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Abstract

Disease resiliencegde f i ned as an animal s ability
performancen the face of disease challesgaused bynultiple pathogensas is often the case
in commercial pigdrms Therefore, disease resiliencaiticipatedo be critical to the
profitability of the pig industryHowever,it is difficult to make genetic improvemenof disease
resilience becauseis not expressed in the purebred nucleus herds housed ihdatih
environments where the selection of elite breeding animals otcwaddition, dsease resilience
to the challenge of multiple pathogegnscommercial pig production systems is a comptait
thatis hard and expensive tneasureComplete blooadtount(CBC) is a relatively inexpensive,
robust, and routinely usddood test in veterinary laboratories to evaluate ovaeslth and
detect disorderd€xploring CBC traitsfor genomicselection could be a promising approach to
address the above isssof making genetic improvement of disease resiliefea strategies
have been proposddr genomic selection of disease resiliebesed on CBC trait§ he first
strategy is texplore indcator CBC traits of disease resiliendbat can be directly collestl from
the nucleus hegland thesecond strategy is &xplorepracticalCBC phenotype®f disease
resiliencein commercial farmsvhen the diseasehallengds presenfor genomic selectian
Thereforethe overall objective of this thesigasto explorethe opportunityto useCBC traits
collectedunderthe high-healthnucleus farma conditionanda model othe polymicrobial
challenge faced incommercial farmso improvedisease resilience in pigs

A weanto-finish natural disease challenge model (NDGddhsistng of a highthealth
guaantine ban and apolymicrobialchallenge barmvasestablished fothe project Three sets of

blood samples were collecteddetermine CBC: thérst wascollectedfrom highhealthpigsin



the quarantine barmsecondtermedBlood 3)andthird (Blood 4)were colletedin the
challenge barat 2- and 6weekafter exposure to theolymicrobial challenge.

Firstly, mostCBC traitsin Blood 1, 3, and #vereheritable with heritability estimates
rangng from 0.06 + 0.04 t00.53+ 0.05.A few CBC traitsn Blood 3 and 4were found to be
genetically correlatedith the resilience traits ajrow-to-finish growth rate(GFGR)and
antimicrobialand antiinflammatorytreatmenincidence(treatment rateélR) (-0.38+ 0.18 to-
0.82+ 0.47; 0.50+ 0.23 to 0.8% 0.26) No significant genetic correlationasidentified for
CBC in Blood 1with GFGR or TRThen, gnomewide associabn studiefGWAS) of CBC
traitsandgene expression analysianimals with divergenEBC traits in response the
challengewere used to westigatehe genetic control alisease resilienc6&WAS found that
CBC traitswerepolygenictraits controlled by large number ajeneswith small effectsGene
expression analyssuggested thatp-regulation of genes wolved inapoptosisnight as®ciate
with thedecreased lymphocyte concentratitom Blood 1 to Blood &ndresulted inower
diseaseesilience Lastly, noderate genomic prediction accuradi@d2+ 0.04 b 0.28+ 0.03)
werefound forthreeCBC traitsunder diseasdymphocyte concentratioim Blood 3,neutrophil
concentratiorandred blood cell distribution widtin Blood 4) that had moderate to high genetic
correlationsi{ 0 . 3 8 td\D.89+.0.263 withTR. Genomic selection on these thi@BC traits
may lead to a desirable decreasé& ihto reduceantimicrobial use and antimicrobial resistance
in the swinandustry,

Overall,the results reported this thesisuggesthatgenomic selection a€BC traits
collected from higkhealthnucleus farmgannotimprovedisease resilience regarditige
resilience traits of GFGR and TRowever,CBC traitscollecedin commercial farms whethne

diseasehallengds presentan be used as practichtease resiliengegnenotypesind havehe



potential to baised tchelpdevelopaselection index for nucleus animatsmake genetic

improvement ér disease resilience.
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Chapter 1. General introduction

Thebreeding pyramidFigure 1) with specialized dam and siliees, together witlthe
separate nucleus, ftiplier, and commercialarms has beenadoptedn pig breeding programs
sincethe 1960sand70s Most phenotypeecording and selection occur in the purebred
populations in nucleus farntg genetically improvéhe prdfitability and efficiencyof the swine
industry The genetic improvement made through the selection at the nucleus level is then passed
on to the multlier and then to the commercial levelger aperiod of several years (genetic)ag

by selling hgh-ranking nucleus gilts and boars to lower tiafsg¢cher et al., 2000Thegeretic

improvemen(y"O

) in a breeding program dependstba acaracy of breeding value

(r), selection intensityi), genetic variation,( , and generation interval). Thus,increased
selection intensity, accuracy and genotypic variatotdecreaedgeneration intervamprove
the genetic improvement.

By applyingartificial insemination (Al) in pigshreeding companies change the
marketing strategy from selling live boars to selling semen to multiplier farms and commercial
farms in the lower tiex(Visscher et al., 2000 Thereby genetically superior nucleus boars can
be used extensivelp improve genetic gaiwith increased selection intensdy nucleus level
(Visscher et al., 2000)n addition Al makes it possible tacceleratgenetic gairby decreamg
thegeneation intervalbetween the nucleus herds and the commercial population (Visscher et al.,
2000).Multiplier and commercial farms in tHewer tiers multiplyand crosanimals from
differentpurebred nucleus populatio(@ lines)to take advantage of heteis and breed
complementaritfSmith, 1964; Sellier, 1976The pyramid breeding structure has been
beneficid in the swine industry because only a relatively small number of animalsabed t

phenotyped and genotypatlithe nucles levelto make genetianprovementor the very large
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populations of commercial pigs raised for pdflar example, only 50 elite Al boars were
selected out of the 1700 boars tested annually in the Norsvin Duroc (sire line) and the Norsvin
Landracgdam Ine)nucleus populations, respectively (Topigs Norsvin Canada & USA, 2014).
Semen from theselite Duroc Al boars wer@sedannually toinseminateZ00 Duroc sows to
produce 1450 litters per ye&imilarly, the Landrace Al boars wengsed with2000 Landrace
sows to produce approximately 4400 litters per y@apigs Norsvin Canada & USA, 2014&or
all traits inthebreeding goal, the genetic improvement was $4 to $5 per slaughter pig per year
for Norsvin Durocand $4 for Norsvin Landradeom 2008 to 2012Topigs Norsvin Canada &
USA, 2014).

However, asignificantlimitation of the pyramidstructure is thelifferencein
management and environment between the top and bottom of the pyramid, termed as-genotype
by-environment interactio(G x E) Nucleuspurebedpopulationsat the top of breeding
pyramids ardnighly managed anklept in a high health environmetat firstly, maxmizethe
addtive gendic values that flow down the pyramid to commerdaims leading to higher
productivity and efficiency at theommercial levelsecondly,avoid vertical transmissi of
infectious diseases to theultiplier farms and commercial farms at fbaver tiers of the
pyramid lastly, avoid horizontal transmissiaf diseases to other gotries wherthe pigs and/or
semen eetransported across borders to other countries for breeding com@&nigtisnovement
licensing requirements and biosecuritppigd by the pig industry have ensusetiean
environment for nucleus herds in the face of many disease challenges (Petchigrd005;
British Pig Association, 2019). However, health stammmmonlydegrades as we go down the
pyramid.Due to the ire¢nsification and globalization of the swine induséygdemicand

emergingpathogengan be spread rapidly in commercial fadgsrequent movementsf pigs



feed, and pork @ducts at local, nationaandinternationalscales YanderWaabkndDeen, 2018
Pig performancen commercial farmsypically declinesvhen the diseasghallenge is presg
comparedo nucleus farms, and thranking of animalst the genetic level may also change.

Conventional methods, includirsgrict biosecurityyaccinesandantimicrobials are
being usedn commercial farm$o manage diseases andintain animal performance and
health However, they araot always effectiveThegaps in knowledge of epidemiolofyr
differentdiseases and diverse ways for pathogen transmiastamajor challengdsr
successful biosecuritgndco-infectionsby multiple pathogensandthe high recombination rate
for someof thevirusesand their interaction with the host immune sysferg. porcine
reproductive and respiratory syndromirus) impair vaccineefficacy, andthere are also
concers of antimicrobial resistancieom the overuse of antimicrobialfor prevention
(prophylaxis)andtreatment of infections the swine industryThereforeanadditional strategy,
breeding fordiseaseesiliert animals thataintaina high level of performancand productivity
regardless of pathogen burdehen challenged by infectiphecomes desiable attributaen the
pig breeding progrartKnap andDoeschiWilson, 2020) However easy and inexpensive
strategies are needemlimprove disease resilience in the pig breeding protwerause 1)
disease resilience is not expressed imptimebred nucleus herds housed in Figlalth
environments where the selection of elite breedinmals occursand 2) disease resilience to
thediseasechallenge of multiple pathogetisatexist in commercial pig production systems is a
complex trait, with can be hard and expensive to measure.

Complete blood count (CB@ a robust and relatively inpgnsive blood test, which
measuresoncentratioaand relative proportisof circulating blood cellgleukocytes,

erythrocytes, and platelgthat play esential roles in immune response, hematocrit,



hemoglobin, and several erythrocyte indi@sorgeGay and Parker, 2003} has been
routinely used in veterinary laboratories to evaluate overall health and detect a wide range of
disorders (e.ginfection,anemia). Several CBC traits have been found to be heritable and
genetically correlated with pig performance in response to the disease challenge caused by
specific types of pathogefidenryon et al., 2006; Clapperton et al., 2008, 2009; Etaail.,
2011;Mpetile et al., 2015)Therefore exploring CBC traits for genomic selection could be a
promising approach to address the above issues of making genetic improvement of disease
resilience.

Two strategies have been propof@mdgenomic selectio of diseaseesilience in the face
of these difficulties. The first strategy is to explore indicator traits of disease resilience that can
be directly collected from the nucleus herds to select for disease resibedteese indicator
traits need to bheritable ad genetically correlated with animal performance in response to the
disease challeng@&he second strategy is ¢éaplorehighly heritable traitaspractical
phenotype®f disease resilience in commercial fanwisere the diseasshallengds present The
single nucleotide polymorphisms (SNPs) marker effects over the whole genome can be estimated
as a regression of indicator traits or phenotypes of disease resilience on genotypes of animals.
Therefore, the genomic estimated breeding value (GEB¥hanimalcan be predicted by
summing up all SNPs marker effects over the whole genome, which allows for the genomic
selection of elite nucleus breeding animals based on GEBV for disease resilience.

To this endthe overall objectivef this thesis wato exploreCBC traitscollected under
the highhealthenvironmem (nucleus farms conditiorgndthe polymicrobial challenge

environmen{commercial farms situatior@s indicator traits anphenotype®f disease



resiliencefespectivelyto make genetianprovement br disease resilience the swine
industry The shortterm objectives corresponding to each study of this reseaaretto:

1) Exploreindicators anghenotygsof diseaseesiliencefrom CBC traitsand estimate genetic
parameters oEBC traits (Chapter 4);

2) ldentify genomic regions associated WBC traits and disease resiliertbeough a genome
wide association studChapter 5);

3) Explore the blood transcriptomic signataed immune mech&@msassociated witklisease
resilience(Chapter 6);

4) Estimate genomic prediction accuramfydisease resilience based©BC traits (Chapter 7).
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Nucleus farms the toptier, contain specialized purebred dénes (e.g. Landrace and

Yorkshirg selected for a combination of good female reproductive performance and growth
performancgand the sire line (e.g. Duroc or Pietraselected for the production traits of
economidmportance, such as growth rate, fedficiency, and meat qualitySell animalgblue
arrows)andsemen(green arrowspo multiplierand commercialarms.M ultiplier farms : the
middle tier,multiply purebredinesfrom nucleus farms anttoss dam lines to produce and
multiply crossbred F1 ses that are sold to commercial produc€&smmercial farms: the

bottom tiercross the F1 sows with purebred sires to produce the final crossbred animals. The
commercial farms cdain mostanimals in the production pyramid.



Chapter 2. Literature review

2.1. Impact of infectious diseasgin the swine industry

Nowadaysthe challenge of infectious diseagethe swine industris caused by a
multitude of infectious agents that exist around the world (Zimmerman et al., 2012; VanderWaal
and Deen, 2018Yheemergace and global spread pathogens are caused by the
intensification and globalization of the swine industiyyen in part by frequent movements of
pigs, feed, and pork products at local, national, and international §¢alederWaal and Deen,
2018. The prevalence of infectious diseases has steadily increased morbidity and mortality in
commercial herdsgs well as th@eed for treatment programa addition to thdoss of
productvity, infectious diseaseslsoconstitutea threat to food safety, animaklfare,and
international tradeestictions (Davies et al., 2009; Tomley and Shirley, 2D0%e constant
threat ofinfectiousdiseasesesuls in significant economic losséx the swine indstry, which
in some instancg®.g.Influenza Streptococcusuis, Salmonellaspp, Escherichia co)ialso
impacs human healttfVanderWaal and Dee2018)

VanderWaal and Deen (2018) pided a global overview of researalork on swine
pathogensFrom2006 to 2016porcine repraluctiveand respiratorysyndrome vius (PRRSV)
porcine cirovirus type 2 (PCV2)influenza A virus Salmonellaspp, andEscherichia colwere
recognized athe mostimportant pathogens of switleat havebeen reported from nearly every
country withsignificantlosses to the swine industfyanderWaal and Deen, 2018).

211 PRRSV

Porcine reproductive and respiratory syndeafi@fRRSaused byPRRS virusjs oneof

the most economically significant swine infectious dised®3B&®SV is an enveloped RNA virus,

which belongs to the familgrteriviridae, genugArterivirusis (Zimmerman et al., 1997The



PRRSV targets thporcine monocyte/macrophage lineagbere CD163a macrophagspecific
protein)is the essential receptor for tRRRSVinfection (Welch and Calvert, 2010PRRSV
primarily replicatesn pulmonaryalveolar macrophagebut it hasalsobeen identified in
macrophages locatedathert i ssues, including | ymph nodes, t
and liverof pigs(Rossow et al., 1996; Duan et al., 1997; Kavanova et al., 2BRRSV is
highly mutageni@and resistant to low temperatufgéeulenberg 2000). Also, it ishighly
transmissible and can persist &dong period(more than 100 day#) infected animals anithe
environmen{Meulenberg 2000; Rowland et al., 2012). Multiple metls@teinvolved in
PRRSV transmission, including &drtransmission (either short or long distance), coitus or
insemination, ingestion, and contact with infected anirfRileri and Mateu, 2016)
PRRSinfectionwas first recognized as a distinctly newine diseas in 1987in
America, followed inEurope and Asian 1990 to 1992and still causes numerous outbreaks in
all age groups of pigsowadaygZimmerman et al., 199Meulenberg200Q Schweer et al.,
2017; ValdesDonoso et al., 2018; Hancox, 202Clinical signs, including pyrexia, anorexia,
coughing lethargy skin discolouration, and deattan be observed in all age grogdgspper et
al., 1992) PRRSin sows and giltsancauseeproductive failureshown asncreased abortions,
mummified pigletsstillbirth levels,very weak piglets at birttandpre-weaning morbidityDone
et al., 1996ValdesDonoso et al., 20)8Infected boarshow loss ofibido andareduction in
semen qualitas PRRSV has been detecasdearly as-3 days post infection (dpand up to 92
dpi in semer{Hopper et al., 19925chulze et al., 20)3The respiratory syndrome is more often
observed in young growing pigs but also occurs in naive finishing pigdaerboeeding stock
associated with sevepmeumonia and increasatbrtality (Hopper et al., 1992; Done et al.,

199%). In 2006 a new PRRSYV variant known as highly pathogenic PRR&V/to a devastating
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destruction to the swine industaydresulted in theulling of over20 million pigsin China(An
et al., 2010)Thehighly pathogert PRRSVwasrapidly spread tand affecteanany other
countries in SouthegdEast, and NortAsia (An et al., 2011)In the United Stateshé aanual
cost ofPRRSwas estimatetb be approximately $664 milligimcluding $302.06 million in
breeding herds and $361.85 million in growing pigs based on production records (2005 to 2016)
from commercial farms (Haltkamp et al., 201Bje Guelph based George Morris Cermtier
behalf of the Canadian Swine Health Boastimated PRRS was costing then@dian swine
industry a minimum o€A$130 million per year (Mussell, 2010).
2.1.2 PCV2

PCV2is a norenveloped DNA virusa member othe family Circovoridae
genusCircovirus. It hasastrong resistance to both chemidgilgid-dissolving disinfectants
based oralcohol,chlorhexidine, iodine, and phenalnd temperatures amglable to remain in
the environmentdr extended periogshusincreass therisk of infection caused by the
contamination ofarm facilities(Segalés et al., 2003)CV2 can be shed in q@satoryandoral
secretionsuring and fece®f infectedpigs (Gillespie et al., 2009)The main routes of viral
transmission involveral and nasal contact with infected feees secretions, and direct contact
with infected piggBolin et al., 2000; Mgar et al., 2000PCV2 infectionresulting in severe
porcine circovirus associated dise (PCVADXharacterized by high morbidity, high mortality,
and decreased growth efficiencless been reported from nearly every country with a significant
commercialproductionindustly (Madson et al., 2009)n addition,PCV2 has also been
occasionally identified to cause reproductive failiMadson and Opriessnig, 2011L) the
United States, the disease has cost producers an avefaeigfwith peak losses rging up to

$20/pig (Gillespie et al., 2009)n the United Kingdomthe costwas estimated to range from
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£8.1/pig (~$11.26 subclinical pigs that reach slaughter Jaige£84.1/pig (~$116.92, infectedpig

that dig (Alarcon et al., 2013)n 2007, Agricultue and AgriFood CanadéAAFC) announced

a contribution of CA$76nillion from 2007 to 2014to combat PCVADand support activities
related to biosecuritygsearchand longterm disease risk management solutions (AAFC, 2015)
2.1.3 Influenza A viruses

Influenza A virusescausea zoonoticviral disease thatepresentsiealth and economic
threats to both humans and animatsldwide (Vincent et al., 2008 Influenza A virusesrea
group of closely relateBNA viruses withthe segmentedenome, belong tthe family
OrthomyxoviridaegenusAlphainfluenzavirugSuarez, 2016)The segmented nature of tieus
genome is a key feature thfe virusesto infect a variety of speciés.g.,humars, pigs,birds),
which supportghe continuedanolecular evolution anthe geneation of newantigenic variants
(Cheungand Ron, 2007) In other words, \wen the cells are infected with multiple influenza
viruses RNA segmentgan be exchangduktween the virusdseassortmentwhich allow the
generation of viruses containing a nogembinationof genesandresult inthe change®f
surfacenemagglutinin (HA) and neuraminidase (N&tigengVincent et al., 2008; Steel and
Lowen, 2014)

Swine influenza was first recognizadpigs in the United Stagén 1918 coinciding with
the hunmaninfluenzapandemt known as thé&Spanish flé (Vincent et al., 2008 Afterwards the
swine influenzacaused by multiple straingcludingH1N1, HIN2, H3N2 hasbecone widely
established in the swine populatittmoughout the worldand ischaracterizé by high mobidity
(approaching 100%gnd generally low mortalit{< 1%)to theswineindustry(Olsen, 2002)
Studies indicatthatthe 1918 humastrainwasclosely related t¢theclassicalswineH1N1

strainof avianorigin; H3N2 contairedgenes deriveffom human, swine analvian virusesand
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H1N2 resultedfrom reassortmertbetween H3NZ2andH1N1 (Olsen, 2002; Reeth et al., 2004;
Olsen et al., 2006)t is clear that swine influenza viruses can be transniibdeen spaesas
zoonoticagents n addi ti on t asetohduman Bffuenngarsdémiah 20090 ,
was found to be caused hynew strain of HLN1 resulted from reassortmeravidin swine, and
human virusegTrifonov et al., 2009)Therefore, thempactand concern of influenza A viruses
arenot limitedto pigs, but alscavianandhuman and the transmissiand reassortmeint
betweenThe viruses will continue tohangeandnewly emerging straingmain risks and
potentials to causepandemic.
2.1.4 Salmonellaspp. andEscherichia coli

Salmonellaspp. argod-shapedbacillus) Gramnegative zoonoticbacteriacausing
subclinical to severe clinical infecti@ihown as diahea, dehydration and deathpigs, and also
severe diarrheand deathin humangLetellier et al., 2000; Evangelopoulou et aD15)
Foodbornesalmonellaserovarsenteritidis andtyphimuriuminfectiors are the most prevalent
serovarsn humars thatoccur worldwide, and pork is one of the important souticeSuropean
countrieg Evangelopoulou et al., 2015almonellaserovarcholeraesuiss anexampleof the
A h aesttictedor pig-a d a p semvdhr@hatonly affectpigs(Jajere, 201P Theserovar
choleraesuignfectionis lesscommontodaydueto effectivevaccinationprotocols butit still
causesporadidssuesshownasa porcinepostweaningdiseaseavith septicaemiagnterocolitis,
andpneumonigFoley et al., 2008 Accordingly, Salmonellan commercial pigshasalso
become an important research priority over decades, altlpmrghs notconsiderech maor
sourcefor human salmonellosis in North Ameri@a/ilkins et al., 2010)Swine
acquireSalmonellanfection fromthe contaminated environmerieed, or through direct contact

with infected animalasinfected pigs cabecarriers ofSalmonellaand shed the bacteria via the
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feces intermittently for many montfRberet al., 2016)Consuming undercooked pork and
crosscontamination of consumer macts duringoork processing are highisk factorsfor
human infectior{Prendergast et ak009) Every year, about 155,000 deaths in huswaere
estimatedd be due to salmonellosiorldwide andpigs were confirmed to be responsifile
10% to 20%of thecaseqHill et al., 2010; Evangelopoulou et al., 201/%) Canada, the number
of reportechuman deaths caused $glmonellavas 4,953n 2004(Funk, 2008).

