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ABSTRACT

A divergent selection experiment for intramuscidaicontent (IMF) irLongissimus Thoracis et Lumborum
muscle was performed in rabbits during 10 generstio the Universitat Politécnica de Valenciafudythe
mechanisms involved in the intramuscular fat degjprsiThe scope of this experiment was to analgee t
correlated response to selection on the gut medagerin order to try to elucidate the role of thierabiota and
its genes on the mentioned mechanisms.

A total of 89 rabbits from the f@eneration of selection were used to estimaieninelated response to selection
on the gut metagenome. Once the metagenome dataseaibtained, the data was transformed using
compositional data analysis techniques in ordge&bwith its compositional nature. Projectioratert structures
(PLS) and discriminant PLS (PLS-DA) analyses weegluo find the microbial genes affected by seleciihe
most important variables for both models were thitaehad a variable importance in projection (VMR)80 and

a confidence interval of the Jack Knife regressioefficient did not include the zero. The PLS-DAdab
included 240 microbial genes and was able to diynaassify all the samples after a cross-valatapirocedure.
The PLS regression model, on the other hand, iedI280 microbial genes with a linear predictiofitgiof IMF
content of 79% after cross-validatiorf{@nly 122 microbial genes that overlapped betwieeresults of PLS-
DA (240) and PLS (230) were considered, helpirdgifterentiate the ones actually related with IMéinfrthose
that were fixed due to genetic drift. The sign avanitude of the correlated response to selechaach
microbial gene were estimated as the differentieeokelative abundance between the lines, inarlimedel that
included the line effect. The model was solved gi8ayesian inference, and assuming flat priorsfior
unknowns. The marginal posterior distributionshef tnentioned differences were described by theanedi
highest posterior density interval at 95% proligihiind the probability of these differences ohgeiigher or
lower than 0. Finally, the metabalic routes affddig those genes were identified thanks to therimdtion
provided by the KEGG database. The majority of tiaare involved in cell wall membrane synthesisygne
production and conversion, and transport and mietabof lipids, amino acids and coenzymes.

Divergent selection for IMF led to a modificatioftlee gut metagenome, confirming the existencelioka
between the host genome and its metagenome. Hoveerare exhaustive analysis of the genes and the
metabolic routes, together with the study of therohial taxa involved, is necessary to fully untderd the role
of the microbiome in the intramuscular fat depositi
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INTRODUCTION

Intramuscular fat content (IMF) is one of the maa@mameters in meat quality, since it affects iEpess,

tenderness and flavor. The genetic and environhiaatars involved in intramuscular and carcasgédgosition
have been extensively studied and, in the lasyéaws, the role of the gut metagenome has gairpgmitance.
Numerous studies suggest that the gut metagenaye goh important role in the host metabolism affgect
among others, the energy harvest and the fat depdsirajmalnik-Brown et al., 2012). There is atsadence
supporting that the microbiota is determined byhttet genome (Bonder et al., 2016). However, teefgprole

of the gut metagenome in the mechanisms of fastdepohas not been fully elucidated yet.
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A divergent selection experiment for IMF content.omgissimus Thoracis et Lumborum (LTL) muscle was
performed in rabbits during 10 generations at thivéisitat Politécnica de Valéncia, in order taigtthe

mechanisms of intramuscular fat deposition ancbitselation with other relevant traits. After séieq, the

divergent lines differ in the trait under selectiord the correlated ones, and these differencesecdinectly
attributed to the genetic composition of the lidesorrelated response to selection in the gutgeetame would
show the existence of a link between those ankddhegenome.

The scope of this experiment was to analyze threlatad response to selection on the gut metageiooreer
to elucidate its role on the intramuscular fat dgan mechanisms.

