal Protein-HighFat(NPHF).In dark grayareboth the high protein diets:(High Protein-
Low Fat(HPLF)andHigh Protein-HighFat(HPHF).

(TIF)

$3 Fig. S3a Relativeabundancef total metatranscriptoméactivity) on family level All the
geneghat werepredictedwith a KEGGorthologywereaccumulatedindtheir taxonomicori-
gin on family levelis plotted here.Familieswith activity over0.5%abundances anyof the
conditionsareplotted.S3bcd. Relativeabundancef familiesexpressingeptidasegb), amino
acidmetabolisnrelatedproteins(c) andaminoacidtransportergd). All the geneghatwere
predictedaccordingto their KEGGorthologyto belongto eitherpeptidasesaminoacid
metabolismor amino acidtransportersyereaccumulatedndtheir taxonomicorigin on fam-
ily levelis plottedhere .Familieswith activity over0.5%abundance anyof the conditions
areplotted.S3e. Expressionevelof 6-phosphofructokinasm the glycolysigpathway This
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enzymecatalizes stepin the glycolyticpathwayandits genewastranscribedatalowerlevel
in the HPLFdiet, whichwasmainly dueto the decreasedxpressiorfrom Lachnospiraceae.
(TIF)

S4 Fig. Metabolic activity of Lachnospiraceae: Green; Clostridiaceae: Red; Erysipelotricha-
ceae: Blue. Theexpressiompatternsof all the KEGGnumbersperindividual family wereplot-
tedin with theiPATH softwaresuite.In eachof the microbialfamiliesuniqueexpression
patternswerefound, which areindicatedwithin the greycircles.Lachnospiraceae strongly
expressedenesodingfor enzymesnvolvedin the conversionof phosphoenolpyruvatt
oxaloacetatendlipid biosynthesisctivity. The Erysipelotrichaceae appearedo bemuch
morefocuseddn the conversiorof malate fumarateand succinateThe Clostridiaceae repre-
sentativesvereconcludedo expresboth thesefeaturesandabroadspectrumof pathways
relatedto aminoacidmetabolism.

(TIF)
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