Escherichia colare alsaod-shapedsramnegativeflagellatedbacteriabelonging to the
family Enterobateriaceae genusEscherichia(Nataro and Kaper, 1998%higa toxiaproducing
Escherichia col(STEC e.g, serotype O157:Hy/strains are foodborrmoonoticpathogens that
cause public health concerftdarcia et al., 2010; Tseng et al., 20128ttle are the most
important STEC reservqibut swinealsoplay a rolein STEC transmissioandhuman diseasas
therearea few cases indicatbat pork has been involved eutbreaks of STEC infection in
human(CDC, 1995b, 1995a; Williams et al., 2000; Maxialdet al., 2004; ©nedereet al.,
2006; TrotzWilliams et al., 2012; Tseng et al., 2019¥ note, diring July to October of 2014,
an oubreak of 119 cases of humarfieictions associated with the exposur&TEC (serotype
0157:H7)contaminated pork products occurred in Alberta, Cafiddaish et al., 2017 In the
swine industryenterotoxigenic&scherichia col(ETEC)are notregarded agoorotic pathogens
(Wasteson2002) butintestinal infection wittETEC in pigsis a significant concerie TEC
enter the animal by ingestion, thémbriae adhere to specific receptors on porcine intestinal
brush border epithelial cells (enterocytes$tartthe process of entericfection and therthe
bacteria produce one or more enterotoxins inducing diardfterathe colonizatiofLuppi,
2017) Depending on the expression of receptargporcine enterocytethe ETECinfection

resulsin neonatal colibacillosis (fimbriae F4, F56, F41) and posteaning diarrhoea (F4 and
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F18), which are important causes of death occurring worldwide kiisg@and weaned pigs,
respectively(Francis,2002) Outbreaks oETEC neonatal and posteaning diarrheaanaffect a
largeproportion of pig andare often recurrent in the same herdsultingin significant
economic losses due to mortality, decreased weight igareasedaoss for treatments,
vaccinationsand feed supplementsuppi, 2017)

2.1.5 Concurrent infections (Co-infections)

The dseases discussed above eaesed by garticulartype ofinfectious agent
However, ceinfectionsassociated witimultiple infectious agentsontributingto a more
insidious conditioraremorefrequent in pig farmdg-or examplethe porcine respiratory diase
complex(PRDC)results fromcombinations oinfectious agentm particular virusesg.g.,
PRRSV, PCV2swine influenza viruscoronaviruyand bacteriag.g.,Mycoplasma
hyopneumoniaéHaemophilus parasuistreptococcus suiBordetella bronchisepta,
Actinobacillus suisActinobacillus pleuropneumonipandfrequentlyoccussin pigs reared
under confined condition®priessnig et al., 2011yWhen PRDC outbreaks occur, typically980
to 70% of pigs will be affectedresulting in significant reductianin health and performance of
pigs and increaseén medication costs and mortalifi{avanova et al., 2017; Ouyang et al., 2019;
Saade et al., 2020)

In practice combinations of infectious agenmay change over time and with new
emerging pathogens, wiiienay further complicate diseaseverity and manageme®ome
pathogens act primarily and infect pigs as the first unique pathogen duringittieatimon and
then facilitateinfection bysecondary pathoge®priessnig et al., 2011Many of these
secondry infection pathogens can indube production of excessivero-inflammatory

cytokines and thexacerbation athe disease during emfections(Reeth and Nauwynck, 2000;
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Thanawongnuwech et al., 2004; Brockmeier et al., 2008; Saade et al.,2id20gnt types of
co-infections, including virusirus, virus-bacteriunibacteriumvirus, and bacteriuaiacterium
(in the format of primansecondary pathogend)ave been observéa pig farms

Virus-virus and bactera-bactera co-infections

PRRSV, PCV2andswine influenza viruhave been studied a lot for thieus-virus ce
infections as they ar@biquitousin farms No matter whichvirus acedas a primary pathogen
during the dual or cinfections,higher vial loads andnore severeliseass werealways
idertified (Rovira et al., 2002; Kitikoon et al., 2009; Ramamoorthy et al., 2011; Dong et al.,
2015; Sun et al2016; Ouyang et al., 2019)

For bacteriabacteriaco-infections, experimentbstudies identified thgtulmonary
colonization byMycoplasmaiyopnemoniaepredisposgpigs tosecondary bacterial infections
such adActinobacilluspleuropneumoniaandPasteurella multocidaand resulted in more severe
pneumonidesions compared to the single infectigAsnass et al., 1994; Marois et al., 2009)
hyomeumoniaareessentiahirbornebacteriathat causehe insidious bronchopneumonia known
as enzootic pneumonia (ERndalsotheoutbreak oPRDC(Maes et al., 2011M.
hyopneumoniaanfect only pigs andreubiquitousy found in nearly all countrie$/.
hyopneumoniaafectionproduces longerm colonization o€iliated epitheliunin the
respiratory tract, whichausegslamage to cilia, ind@s production oéxcessive thick mucus,
redu@sphagocytic efficiency of neutrophils and macrophageppressesinate and acquired
pulmonary immunity, thereforallow secondary bacteria to proliferate in the lungs and
contribute to diseag®ieters and Maes, 2019)ycoplasma hyopneumoniae-infectionswith

A. pleuropneumonia®. multocidaBordetellabronchisepta, Haemophilus parasujs
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Trueperella pyogeneandStreptococcus sutzave also been commonly observed iidfie
outbreaks of EPieters and Maes, 2019)
Virus-bactera/bactera-virus co-infections

For virus-bacterium canfections it is welFknown th& PRRSVinfection often
predisposes pigs to secondary bacterial infestgurch asStreptococcus suislaemophilus
parasuis M. hyopneumoniaéActinobacillus pleuropneumoniasdSalmonellaspp (Pol etal.,
1997; Solano et al., 1997; Thanawongnuwech. e2@00, 2004; Wills et al., 2004} has been
proposed that thdestruction and decreased function of pulmonary alveoldintravascular
macrophageshe damage to the mucociliary apparatus, tretlecreased function of antigen
presenting cell¢denditic cells and macrophagegtal for effectiveadaptive immune resporjse
associated with PRRSfection are likely to cause secondary bacterial infedfmockmeier et
al., 2002) However,it will need to be further explored as the pathogenesis of RRR$ot yet
fully understoodin addition to PRRSVinfection of swine influenza virusagalso found to
promotesecondary infectioby Streptococcus sugerotype ZWang et al., 2013; Meng et al.,
2015) S suisarezoonotic bacted, andserotype 2s the mostwirulent onefor both pigs and
humars (Gottschalk and Segura, 201%hesialic acid moietyonthe capsular polysaccharide
surface(tightly packedoolysaccharidevhich forms a barrier around the bacterial cell yvailS.
suisserotype Zandiredly interact with swine influenza virus or the virirdected cellsacting
as a fAbac ¢ pndle@adidy to increased bacterial adhesioartdinvasion oftracheal
epithelialcells(Wang et al., 2013Althoughswine influenzas typically selflimited with high
morbidity but low mortalitythe secondaryacteridinfection ofS. suisserotype 2 can

substantially increase illness and deg@hang et al., 2014, Lin et al., 2015)
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Bacteriumviral co-infectionsare alsaubiquitous in farmsForinstance M.
hyopneumoniaafectionin pigshas been found tocrease théostsusceptibilityto PRRSV
and swine ifluenza virusnfectiors (Thacker et al., 1999; Yazawa et al., 200Mdreover M.
hyopneumoniawas also found tpotentiatehe severity andhie duration of pneumonia in pigs
induced by the latdPRRSV and swine influenza virugections (Thacker et al., 1999; Yazawa
et al., 2004)

2.1.6 Parasites

Parasite, another majotype of pathogens identified in the swine industraddition to
viruses and acteria,have not been discussed y@arasites infectionfsequently occuin the
swine industryworldwide buthave generally received little attentjggresumablypecausenost
of them seldom caussevereclinical diseasge(Roepstorff et al., 2011Howeer, it is essential to
controland eliminategarasites infections the swine industry becausgany parasites are
foodborne zoonosdsDj ur kovi | D] a Besidesparasites infactions,in piy@nl 3 )
reducefood utilization and growth te, reaulting in economic losse® the industry Ascaris
suumis by farone of themost prevalent gi parasiteg$Roepstorff et al.2011) In addition to the
above concerng\. suunhas been found tcompromise the effect &fl. hyopneumoniae
vaccination signifiantly (Steenhard et al., 20QN!. hyopneumonigas mentioned abovean
result insevergoneumonic lesiomand respiratory diseage pigsby themselves and eo
infections with other viruses and bactdfithey arenottimely or adequatelgontrolled
2.2. Conventional control of diseases

Therefore, agheswine industryfaces disease challengeaused by multiple infectious
agentsdiseasereventon and managemeateessentiafor both animabhnd humarnealth,

animal welfare, and economic productivi§onventional methods, includirggrict biosecurity

18



vaccinesandantimicrobiak, are being used tocontrolinfectious diseaseslowever,they are not
always effective.
2.2.1 Biosecurity

Biosecurity can be defined applyingmeasures aimed to reduce the prolighof the
introduction andransmissiorof pathogenglLevis, 2011) Numerous factarare involved in
developing and maintainingxternal biosecurity thagrotecst he f ar m from t he At
fromtheoutside and i nternal $thegmeadf pathogeng ontetihe tarmmasd u ¢ e
been infectedAlarcon et al. 2021) For examplephysical barrierssules banning and restricting
theintroduction of certain animals, peopédvehiclesare somaecessargxternal biosecurity
measure (Levis, 2011; Alar®n et al., 2021)In addition,thefarm locationis also an essential
part of external biosecurityelated to the spatial clusterinfjinfections,asthe transmissionan
also occur among neigours especially for airborne pathogefesg., PREV) (Laffan et al.,
2011; Rosendal et al., 2014eed and water aedso important factors that need to be included
in external biosecuritgs they coul@lso be sources of pathogen introductibee et al., 2016;
Cochrane et al., 2017; Silva et al., 20A8rcon et al., 2021 Management of herdhygiene of
facilities, cleaning and disinfectigrand experienced workers who knand follow thework
routines and biosecurity measuege examples ahternal biosecuritfAlarcon et al., 2021)

Nowadaysthe swine industrys developingowardshigh concentratiorand
globalization seenasbiggerfarmsandlarge commercialpig populatiors in fewerhands
together with an increasing neednobvement®of pigs, feed, and pork products at local,
national, and iternational scale@\larcon et al.,2021) Within this framethe emergence and
introduction of new pathogens into fasrand countriesurrently not affectedndcanhave

serious and even catastrophic consequef#dascon et al., 2021)For exampleevenwith

19



biosecurity in pig farms, thgorcine epidemic diarrhd®ED)virus spread from China to the
United States in 201(5tevenson et al., 2013)he PEDvirus had impacte®50% ofthe United
Statesreeding herdwiithin one yearresulting in the dehs of at least seven million piglets
(Stevenson et al., 2013Ylore recentlymillions of pigs were culled in Asian countries to stop
the spread of the African swine fewarus that emerged in China 2018 which was
devastating to the swinedustry(SanchezCordén et al., 2018; Zhou et al., 201Bherefore,
effective design of a cosdffective biosecurity program and @entinuous improvement asill
challengng many pigfarmsdue to the gaps iknowledge ofpidemiologyof differentdiseases
including how diseases are transmitted, their risks and impori@mdeshich measures are
thought to be more effective and how t@lesate the biosecuritfAlarcon et al., 2021)
2.2.2 Vaccines

Fordiseases thdhreaterthe swine industryeffective vaccinatioms anessentiatool for
herd immunity andlisease controHowever,vaccines cannot always protect all animalsere
are many reasons why vaccined, faiich as the limited kndedge ofepidemiology 6 diseases,
thecontinuouschange of genetic rkaupof viruses the impact of cenfections,and
environmental and management caygseg.vaccine handlingndstorage, programmatic
management, andisease surveillange

Forinstane, as discussed aboveRRS/ has caused massive losses to the swine
industry,and effective vaccines are not yetind althoughat least 20 PRR&vaccine are
commercially available worldwid@Rowland et al., 2012) ike other RNA viruses, PRRSafe
corstantly evolving to adapt to existing immunity andem®erging as new variants to causew
outbreaks continuouslynaking it hard to develop effective vaoes(Nan et al., 2017)

Inactivated virusndmodified-live virusare two approaches used for develgdPRRS vaccines
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(Rowland et al., 2012However, heinactivatedvirus vaccing are generally not effective
(Rowland et al., 2012 he modified-live virus vaccines can only effectively protect pigs
challenged with a genetically simildromologousyirus andprovide little or even no protection
against hetelogousPRRSVisolates that are genetically divefstuang and Meng, 2010;
Murtaugh and Genzow, 201The effectiveness of a vaccine against heterologous strains
largely dependsen the antigenic angenetic relatedness of the virus strain to which the
vaccinated anima were exposed.herefore, tven thehigh degree of genetic diversity among
PRRSV, it is unlikely that a vaccine based on a single strain will caadequat protection
against the argienically and genetically diversifid@RRSVstrains currently circutang in swine
herds worldwide. The genetic diversafPRRSVwill continue to be the major obstacle for
PRRS contro(Huang and Meng, 20105urthermoretheimmunosuppressive properties
PRRSV to circumveritnmune responses can also ifeegwith vaccine efficacy{Kimman et
al., 2009. For exampletheincreased productioof interleukin (IL)}10, a potent
immunosuppressive cytokine that can interact with immune cells, including nteaaayd
lymphocytes, has been obsenfeliowing PRRSVinfection(Thanawongnuwech and Suradhat,
2010. Some strains of modifietive PRRSV vaccinealsoinduced IL-10 productiorand
resulted in inhibition ofmmune responseés vaccinated pig§Royaee etla 2004;
Thanawongnuwech and Suradhat, 20Meanwhile, the practical experienceonfrrently
licensedmodified-live PRRSV vaccines has revealed numerous safety concerns, such as
shedding of modifiedive virus, reversionof live-attenuated vaccinés virulence, and
recombination between field stngi andmodified-live virus (Nan et al., 2017)
AlthoughPCV2vaccines havaigh efficacy inreducingassociatealinical signsit is of

concernwhether the current vaccines would be sufficient to elimiaatries of neWwCV2
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variantsthathave also emerged during the same pegidghah et al., 2017)Theco-infection
with otherpathogenss also a challenge fdhe efficacy of vaccinesor example swine
influenza virus vaccination in the absence of PRR&Mificantly reduced pneumonia avidal
load,butthe presence of PRRSnreduce vaccine efficiencignificantly when o-infection
occurs(Kitikoon et al., 2009)Moreover,the effect oM. hyopneumoniaeaccinationhas also
been found to bsignificantly compromised by the presencettoé parasité\. suum(Steenhard
et al., 2009)
2.2.3 Antimicrobials

Antimicrobials, includingantibiotics, antivirals, antifungals, and antiparasitics, are
medicines used to prevent and treat infections in hgnaaimals, anglants(WHO, 2020)
Antimicrobialshave been used routinely in farm animal production since@sfor not only
prevention(prophylaxis)andtreatmenbf infectionsbut also for controlling the spread of
infection (metaphylaxisand improvement of feeefficiency and promotion of animal growth
(Lekagul et al., 2019However,antimicrobial resistanc@®MR) occurs when pathogens change
over time and no longer respond to antimicrobf@$1O, 2020) Nowadays, the AMR is
recognized saa fiOneHealth challengd Figure 2) because of the rap&mergence and
dissemination ofirugresistant pathogersd gensamong humans, animals, and the
environment on a global scgl€ing et al., 2008; Lammie and Hughes, 2015; Rousham et al.,
2018) This AMR threaens our ablity to treat infections, especialthe rapid global spread of
multi- and parresistanb act er i a ( k n owhat ae 8ot tfeatablp withxistingy s
antimicrobialsyWHO, 2020) In animals, nmany countriesincludingthe United State Canada
and Australig have implemented policies and regulations that medically important

antimicrobialsfor veterinary use in animatsn only be sold by presption only, and he use of
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antibiotics for growth promotion has been banned in the European simce 200 (Lekagul et
al., 2019)

Neverthelessantimicrobials that have been recognized as critically and highly important
in humars by WHO are still commonly usefbr prgphylaxis and treatment the swine industry.
Penicillins (highly tocritically importantin the WHO lisf andTetracyclines (highly importarin
the WHO lis) are themost usedntimicrobials in pigs worldwiddue to their coseffectiveness
compared to othaantimicrobials(Lekagul et al., 2019WHO, 2019. This continuego raise
global concensand requires the swine industryuse anmicrobialswith great cardy
employing principles of antimicrobial stewardship and zitily alternatives where possible
(Lammie and Hughes, 2015)

Overall,the impact of infectious diseasand the concerraf using conventional control
of diseasesighlight the potential vulnerability dhe swineindustryworldwideand the
importance of managing infectious disea$¥ith the emergence and-eenergence ofitficult -
to-control diseasesonventional methodseed to be continuously improvedeanwhile,
additionalmethods need to be exploredmprove the coseffectiveness oprevening and
controling infectious diseasdn the swine industry
2.3. Infection and host immune responses

To explore methods fahe preventon and controbf infectious diseaseit is important
to have a generainderstanohg of the epidemiology of infectious diseasasd host immune
responseberesince simple interventions may break the chain of transmidsi@pidemiology,
infection is defined as the entrance and development of infectious agents in an animal body,
whether it develops intdlinical infectionwith apparentsymptomsor subclinical infectiorthat

does not produce noticeable sgtams(Barreto et al., 2006). Infectiougentsor pathogens
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including bacteria, viruses, fungi, parasites, and pricars be transmitted vertically from an
infected individal to its offspring or horizontally from an infected organism to a susceptible
contemporary animal by a variety of meclsans, includingdirectcontacttransmissiorwith
infected individualsindirect contactransmissiorwith inanimde objectscalled fanites that
becone contaminated by pathogens from infected individaaldor resevoirs; vehicle
transmission of pathogsrthrough water, food, and aand vectorborne transmissiotihat living
organismgan carry and transmit pathogdr@m one host to anoth@révre et al., 2006). The
negative consequences and illness caused by pathogens and their toxic productét tihabresu
infection are defined as infectious dises@arreto et al., 2006; Bishomd Woolliams, 2014)
Theoutcomeof infectionin vertebratesargely depends otihe immune systeno preventthe
invasion of pathogenato the bodyandinduce efficient ilmune defence to expel and eliminate
infective pathogens that haireradedthe body

The immune system is comprised of two distinct but interrelated branchate and
adaptive(acquiredmmunity. Both branchs involve a complex of cellular and humoral
components that work in concert fbefenceagainst the pathogens (Nelson and \&fitis, 2014;
Hermesch, 2014).
2.3.1 Innate immunity

The innate immune system is the first line of defence against pathogens. It plays a crucial
role in maintaining homeostasiggpenting microbe invasion, eliminating a great variety of
pathogens, and contributingthe activatiorof the adaptive immune respor(&omo et al.,
2016)

The skin and mucosal surfaces are external barriers in the innate immune system that

provide phygal (stratified epithelial layers with tight junctions), chemical (lysozyme and
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antimicrobial peptidesgnd cellular (epithelial cellhickening and cellular hyperplasia)
effectors to prevent most pathogens from gaining access to the body (Delvestar2D &y
Parham, 2014; Romo et al., 2018)so, immature dendritic cells (Langerhans cells) and
intragpithelial T lymphocytes found in the epithelial layer are cellular effectors that could
prevent pathogen invasion, capture antigens, and prevenirifezzion (Hayday et al., 2001;
Matsui and Amagai, 2015; Romo et al., 2016)

When pathogens breach thénsand mucosa barrigrthe nnate mmune systens
designed to mount immediate and antig@m-specificcellular and humorakesponses within
minutes(Turvey and Broide2010; Hoffmann and Akira, 2013)hecellularresponsesf the
innate immunity ar@rovided bya variety of leukocyte@vhite blood cells)including myeloid
phagocytic cells and nespecific cytotoxic cell§Janeway, 2001; Abbas et,£2015 Romo et
al., 2016. Myeloid phagocytic cells, including monocyteacrophages, neutrophils, babkibg,
and eosinophils, are professional phagocytes that phagocytose and destroy pathogens and secrete
immune mediators, such as cytokines, histamig;tive oxygen or nitrogen species, lysozyme,
and antimicrobial peptides (Abbas et al., 2015; Romo ,e2@L6). Natural Killer cells are nen
specific cytotoxic cells, which play an essential role in antiviral defence and immune
surveillance by secretingytokines and chemokines and inducing apoptafsisrus-infected
cells(Caligiuri, 2008) Besideshumoil responseareprovided bythe complement system,
cytokines, natural antibodies, and acute phase proteimsh augments cellulatefencego
deliver innate immunity (Turvey and Broide, 201The complement system comprises a large
number of distinct lasma proteins that react with one another to opsqaitegengthe
immune process which uses opsonins to tag pathogens for elimination by phggeoyiasce

inflammatory responses, and form the membrane attack complex callthvall of thebacteria
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that helps to fight infection (Janeway, 2001). Cytokines, including interferons, interleukins,
tumour necrosis factors, and transforming growth factmessmall secreted proteins released by
many cell populations, but the predominant producers are leukocytes, including helper T
lymphocytes and macrophag@hang and An, 2007Both preinflammatory cytokines and
antrinflammatory cytokines can mediatee communication between cells and are essential for
immune cell development, immunoregulation, and immune effector funtiéh® Shea et al
2002) Natural antibodies and acute phase proteins circulate in the plasma and play crucial roles
in innate immuity and host defenc&he natural antibodies are pegistent antibodies of the
immunoglobulin M (IgM) isotype synthesized by B lymphocytes in the absence of pathogens,
which provide immediate and broad reaction against pathdBansngarth et al., 2005;drRo et

al., 2016) Acute phase proteirere a class giroteinswhoseplasmaconcentrations increase or
decreasén response tnflammation(Jain et al., 2011)Acute phase proteins goemarily

synthesized by hepatocytes, which are a part of the acute phase response involved in a complex
systemic reaction to restablish homeostasis and promote healing in response to stimuli,
including infection, stress, and inflammation (Cray et al., 2009).