MATERIALS AND METHODS

A divergent selection experiment for IMF contentsvgeerformed in rabbits during 10 generations at the
Universitat Politécnica de Valéncia. The seledtiiierion was the average phenotypic value of IMfasared in
two full sibs of the candidate (one male and on&fe) at 9 weeks of age in LTL muscle. The complelertion
procedure is described in Martinez-Alvaro et &l16). A total of 89 animals from the@eneration of selection
were used for this experiment, 47 from the high-IME and 42 from the low-IMF line. Thirty-five diese
animals (20 from the high-IMF line and 15 from kbw-IMF line) were involved in a related projeatdawere
born after an embryo transfer procedure; the lirlkeodams that received the embryos was the saithe éine

of the 35 embryos itself. Animals were slaughtexed weeks of age after 4 hours of fastening pdiod
exsanguination prior electric stunning. Cecum saspkre collected immediately after slaughter.ifitlestinal
tract was removed from the abdominal cavity; cecontent was collected in 50 mL sterile Falcon tubes
homogenized and aliquoted in 2 mL cryogenic tulas aliquots were immediately submerged in liqurdgen
and stored at -80°C until the DNA extraction. Béatgenomic DNA was isolated from frozen cecal glas
using the DNeasy PowerSoil kit (QIAGEN Inc., Hild&ermnay).

Samples were sequenced in two different faciliiegty-three samples (16 from the high and 17 flomIMF

line) were sequenced at the Fundacion para el Rorderia Investigacion Sanitaria y Biomédica (FI$SBB
Valencia, Spain). The library was prepared usiad\ibxtera XT DNA library preparation kit (lluminagc., San
Diego, CA, USA) according to the manufacturer ptotoSequencing was carried out on a NextSeq 500
sequencer (lllumina) with 150 bp paired-end cheyni$he remaining 56 samples (31 from the high3&ilom
low-IMF line) were sequenced at Sistemas Genonfiakencia, Spain). The library was prepared using
SureSele&" library preparation kit (Agilent Technologies, Inanta Clara, CA, USA) following protocol and
recommendations in “SureSef&ftWhole Genome Library Prep for lllumina Multiplex8equencing Featuring
Transposase-Based Library Prep Technology”. Seipganas performed on NextSeq 550 sequencer (llia)min
with 150 bp paired-end chemistry. The data obtdied both sequencing procedures were processagithsi
SqueezeMeta fully automatic metagenomics analisiine (Tamames and Puente-Sanchez, 2019), bsing t
coassembly mode with default parameters. The niédigénes were identified by homology of the cantigthe
Kyoto Encyclopedia of Genes and Genomes (KEG&Ifithe metabolic routes affected by those gareze
identified thanks to the information provided by KEGG database.

Due to the compositional nature of metagenomies (@ibor et al., 2017), it was analyzed using ceitipoal
data analysis technigues. The data were transfontasah additive log ratio (ALR) (Greenacre, 20%8)ecting
a reference microbial gene that met the follownitgr@: being (1) present in all animals, (2) hygbundant, (3)
highly correlated with the total number of couatsd (4) not correlated with intramuscular fat. didigon, the
batch effect caused by analyzing samples in diftdadoratories was corrected by fitting a lineadei with
microbial gene as dependent variable and sequeffeet as fixed effect. The microbial genes shovéing
correlated response to selection for intramustati@ontent were identified using Projection toeatStructures
(PLS) and discriminant PLS (PLS-DA), computed bWMIGA, P+ 15.0.1, Umetrics (Umea, Sweden). The
microbial genes were set as the independent vesigiolr the PLS regression, IMF content was adjuase
dependent variable, while for the PLS-DA the depatdariable was a categorical vector for higroarIMF
line. The most important variables for both moaetse those that had a variable importance in piiojec
(VIP) > 0.80 and a confidence interval of the Jack Keifgession coefficient did not include the 0. Thelet®
were re-estimated and the variable selection ateygsrepeated until the best adjustment was achieeasured
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with the G parameter obtained after the cross-validationgula@. The cross-validation (CV) procedure was
performed by dividing the dataset into 7 groupsyifey one group out at each CV round as a teshrset,
predicting the intramuscular fat content of eaanpa (PLS), and classifying it as high/low (PLS-DA)
misclassification table was elaborated based oftheesults of the PLS-DA. The microbial genes thate
considered as affected by the selection processamy those selected in both PLS-DA and PLS appesa
The sign and magnitude of the correlated respanseléction on each microbial gene were estimatd¢dea
difference of the relative abundance betweenrties,lin a linear model that included the line &ffEiee model
was solved using Bayesian inference, and assur@hgriors for all unknowns. The marginal posterior
distributions of the mentioneddifferences werexdasd by the median, highest posterior densigyat at 95%
probability, and the probabilitgf these differences of being higher or lower dR,). The Bayesian analysis
was performed with the prograRabbit, developed by the Institute for Animal Scerand Technology
(Valencia, Spain). Finally, the metabolic routdsaéd by those genes were identified thanks timfbemation
provided by the KEGG database.