Various mechanisms work together in the innate immune system to provide the rapid
sensing and atiination of pathogens. Howevegraetimegheinnate immunity is insufficient to
eradicate infection. For examptee overwhelming variability of antigen structures anche
pathogen$ave also devised many mechanisms to evade the innate immune systeyin &mr
evolutionary fAarms raceo with the hosts (Bail
2.3.2 Adaptive (acquired) immunity

Regarding the insufficiency of innate immunig&gaptive immunity with specificity and

memory for any individuahgenthas evolved in jawertebratesincludingall terrestrial
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vertebrates, to express itselfien the infection cannot be controlled or eradicated by the innate
immune responsd®olff, 2007; Chaplin, 2010).

The adaptive immunity takes days or even weeks to be established, which is much longer
than the innate immune response, but is more specific to individual pathogens and provides
memory for rapid response in the event eéxposure tothe specific pathoger{Molnar and
Gair, 2015). The celnediated immune response and the humoral immupemes are the two
arms of adaptive immunity carried out by T lymphocytes and B lymphocytes, respectively
Cytotoxic T cellsaremajor playes in theadaptive celimediated immune responsehich
directly kill infected cells by apoptosis aneleasecytokines to amplify the immune response
(Janeway, 2001). B lymphocytes are activated and differentiate into anrbomsting plasma
cells involved in thdaumoral immune response (Janeway, 2001). The specificity of the adaptive
immune response is based on thegenspecific receptors expressed on the surface of T and B
lymphocyteqChaplin, 2010) These antigespecific receptors are encoded by genesasisesl
by somatic rearrangement of germline gene elements to form millions of diffecetit T
receptors andnmunoglobulin (Bcell antigen receptor) genes, each with potentially unique
specificity for an antige(Chaplin, 2010) The memory of the adaptiv@mune system is
handled by producing lorkived and antigerspecific T and B memory cells that persisain
dormant state but can-express effector functions rapidly aftereecountering their specific
antigens (Chaplin, 2010; Molnar and Gair, 2015).

Althoughthe innate and adaptive immune systems are described separately here, they
communicate and coopeedib enhance the chance of eliminating a great variety of pathogens.
The innate immune system is not just a primitive andHinstdefence but alsanfingenious

doorbelb that awakens the adaptive immune resp@iaéim and Lakkis, 2015)The innate
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immune system contains antigpresenting cells (APCg.g, macrophages and dendritic cells)
that detect and engulf pathogens and then inform theiag@pimune response about the
presence of antigens (Molnar and Gair, 2015). Ajtecessindgy APCs, the mtigens are loaded
onto major histocompatibility complex (MHC) clasi ithe endoplasmic reticulurar MHC
class llin thespecializedvesicular compartmermindthenare transported to the cell surface for
antigen presentation (Molnar and Gair, 20 Naive CD8" and CD4 cells bind antigen
presenting cells via the antigembedded MHC cladsandMHC class Il moleculesn cell
surfacesand aresimulated to become cytotoxic T lymphocyse®l helper T lymphocytes,
respectively (Molnar and Gair, 2B)1 HelperT lymphocytes are essential cells for both-cell
mediated and humoral adaptive immune responses, which comprise two major populations, T
and T2 (Janeway, 2001 Tu1 cells are involved in the cathediated immune response as they
help the activity of cyttoxic T cells and secrete cytokines to infamoretarget cells about the
pathogenic thredqtlaneway, 2001; Abbas et al., 201B)2 cells are involved in the humoral
immune response and help activate B lymphocytes to defend against pathogens via antibody
secretionJaneway, 2001; Abbas et al., 20IR)e adaptive immune system, in turn, amplifies
its responses by recruiting the compats of the innate immune response for a fully effective
immune response.
2.3.3 Immune system and performance

A well-functioning and tightly regulatednmune system plagessentiatoles in
maintaining performance and preventing death ftle@infection by nvestingnutrient resources
appropriately in immundefencesand optimizing the competing demands for investment in
other bog functionswhen irfection occurgCalder, 2013; McDade, 2003 the presence of

infection the immune system becomes increasirgtive, which results in a significant increase
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in the demand for nutrients (Calder, 2013). For example, amino acidgjamed¢o synthesise
cytokines and antibodies and piayportantroles in the proliferation, metabolism of immune
cells(Li et al.,2007) Therefore,adequate nutritional status is necessary for the normal
functioning of various components of the immunstegn (Coop and Kyriazakis, 2001; Nelson
and Williams, 2Q4). Any changes in resource demands by the immune system can create
significant differences in the level of fithess and performan@mahimal.Ecological
immunologists proposed that the energetist associated with immune responses requires a
tradeoff amongother physiological processes that are energy demaflymgs and Schneider,
2012) In addition to the endogenous energy and nutrient pools of an animal, diet is a primary
exogenous sourcd energy to meet these demands. Althopgsareraised in conblled and
nutrientrich environmentsvith a wellformulated dietthe course of infection could adversely
affect nutritional statuand cause undernutrition by infectiorduced cachexia witthe loss of
appetite and the reduction of feed intdk&ton, 1997; Adamo et al., 201@alder, 2013
Moreover, the infection can further impair nutritional status by damaging the intestinal wall,
causing diarrhea or vomiting, which results in nutrieatabsorption and loss (Calder, 2013).
When nutrient resourcés the animal are limited, tiadeoff is expected to occur
betweermounting anmmuneresponseand otheibody functions, such agowth, reproduction
andthermoregulation (Lochmiller and Deef#erg, 2000McDade, 2005DoeschWilson et al.,
2009; Rauw, 202). Theinfectioncanbecome chronid it is not eliminatedquicky or
effectivelydue toimmunodeficiency in which the ability of immune system to fight against
pathogens is compromised theintrinsic defects itheimmune systenfprimary
immunodeficiency)or extrinsic factors (secondary immunodeficiency), sudhmated nutrient

resourcesn infected pigsBourke et al., 2016 In addition theimmunosuppressive properties
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PRRSV, such as the induction of lymphopenia and apoptosis, increased production of
immunosuppressive cytokine-1L0, interferences with the induction of proinflammatory
response and angg presentation, etc., can riksn persistentnfection and secondary
immunodeficiency Kimman et al., 2009 Thereforemalnutritionmay result from a prolonged
infection that further compromises the immune system, leading to a more severe disease state
and increased susceptibility btherpathogengNelson and Williams, 2007; Hine et al., 2014).
In turn,theinfection could further influence nutritional status by cachexia, reduced nutrient
absorption, losses tibthendogenouand exogenousutrients,and increased nutrient
requirenents for immune responses (Calder and Jackson; 2a0der, 2018 Thus,
malnutrition,immunodeficiencyand increased susceptibility to infectious diseases reinforce one
another and are locked into a cyclical relationdlyi@ bidirectional interactioCalder and
Jackson, 2000; Nelson and Williams, 200 ch susceptible animals are expected to show poor
performance or even deallie toreaching a cachectic state.

Converselysome animalsan show a relatively undepresgeformancen the face of
infectionor even maintain a healthy statnghe presence of pathogdmsemploying
appropriate immuneesponses and biologicstrategiesAdvances in genetics and genomics
have highlighted the potential for genetic controdtglgies tananage the effect of infectious
disease and maintain high headtidor performance level ipigs (DoeschiWilson and
Kyriazakis, 2012)Disease esistancgetolerance and resiliencéave been discussed as
alternative host defence strategiesdoping wth pathogenand maintaimg high health and or
performancen response to infeaus challenge, whictould be tackletby genetic improvement
(DoeschlWilson and Kyriazakis, 2012)

2.4. Disease esistance
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Hostdiseaseaesistancdias been invariablgiscussed as a high priority trait that can be
further investigated for infectious disease coniitds apparent that different studies and authors
have different i ndtisase e s i aBishopp2®IR)Of notedfearrdwe r m i
senseé and afbroads e n af diseaseesistance have been commonly used to define resistance
from a livestock viewpoinftThe following two sections desbesthe researcin pigs regarding
t he fAnar r otwh es efinbsrecdoa da nslef diseas® resistad, respdactivalyo n
241 A 1A nar r odefingiean rofsdisease resistance:amplete resistance

Complete esistancés regardechisa A n a r r definitisndfidisease resistance
because it describes a special situatiierean animahas the ability to mantain completely
healthy statusvhen challenged by infectiohe most apparent cause of complete resistance is
the nonadhesion of the pathogen when the target tissue or cells of an animal do not express the
receptors, which stops tffiest step of estaidhing the infectior{Plastow, 2016)Therefore,
complete resistands the most costffective mechanisrof preventing nf ect i on fr om t |
perspectiveThere is no need to increase energy expenditutkedmmune system as resistant
animals can matain a healthy status and avoid infection when exposed to pathogens (Plastow,
2016; Burkard et al., 2017).

In pigs, complete resistance has been identifideiitC expressing FIEETECF18)
fimbriae. Infection of ETEG-18results inpostweaning diarrhain susceptible pigs
characterized by sudden death, diarrhea, dehydration, and growth retardation ingpigleis,
which areeconomically important diseasi pig production worldwidéRhouma et al., 2017)

A single rucleotide polymorphismSNP atbp 307 (G/A)in the fucosyltransferase gerfd (T 1)
was found to be associated with the complesestance tinfection withETECF18 (Meijerink

et al., 1997, 2000; Bao et al., 201Rps that ladhomozygous resistant allelegrecompletely
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resistant taaTECF18 due to thabsenc®f receptors for attachment of the bacteriumtioe
small intestiml epithelium(Meijerink et al., 1997, 2000; Bao et al., 2012).

In addition to thenheritedability of being completely resistant ETEC, genome editing
techrology has been emerging provide opprtunities to create resistance to other pathogens
pigs The protein encoded by tlotuster of differentiation 168CD163 gene has been identified
as a definitive fusion receptor for PRRSV expressed on cells aidbeophage lineag€alvert
et al., 2007; Breedam et al., 2010; Welch and Calvert, 2010; Wititwbal., 2016; Yang and
Wu, 2018) Therefore PRRS\Vtresistance pigeavebeenexploredusing CRISPR/Cas®
modify theCD163gene(Wells et al., 2016Whitworth et al., 2015 CRISPR/Cas®riginally
known asanadaptive immune system bacteria and archaea to defewainsthe invasion of
foreign genetic elements through DNA or RNA interference, has been adapted for mammalian
gene editingGasunas et al., 2012inek et al., 201;2Viedenheft et al., 20)2Amongthe
CD163modified pigs, those wit€D163null phenotype macrophages generated by the
knockout of theCD163gene were completely resistant to several isolates of both typetypand
2 PRRSV(Wells et al., 2016Whitworth et al., 2016 However, as CD16flays multiple
biological functions, including the clearance of hemoglobin in blood plasma and participation in
antrinflammation, the knockout of theD163gene may have a negatdiimpact on the animal
(Onofre et al., 2009; Gorp et al., 201Thereforea precision modificatiomwas usedo only
delete Exon 7 of th€D163gene, encoding the scavenger receptor cystahedomain 5
(SRCR5), whereby the SRCHR&ban interaction sitéor PRRSV infection with no other
biological functions identifiedWells et al., 2016Burkar et al., 2017)Their results indicated
that pigs lackinghe CD163SRCR5 domain were fully resistant to both type 1 and type 2

PRRSV genotyp® and no adversefetts had been identified on growth rate or immune cell
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counts of the genomedited piggBurkard et al., 2017)

Selective breeding or genomic editing for complete resistance to infes@ns a
promisingwaytana i nt ai n aaftth setns andaaldinfectidn élowever,such
complete resistance mawly bepresent in the face of a single type or an istdat&nof the
infectious agentwhich requires further exploration foo-infections caused by multiple
pathogens in thewineindustry.

Regading the multiple pathogens in the swine indusky et al. (2020) created the
CD163SRCR5 domain and theine aminopeptidase (APN doubleknockout pigs to
PRRSVandtransmissible gastroenteritis virus (TGE¥W)ections In addition to PRRSV, TGEV
is globally distributed and causes tremendous economic losses in pork prodhetiaoterized
by vomiting, severe diarrhea, dehydration, amigh mortality rate (~100%) of infected piglets
under the age of 14 dagXu et al.,2020) The function othe CD163 SRCR5 domaiin PRRSV
infection has been discussed above. pAEN proteinon the surface of small intestinal
epithelial cellgs the receptofor binding TGEV glycoproteins anthediatinginfection(Delmas
et al.,1992) pAPNknockout pigs have alreadgén identified to be completely resistant to
TGEV (Luo et al., 2019; Whitworth et al., 2019he CD163SRCR5 domaimndpAPNdouble
knockout pigsvereresistant to both PRRSV and TGEV, and geeomeeditedpigs reproduced
and produced meat at the sameelasthe control piggXu et al., 2020)

Overall,given the high efficiency and low cost of genome editing tools, particularly
CRISPR/Cas9enome editing holds vast promise for the fuppn@uction of animals resistant
to diseaseslthoughits efficacy for more complex situatianin the swine industryith other
pathogens will need to Wartherexplored(Ruan et al., 2017; Proudfoot et al., 2019)e two

major hurdlesn implementinggenomeeditingtechnology are consumer acceptance and the
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regulatoy framework(Proudfoot et al., 20)9Approval ofgenomeeditedpigs for human
consumption relies on national and multinational legislatidmich is currentlystill atanearly
stage(Proudfoot et al., 201
242 A 1 br o a defisitomaf dséase resistnce

Back to the strategy of selective breediogresistance, since natugabccurring
compleeresistance isot commonly identifiedt h e tiseasene 8 i st anloosaly i s of t e
used Thereforef h e tiseaseesistancé (refest o t hee b e © adfiwBhnowi t i on
on in the thesisls commonly definredhs an ani mal 6s ability to prev
control the pathogen lifecycle within a h¢Bishop and &ar, 2003; Bishop and Morris, 2007,
Raberg et al., 2007, 2009; Bishop, 201&)addition to the barriers to pathogen entry, disease
resistananimalsmay employ active innate and adaptive immune responses which work by
detection, neutralization, or dasttion of pathogens to restrict the proliferation of pathogens and
result in areduction of pathogen burden (Bishop and Woolliams, 2014; Glass, dbiE2gfore,
improving disease resistanceuldreduce disease prevalencentay have th@otential tolead to
disease eradicatiohlere,disease resistance has been recognized tadiatave rather than an
absolutestatuss i s the case for the fdAndnroMdeatw senseo d
compare the level of disease resistanceranamimals, pathogen burdencluding fecal egg
count, viremia (viral load), or bacterial lgasl often used to measure resistance for animals
infected with parasites, viruses, or bacteria, respect{Bhop, 2012)For exampletheviral
loadfor PRRSV infectionin pigswasmeasured using@mulativestatistic quantification of
repeated meases ofviremiathroughout the infectio(Boddicker et al.2012). Thereforemore
PRRSresistant animalgereexpected to have a lower viral lobdsed on cumulwe measures

Numerous studies have demonstrdtedtgenetic variation fodiseaseesistace In
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pigs, a major focus has been on PRRS\ is the causative agent of the major endemic disease
globally (seeSection 2.1.1). Differences in PRRSV disease resistance were firstly found among
breeds. A Hampshire Duroc synthetic line was found toveahigher viremia at 4, 7, and tipi

with PRRSV than a Yorkshir& Landrace lingPetry et al., 2005)Subsequently, higher PRRSV
viremia was observed in Pietrain pigs than Yorkshire (lgeschiWilson et al., 2009)These
results together demonstratibe existence of a genetic basis of the disgasistance to PRRSV
infectionat abreed levelMore studies were then conducted to further explore the variation of
disease resistaneenong individualsUsing commercial crossbred pigs under a nursery PRRSV
challenge model, Boddicker et al. (2012) &feks et al. (2016neasuedthe overall viremia

from 0O to 21 dpi for the PRRSV isolates of KS06 and N¥&@Leach pigandfoundthattheviral
loads (cumulative measures wiremia from 0 to 21 dpijvere modertly heritable NVSL: 0.31

+ 0.06; KS060.51 + 0.09. They also identified negative genetic correlations between viral load
and weight gain for NVSL-0.74 £ 0.10) and KS06 ( 0.52+ 0.06), suggesting that disease
resistant pigs also tend to grow fadtean suscejble pigswhen challenged witRRRSV(Hess

et al., 2016; Dekkers et al., 2017)

Genomewide association studies (GWAS) found a region on swine chromosome 4
(SSC4) was associated with both viral load and weight gain following PRRSV infection
(Boddicker et al., 2012Multiple candidateyenes within this region encode a group of guanylate
binding proteins (GBPs) that were known to be involved in the innate immune response
(Boddicker et al., 2012A SNP, WUR10000125 (WUR), was found to explair2¥3.and 9.%
of the genetic variance foiral load and growth, respectivelBoddicker et al., 2012, 2014;

Hess et al., 2016}-urther studies about this region found the truncated GBP5 was associated

with the AA genotype for the WUR locus, which is anaudurable genotype and may redace
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animab ability to inhibit viral entry and replicatiofKoltes et al., 2015; Schroyen et al., 2016)
In addition to groMng pigs the genetic basis for disease resistance has also been observed by
assessing the virabéd in the thymus of fetuses from gnant gilts challenged with PRRSV and
the viral load in the endometrium of challenged pregnant(@itiag et al., 2016)Overall, these
results unravel the genetic basis of disease resistance in response to the R&R8Y¥ecand
provide an opportunitfor genetic improvement of disease resistance in the pig industry.
Although the animals are not completely resistant in this case, it may still help to select pigs that
are less susceptible to PRRSV. Meanwhile, the lathiggen burden could also benefitarth
population members by reducing the transmission of infe(@Bmihop and Woolliams, 2014)

Before applyingselection for disease resistance in practiceeaspecthatneedto be
considered is thpotential forincreasing hodliseaseesistancéo fuel the arms race between
host and pathogen and stimulate pathogen evolution toward higher virulence and multiple ways
of evasion fronthe host immune systeifboeschiWilson and Kyriazakis, 2012Moreover,
studies ofdisease resistance are often pathegparcific The genetic basis for an animal to be
disease resistannder thechallengecaused bynultiple pathogens in thedlid remains mostly
unknown(DoeschiWilson and Kyriazakis, 2012}t has been suggested thatexting pigs to be
more disease restant to a specific pathogen may have some serious drawbacks for their health.
For exampleHine et al. (2014) indicated that the selection of animals based odidesse
resistance to a specifmthogemight inadwertently increase the susceptibilityother
pathoges, which may involve the resource allocation and trafidetween the celnediated
and humoramediated immune responses. An inverse relationship between antibody production
and macrophage activity wadentified in mice selected for refmnce td_eishmania tropicand

also in cattle selected for resistanc8tacella abortugHale and Howard, 1981; Price et al.,
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1990). Subsequently, cathediated and antibodyediated immune responses were found to
have a negative genetic correlation in dairy cdftleompsoRrCrispi et al., 201 The selection
of resistant animalwith a stong humoraimediated immune response to extracellular pathogens
might inadvertently increase their susceptibility to intradatlpathogens controlled by cell
mediated immune responses (Thomp€oispi et al., 2012).
2.5. Disease tolerance

Concerning theotential forfueling the armgace between host and pathogen with the
selection of fbr oa dndth@mitsteroof diseaseerasistancemechanisnisa n c e
which are often pathogespecifig disease tolerands proposed aan alternativénostdefence
strategyfor coping withinfectious challengéhat could beargetedor genetic improvementin
contrast to disease resnce, disease tolerarics def i ned as an ani mal 6s
detrimental impact and possible damatgethehostcaused bypersisentinfectionandor
immunopathology under a given pathogen burden but does not exert any direct negatioa effec
pathogengAyres and Schneider, 2012; Bishop, 2012; Doe¥¢itdon and Kyriazakis, 2012;
Nakov et al., 2019)According to thedefinition, diseasdolerance mechanisnmay avoid
stimulating pathogen evolution toward higher viruleandare more hoghan pathogespecific
and therefore do not necessasgkertadirect effect on pathogenimproving disease tolerance
is unlikely to lead to disease eradicatiasdisease tolerant animals daarbourhigh pathogen
burdenwithout showing obious symptomsr significant drops ogberformance and productivity.
These disease tolerant animals | | sumpets pa £ adddinadsestently infecsusceptible
animalson the farmnational, and international scatbroughdirect and indirect contacts,
movement®f pigs, feed, and pork pductsor eveninfecthumans ithere are zoastic

pathogensHowever,it may be more benefal to improve disease tolerance rather than
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resistancevhere individuals are exposedrtwultiple pathogenge.g.in commercialpig farms),
wherehigh risk of pathogen evoluticexists and where disease eradication has proven difficult
with the preset of asymptomatic carrief®oeschiWilson and Kyriazakis, 2012)

2.5.1 Possible biological and immunological mechasims involved in disease tolemce

Since fitol er anc e 0 schba the caré moperty of thenimmuseesysterh, o0 d e
itisessentiato notconfuséi di sease toleranceodo with the equal
t ol e r(Qoaresetal., 2017; King and Divangahi, 20 8¥hough some of the mechanisms
regulating immune tolerance and disease tolerance may be functionally related, these two
mechanisms are distin®oares et al., 20L7lmmune tolerance is an active process that
eliminates or suppresses the activation radiferation of antigerspecific lymphocytes based
on immunoregulatory mechanisng@o@res et al., 20)1.7Therefore, immune tolerance plays a
vital role in the immune discrimination between self and-selhand the regulation of hest
commensal interactiss (Saares et al., 2017; King and Divangahi, 20X®)irrent understanding
of disease tolerance is limited but seems to revolve around evolutiac@rggrved stress and
damage responses that confer tissue damage contnalintain homeostasis and functad
integrity of tissues in the infected h@Bigure 3) (Soares et al., 2014, 2017; Shourian and
Qureshi, 2019)

Stress responses emerged at an early stage of evolution as the means to provide
adaptatiorand preserve host homeostdsienvironmental changéSoares et al., 20)1.7n the
face ofpersisentinfection dress responses are triggered through the engagerhstress
sensors thanonitor the disturbandenposedon host cells, such as microbial toxins, hyperoxia
and hypoxia, oxidative stress, osneatiress, and metabolic stress caused by infection and

aberrant immune respong@&oares et al., 2014pncethese parameters of stress change beyond
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a certain threshold, stress sensors set off signal transduction pathways to alert cells and to trigger
metbolic adaptation, which presescore cellular functions at the expense of accessory ones
while preventingnacromolecular and organelle damage in host @ellkz, 2005; Soares et al.,
2017)

Stress responses and metabolic adaption are sometimegiasutb prevent the stress
from causing cellular damage when the infecttontinuouslypersists in strength and time.
Persistent infection could lead to cellular damage, including macromolecular damage of DNA,
proteins lipids, and eventually, organefieaused by both pathogens and immunopathology
(Medzhitov et al., 2012; Soares et al.12p Therefore, the corresponding damage responses are
triggered to repair the damage and maintain essential cellular functions at the expense of
accessory ond$oars et al., 2014)Meanwhile, tissue damage control is activated by stress and
damage respwses, which work through various mechanism®idaforcethe epithelial barrier,
neutralize pathogen toxin and virulence factors, and regulate the intensity anoindoi &tie
host immune and inflammatory responses to establish disdassncgMedzhitor et al., 2012;
Soares et al., 2014, 201A)though the disease tolerance mechanisms cannot control the
pathogen burden in an infected host, a high level of toleraagebe sufficient for the host to
prevent disruptions of physiological functions andrguelly establish a state of persistent but
asymptomatic infectiofShourian and Qureshi, 2019)

2.5.2 Quantification of disease tolerance

The quantification of disease todmce is originated frorhe ecologyterm ofreaction
norm, which describes thgattern ¢ phenotypic expression ofgavengenotype across a range of
environmentgSimms, 2000 Therefore disease tolerandeas been quantitatively defined as the

change irhost performance (e.growth rate, feed intakevith respect tahe change imvithin-
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hostpathogen burde(Bimms, 2000Schneider and Ayres, 2008; Ayres and Schneider,;2012
DoeschiWilson et al., 2012Mulder and Rashidi, 20} 7Althoughanimal diseastlerances
defined athe individual levelmonitoringand repeameasuring of animaderformance and
pathogen burdeaver infectionon an individualevel arelaborious and costlyn addition, the
animal performance and pathogen burttajectorieson an individual levehre not alwaya
linear patterras there cabe multiple infection stages involvealertheinfection(e.g.pathoges
proliferak, recede or retound;the host gets sickecoversor the infection becomeshronid.
Empirical tolerance gimatesased on a grougf related individuals (g. breed, line, or
contemprary group)had been comonly usedor practical reason&Simms and Triplett, 1994;
Mauricio et al., 1997; Raberg et al., 2007; Kause, 20t articular,suchgroupdisease
tolerancehas been usuallgstimatedising regressioanalysis where performance measures of
infected group members are regressed against their respective pathogen burden at a-given post
infectiontime point and the slopes regarded as the estimate cfafise tolerand&imms and
Triplett, 1994; Mauricio et al., 1997; Raberg et al., 2007; Kause,;2@lih et al., 2017, 20)8
Theestimate ofjroup disease toleranceattractive for practical reasoasdhas
providedvaluableevidence on thexistenceof genetic variatiorin disease t@rance However,
DoeschiWilson et al.(2012 identified threesignificant issues thahay render group disease
tolerance not idedbr pig breedingorograns usingfield data Firstly, the estimate of group
disease tolerzce relies orthe assumption that all animals hdeeninfected with the same dose
and type of pthogens at the same time, which is unlikely to be fioupigs in commercial farms
(Bishop and Woolliams, 201@oeschWilson et al, 2012. Secondly, thgghenotypesboth
animal performance and pathogen burftergroup tolerancearecrosssectional measures

(DoeschiWilson et al, 2012. In other words, these phenotypes are talkteme time point
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during the infectionwhich may poorly represent the ovdrahpact of infection on host
performance over the entire time course of infecffyres and Schneider, 201Roeschi
Wilson et al, 2012. Finally, the major drawback of group disease tolerdrma an animal
breeding perspectivis thewithin-group varation cannot be exploiteavhich couldimit
selection accuracfDoeschiWilson et al, 2012.
2.6. Disease esilience

There is considerable debate on the relative utility of disease resistandsease d
toleranceBoth disease resistanemddisease tolerare avebenefits and concerns for different
scenarios as discussed abdyecoupling disease resistance and toleranag be vital as they
differ in pathogens prevalence and evolution @edsequently, on breeding prograf@aly et
al., 2012) Howeverexgicit selection fodiseasaesistance and tolerantsevery difficult and
has failed in many studigasit would require extensive routine data recordimigpathogen
burden ananimal peformancen response to infectioheading to considerable investnt for
breeding companig&nap and DoeschlVilson, 2020. Regarding this challengeecentstudies
proposed to focus on disease resiliemcegombination of disease resistance and toberaas a
practical breeding goal traiather than exjit selecton forthese two components tra{tdulder
and Rashidi2017;Knap and DoescHWilson, 2020. With the contribution of both disease
resistance and tolerancisease resilienaed ef i ned as an ani mal 0s
level of performance andgductivity in the faceof disease challengbat can be caused by
multiple pathogengAlberset al., 1987)Studies ofdisease resilienc®cusmore on reducing the
impact of infectioron performance and productivitggardless ofincoupling disease retasce
and toleranceTherefore the effectof disease resilienaan infection itself or thgpathogen load

remains unknowHemesch, 2014).
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2.6.1 Exploring diseaseaesiliencephenotypes from production traits

In the context oEommercial farmsproduction trag areeconomically important for the
swine industryanddisease resiliende commonlyreferedto asa relatively undepressed
expression of production potentidherefore, ithas beemeasured as deviation of production
traits in withinhost longitudinablata serie¢Colditz and Hine, 2016; Friggens et al., 2017; Knap
and DoeschWilson, 2020) In this casemmore resilient animals are expected to show smaller
deviations compared to less resilient animals, because they are less influenced by disturbances
caused by the infectiofBerghof et al., 2019 For example, body weight, wool growth, and wool
fibre diameter were recorded in Merino sheep with varying intervals on uninfected, infected, and
recovered occasions frommfection by the parasitdaemonchusontortusand the deviations of
these traits withirrach host were used as phenotypes of disease resilience to measure the
depression and recovery of productivity due to infectidbers et al., 1987)However, the
heritabilities of these traits were tosldo make tangible genetic improvemé¢Atbers etal.,
1987) In dairy cows, the daily milk yield of each animal is the longitudinal data recorded by
automatic milking systems. The resilience phenotype measured as the variance of milk yield of
an individua cow per lactation was moderately heritable (@d.0.24) and genetically correlated
(-0.22 t0-0.66) to udder health, ketosis, and longeyiigersma et al., 2018; Poppe et al., 2020)
Multiple traits developed based on tifeviation of body weightever timefrom an individual
were investigated assidience phenotypes in layer chickens, and these traitsmaderaely
heritable withheritability estimates rangdzetween 0.09 and 0.1Berghof et al., 2019)n pigs,
individual daily feed intake date longitudinal data that can be automaticallected by the
electronic feeding systems. The variabilitiéglaily feed intake and feed intake duratmver

time for eachfinishing pigin the samgolymicrobial challenge modektablished for studies
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this thesisvere estimated to be heritable (0.08 to 0.21 and 0.23 to 0.26, respéetnakly
genetically correlated with mortality and the standardized number of treatment events (0.12 to
0.62)(Putz et al., 2019; Cheng et al., 2020)

In addition pherotypesobtainal based on longitudinal dafa.g. growth rater average
daily gain based on body weights; treatment rate or incidesmed on medicine records)d
onetime measures of production traits (e.g. carcass traégs)also be used as resilience
phenotypesMore resilient animals are expected to slnbgher productivity for example,
higher growth ratevith lowertreatment incidenceomparedo less resilient animala the
contemporary groug-or instancedisease resilient sheep to nematodagitechallenge ere
selected based on the age when a firstpestning anthelmintic treatment (agefirst-drench)
was required to maintain acceptable grqwthich increased the average agdirst-drench and
the 6month live weight, and decreased breed fleece fecal soilingMorris et al., 201Q)In
pigs,Cheng et al. (202@nalyzed many production traitsresponse tthe samgpolymicrobial
challengedescribe here i€hapter 3, such asverage daily gairfeed conversion rati@arcass
weight,lean yeld, etc.and indicated the potential of further developing tlesmesilience
phenotypes
2.6.2 Immune traits as phenotypesof resilience

Immurocompetencelefined aghe ability of the body to produce effectiaad
appropriatammune responsavhen expeed to a variety of pathogertsgas been hypothesized to
becloselycorrelated withhothdisease severitfrelated tadisease resistancahd tissue damage
(related tadisease toleranceyhich may be a key playermai nt ai ni ng amancani mal
andproductivity (disease resiliencé) response to disease challelfgélkie and Mallard, 1999;

Hine et al., 2014). Accordinglynultiple immune traits, including antibody titers and immune
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cell counts, havalsobeen investigated as resilienm@motypes inseveral studie@Nilkie and
Mallard, 1999; Clapperton et al., 2008, 2009; Flori et al., 2011; Guy et al., 2019; Chen et al.,
2020) Many innate and adaptive immune traitsrademonstrated to be genetically controlled in
pigs. For examplegeripheral bloa@ mononuclear leucocytes (PBML) of pigs challenged on low
health status farms for 60 days were moderately to highly heritable (0.18 t§¢@afiperton et
al., 2008) Furthermore, negative genetic correlations of some PBML subsets with the daily
weight gan of pigs measured during the challenge were identified, indicating that improved
performance was associated with decreased values for PBML traits in response to the challenge
(Clapperton et al., 2008, 2009he results of these studies indezhthatthe changes afnmune
traits (PBML) in response tinfection have the potential to be used as phenotypdisedise
resilienceand are able to capture the genetidationto make genetic improvement of disease
resilience.

Although production traits are @esomically important in the swine industapndthey
have beenpreviously used as phenotypes for disease resili¢iney can only be obtained in
commercial farms when the disease challaageesentthe same problertinerefore occurs as
for pathogen loadlthough itmay not be the pridly target for disease resiliencenerefore, the
phenotypes that can be collectcearly ageandeven before the challenge from the nucleus
farmwhere selection takes plaaee of particular interests theymay have th@otential to be
developedhsindicators and or predictors of disease resiliena@mmmercial pigs

Multiple immune traitan response to vaccination oollectedfrom heathy animalswvere
found to be heritable and genetically correlated aittmalperformancean response to infection
laterin life. A broad range of 54 immune traits involved in innate immunity and adaptive

immunity were analyzetbr pigs vaccinated againktycoplasma hyopneumoniaand thirty of
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them were highly heritable with heritaltyliestimates higher than Q(Blori et al., 2011
ImmunoglobulinM (IgM) and Id5 natural antibodies amssentiaparts of the innate immune
system, and their titers measured from healthy pigs were estimated to be moderately heritable
(0.12 to 0.53)Chenet al., 2020)Furthermore, thégG natural anbody titer of healthy pigs was
found to have positive genetic correlations (0.18 to 0.47) witkidhability of daily feed intake
durationfor an animahfter exposure tthe samgolymicrobial challengestablished for studies
of this thesigChen et b, 2020) These studiekurther indicatedhat immune traits collected
beforeinfection have the potential to be usedasteffectiveindicator traitsof disease
resilience because thetraits can be dicdy collected from higkhealth nucleus breeding herds
for the selection of disease resilience.
2.6.3 Complete blood count: a practical measure aimmune traits

Sinceimmune traitxollected before and after infectiomay haveahepotentid to be
further devabped asndicator traits and phenotypes of disease resilianpes respectively
there is a need tiirtherexplorethe mostosteffectiveand practicamethod taneasure
immune traitghat can be applieid the swine industryThe complete blood coafCBC) is a
group of flow cytometrybased tests that provide an automatic measure of cells in blood samples,
including the concentrations and relative proportions of leukocytes that play multiple essential
roles in the immune systef@eorgeGay and Parke2003) It is a relatively inexpensive, robust,
and routinely used blood test in veterinary laboratories to evaluate overall health and detect
disorderswhichmay have the potential to lbised as a practical measure of immune traits for
the selectionof disease resilience in the swine industry

The CBC analyzer uses light scattering, differential white blood cell (leukocyte) lysis,

myeloperoxidase staining to determine white blood cellmaters, including the concentration
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and relative proportions ofti white blood cells, neutrophils, lymphocytes, eosinophils, and
basophils (Harris et al., 2005). A colorimetric method is used by the CBC analyzer for
hemoglobin analysis, and the lightstering is used for red blood cell (erythrocyte) and platelet
andyses to quantify the hemoglobin concentration of the red blood cell, and concentration and
volume of red blood cells and platelets (Harris et al., 2005).

The CBC traits measured from amlividual should be in a normal range identified from
the healthy ppulation when there are no disease or perturbation challenges. Therefore, when the
CBC traits are out of the normal range, eithigheror lower than the normal rangeay provide
uswithnf or mati on about the ani malféctonahdsiressrand i s ,
recovery(GeorgeGay and Parker, 2003Although CBCvaluesoutsidethe normal rangean be
from manysourcesinfection andnflammation found in animalarethe mog significantreasos
for the increases of white blood cell trai®gnificant increases white blood cell traits can be
caused by vasodilation, a manifestation of inflammation that increases blood flow to the
infectionareas, bringing nutrients anddaramounts of white blood cells to defend against
pathogengGeorge-Gay and Parker, 2003Yloreover, white blood cells also release cytokines to
recruitmore white blood cells to the area to reinforce the inflammatory respodséetal
against pathogereffectively (GeorgeGay and Parker, 2003)he primary function ofed blood
cells is to carry oxygen in the lungs to the cells of the body and transport carbon dioxide from the
cells to the lungs for excretigiezSilva et al., 2010)Besides, red bloocklls carry the
majority of iron of the body, which is an essehtiatrient for both humans and pathogenic
microbeg(Cassat and Skaar, 2018)emoglobin is the iroigontaining oxygeftiransport
metalloprotein in red blood cells that plays an essentiaindte functions of red blood cells.

The levels of red blood cahdices, including red blood cell concentration, hemoglobin
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concentration, and hematodtihe volume percentage of packed red blood cells in bjooaly

increase or decrease due to multiple and complex reasons. However, under the disease challenge,
asignificant decrease of red blood cell indices is likely caused by the challenge of bacterial
pathogens, which could damage circulating blood cellsaanédlerate hemolysis for iron to

support bacterial cellular processes of respiration and replication tfBaom@nor, 1972; Kent,

1994; Viana, 2011; Cassat and Skaar, 20ABhough hemostasis is the primary function of
plateletsthey alsowork asimportant immune cellén both innate and adaptive immune response

by secreting mediators and interacting witsatdarendothelial cellsandleukocytes
(TamagawaMineoka, 2015; Hottz et al., 20L& transient increase in platelet concentration can

be observeds a response to infecti@eorgeGay and Parker, 2003)

To date many studies of immune traits and thiatienships between immune traits and
diseas responsesnly focused on the immune traits collected at a specific time point, for
example, before after the challenge, under healthy or unhealthy condi{i®astion 2.6.2.
Suchresultea r e a s ksrhgolt emaydmnoiasioled and enfusethe understanding of the
immunological mechanisms of resilience because the correlation between immumadraits
performance can be either positive or negative depending on the sampling time and the health
status ofanimals.In a study of pig responsé& disease challengeith the protozoan pathogen
Sarcocystis miescherianngitudinal CBC data wereaneasured at four different time points
before and after the challenge for genetic analgdsease respongReirer et al., 2008)
Although this study only focused on a specific pathogen challenge in pigs, it indicated the
potential of using longitudin@BC datacollectedat different time points and health conditions,
for example, healthy stage, acute disease stagkrecovery or chronic disease stage, for further

genetic studies of diseasssilience.
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Overall, CBC provides a description of circimat blood cells that play essential roles in
immune responses, which can be a practical measuremfne traitsMany studies have
indicated the value of CBC traits in predicting cancer, heart diseases, and neonatal sepsis in
humangOttolini et al., 2003Spell et al., 2004; Anderson et al., 2007; Hornik et al., 2012;
Lassale et al., 2018However, little has been kwn about their value and usage as indicators
and or phenotypes of disease resilience in pigs.

2.7. Summary

Hence,CBC isan excellent candidafer a practical measure ohmunetraitsand may
have the potential to be further explotedmprove disease regcefor the swine industry
where pigs are facing disease challenge caused by multiple pathibgeag be possible and
feasible to collect longitudin&BC data by conducting CBC for blood samples collettefbre
and afterexposure to pathogens at multiple time points throughowtnanimabs response to
infection Thereforethe following studis presentedh this thesisvere conductetb explorethe
potential oflongitudinal CBC data&ollected before andfter exposure to polymicrobial
infectious clallenge(as is the case in many commercial farassindicator traits and phenotypes
of diseaseesilience, respectively, to make genetic improvement for disease resilience in the

swine industry.
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One Health is at the intersection of human leaihimal health, and environmental heailtis

an approach tdesignand implement programmes, policies, legislation and research in which
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Chapter 3. Natural disease challenge model

To achieve the objective ekploringCBC traits collectedrom the highhealthnucleus
farm as indicator traitendfrom the commercial farm with polymicrobial challengas
phenotype®f disease resilience for genetic improvenwthe swine industrya natural disease
challenge modgINDCM) consisted of a healthy quarantine unit and a challengenze
established as the basis for the studescribed in this thesis.
3.1. The design of the natural disease challenge model

The NDCM for wearto-finish pigs was established in November of 2@t
Deschambault, in Québec, Canada. There were two major facilities in the NDCM: (1) a nhon
challenged quaramté unit for a 3veek nursery and acclimation after weaning and transportation
(qNur, 19 to 40 days old); (2) a challenge barn forveeék latenursery stage (cNur, 41 to 68
days of age on average) where the test pigs were first exposed to the polymitiaéage and
a 16week growto-finish stage (GF, approximately 69 to 181 days of age). Test pigs were
healthy F1 crossbred (Landracé orkshire) barrows (castrated male pig®urced from healthy
multiplier farms(n = 14)of seven genetic suppliers (@nce Genetics Canada, AlphaGene,
DNA Genetics, FastGenetics, Genesus, Hypor, and Topigs), all members of PigGen banada
rotation. A batch Hb60 or 75 test pigs from one of the multiplier farms was introduced into the
NDCM every three weeks. Every seMeatches constituted one cycle for cycle 1 to cycle 6, and
the last eight batches (batches 43 to 50) formed cycle 7. In total, fifty batgbigs @i = 3285)
were introduced into the NDCM and were used for the studies presented in this thesis. A
summaryof batches and their corresponding farms, genetic suppliers, and cycles is shown in
Table 1. Since batches were nested within farms, genepplgrs, and cycle, and coded

uniquely, the batch effect was fitted as the fixed effect in the studies diglis to controfalse
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positive results due to population stratification and batch differences, artd &sms on the

variance within each lbeh. The protocol specified that only two to four weaned barrows should
be sampled per litter as test pigs. Bach batch, the number of test pigs per pen was
approximately 4, 7, and 13 for gNur, cNur, and GF, respectively. The quarantine unit and the
chdlenge barn were in the same building connected by a hallway for the first cycle (batches 1 to
7), but strict bbsecurity protocols were practiced. Since the biosecurity practices were found to
be insufficient to stop the spread of pathogens from theettggdibarn to the quarantine unit, a
separate quarantine unit located approximately 1 km south of the challngeas set up for
cycles 2 to 7 (batches 8 to 50) and kept free of disease by adhering to strict biosecurity protocols.
Common diseaseausingpathogens found in commercial farms were the primary target
pathogens in the NDCM, including multiple strainP®&RSV and swine influenza A virus,

various respiratory and enteric bacterial pathogens (sudly@splasma hyopneumoniae
Haemophilus parasuj8rachyspira hampsoniSalmonella entericaerovaryphimurium and
Streptococcus syisand parasites includyrCystoisospora suiandAscaris suumThe challenge

barn was operated as a high health status facility prior to theuistrod of the disease agents.