RESULTS AND DISCUSSION

A total of 4726 microbial genes were identifiednfrwhich 3937 were present in all samples and kepefor
further analysis; the remaining 789 were discardibd.3937 microbial genes represented 99.66% d¢bthle
number of counts. The reference microbial genetsgldor the ALR was the RP-S1, involved in ribosabm
synthesis. An exploratory analysis of the 89 sasnplies performed based on the PLS and PLS-DA madiels,
two samples were discarded based on the distdrbesidividuals to the model or DMOD criterion.

After the variable selection procedure was compjé¢te PLS-DA model with the best adjustment inetLi240
microbial genes and was able to correctly clasdifyamples after the cross-validation proced@eashawn in
table 1. The best PLS regression model, on the ladimel, included 230 microbial genes with a limeadiction
ability of IMF content of 79% after cross-validatitY). Figure 1 shows the projection of the 87 saniplése
space delimitated by the first and second latetahles of the PLS-DA model (fig. 1A) and the Ple§ression
model (fig. 1B). As can be seen in the figures,Rh&-DA model showed a great discrimination betwiaen
lines, and the PLS regression also denoted alidear relationship between the IMF content andhtiezobial
genes.

Having two contemporary divergently selected lin@ised under identical environmental conditiotisya to
confirm that the differences found between thesl@e due to their genetic composition. Howevés,atso
important to differentiate the microbial genes albtuelated with the IMF content from those tharevselected
during the selection process, due to genetic fiaftio so, a novel approach was used in whichtbelgnicrobial
genes discriminating between lines (identified b§pA) that were also linearly related to the IM#nhtent
(identified by PLS regression) were consideredrRiee 240 and 230 microbial genes identified by-PlASand
PLS, respectively, 122 overlapped and were coresldes a correlated response to selection for IIvitenb The
sign and magnitude of the correlated responsedbtmer 122 microbial genes were evaluated lnydi#t linear
model, and the difference between lines was eegldiat each one of them. A total of 77 microbialegeshowed
high evidence of non-zero differencesXP5%) between lines and the metabolic routestaffdsy those genes
were identified. Several microbial metabolic rowtese found to be genetically associated withritramuscular
fat deposition in rabbits.

The majority of microbial genes affected by setegtand the metabolic routes they are involveddhpn cell
wall membrane synthesis, energy production andsesian, lipid transport and metabolism, amino teiosport
and metabolism, and coenzyme transport and metabdfor instance, 13 genes were involved in theggne
production and conversion. Most of them were inedhin the oxidative phosphorylation at mitochondria
membrane level and in the citrate cycle, and dhefn were more abundant in the high-IMF line. finmer
could evidence a higher amount of energy obtairged fhe gut microbial metabolism of the rabbitsrfrine
mentioned line. A similar scenario can be seen thétgenes involved in the lipid transport and imaltam,
where 6 out of the 8 differential genes were mbrendant in the high-IMF line, a very interestinguteand a
good starting point for further analyses. The raingifunctions did not show a clear tendency towardine.
Overall, a more thorough analysis of the micraipaies, and the functions they are involved itijlinseded.
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From these results, we can conclude that a cedalegponse to selection to IMF content was ol$éntee gut
metagenome, indicating the existence of a link ®etvihe host genome and its metagenome. Sevesdlatitet
routes were modified after selection. However, aemneghaustive analysis of the genes and the mietatnates
modified by selection, together with the studyhaf microbial taxa involved, is necessary to undadsthe
mechanisms employed by the microbiome that lednbodification in the intramuscular fat depositidritese
lines.

Table 1.Misclassification table obtained after the crodistation procedure performed in the PLS-DA model

High-IMF line Low-IMF line
High-IMF line 47 0
Low-IMF line 0 40
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Figure 1. Projection of the 87 samples into the space datiditby the first (LV1) and second (LV2) latent
variables of the models (score plot). The ellippeasents the Hotelling With 95% confidence interval. Each
dot represents a sampte.Score plot of the PLS-DA model built with 240 migia genesB. Score plot of the
PLS model built with 230 microbial genes. The madglained 79% of IMF variability after cross-valin
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