The polymicrobial challenge in the challenge barn was established by introducing naturally
infected amnals (seeder pigs) from strategically selected commercial farms with known disease
outbreaks into the challenge barn. Fgruoups of 12 to 28 seeder pigs (approximately 2 to 4
seeder pig per pen with 7 test pigs in cNur) were sourced from four differamergial farms

and ceintroduced into the challenge barn with the first four batches of tes(iabte 2). Once

the chalénge was established, the pathogen circulation and the polymicrobial challenge were
maintained as a continuous flow system. The maw@ming batch was challenged by direct Rose

to-nose contact with the adjacent proceeding batch for one week in the chédiengursery
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without repeatedly introducing seeder pigs after the first four batEigs¢ 4A). During the
periods of very hightwallenge pressure, as indicated by morbidity and mortality, twelve batches
of test pigs were physically separated fromgheceding batch that was-boused during the
week of cNur without the direct nese-nose contadffFigure 4B). The nordirect noseto-nose
challenge helped maintain the mortality rate below the target level established by the Animal
Protection Committetor animal welfare

For the data used in this thesis, every batch was confirmed to have been exposed to
PRRSV in the challenge barased on randomly sampling blood from a subset of individuals for
reverse transcriptiepolymerase chain reaction (FACR) bur weeks posthallenge and
enzymelinked immunosorbent assay (ELISA) six weeks fdstllenge. In addition to the target
pathogenspther pathogens including PCV2, porcine rotavirug#sipelothrix rhusiopathiae
Staphylococcus hyicuand some undefined minor pathogens were also identified in the NDCM.
The disease challenge was a function of these pathogens, together with thenesviy
management, and veterinary strategies. The disease pressure varied by batch and also on a
seasonlabasis. Therefore, not all pigs were exposed to all the same types or doses of pathogens,
which would also be the case on a commercial farm. In thé MI[a part of the pigs died (see
details in section 3.3.4), and the other animals reaching the tangghtelaweight (~130 kg) at
approximately 181 daysld were slaughtered commercially and entered the food chain.

To ensure animal welfare and maintétie mortality rate below the target level
established by the Animal Protection Committee, individtinents were given on a cdse
case level. Also, the level of mortality in a batch was carefully monitored. The periodic group
treatments were givehrough water and feed on the entire batutthe large grougevel for

batches with significantly higinenortality rates. Due to significant problems in managing the
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associated impact caused by PCV2 in cycle 1 (batches 1 to 7), Ingelvac CircdFPEXR
vaccination (Boehringer Ingelheim, Ingelheim am Rhein, Germany) was administered
intramuscularly as pehé label instructions to pigs before being exposed to the polymicrobial
challenge in the challenge barn from the second cycle onwards. The treaibectlwas
established and fully overseen by the research staff and veterinarians.
3.2. Blood samples colleied from the natural disease challenge model

In the NDCM, four sets of blood samples (Blood 1, Blood 2, Blood 3, and Blood 4) were
collected from theygular vein of each test pig by trained research staff following the established
protocol. Blood Isamples were collected in the gNur at an average age of 26 days, a week post
arrival from their farm of origin, and two weeks before the challenge. Atriteedf the
collection of Blood 1, animals were expected to have recovered from acute stresspfadeexa
weaning and shipping stress, and to acclimate to the change of diet from highly digestible liquid
milk to solid dry feed that is less digestible. THed®l 2 samples were collected immediately
before entry into the challenge barn, at an averagefatfedays whichwere notusedfor the
work described in this thesis. The Blood 3 samples were collected in the cNur at an average age
of 54 days, four weekafter the collection of Blood 1 and also two weeks after exposure to the
polymicrobial challengerepresenting the acute stage of the disease. The Blood 4 samples were
collected during GF at approximately 82 days old, four weeks after the collectiooocaf Bland
also six weeks after exposure to the polymicrobial infectious challenge. The Bloogadititne
was expected to represent the chronic stage of the disease with the culmination of clinical
symptoms or the convalescent stage established by digsdsnce.

Blood 1, Blood 3, and Blood 4 were whole blood collected into K2

ethylenediaminetetraatie acid (EDTA) tubes (BD Vacutainer® Blood Collection Tubes, United
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States) and Templl$ Blood RNA tubes (BD Vacutainer® Blood Collection Tubes, United
Staes).These samplesere shipped overnight with ice packs to the University of Alberta. The
whole bbod samples in EDTA tubes were used for CBC test to evaluate the cells circulating in
blood using théADVIA ® 2120i Hematology SysteSiemens Healthineers eBnany). Fresh
samples were necessary for CBC analysis, and most of the samples were receivecdeasdg
within 24 hours. In a few cases shipping delays occurred but even in these cases the samples
were usually delivered within 24 to 48 hours, and vge &und the samples were relatively
robust for CBC when analyzed 48 hours after collection. Thaeahiood samples in Templs
Blood RNA tubes were stored and frozenzt °C for future RNA extractionFinally, Blood 2
samples were collected into Plusr@m tubes (BD Vacutainer® Blood Collection Tubes, United
States) for analysis of serum famtibodymediated responses for a separate study.
3.3. Phenotypes collected from the natural disease challenge model

Multiple phenotypes from the NDCM were monitored apntected by trained research
staff following the established protocol, and individual faad water intakes data in the
finishing phase were recorded automatically using I?@@ding stations (Insentec,
Netherlands). Of note, CBC collected before alfter @xposure to the challenge, bodyweights,
treatments, mortality, and daily interior anatside temperature of the barn were the phenotypes
monitored and analyzed for this thesis.
3.3.1 Complete blood count (CBC)

Three categories of CBC traits, including tehblood cell traits, red blood cell traits, and
platelet traits, were measured from Blogdlood 3, and Blood 4 samples. The description and
abbreviations of these CBC traits are showmable 3. White blood cell concentration traits

were loge-transfomed to reduce the skewness of the distribution. Due to the relative complexity

75



ofthesam@ handling and | aboratory analysis, CBC
from delays in transport with unfavourable environmental conditions) with clottingeaaale
hemolysis were regarded as outliers. Additional issues were sometimes encouritetiee wi
Hematology System used to measure CBC from blood samples. By annotating the results during
sample processing and comparing the CBC data to the referenmgalsjteutliers potentially

caused by shipping, layover, and equipment problems rathea tleponse of CBC to the

challenge were removed from the analyses. The descriptive statistiics @BC traits measured

in Blood 1, Blood 3, and Blood 4 of all\an cycles after removing outliers are showFigure

5to Figure 7. Most CBC traitavere recorded on all animals at Blood 1, but fewer and fewer
samples were available for Blood 3 and Blood 4 because some of the animals died throughout
the NDCM in respose to the challenge prior to sampling. Most of the white blood cell traits in
Blood 3and Blood 4 had higher standard deviations and thinner violin plots than Blood 1,
indicating that the white blood cell traits in Blood 3 and Blood 4 were spread ow buveader

range. In contrst, several red blood cell traits had thinner violin platsBlood 1 than Blood 3

and Blood 4.

In addition to these direct measures of CBC traits from blood samples, we also calculated
the changes of CBC traits between bloomgkes collected at different time points, which were
referred to aal3 for the chang&om Blood 1 to Blood 3 (calculated by subtracting CBC in
Blood 1 from CBC in Blood 3, Blood 3 Blood 1),A34 for the change from Blood 3 to Blood 4
(Blood 4 Blood 1) andA14 for the change from Blood 1 to Blood 4 (Blood 48lood 1).

Descriptive stastics for the changes in CBC traits are showRigure 8 to Figure 10. Not alll
animals responded to the challenge in the same way, shown as either positive (inaeasing)

negative (decreasing) valuesAih3,A34, andA14 of each trait. This differencenang
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individuals may be associated with an ani mal o

which will be further discussed @hapter 4.
3.3.2 Bodyweight and growth rate

The bodyweights of each test pig were measured every three weeks in the NDCM. The
growth rates of pigs, including the dead animals in different phases of NDCM, were estimated
using the linear regression of body weights collected during each stage. Tihgrohil rate
(gNurGR) was assessed using the bodyweights collected at approyifrtatidys of age on the
first day of entry into the NDCM and 40 daghkl at the end of the gNur. The cNur growth rate
(cNurGR) was estimated using the body weights collefcted 40 to 69 days of age. The GF
growth rate (GFGR) for each animal in the chadje barn was estimated using the multiple sets
of body weights collected from an average of 69 dadgigo the endpoint when the test pig died
or reached the target slaughteeight at approximately 181 days of age.

The growth curves of pigs in all fiftydbches are shown Figure 11, and the growth
curves of dead animals are highlighted in red. The majority of dead animals had relatively slow
growth, shown as flat growth otes. A few animals showed a significant gain of body weight
but died before reaahg the target slaughter weight. The highest standard deviation was
identified for cNurGR (0.10) among all the animals which was greater than that for qgNurGR
(0.06) and GFGR0.05). The means and standard deviations of gNurGR, cNurGR, and GFGR
for each bata are shown ifrigure 12 The cNurGR was not applicable for batches 24 and 25
because body weights were not collected in the gNur. Overall, GFGR was higher than gNurGR
and &NurGR for all batches because both lean and fat accretion increase during tte-grow
finish stage of pigs. All batches showed higher standard deviations in the cNurGR and GFGR of

animals after exposure to the challenge than the gNurGR of animals befoteallenge. The
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means of gNurGR, cNurGR, and GFGR varied among batches duediféhences in genetic
background and challenge level among batches.
3.3.3 Mortality

A total of 944 pigs died in the natural disease challenge model. The cause of death is
summaized inFigure 13, whichcan be classified into infectious and Aafectious reases.
The majority of animals died due to infectious diseases, according to the clinical and
pathological signs observed from the animals, such as heavy breathing, lantamessaad
fever, etc. The | argest c| astshrdiiveedo d(une= 3t 103 )A,p ov
also classified with the group assigned infectious reasons because inappetence and failure to eat
were typical symptoms of the disease caused llyipte pathogens in the NDCM.
AThumping/ heavy br eat hideaghdn=223),svhichiwasatygicalmaj or ¢
symptom of pneumonia caused by respiratory pathogens in the NDCM, such as PRRSV, swine
influenza A virus Mycoplasma hyopneumonicendHaemophilus parasuidMany pigs (n=129,
including 7 pigs in the gNur, 57 pigs in tbur, and 65 pigs in the GF) were recorded as
Asudden deat ho when the pigs died unexpectedl
could alert the vetrinariars and reearch staff in the NDCM. Sudden death can be found in
almost all batches in the NDIM and was regarded as a Aiafectious cause of death because the
exact reason was unknown. In addition to the sudden death, there were 41 pigs that died due to
othernorinf ect i ous and wuncl ear reasons, including
Afraeptriaom/os dAfighting/tail/ear/ flank bitingo,
torsiono.

The mortality rates in gNur, cNur, and GF of each batch are shokigune 14. For

most batches, the mortality rates were higher in cNur and GF after exposhe challenge than
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the qNur, where the animals were not yet challenged with infectious pathogens. The mortality
rate varied among batches. Several successive batath@shigher mortality rate in cNur;
accordingly, the mortality rate of these batieGF was also higher than the other batches. The
weekly death counts are summarized based on the scale of weeks after exposure to the challenge
(Figure 15A). The first tlree bars on the histogram indicate the weekly death counts in the gNur,
three weeks before exposure to the challenge. The weekly death count increased significantly in
the cNur from one to four weeks after exposure to the challenge. Thefpsakkly dedt
counts was also observed in the cNur at three and four weeks after exposure to the challenge. In
the GF stage, the death count was high in the first two weeks, five to six weeks after exposure to
the challenge, but dropped to a low levééeafard.
3.3.4 Treatments and individual treatment rate

Individual medicationsvere given to pigs that exhibited clinical signs, such as coughing,
fever,inappetencewasting, hairy appearance, swollen joints, and sloppy feces with a range of
colours(grey, red and yellow)which were indicative of pneumonia, diarrhea, meningitis,
arthritis, erysipelas, conjunctivitistic Some pigs exhibited @mbination of multiple
symptoms, for example, coughing and diarrhea can be observed in a gigs@ously or at
different time pints, which suggested infection caused by a variety of pathogens. Antibiotics
were used as per a regimented treatment protocol for each ailmernframimatory
medications were also administered for some clinical signs. Sadeatiscouts, individual
treatment counts were high in the cNur stdggure 15B). Individualmedicationsvere given
intensively in theecNur, especially in the two and three weeks after exposure to the challenge,
shown as significantly more counts of individuabtraent events Figure 15B. Test pigs did

not necessarily stay in the NDCM for the same numbdayé because some died throughout
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the NDCM, but others reached the target slaughter weight on different days, which affected the
count of individual treatmerevents thaanimals received in the NDCM. For example, some
animals had fewer counts of treatment events only because they died early in the NDCM due to
infectious disease. Therefore, individual treatment rate or incidence (TR) was calculated for each
pig to standardie the count of individual treatment events to approximately the same scale (TR
= count of individual treatment events/days in the NDCKI00%). The mean and standard
deviation of the individual treatment rate of each batch is showigure 16A, where vaations
of the mean and large standard deviations can be observed among batches.

The counts of group treatment events for each batch are summarkigdrie 16B.
Twenty-five batches received group treatments, which were dgivémeentirebatchor ona
large grougevel through water and fee¢d maintain the mortality rate below the target level
established by the Animal Protection CommitteEnQte, seventeen tidnes received group
treatments multiple times throughout the NDCivid most group treatmis were given during
the cNur and GF stages in the challenge barn
3.3.5 Daily interior and outside temperatures

In addition to the challenge of pathogens, environmeptaditions have also been
identified ascritical components for pig health, welfaendproductionefficiency.In the pig
industry, considerable efforts have been made to control the interior environment of the barn and
maintain the thermaeutral zone whre pigs can maintain body temperature without using
energy beyond the basal metabolic ratee minimum and maximum interior temperatures were
controlled and monitored on a daily basis for the gNur and challenge barn of the NDCM. The
daily maximum and mimhum temperatures were monitored from both east and west sides of the

building to ensure ghtemperature was managed in the large challenge barn.
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The daily interior and outside temperatures of the gNur are shokigurne 17.

Although tie minimum interior temperature fluctuated slightly for days from October to
December in 2015, it was wetlanaged and stabilized to 23.5°C from 2016 to 2018. The interior
temperature of the gNur was difficult to control for days from May to Septembertivaen

outside temperature was above 20°C, based on the variation observed for the maximum interior
temperaturavhich varied from 23.1°C to 37.5°C. From May to September of each year, the daily
maximum interior temperature was higher than 25°C for approg&lyn@0% of the time and

higher than 30°C for 15% of the time.

The daily temperatures (maximum and minimun@asured from the east and west sides
of the challenge barn are showrFigure 18. Overall, the interior temperature of the challenge
barn was marged to be lower than the gNur barn. The minimum interior temperatures were
maintained to 21.5°C for both sgleHowever, the maximum interior temperatures were also
hard to control from May to September of each year for both sides when the outside temperat
was higher than 20°C. Of note, the maximum interior temperatures of the east and west sides
were higheritan 25°C for more than 70% of the time and higher than 30°C for almost 25% of
the time from May to September of each year. The interior tempemtuhe east side
fluctuated slightly in 2019, shown as the minimum temperature ranging from 21.9°C to 18.5°C
and the maximum temperature varying from 25.3°C to 19.3°C.

3.3.6 Changes in mortality and treatment eventsthroughout the year

The prevalence of diseas has been reported to show a seasonal pattern and potentially
beassociated with climate factoracludingambient temperatur&anche2vVazquez et al., 2012;
Eze et al., 2015; Lee et al., 202Bpr example, Lee et al. (2020) found that the cyclicaliahn

patterns for the prevalence of respiratory disshssvingpeaks in the summer months and
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troughs in thevinter monthsTherefore, the daily death count and daily count of the group and
individual treatment events in the gNur barn and the challengeolbéine NDCM are plotted in
Figures 19to 20to explore if they could be affected by the climate and seasaaddition to
pathogens. As mentioned abo¥agure 15), most death and individual treatment events
happened in the challenge barn after exposure to the challenge, which can also be observed from
Figures 19 and21. Mortality, group treatment events, amdlividual treatment events happened
sporadically in theNur stageKigures 19A, 20A, and21A).

For the gNur, relatively higher mortality was found during the winter months (January to
March and October to December) in 2016 and 2@igu¢e 19A). During thke winter months, the
low outside temperature could belallenge for the transportation of pigs from their farms of
origin to the NDCM, which might result in high mortality in gNur. Group treatments in the gNur
were given four times iDecember of 2015htee times in January and July of 2017, and four
timesfrom October tdecember of 201 7Hgure 20A). Each group treatment in the gNur was
given for two to three successive days. It seems that during the winter months of 2017, although
more group treatmesitvere given in the gNur, the mortality was still retely higher than the
other months. The count of daily individual treatment events was high from the end of March to
early April, and also July in 2016 compared to the other moFRisre 21A).

For the challenge barn, higher daily death count, daily tofigroup treatment and
individual treatment can be observed compared to the gNur. The daily deatlwasumgher
from January to early April and from October to December of 2016 and 2017 conp#red t
other monthsKigure 19B). Although the maximum interior temperature was difficult to control
from May to September and resulted in a large difference between the minimum and maximum

interior temperature of the challenge barn, the mortality wasvaatow during these months
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in the years of 2016 and 201Fidure 19B). Conversely, animal deaths were relatively low and
occurred sporadically from January to March but showed a tendency of increasing from June to
September at the end of the NDCM in ytear of 2018 Figure 19B). Thegroup treatment in the
challenge barn was only found to be relatively higher during the winter months (January to
March and October to December) when the death count was high, which was also the protocol
for conducting groupreatment Figure 20B). The indvidual treatment in the challenge barn
showed a tendency of changing in a cyclical pattern as more individual treatments were given for
a period of time and then fewer were given for the next period of Eigare 21B).

The death count, counts of groupatment events, and numbers of individual treatment
events were also plotted on a month sdaigure 22). Group treatment seemed to be given in
the months (January, March, April, and December) with higher mortality i®; 20dher counts
of group treatrants were also given for the months (January to May, and September to
December) with higher mortality in 2017, which might indicate the animals were facing a more
challenging environment during these monffigre 22A andB). In 2017, more individual
treaments also seemed to be given for the months with higher mortliiyr¢ 22C). In 2018,
the mortality was low and stayed at a relatively stable level throughout thd-grae(22A).
Therefore, both counts of group tneaint events anithdividual treatment events were lower and
did not change dramatically among different months in 2018 compared to the other years
(Figure 22B andC).
3.4. Summary

This chapter provided a detailed description of the NDCM. It aimed to help imfitev
understanithg of the NDCM as the following studies were conducted using the data collected

from the NDCM.
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Table 1 A summary of batches and their corresponding farms, genetic suppliers, and cycles
for test pigs introduced into the natural disease challenge model.

Cycle sﬁ Sgﬁg; Farm Batch Cycle Sﬁ;gﬁg; Farm Batch
1 A | 1 4 A E 26
B A 2 E H 27
E H 3 D C 28
F D 4 S A | 29
G B 5 B A 30
D K 6 E H 31
C G 7 F D 32
2 F D 8 G B 33
E L 9 D J 34
A E 10 C G 35
D C 11 6 F D 36
D C 12 G B 37
G B 13 A E 38
B A 14 C F 39
3 E H 15 D C 40
F D 16 E L 41
A | 17 B M 42
B A 18 7 C F 43
A E 19 F D 44
D C 20 G B 45
G B 21 C F 46
4 B A 22 B N 47
C G 23 D C 48
F D 24 E L 49
G B 25 B N 50

Geneticsuppliers and farms are recodegsing the alphabdor privacy. There are 7 cycles,
genetic suppliers,dlfarms(farms E and | for genetic supplier Aarms A, M, N for genetic
supplier B farms F and G for genetic supplier, @rms C, J, and K for genetic supplier D; farms
H and L for genetic supplier E; farm D for genetic suppligiafn B for genetic supplier Gand
50 batches used for this thesis.
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Table 2 The sdheme for introducing seeder pigs fromfour commercial farms with healthy
test pigs to establish the polymicrobial challenge in the natural disease challenge model.

Entry date Commercial farm? for seeder pigs Batch of test pigs

201511-11 Commercial irm A 1

201512-04 Commerciaffarm A 2
Commerciafarm B
201512-23 Commerciafarm C 3

201601-14 Commerciafarm D 4
The commercial farm was recoded for privacy.
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Table 3 Description of complete bloodcount traits analyzed inthe thesis.

Abbreviation  Trait
WBC Total white blood cell concentration ¢10L)
NEU Neutrophil concentration (2QL)
LYM Lymphocyte concentration (3QiL)
MONO Monocyte concentration (HQuL)
EOS Eosinophilconcentration (1%uL)
BASO Basophil conentration (1&uL)
RBC Red blood cell concentration ©aL)
HGB Hemoglobin concentratiofg/dL)
HCT Hematocrit(%).
Measure thg@ercentage of packed red blood cells volume in blood
MCV Meancorpuscular volume (fL).
Indi cates the vol umead odf otohe(ficasl)e
Mean corpuscular hemoglobin (pg)
MCH A calculated red blood cell index that indicates the average amount of
hemoglobin in the red blood celllCH = HGB / RBC
Mean corpuscular hemoglobin concentration Jg/L
MCHC A calculated red blood cell index that indicates the niiegmoglobin
concentrabn per unit volume in red blood celldCHC = (HGB/
HCT)x 100
RDW Red blood cell distribution width (%)
An index of the variation in cell volume within the red blood pefpulation
PLT Platelet concentration (¥IL)
MPV Mean platelet volume (fL)
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Figure 4 Pen arrangements in the challenge barn late nursery stage

Pen arrangements farweekof noseto-nose direct challengd@\). Pen arrangemeffior a week
of indirect contact during the period of excessively high pressure of challendgefB)ed from

Bai et al. (2020).
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Figure 5 Violin plots for descriptive statistics for white blood cell traits of all seven cycles in
Blood 1, Blood3, and Blood 4

Blood 1, Blood 3, and Blood werecollected aR-weeks before, and at and 6weeks after
exposure to thehallenge, respectively.

WBC: total white blood cell concentration; NEU: neutrophil concentration; LYM: lymphocyte
concentration; MONO: monocyte concentration; EOS: eosinophil concentration; BASO:
basophil concentration.

Wider sections of the violin plots represent a higher grtibadensity of the data at tlggven

value and the skinnier sections represent a lowsdrgbility. Suggested reference intervals for

CBC traits were derived from lowa State University's Clinical Pathology Laboratory (2011). The
suggested reference imals for BASO traits are not applicable.
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Figure 6 Violin plots for descriptive statistics for red blood cell traits of all seven cycles in
Blood 1, Blood 3, and Blood 4

Blood 1, Blood 3, and Blood 4 weeellected aR-weeks beforeand at 2and 6weeks after the
exposure to the challenge, respectively.

RBC: red bl@d cell concentration; HGB: hemoglobin concentration; HCT: hematocrit; MCV:
mean corpuscular volume; MCH: mean corpusdugmoglobin; MCHC: mean corpuscular
hemoglobin concentration; RDW: red blood cell distribution width

Wider sections of the violin ptsrepresent a highgrobabilitydensity of the data #e given
valueandthe skinnier sections represent a lower pbaiig. Suggested reference intervids
CBC traits were derived fromowa State University's Clinical Pathology Laborat(2911). The
suggested reference intervals for RDW traits are not applicable.
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Figure 7. Violin plots for descriptive statistics for platelet traits of all seven cycles in Blood
1, Blood 3, and Blood 4.

Blood 1, Blood 3, and Blood vwerecollectedat 2-weeks before, and at and 6weeks after the
challengerespectively.

PLT: plateletconcentrationMPV: mean platelet volume.

Wider sections of the violin plstepresent a higher probabiligdensity of the data élhe given
valueandtheskinnier sections represent a lower probabifiyggested reference intervéds
CBC traits were derived fromowa State University's Clinical Pathology Laborat(2911). The
suggested reference intervals for MPV traits are not applicable.
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Figure 8. Violin plots for descriptive statistics for white blood cell traitsin A13,A34, andA
14 of all seven cycles

A13 for the change from Blood 1 to BloodA®4 for the change from Blood 3 to BloodML4
for the change from Bloodtb Blood 4.

Blood 1, Blood 3, and Blood 4 were collect®-weeks before, and at and 6weeks after the
challengerespectively.

WBC: total white blood cell concentration; NEU: neutrophil concentration; LYM: lymphocyte
concentration; MONO: monocyte moentration; EOS: eosinophil concentration; BASO:
basophil concentration.

Wider sections of the violin plotepresent a higher probabilitiensity of the data at tlggven
value and the skinnier sections represent a lower probability.
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Figure 9. Violin plots for descriptive statistics for red blood cell traits inA13,A34, andA14

of all seven cycles.

A13 for the change from Blood 1 to BloodA®4 for the change from Blood 3 to BloodML4
for the change from Blood 1 to Blood 4

Blood 1, Blood3, and Blood 4 were collected 2-weeks before, and at and 6weeks after the

challengerespectively.

RBC: red blood cell concentration; HGB: hemoglobin concentration; HCT: hematocrit; MCV:
mean corpuscular volume; MCH: mean corpugctkemoglobin; MCHC: mean corpuscular
hemoglobin concentration; RDW: red blood cell distribution width.

Wider sections oftte violin plots represent a higher probabitignsity of the data at tlggven

value and the skinnier sections represent a lowsdyagnility.
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Figure 10. Violin plots for descriptive statistics for platelettraits in A13,A34, andA14 of all
seven cycles

A13 for the change from Blood 1 to BloodA®4 for the change from Blood 3 to BloodML4
for the chage from Blood 1 to Blood 4.

Blood 1, Blood 3, and Blood 4 were collect®-weeks before, and at and 6weeks after the
challengerespectively.

PLT: plateletconcentrationMPV: mean platelet volume.

Wider sections of the violin plstepresent aigher probabilitydensity of the data at tlggven
valueandthe skinnier sections represent a lower probability.
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Figure 11. Growth curves of animals inthe natural disease challenge model.

Growth curves of dead animals are highted in red. The blue dashed lines indicate the average
ages of animals entering into and leaving from the quarantine nursery (QNahatliemge
nursery (cNur), and thehallengegrow-to-finish barn (GF).
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Figure 12. A summary of growth rate for each batch of animalsin the natural disease challenge model

Mean of growth rate (kg/d) in the quarantine nursery (QNngllengenursery (cNur), andhallengegrow-to-finish stage (GF) of
each batle. The error bar indicates thpper standard deviation of the growth rate of each batch



Cause of death

Poor/Skinny/Hairy/Failure to thrive - |

313

Thumping/Heavy breathing - | 223
Sudden death A | 129
Meningitis - 69
Lameness/arthritis - 35
Sampling/Bleeding 30
Other - 20
Cull A 17
Generalized weakness - 16
Yellow Scours (Salmonella) - :| 11
Grey/Brown Scours - :| 10
Red Scours (Dysentry) 1 :|7
Ataxia - :|7
Rectal prolapse 4 D(-S
Hernia - DG
Inappetance - DS
Heart attack - D4
Anemia - :|4
Scours (no specific) - :|4
Fracture/Sprain - :|4
Fighting/Tail/Ear/Flank biting - :|4
Shaker pigs q :|3
Fever 4 :|3
Allergic reaction - :|3
Peripheral cyanosis - :|3
Intestinal torsion ]2
Stressed pigs |]2
Paralysed - |]2
Greasy pig disease |]2
0 100 200 300
Count

Figure 13. A summary of the cause of death in the natural disease challenge model.

97



50+
40+
30+

InNb

20-
10+
e
50+
401
30-

j§..-||.._-_...|EII|||..|..*Ill..n..u.l.ll..i
I‘IL-.I‘-..I.IIIIII l‘l'llLlJIlIllLI

40+

30+
20+
56 7 8 91011121314151617 181920 212223 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 424344454647484950
Batch
Figure 14. A summary of the mortality rate for each batch ofanimalsin the natural disease challenge model
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Figure 15. Weekly death count(A) and count ofindividual treatment event (B) in the
natural disease challenge model.

gNurrepresents for quarantine nursery stage, cNur represents for challenge nursery, GF
represents fochallenge growvio-finish stage.
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Figure 16. A summary of treatment for each batch of animals in the natural disease challenge model.

Mean (red bar) and standard deviation (error bar) of individual treatment rate in eag\pattte count of group treatments given
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Figure 20. Daily count of group treatment evensin the quarantine nursery barn (qNur) (A) and the challenge barn(B).

The thickness of the bar indicates the duration of group treatment that was givercésssecdayd herefore, the thicker bar
represents the group treatment was giveb for more successive days
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Chapter 4. Exploring Phenotypes for Disease Resilience in Pigs Using

Complete BloodCount Datal

4.1. Introduction

Di sease resilience i s ndiatdinaraatvehausde@assedh ni ma |
performance in the face of infectioflbers et al., 198Mulder and Rashidi, 20}7In pig
breeding, disease resistance, which is defisatia ability to suppress establishment and
subsequent development of infectibas been generally discussed in terms of making genetic
improvement of herd healtilpers et al., 1987Bishop and Steer, 200Guy et al., 201Q For
example, the discovenf a polymorphism at bp 307 (G/A) in the fucosyltransferase gene
(FUT1) associaté with susceptibility/resistance to infection with F18 fimbriaEestherichia
coli (ECF18) made it possible to select for ECF18 resistant plggdrink et al., 1997
Meijerink et al., 2000 Pigs that are homozygous for the resistant allele are resstaGH-18
due to the nofadhesion of ECF18 in the small intestie(jerink et al., 1997Bao et al., 201P
Howe\er, such complete resistance to a pathogen is not common, and seledisader
resistance to a specific pathogen may have unfabte consequences foefending against
other pathogen@Vilkie and Mallard, 1999Guy et al., 201R Currently, the chénge of
infectious diseases in the pig industrg@ised by multitude of pathogens exists around the
world (Zimmerman et al., 2012). Some pathogens, including porcine reproductive and
respiratory syndrome virus (PRRSV), can alsmiolate the immune stgsn to increase

susceptibility to other pathogens while suppressing the immunologic memory of the host for the

IThis chapter has been publishedas, X., Putz, A. M., Wang, Z., Fortin, F., Harding, J. C. S., Dyck, M. K.,

Dekkers, J. C. M., Field, C. J., Plastow, G. S., and PigGen Canada. (2020). Exploringpeefatdisease

resilience in pigs using complete blood count data from a natural disease challenge model. Frontiers Genetics 11,
216. doi:10.3389/fgene.2020.00216.
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same pathogen (Zhu et al., 2010). Therefore, selective breeding for resilient animals that can
maintain a relatively undepssed performance incammercial system that typically harbors
abundant infectious agents could be a pragmatic way to help maintain or even improve the
productivity of the swine industry.

Direct selection for disease resilience is generally not feabdbause it is impracal to
obtain heritable measures of resilience in the high health nucleus herds where the selection of
elite breeding animals takes plat®ilkie and Mallard, 1999 Moreover, it is also challenging to
appropriately characterize rigshce because it is@mplex trait composed of multiple
biological functions, such as production, health, nutrient status, and other dynamic elements,
including the efficiency of immune response and the rate of recovery from infdetigggns et
al., 217). Many studies havexplored the relationship of immune traits with performance.
These include the use of white blood cell tratig(re 23), which are reported to be moderately
to highly heritable and genet icetéehryogetalprr el at e
2006; Clapperton et al., 2002009 Flori et al., 2011 Mpetile et al., 201p In addition to white
blood celk, red blood cells and platelets have also sawnto play multiple roles in the
immunesystento helpdefendagainst pathogenand these also have the potential to be
genetically correl at e dGemshon, 19097aapke atrali, 2083liadigset per f o
al., 2007 Rondina and Garraud, 201H4ottz et al., 2018 Complete blood cou (CBC) is a
clinical measuraised toevaluate theoncentration and relative proportion of circulatiigod
cells and may be a practical measure of immune responstharefore, could be a candidate
phenotypdor disease resilience. Moreover, CBC ats@aluates the volumend concentration of

red blood cells and hemoglobin to provide information about oxggetying capacity and
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anemia, whictare of conceruluringthe diseasgrocess, wittiurther impacs onanimal
performanceGeorgeGay and Parke2003.

Therefore, th@bjectives of this study were: 1) to assess CBC profiles of pigs that
exhibited divergent performance in terms of growth and individual treatment in response to a
polymicrobial infectious challenge; and 2) to estimate heritabiliti€3BC traits and gerie
correlations of CBC with growth and treatment rates following the disease challenge.

4.2. Materials and methods
4.2.1 Natural diseasechallengemodel

Details of the natural disease challenge model (NDCM) that provided a polymicrobial
infectious challenge enviroment to test pigs and the data collected from the NDCM can be
found inChapter 3. The first six cycles of 2743 pigs were used for this studyofAhese pigs
were introduced in 42 batches at thveeek intervals into the NDCM.

4.2.2 Genotyping

The genotyping foanimals was performed at Delta Genomics (Edmonton AB, Canada)
using the 650K Affymetrix Axiom ® Porcine Genotyping Array. In total, 658,688Isi
nucleotide polymorphisms (SNPs) were included on the chip. Raw Affymetrix SNP data for each
cycle were proessed separately at Delta Genomics with the Axiom Analysis Suite, using all
defaults. Missing genotypes were imputed using Fimpute (Sargotzalei 2014). Sscrofa 11.1
was used as the reference genome. Quality control was performed using the pre@®8#90 so
from the BLUPF90 family of programs to remove SNPs with a minor allele frequency lower
than 0.01 and call rates lower than 0.90. Ovegalhotypes for 2593 animals from all six cycles

were used, with 475,839 SNPs remaining after processing anty qoaltrol.
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4.2.3 Traits

A detailed descriptionf CBC traits,thegrowth rate of each animal in the grag¥finish
phase (GFGR), antie individualtreatment rate (TRfpr each animaand group treatmentan
be found insections 3.3.13.3.2 and3.3.40f Chapter 3, respectively. ®up treatmerstgiven
on the batcHevel werenot includedn the data analysdmecauseheir effectsvould be
accounted for in the model by fitting the fixed effect of batch. The TR for animals that died
before receiving any treamt was set to missing.
4.2.4 Classification of pigs based orresilience

Based on resilience indicated by phenotypes of GFGR angigiRwere classified into
four groups as dAresilient (RES)Oo6, faverage (M
batch. Wihin each batch, slaughtered pigs that had equal or higher GFGR than the third quartile
(Q3, 75% quatrtile), and equal or lowER than the first quartile (Q1, 25% quartile) of all
slaughtered pigs in the batch were classified as RES; slaughtered plygdtlegual or lower
GFGR than the Q1 and equal or higher TR than the Q3 of all slaughtered pigs in the batch were
regarded as\$S; the rest of the slaughtered animals, which had moderate TR and GFGR, were
classified as MIDKigure 24). The influence causday the environmental changes and
differences among batches were controlled and minimized by classifying animals within each
batch. Among 2593 genotyped pigs, mortalities (n = 160) caused by hernia, fighting, fracture,
sampling, or sudden death due to uackeasons were excluded from the analysis. Of the
remaining 2433 pigs, 505 (21%) pigs that died as a result of infecticesdisvere classified as
DEAD. For the 1928 pigs that were slaughtered at market body weight in the six cycles, 213
(9%) pigs weren the RES group, 1505 (61%) pigs were in the MID group, and 210 (9%) pigs

were in the SUS group.
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4.2.5 Statistical analyses
Removalof Outliers

Due to the relative complexity of the sample handling, shipping conditions, and
laboratory analysis, outliers fordhmeasures of CBC traits could be the result of damaged
samples with hematological issues including hemolysis and clottimgechanical problems of
the Hematology System used to measure CBC from blood samples. Such outliers were detected
and removed usgithe Adjusted BoxplotinRR Cor e Team, Padiksage O6r obu
robust measure of skewness in the determinatiorreshiolds for the removal of outliers and
can avoid erroneously declaring points as outliers in a skdis&tbution Hubert and
Vandervieren, 2008The skewness of a CBC trait was measured using Medcdnyie €t al.,
20049). Thresholds for removing oigls for CBC measures were determined by several
parameters, including Medcouple (MC), first quartileQhird quartile (@), and interquartile
range between Qand @ (IQR). The lower and upper bounds for a rigkiewed distribution
(MC > 0) were Q- 1.5-4MC) x IQR and @ + 1.53MC) x IQR; for a leftskewed distribution
(MC < 0), the lower and upper bounds werk-Q.5-3MC) x IQR and @ + 1.54MC) x IQR;
and forasymmetrc di stri bution (MC = 0), the outliers
(lower bound Q - 1.5 x IQR, upper bound: ¥+ 1.5 x IQR) Eeo, 2006; Hubert and
Vandervieren, 2008 All CBC measures outside of thpper and lower bounds were removed as
outliers.
Models

The likelihood ratio test in ASReml 4.1 was used to determine the significance of

different environmental random terms for litter and pen effects by comparing the full model,
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including batch, bleed a&glitter, pen, and genetic effettsreducednodels without each litter
or pen effectiflagger, 1998; Gilmour et al., 20115

The CBC phenotype data were analyzed using linear mixed effects models to estimate the
leastsquares means for CBC traits by grdRES, MID, SUS, and DEAD), and the Tukey
Krame test was applied for pairwise comparisons of the difference between groups in R (R Core
Team, packages Ol meddé and 0Ol s meangiosmed becawr i t e
of residual heterogeneitin the mixed model, batch was fitted as adixedfect to control and
minimize the influence of the environmental changes among batches, group was also fitted as a
fixed effect, and bleeding age was fitted as a covariate. Of note, for the changes c#t@B€&hb
time points, bleeding age of Blood 1 wias t t eld@ anflqi4r, andBlood 3 bleeding age was
fitted for qB4 since the fouweek interval between each blood sampling was the same for all
animals.Random terms, including the litter and pen effectseviitted if significant p-value<
0.05.

Heritabilities and genetic correlations of CBC traits with resilience traits were estimated
in ASReml4.1 using pairwise bivariate models, with batch, bleed age, litter, and pen effects as
described above for estating the difference between resilience groépmlyses for GFGR and
TR included the fixed effect of batch for both traits, and random effects of litter and pen if
significant p-value < 0.05. Animal genetic effects were fitted using the genomic ralatigp
matrix for 2593 animals, rather than the pedigrased relationship matrix because the complete
pedigree was unavailable due to the use of pooled semen in some batches. The genomic
relaionship matrix was constructed usi#tgifc Bf) p 1 , wherel contains centered
genotypes codes amdis the minor allele frequency for locu§vanRaden, 2008 Theaverage

estimate of corresponding pairwise bivegianalyses was reported as the heritability &ahe
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trait. In the bivariate models, batch was fitted as a fixed effect for both traits. The likelihood ratio
test was applied to test the significance of estimates for heritabilities and genetic cosréfation
ASReml 4.1, where the lelikelihood of full models were compared to restricted models that
constrained the genetic variance and the genetic covariance to zero, respédsiimalyr(et al.,

2015.

The model used in ASReml 4.1 can be written as

1 L L AL
: B L ﬁ B AL I B AL :”: -
- - = 7 ||

wherey: andy2 denote vectors of observations for traits 1 andi2andX2 are incidence
matrices relating fixed effects ya andy2, b1 andb2 are vectors of fixed effects for traits 1 and
2; Z1andZ2 represent design matrices that associate observations of traits 1 and 2 to vectors of
animal genetic effectgs andge; c1 andcz are vectors of random effects, including litter and pen
effects wien they were significanp{value < 0.09; Zs andZ4 are incidence matrices relatigg
andy2 to random effects: andcz; e1 andez are vectors of unknown and random residuals for
traits 1 and ZMiar et al., 2014a; Miar et al., 2014b; Gilmour, 2P15

When random effectsand residuals erroesare uncorrelated, and identically

distributed following a normal distribution, the (peariances of random effects are assumed to

be
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where G is the genbmic relationship matrix, | is the identity madjixs the additive

genetic variance(,‘l% is the random effe variance, and]_ is the residual variancé] | Qe
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andd_  are covariances between two traits due to the additive genetic effects, common random
effects, and residual effects, respectively. Heritabflif) of a trait was estimated using variance
components obtained from the bivariate analyses, and the avetimgates of corresponding

pairwise bivariate analyses were reported as the heritabilities:

1 a7rq @ q

and the genetic correlationgbetween two traits was estimated as:

T 9199

4.3. Results
4.3.1 Descriptive statistics for CBC traits

Table 4 summarizes the descriptive statistics for the CBC data of 2593 genotyped
animals afteremoving outliers. Most traits were recorded on all animals in Blood 1, but some
samples for Blood 3 and Blood 4 were unavailable for anirhatsdied prior to the sampling.
Relevant random effects fitted in the models for CBC traits are presentadla5. The
random effect of litter was fitted for GFGR, and pen effects irctiaienge barifate nursery
and the growto-finish stage were fitted for TR.
4.3.2 Group differences in CBC traits
White Blood Cell Traits

Results comparing the leasjuares means wfite blood cell traits in groups with
different responses to the natural disease challenge are sh@abl@&®. In Blood 1, no
significant difference was found between groups for any of the white blood cell traits. However,
in Blood 3, the RES group hadsgnificantly higher LYM, and the LYM for the MID group was
also significantly higher than for the DEAD grolfDR = 0.0003. In Blood 4, the RES and

MID groups had significantly lower NEU levels than both the SUS and DEAD gréiiR €
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0.0003. For thecount of LYM in Blood 4, the DEAD group was significantly lower than both
the RES and MID group$DR = 0.0013.

Results comparing the leasjuares means of changes in white blood cell traits between
groups are summarized Trable 7. All white blood celltraits increased from Blood 1 to Blood 3
shown as positivep 1.3 he increase of LYM was significantly higher for the RES group than for
the other groupsHDR = 0.0003, but no significant difference was found among the MID, SUS
and DEAD groups. Changes of wéblood cell traits from Blood 3 to Blood 4 were not as
dramatic ashose from Blood 1 to Blood, &xcept for LYM, which had a higher incredsam
Blood 3 to Blood 4or all groups. The WBC, LYM, and MONO levels increased continuously
for all groups baskon positivepl 3 a n liut EPS @nd BASO decreasednr Blood 3 to
Blood 4 based on negatige3.MNEU showed a tendency to decrease in the RES and MID
groups, which was opposite to the positive NEU in the SUS and DEAD groups3f@FDR
<0.0024). Additionally, a significant difference in NEU among groups\aso identified for
o 1,4vhich represents the overall change of NEU from Blood 1 to Bloquil44 NEW were
positive for all groups, but the SUS and DEAD groups had significantly higtreaises in NEU
than the RES and MID groupB®R = 0.0002. Compaed with Blood 1, which was collected in
the quarantine unit, the other white blood cell traits, including WBC, LYM, MONO, EOS, and
BASO, also increased significantly in Blood 4, althoughigaificant differences based apl 4
were found between groups.

Red Blood Cell and Platelet Traits

Results of comparing red blood cell and platelet traits in the RES, SUS, MID, and DEAD

groups are summarized Trable 8. No significant differences were identified between groups for

either red blood cell or platelet trsiiin Blood 1. However, for Blood, RDW and MPV were
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significantly higher in the DEAD group than in the RES and MID gro&R < 0.003. For
Blood 4, several red blood cell traits showed significant differences between groups. Notably,
HGB, HCT, and MCH re found to be significantly lowé the SUS and DEAD groups than
in the RES and MID group$DR < 0.0009. Moreover, RBC was significantly higher in the
RES and MID groups than in the SUS and DEAD gro&i¥R = 0.003¢, and MCV was
significantly lower n the DEAD group than in the otlsedn contrast, RDW and MPV were
found to be significantly higher in the DEAD group than in the RES in Blood 4.

Table 9 summarizethe results of comparing the leasjuare means othanges imed
blood celland plateletraits betweemroups.In contrasto the increase in white blood cell traits,
all red blood cell traits decreased from Blood 1 to Blood 3, except for MCHC, which increased
significantly in the DEAD group. Apart from MCHC, the drop for the other red bbedidraits
from Blood 1 to Blood did not show a tendency of being different between groups. The MPV
in the SUS group was the only platelet trait that did not show a significantly papifiv@ue to
a relatively large standard error. Changes of platelet traits bagpd @id not showsignificant
differences between groups. In contrast to the decreasing trend of red blood cell traits from
Blood 1 to Blood 3, RBC and HCT increased signifitafrom Blood 3 to Blood 4 for all
groupsbased on positivep 3. Moreover, HGB also increased for both the RES and MID groups
from Blood 3 to Blood 4, ancp3 4 f oaf thedegBups was significantly different frop8 4
for the SUS and DEAD groupBDR =0.0003, which were not found to be significantly
different fromzero. The MCV decreased continuously based on negat8/&nd the DEAD
group showed a more dramatic drop in MCV than the RES and MID greps £ 0.0003.
MCH and MCHC also kept decreagibased on negativgB4, and the decrease of MCH for the

DEAD group was significantly higher than for the RES and MID groups. Platelet traits also
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reduced from Blood 3 to Blood 4 for all groups, except for PLT in the SUS group, which did not
show a signiftantly negativey84 due to a relatively large standard error.

Although several traits increased slightly from Blood 3 to Blood 4, for the overall
changes from Blood 1 to Blood 4, all traits decreased significantly based on negatidscept
for RBC andPLT. Comparing Blood 4 to Blood 1, RBC increased slightly ferRES and MID
groups, but it showed a tendency to return to the same level as in Blood 1 for the SUS and
DEAD groups. PLT increased significantly from Blood 1 to Bloddrdthe RES, MID, an&US
groups, with no significant change identified for the DEADup. MCHC was the only trait that
showed a significant difference between groupsdgdr4 ,  w hlowerhn the 84S group than
in the RES grougFDR = 0.09.
4.3.3 Estimates of Heritability

The GFGR was estimated to be moderabelgitable(0.15+ 0.04), butthe heritability
estimate of TR was low (0.G40.01). Heritability estimates for CBfttaits with standard errors
are inTable 10. Most CBC traits were moderately heritable, with estimates ranging from 0.11 +
0.03to 0.27 + 0.04. A few red blood cell traits showed moderate to high heritability estimates,
ranging from 0.30 = 0.04 to 0.53 108, including RBC, MCV, and MCH in Blood&hd 4.
Estimates of heritability were low for some CBC traits, including BASO, HGB, and HCT in
Blood 1, PLT in Blood 3 and Blood 4, RDW in Blood 4, and also for the changes of many CBC
traits based oppl 3, npdB 4 g&krktic variances of several tragspecially MONO, and
some changes of EOS, BASO, HCT, PLT and MPV were not found to be significantly different
from zero based on likelihood ratio tests, which compared full models to restricted thatlels
constrained the genetic variance to zero in ABRE1 (p-value> 0.05) (Gilmour et al., 201p

4.3.4 Estimates of Genetic Correlations
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GFGR ad TR were estimated to be negatively correlateith a genetic correlatiorof -
0.50 = 0.16Estimates of genetic correlations for CB@its that showed significant differences
among groups (RES, MID, SUS, and DEAD) and the resilience traits of GFGR and TR are
summarized imMable 11. LYM in Blood 3 and its change basedai,3vhich had the highest
levels in the RES group, showed sigeahtly negative genetic correlations with TR-0{38+
0.18 and0.46+ 0.24, respectively. HCT based@B 4, whi ch was signi fican
RES and MID groups, showed a high negatienetic correlation with TRQ.82+ 0.47) NEU
in Blood 4, RDW in Blood 4, and the change of NEU basegdn4 , whi ch al | had h
in the SUS and DEAD groups,®hied significantly positive genetic correlations with TR.
Genetic correlations betwa these CBC traits and GFGR showed a tendency of being opposite
to the positive genetic correlations with TR but had relatively large standard Biettsased
on 3,4vhich was significantly positive in the SUS and DEAD groups but not significantly
different from zero in the RES and MID groups, was estimated to have a negative genetic
correlation with GFGR-0.45+ 0.21). TR showed a tendency to have a positive genetic
correlation with the NEU based a@p 3 Hut had a large standard er(0r44+ 0.26). Fo CBC
traits from Blood 1, RDW was the only trait that showed a significantly positive genetic
correlation with TR (0.4% 0.20), while none of the other CBC traits frono8dl 1 showed
significant correlations with TR or GFGR due to having low estimatéselatively high
standard errors. Estimates of genetic correlations for CBC traits within Blood 1, Blood 3, and
Blood 4 are summarized fable 12, while estimates of getie correlations for each CBC trait
between Blood 1, Blood 3, and Blood 4 are shawhable 13. Genetic correlations between

p1,8p3,4ndmpl Were also estimated for each CBC trait and are summariZeable 14.
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4.4. Discussion
4.4.1 CBC Traits and Disease resiknce

Hematopoiesis, including the establishment and maintenance of all circuktirigrc
blood components, relies on the proliferation and differentiation of hematopoietic stem cells
(HSCs) (Orkin and Zon, 2008; Zaretsky et al., 2014). In responssttoltinces of the
hematopoietic equilibrium, such as infection, extensive proliteratnd increased
differentiation of HSCs are required to meet the higher demand of immune effector cells
(Baldridge et al., 2001; Shahbazian et al., 2004; Singh et @B; 20hns et al., 2009; Yafiez et
al., 2009; Boettcher and Manz, 2017). In the nathrallenge model, our results showed that all
white blood cell traits increased significantly from Blood 1 to Blood 4, although some traits,
including NEU, EOS, and BAS@gecreased from Blood 3 to Blood Baples 7). According to
the reference intervalghite blood cell traits have the tendency to increase slightly with age,
except for NEU, which tends to decrease with d@ble 4) (lowa State University'€linical
Pathology Laboratory2011).Eze et al. (2011lindicated that white blood cell traits didt vary
significantly between clinically healthy piglets and adults raised under an intensive management
system. Therefore, the significant increases oivhite blood cell traits observed here are likely
to result from recruiting phagocytes (monocytestrophils), immunocytes (lymphocytes), and
granulocytes (neutrophils, eosinophils, and basophils) to drive immune responses at the early
stage of infectioriGeorgeGay and Parker, 2003; Rothenberg and Hogan, 2006; Mitre and
Nutman, 2006; Porwit et al.021).

Notably, esilient pigs hadignificantly higher LYMforBl ood 3 and based
compared to the other three groupgmphocytes are mainly indicag\wof initiation and

execution of the adaptive immune responses due to their essential and moléfple adaptive
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immunity (Figure 23B). Higher LYM in the blood of resilient pigs may indicate earlier and
greater adaptive immune responsesiancease th transport of lymphocytes to the infected
tissues. Rsilient pigs maye primed twrchestrate immine responseagainst a wide variety of
pathogens more efficienttpgethemwith the higher concentrations of lymphocyiesnfected

tissues at the earlyagje of infectiorand thereforelimiting theadverse effect caused by

infectious challengeéWilkie and Mallard, 1999, Badri and Wood, 20@abriskie, 2009Zhu et

al., 2010; Luckheeram et al., 201Zhis was also indicated by the negatgaeneticrelationships

of TR with LYM in Blood 3 and its change basedmr . 2\ higherincrease of LYM from Blood

1 to Blood 3should favor resilience, whidk related toa lowerTR. Neutrophils, which

increased signitantly from Blood 1 to Blood 3 for all groups are both present as phagocytes and
granulocytes in the innate immune response to defend againstddgetdrogensKigure 23A)
(Pham, 2006; Kolaczkowska and Kubes, 2013; Boettcher and Manz, Blolngver, after

moving animals into the groto-finish stage, between Blood 3 and Blood 4, NEU showed the
tendency to decreasethe RES and MID groups, whichas opposite to the significant rise
observed for the SUS and DEAD groups. Thus, NEU in Blo@uhd its changes based qu8 4
andpl 4 wer e al so si gni f iMiDagroups gompaediethe SU®and t h e
DEAD groups. Sustained high levels of N the SUS and DEAD groups may be related to
ongoing bacterial infection. The decrease of NRlthie blood of the RES and MID groups may
indicate the recovergnd resolution of inflammation when pathogens were brought under control
by early initiation ancefficientadaptivemmune responsgn resilient animalsvith higher

increase of LYM from Blood. to Blood 3(Savill, 1997; Nathan, 2006Alternatively, it may

reflect that neutrophils were already transported to the infected tissues to defend against

pahogens in the RES and MID groups. These suggested prooesse® be further explored

120

RE



for exanple, by monitoring the pathogen load in animals and identifying signs of the resolution
of inflammation, such as the exodus of neutrophils in infected tissned fst op si gnal s
checkpoints of inflammation, including lipoxins, Resolvins, ansebies postaglandins (Serhan
et al., 2007). Positive genetic correlations of TR with NEU in Blood 4 and its change based on
gdl4, and the negative genetic correlation of GFGR with NEU basg@#4together may
indicate that higher NEU in the grete-finish stage hs a negative relationship with resilience,
which is associated with increased TR and decreased GFGR.

Unlike the sitation of white blood cells, red blood cell traits declined from Blood 1 to
Blood 3 to the same degree for all groups, except for MCHG;hwdid not show a significant
decreaseTable 9). By comparing clinically healthy grower to finisher pigse geedk (2018)
suggested that red blood cell traits, including RBC, HGB, HCT, MCV, and MCH, increased with
age. The reference intervals frdawa State University's Clinical Pathology Laborat(2011)
also indicated a tendency for red blood cell traits tociee with age in pigs. Therefore,
significant decreases in red blood cell traits from Blood 1 to Blood 3 are likely caused by the
challengeof bacterial pathogens, which could damage circulating blood cells and accelerate
hemolysis for iron to support bactal cellular processes of respiration and replication (Barrett
Conner, 1972; Kent, 1994; Viana, 20Chssat and Skaar, 2Q13his, howeer, changed during
the late stage of infection for the RES and MID groups, for which HGB and HCT increased
significantly from Blood 3 to Blood 4. Although red blood cell traits may increase with age, the
significantly higher increase of HGB and HCT froro&d 3 to Blood 4 of more resilient
animals may also suggest a better performance and faster recovery from iffegromiding a
higher level of iron and oxygen to the hdgiofera and MacKenzie, 2@). Moreover,

hemoglobin has been found to directlytmapate in immune responses as a source of bioactive
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peptides that exhibit antimicrobial activity against bactgtlaBishlawy, 1999; Liepke et al.,

2003). The higher increase of HGB from Blood 3 to Blood 4 of resilient animals are expected to
enhancemmune responses and work together with the other immune cells to defend against
pathogens. Although relatively largeandard errors are reported, highly negative genetic
correlations of TR with HGB and HCT basedai4 and inBlood 4 may indicate that higher

HGB and HCT during the late stage of infection favors resilience, which is related to lower TR.
In addition, thesignificant increase in RDW has been identified to be a valuable index for
assessing various pathological ctias, including inflammation and respiratory diseases in
humans (Goyal et al., 2017). Our results also showed higher levels of RDW in Blodd 3 an
Blood 4 for less resilient animals. According to the highly positive genetic correlation of TR with
RDW in Blood 4 (0.89 £ 0.26), higher RDW after challenge may have adverse effects associated
with increasing the TR.

Significant genetic correlations &BC traits with resilience traits suggest that a well
functioning immune system plays an essential role in resilient animals to maintain performance
and prevent death from infection. An adequate nutritional statusessay for the normal
functioning ofvarious components of the immune system because the immune system is
energetically expensive (Coop and Kyriazakis, 2001; McDade, 2005; Nelson and Williams,
2007; Calder, 2013). Any changes in resource demands by thenemnsgstem can create
significant dfferences in the level of fithess and performance that are related to resilience
(Stearns, 1976). When nutrient resources are limited by decreased feed intake in response to
disease challenge, a trad is expected t@ccur between the immune system atieer
nutrientdemands, such as growth (Lochmiller and Deerenberg, PagEschWilson et al.,

2009 Rauw, 2012; Putz et al., 2018). Although the negative genetic correlation between GFGR
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and TR could be the result oécreasing feed intake in challengeds, it might further indicate
the tradeoff and competing demands for the investment of nutrients in growth and immune
function. In susceptible and dead animals, the infection may not be eliminated effectively as a
realt of a weak immune response. THere, decreased feed intake, along with prolonged
infection, may further compromise the immune system, leading to a more severe disease state,
and increased susceptibility to other pathogens (Keusch, 2003; Nelson &ach§yi2007; Hine
et al., 2014). Corersely, the significant changes of CBC traits over time in RES animals,
including higher LYM based ogil 3, higher HGB and HCT based qB84, and lower NEU
based o84 togetherare expected to indicate the allocatiommafre resources towards
immunity duing the infection stage to help limit infection in resilient animals. Once the
infection is brought under control by an efficient immune response, resilient animals may
recover earlier from the infection, which couldoalthem to allocate more resourcesrtaintain
a higher growth rate in the grete-finish stage (Calder, 2013; McDade, 2005).
4.4.2 Estimates of Heritabilities

Estimates of heritabilities for CBC traits have been reported in many stiidigle (5).
Some of hese were conducted under a contaknvironment with limited disease challenges
and types of pathogens (Clapperton et al., 2008, 2009). Others were conducted under a lower
health status condition with multiple pathogens (Henryon et al., 2006; Flbri 2051 ; Mpetile
et al., 2015). Hetability estimates for CBC traits in the natural challenge model in this study
were within the range of estimates reportethase studiedditionally, we were able to
provide heritability estimates for novel CBCitsathat capture changes of CBC @sponse to
the challenge of infectiorHeritability estimates fomanyCBC traits especially red blood cells,

were observed to be higherBtood 3 and Bloodl than in Blood 1possiby because genetic
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variances ofhe traitsmaybe more fully expressead alower health environment when there
is the challenge of infection (Clapperton et 2008,2009).

Heritability estimates for GFGR and TR in this study were &.094 and 0.04 0.01,
respectivelyGuy et al. (R18) estimated the heritability aeatmentdgor a relatively highhealth
herdto be between 0.04 0.03and 0.06t 0.04. Putz et al. (2018) estimated the heritability of
finishing average daily gain (FInADG) to be 029.07 based on the phenotypes of the first
three cycles of this naturehallenge model. Moreover, the heritability for treatment rate adjusted
to 180 daydgor animals that reached 65 days of age (TRT180) was estimated to @@B by
Putz et al. (2018). Our use of phenotypes and genotypes on a larger population with 2593
animals of six cycles resulted in relatively lower estimates of heritabilities amd &tandard
errors for both growth and treatment traits. Moreover, heritability estimates for the treatment rate
were different since the definitions of this trait weot the same. In Putz et al. (2018), animals
that died before the age of 65 days werdweded, but we included all animals unless they died
without receiving any treatment. Moreover, we used additional batches of animals that were
introduced into the natat challenge. As disease pressure varied by batch and on a seasonal
basis, treatmenates could change accordingly. Moreover, treatment rates may also change with
many other noninfectious factors, such as the level of stress caused by weather and itmanspor
these batches (Bishop and Woolliams, 2014). Therefore, the heritability estiondteatment
rates are expected to change correspondingly.

4.5. Conclusions

Resilience is a valuable attribute in livestock to manage infectious diseases and

sustainably inease production efficiencgs resilient animals can maintain their performance

without the need for intensive treatment. Consequently, there is an increasing focus on exploring
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the potential to select for resilience. Although CBC in Blood 1 is attraativeepotential
predictor trait for resilience, as it is a cestective phenotype #t can be collected from nucleus
breeding herds with high health, no significant differences in CBC traits between resilience
groups were identified for Blood 1 and estiles of genetic correlations of Blood 1 CBC traits
with resilience were not significtly different from zero. Alternatively, for CBC under disease,
resilient animals were found to have a greater increase of lymphocyte levels in the blood
collected at 2veeks after challenge, higher levels of hemoglobin and hematocrit, but a
significantly lower level of the neutrophil concentration based on the changes fn@eks to 6
weeks. Therefore, these changes of CBC traits in response to a disease challengevideld p
measure of resilience. Several of the latter CBC traits were found to tableeand genetically
correlated with resilience. Thus, these CBC traits may have the potential to be further developed

as a phenotype for prediction of resilience byeming data from commercial systems.
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Table 4. Descriptive statistics forcomplete blood count (CBC)raits in Blood 1, Blood 3, and Blood 4after removing outliers,
including the number of animals per trait (n), mean, standard deviation (sd), minimum (Min), and maximum (Max) &lues

Traits? Blood 1 Blood 3 Blood 4 Referencel ntervals?

n mean sd Min Max n mean sd Min Max n mean sd Min  Max 0to 42days 42 day to 2 years
\{VO?/EL 2222 1147 3.67 5.64 2821 2284 1911 5.09 8.28 36.53 1802 2192 6.15 923 43.01 9.6271 25.20 11.35i 28.90
NEU, 1G/uL 2375 4.76 2.38 1.33 1471 232 1034 4.0 164 2361 1808 9.95 4.65 248 2837 2.351 11.90 2.0071 10.40
IigglxllL 2425 5.61 1.8 239 1265 2326  6.47 221 206 1357 1840 9.82 311 3.67 2109 4.027 12.50 5.307 17.90
YIO?/L’\:LO 240 0. 0.2 04 1.2 2364 0.82 0.59 0.6 3.7 1890 1.01 0.74 0 4.06 0.057 2.30 071 3.70
EOS, 16/uL 2474 0.47 0.40 0 261 2213 071 0.5 0.2 435 1807 0.60 048 0.12 301 07 0.50 07 1.30
?QIS”OL 2096 0.13 0.23 0.2 1.69 2264 0.84 1.36 0.06 8.51 178 0.33 0.32 0.6 209 NA3 NA
RBC, 16/uL 2373 6.15 0.60 427 7.52 2242 5.79 0.67 382 755 1767 6.28 0.57 451 7.67 4.871 7.88 5.881 8.19
HGB, g/L 2434 11645 1346 73 148 2239 10059 10.3% 68 126 1730 10495 9.71 69 125 80.871 119 1127 147
HCT, % 2310 3712 410 24 44 228 3281 363 2210 4180 1723 3525 314 28 43 P 32.301 42.60
MCV, fL 2444 6125 5.45 445 7340 2339 57.@ 3.9 4960 69.50 1879 55.78 342 46.80 6540 4(;344;)6 47.507 59.20
MCH, pg 2318 1873 2.03 1250 23.60 2153 1752 1.2%6 1470 2180 1719 16.72 1.19 1340 20.10 112943(; 16.301 20.60
MCHC, g/L 2245 30588 12.06 274 340 2150 30740 15.77 268 366 1708 30022 1331 264 345 2731 314 3337 358
RDW, % 2473 2197 4.02 1580 39.90 2321 18.45 161 1590 25.10 1873 18.61 1.40 15.0 2310 NA NA
PLT, 1G/uL 245 28513 177.18 0 949 2351 36546 182.69 35 1062 1872 337.08 15087 47 784 ig%gls 118.91 522.9
MPV, fL 2435 14.63 3.35 830 2620 2180 15.33 3.72 1010 30.80 1849 13.5%7 2.01 9.30 2050 NA NA

WBC: total white blood cell concentration; NEU: neutrophil concentration; LYM: lymphocyte concentration; MONO: monocyte
conentration; EOS: eosinophil concentration; BASO: basophil concentration; RBC: red blood cell concentration; HGB: hemoglobin
concentration; HCT: hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular
hemoglobin cooentration; RDW: red blood cell distribution width; PLT: platelet concentration; MPV: mean platelet volume.

2Suggestedeaferenceintervals for CBC traits of 0 to 42 daydd pigs and 42 daysld to 2 yearsold pigs (owa State University's

Clinical Patholgy Laboratory 2011);

3Not applicable.



Table 5. Random effects included in the models for the analyses cdmplete blood count CBC) traits.

Traitsd Blood 1 Blood 3 Blood 4 ®123 334 144
Litter ~ Pen® Litter Penl Pen? Litter Penl Pen2 Pend Litter ~Penl Pen2 Litter ~Penl Pen2 Pen3 Litter ~Penl Pen2 Pen3

WBC a8 NS® a NS a NS NS NS a a NS a NS NS NS a NS NS NS a
NEU a NS a NS a NS NS NS a a NS a NS NS NS a NS NS NS a
LYM a NS a NS a NS NS NS a a NS NS NS NS NS a NS NS NS a
MONO a NS NS NS a a a NS NS NS NS NS a NS NS a a NS NS NS
EOS a a NS a NS NS NS NS NS NS NS NS NS a NS NS a NS NS a
BASO NS a NS a a a a NS a NS a a NS a a NS NS NS NS a
RBC a a a a a NS NS NS a a a NS NS NS NS a a a NS NS
HGB a a a a a NS NS NS a a a a NS NS NS a a a NS a
HCT a a a a a NS NS NS a a a NS NS NS NS a a a NS a
MCV a a a NS NS a NS NS a a a NS a NS NS a a NS NS NS
MCH a a a NS a a NS NS NS a a NS a NS NS a a NS NS a
MCHC a a a a NS NS NS NS a a a NS NS NS NS a a a NS a
RDW a a a a a a a NS a a a NS a NS NS a a NS NS NS
PLT a a NS NS a a a NS NS a a NS NS NS NS a a a NS NS
MPV a a NS NS a NS NS NS a NS a NS NS a NS NS NS a NS NS

WBC: total white blood cell concentration; NEU: neutrophil concentration; LYM: lymphocyte concentration; MONO: monocyte
concentration; EOS: eosinophil concentration; BASO: basophil concentration; RBC: red blood cell concedtEgidmemoglobin
concentrationHCT: hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular
hemoglobin concentration; RDW: red blood cell distribution width; PLT: platelet concentration; MPV: mean platelet volum

>The change of CBC traits froBiood 1 to Blood 33The change of CBC traits from Blood 3 to BloodBhe change of CBC traits
from Blood 1 to Blood 4.

5The pen arrangement in the healthy quarantine fifiie pen arrangement in theallengdate nusery;’The pen arrangement in the
challengegrow-to-finish stage.

8Significant random effect that was included in the model.
®Not significant.
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Table 6. Leastsquares means * standard errors for white blood cell traitd in Blood 1, 3,
and 4 of animalsfrom the resilient (RES), average(MID), susceptible (SUS), and dead

(DEAD) groups.

Blood 1, 1G/uL RES MID SUS DEAD FDR-group?
log10 (WBC) 1.03 0.0 1.04+0.0* 1.04+0.0P 1.03+0.0F 0.55
logio (NEU) 0.62+£0.0% 0.64+0.01* 0.63+0.0% 0.62+0.0% 0.55
l0g10 (LYM) 0.71£0.02 0.73x0.000 0.73x0.0®* 0.72+0.07 0.29
logi10 (MONO) -0.61 £0.02 -0.59+0.0®* -0.58+0.0Z2 -0.58+0.0% 0.42
logio (EOS) -0.47 £0.02 -0.49+£ 0.0 -0.50+0.0Z2 -0.50+0.0% 0.84
logi0 (BASO) -1.15+0.02 -1.15£0.0%* -1.14+0.02 -1.16+0.0% 0.88
Blood 3, 1G/uL RES MID SUS DEAD FDR-group
logi0 (WBC) 1.27 £0.0¥* 1.27+£0.000 1.25+x0.0P% 1.26+0.0% 0.18
logio (NEU) 0.97 £0.0® 0.98+0.00*0 0.97+0.0®* 0.98x0.07 0.56
log10 (LYM) 0.82+0.0** 0.79£0.000 0.77+0.0”> 0.75+0.0F < 0.0001
logi10 (MONO) -0.18+0.02 -0.21+£0.0¥®* -0.23+£0.0Z2 -0.22+0.01% 0.27
logio (EOS) -0.2+0.02 -030+£0.0%* -0.33+x0.02 -0.33x0.01% 0.15
logi0 (BASO) -0.51+£0.02* -051+0.01* -0.55+0.02® -0.49+0.01% 0.15
Blood 4, 1G/uL RES MID SUS DEAD FDR-group
logi0 (WBC) 1.31 £+0.0% 1.32+0.000 1.34+0.0P% 1.34+0.0% 0.21
logio (NEU) 0.93+0.0F 0.%5+0.012 1.02+0.0° 1.03+0.02 < 0.0001
l0g10 (LYM) 0.98 +0.0 0.98+£0.00 0.%5+0.0”> 0.92+0.0F 0.0009
logi10 (MONO) -0.16 £0.02 -0.15+0.0®* -0.14+0.0Z2 -0.18+0.03% 0.67
logio (EOS) -0.33£0.01* -0.33+0.0®* -0.29+0.02 -0.30+0.02 0.46
logi0 (BASO) -0.61 £0.02 -0.59+0.0®* -0.57/+0.02 -0.57+0.02 0.40

WBC: total white blood cell concentration; NEU: neutrophil concentration; LYM: lymphocyte
concentration; MONO: monocyt®ncentration; EOS: eosinophil concentration; BASO:
basophil concentration.

2FDR-Group: adjuste@-valuesfor the sigificant level of group effect using tfBenjamini and
Hochbergcorrection (FDR) in R to control false positives from multiple comparig@rSore

Team

Packa)ge

6stat so

Svalues in a column suffixed with different letters are significantly different fach other at

FDR < 0.05

4Significant differences among RES, MID, SUS and DEAD groups are highlighted inRiRi (

< 0.05).



Table 7. Leastsquares meansz standard errors for changes ofvhite blood celltraits?
between Blood 13, and 4 of animaldn the resilient (RES),average(MID), susceptible
(SUS), and dead (DEAD) groups.

a3, 103/l RES MID SUS DEAD FDR-group®
WBC 8.39+0.39° 7.68+017 7.10+040 7.74+0.29 0.24
NEU 552+027 552+0.1t 535+0.29 5.93+0.20 0.38
LYM 1.69+0.17 085+0.07 067+0.17 051+012  <0.0001
MONO 0.56+0.08 0.49+0.0% 042+0.08 0.47+0.02 0.08
EOS 0.23+0.02 0.26+0.08 0.18+0.08 0.24+0.08 0.38
BASO 0.85+0.08 0.66+0.04 0.63+0.07 0.79 +0.06' 0.08
qB43, 16/l RES MID SUS DEAD FDR-group
WBC 213+05% 289+028 4.06+054 3.910.68 0.08
NEU -0.60+0.4% -0.33+0.17 1.36+040 177+05%  <0.0001
LYM 3.08+0.28 3.41+0.1% 3.24+0.26 2.78+0.32 0.2
MONO 0.16 £+0.08 0.20+0.02 0.24+0.08 0.13+0.06 0.65
EOS -0.08+0.04 -0.13+0.02 -0.04+0.04 -0.03+0.08 0.16
BASO -0.54+0.08 -0.45+0.08 -0.38+0.08 -0.40+0.08 0.42
qil4%, 16/l RES MID SUS DEAD FDR-group
WBC 10.39+0.48 10.75+0.19 11.60+ 051 11.73 +0.63 0.27
NEU 475+035 511+0.14 6.83+0.38 7.32+045  <0.0001
LYM 463+0.28 437+0.09 4.06+0.2% 3.56z0.3% 0.08
MONO 0.72+0.02 0.71+0.02 0.66+0.048 0.61+0.08 0.37
EOS 0.12+0.08 0.13+0.0f 0.22+0.08 0.19+0.04 0.12
BASO 0.15+0.08 0.20+0.08 0.24+0.02 0.23+0.08 0.12

WBC: total white blood cell concentration; NEU: neutrophil concentration; LYM: lymphocyte

concentration; MONO: monocyte concentration; EOS: eosinophil concentration; BASO:
basophil concentration.

’The change of complete blood count (CBC) traits from Blood 1 to Blo$th®; change of
CBC traits from Blood 3 to Blood 4The change of CBC traits from Blood 1 to Blood 4.

SFDR-Group: adjusteg@-valuesfor the significant levebf group effect using thBenjamini and
Hochbergcorrection (FDR) in R to control false positives from multiple comparis@risdre

Team

Svalues in a column suffixed with different letters are significantly different from each other at

FDR < 0.05

Packa)ge

6stat so

’Significant differences among RES, MID, SUS and DEAD groups are highlighted inRiiRi (

< 0.05).



Table 8. Leastsquares meansz standard errors for red blood cell and platelet traits' in
Blood 1, 3, and 4 of animalsn the resilient (RES),average(MID), susceptible (SUS), and
dead (DEAD) groups.

Blood 1 RES MID SUS DEAD FDR-group?
RBC, 16/uL  6.18 + 0.08® 6.18 + 0.0% 6.13 £ 0.08 6.15 £0.02 0.58
HGB, g/L 117.15+0.74 116.84+0.31 116.89+0.72 116.50+0.8% 0.92
HCT, % 37.45+0.23 37.50+£0.16 37.63+£0.23 37.22+£0.16 0.51
MCV, fL 61.31+0.28 61.36 + 0.183 62.07 £ 0.28 61.39 + 0.20 0.20
MCH, pg 18.67 £+ 0.11 18.67 + 0.03 18.83 +0.11 18.69 + 0.08 0.67
MCHC, g/L  306.86 +0.68 305.74+0.29 305.70+0.68 305.11 +0.47 0.32
RDW, % 21.94 +0.22 21.77 £0.16 21.91+0.22 22.12+0.16 0.32
PLT, 1G/uL  281.02 +10.26 283.85+4.29 290.49 +10.42 286.12+7.10 0.93
MPV, fL 1457 £+ 0.18 14.70 £ 0.07 14.98 + 0.18 14.79 £ 0.11 0.40
Blood 3 RES MID SUS DEAD FDR-group
RBC, 16/uL 5.81 £0.04 5.77 £0.02 5.75 £ 0.04 5.79 £ 0.08 0.74
HGB, g/L 101.66 £ 0.60 101.03+0.25 100.63+0.62 101.32+0.43 0.68
HCT, % 32.92 +0.20 32.87 £ 0.09 32.85+0.2% 32.71+£0.15 0.87
MCV, fL 57.15+0.20 57.15+0.08 57.22 +0.20 56.80 + 0.14 0.29
MCH, pg 17.51 + 0.07 17.54 + 0.03 17.52 + 0.08 17.49 £ 0.06 0.93
MCHC, g/L  306.66 20.95 306.68 + 0.60 304.65+0.97 307.79+0.79 0.14
RDW, % 18.26 + 0.1¢* 18.40+ 0.6 18.58 + 0107® 18.72 + 0.0% 0.0004
PLT, 1G/uL  390.20 + 11.08 362.14 +11.10 305.14+0.82% 363.44 +8.12 0.26
MPV, fL 14.59 £ 0.16 14.92 +0.06  15.01 +0.16%® 15.51 +0.12 < 0.0001
Blood 4 RES MID SUS DEAD FDR-group
RBC, 16/uL 6.36 + 0.04 6.32 + 0.0% 6.16 + 0.04 6.22 + 0.08° 0.0009
HGB, g/L 106.52 +0.60 105.16 £0.25 100.78 +0.62 100.94 + 0.81 < 0.0001
HCT, % 35.54 +0.20 35.21 +0.08 34.15+£0.22 34.05+0.28 < 0.0001
MCV, fL 56.03 +0.20 55.74 + 0.08 55.44 +0.20 54.39 £ 0.26 <0.0001
MCH, pg 16.89 + 0.07 16.78 £ 0.08 16.57 + 0.07 16.37 £ 0.09 < 0.0001
MCHC, g/L  301.73+0.72 301.17+0.30 299.45+0.73 299.97 +0.94 0.15
RDW, % 18.31 £ 0.09 18.57 + 0.04 18.84+0.09 18.89+0.1% 0.0001
PLT, 1¢/uL  352.11 +9.88 337.37 +4.02 354.67 +10.25 339.54 + 13.13 0.38
MPV, fL 13.31+0.11 13.41+0.08 13.63+0.1% 14.12 +0.18 < 0.0001




'RBC: redblood cell concentration; HGB: hemoglobin concentration; HCT: hematocrit; MCV:
mean corpuscular volume; MCH: mean coquiar hemoglobin; MCHC: mean corpuscular
hemoglobin concentration; RDW: red blood cell distribution width; PLT: platelet concentration;
MPV: mean platelet volume.

2FDR-Group: adjuste@-valuesfor the significant level of group effect using tBenjamini ad
Hochbergcorrection (FDR) in R to control false positives from multiple comparis@riSdre
Team Package Ostatsbo

3values in a column suffixed with different letters are significantly different from each other at
FDR < 0.05

“Significant differenceamong RES, MID, SUS and DEAD groups are highlighted in el
< 0.05).
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Table 9. Least-squares means tstandard errors for changes ofed blood cell and platelet
traits ! between Blood1, Blood 3, and Blood &f animals inthe resilient (RES),average
(MID), susceptible (SUS), and dead (DEAD) groups.

3 RES MID SuUs DEAD FDR-group®
RBC,10f/uL  -0.43+0.08°  -0.44+002 -043+0.08 -0.33+0.08 0.16
HGB, g/L 1557 +0.98 -15.77+0.38 -16.25+0.98 -14.72+0.68 0.59
HCT, % 458+03%  -468+0.18 -4.83+032 -4.59+0.28 0.93
MCV, fL 411+0.26  -4.31%0.10* -4.74+0268 -4.44+0.18 0.43
MCH, pg 1.22+0.16  -1.20£0.04 -1.30+0.16 -1.17 +0.07 0.81
MCHC, g/l  -0.63+1.08/ 0.91+042  -092+1.08 3.13+0.74 0.01
RDW, % -358+0.20  -3.37+0.08 -3.32+0.20 -3.63+0.14 0.44
PLT,10%uL  105.93+14.20 76.20+5.73 67.59+10.26 67.59 + 10.25 0.29
MPV, fL 0.29 + 0.22 040+0.09 0.10+022  0.79+0.16 0.14
qB43 RES MID SuUs DEAD FDR-group
RBC,10%uL  0.56 +0.08 054+0.02  0.40+008  0.36+0.08 0.0L
HGB, g/L 6.23 +0.79 432+03% 059+08%F -0.64+1.03 < 0.0001
HCT, % 2.61+0.27 222+012 115+029  1.04+0.38 0.0002
MCV, fL -1.01+ 0200  -1.40+0.08 -1.84+0.26° -2.55+0.25 < 0.0001
MCH, pg 059 +0.07 -0.73+0.08° -0.94+0.08°  -1.01+0.16 0.0007
MCHC, g/L 422+108  -457+048 -4.61+1.10 -3.74+ 143 0.9
RDW, % 0.06 + 0.16 022+0.02 030+016  0.15+0.13 0.46
PLT, 1%L -43.81+14.00 -30.55+5.90 -2.77+14.58 -52.74 +18.48 0.21
MPV, fL -1.34+0.17  -155+0.07 -124+01% -0.76+0.22 0.02
L4 RES MID SuUs DEAD FDR-group
RBC,10f/uL  0.18+0.08 0.16 £+0.02  0.05+0.08  0.09 +0.06 0.22
HGB, g/L -10.75+0.98 -11.76 +0.39 -14.96+1.08 -13.42+1.3% 0.06
HCT, % 1.93+0.32  -222+012 -3.15+0.385 -2.96+0.43 0.06
MCV, fL 538+0.29  -584+01% -6.70+0.30 -6.74+0.39 0.0L
MCH, pg 1.81+0.12  -1.99+0.0% -2.33+0.12 -2.20+0.15 0.02
MCHC, g/L 553+1.02  -540+042 -7.01+1.084 -5.05%1.27 0.58
RDW, % -3.36+022  -293+0.09 -2.84+028 -3.68+0.29 0.08
PLT, 10Ul 69.91+13.48 56.42+535 60.74+14.30 22.48+18.13 0.32
MPV, fL 1.12+0.18  -1.24+0.07 -1.15+0.19 -0.40+0.25 0.05




'RBC: redblood cell concentration; HGB: hemoglobin concentration; HCT: hematocrit; MCV:
mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular
hemoglobin concentration; RDW: red blood cell distribution width; PLT: platelet concentration;
MPV: mean platelet volume.

’The change of complete blood count (CBC) traits fRlood 1 to Blood 33The change of
CBC traits from Blood 3 to Blood 4The change of CBC traits from Blood 1 to Blood 4.

SFDR-Group: adjusteg-valuesfor the significant leel of group effect using thBenjamini and
Hochbergcorrection (FDR) in R to cordl false positives from multiple comparisoifis Core
Team Package Ostatsbo

Svalues in a column suffixed with different letters are significantly different from each ather a
FDR < 0.05

’Significant differences among RES, MID, SUS and DEAD groupsigtgighted in bold FDR
< 0.05).
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Table 10. Estimates of heritability + standard error for complete blood count CBC) traits.

Traits?! Blood 1 Blood 3 Blood 4 gl F 843 gd44

WBC 0.16 £+0.04 0.2+0.04 0.19+0.04 0.09+0.04 0.14+0.04 0.15+0.04
NEU 0.18+0.04 018+x0.04 0.13+£0.04 0.11+0.04 0.11+0.04 0.07x0.04
LYM 0.21+0.04 022+£0.04 030+0.04 0.11+0.04 0.20+0.04 0.24+0.04
MONO 0.06+0.03 0.12+0.03 0.02+0.03 0.08+0.03 0.00+0.00 0.05%0.04
EOS 0.22+0.04 019+0.04 0.27+£0.04 0.07£0.03 0.00+0.03 0.08+0.04
BASO 0.08+0.04 0.10+£0.03 0.13+£0.04 0.06+0.04 0.06+£0.04 0.06 £0.05
RBC 0.27+£0.04 0.30+£0.04 03#4+£0.05 0.08t0.04 0.04+£0.04 0.08+0.05
HGB 0.08+£0.03 0.16+0.04 028+£0.05 0.16x0.04 0.11+0.04 0.09+£0.05
HCT 0.09+0.03 0.23%+0.04 0.23+0@ 0.04+0.03 0.04+0.04 0.10+£0.05
MCV 0.19+0.04 038+£0.04 046+£0.06 0.08x0.03 0.22+0.05 0.06+0.04
MCH 0.18+0.04 039+0.04 053+0.06 0.15+£0.04 0.13+£0.05 0.06*0.05
MCHC 0.13+0.04 025+0.04 0.26+0.05 0.17+0.04 0.20+x0.05 0.07+0.05
RDW 0.13+0.03 0.14+0.04 0.08+0.04 0.14+£0.04 0.09+0.04 0.18+0.05
PLT 0.15+0.83 0.07+0.03 0.08+0.04 0.01+0.03 0.00+£0.03 0.04+0.03
MPV 0.11+0.03 0.19+0.04 0.23+£0.04 0.02+0.03 0.10+£0.04 0.08+0.04

WBC: total white blood celtoncentration; NEU: neutrophil concentration; LYM: lymphocyte
concentrationMONO: monocyte concentration; EOS: eosinophil concentration; BASO:
basophil concentration; RBC: red blood cell concentration; HGB: hemoglobin concentration;
HCT: hematocrit; MCVmean corpuscular volume; MCH: mean corpuscular hemoglobin;

MCHC: mean corpuzilar hemoglobin concentration; RDW: red blood cell distribution width;
PLT: platelet concentration; MPV: mean platelet volume.

’The change of CBC traits from Blood 1 to BloodBhe change of CBC traits from Blood 3 to
Blood 4 “The change of CBC traifsom Blood 1 to Blood 4.

®Significant estimates of genetic variances are highlighted in bold baskd likelihood ratio
test by comparing full models to restricted models tbastrained genetic variances to zero in
ASReml 4.1(p-value< 0.05).



Table 11. Estimates of genetic correlatios £ standard errors for complete blood count
(CBC) traits that showed significant differences among groups whtthe resiliencetraits of

grow-to-finish growth rate (GFGR) and treatment rate (TR).

Traits?! GFGR TR
Blood3

LYM 0.10+0.18 -0.38 +0.18
RDW -0.07 £0.21 0.39+0.22
MPV 0.09+0.18 0.26+0.18
Blood4

NEU -0.31+0.20 0.50 +0.23
LYM 0.16+0.15 -0.28+0.16
RBC 0.15+0.15 -0.08+0.17
HGB 0.04+0.16 -0.25+0.18
HCT 0.10+0.17 -0.33+0.19
MCV -0.08+ 0.15 -0.16+0.16
MCH -0.03+0.14 -0.21+0.15
RDW -0.12+0.28 0.89+0.26
MPV 0.09+0.17 0.11+0.19
g3

LYM 0.15+0.23 -0.46 £ 0.24
MCHC -0.25+0.20 0.26+0.21
oB4*

NEU -0.45+£0.21 0.44+ 0.26
RBC -0.33+0.45 -0.35+0.43
HGB 0.01+0.25 -0.32+0.28
HCT -0.29+0.44 -0.82 £ 0.47
MCV 0.03+0.19 0.02+0.20
MCH 0.25+0.25 0.14+0.28
MPV -0.15+0.26 -0.27+0.28
o4

NEU -0.32+0.26 0.76 £0.29
MCV 0.02+0.33 -0.02+ 0.35
MCH 0.00+ 0.35 0.26+0.36

INEU: neutrophil concentration; LYM: lymphocyte concentration; MONO: monocyte
concentration; RBC: red blood celbncentration; H8: hemoglobin concentration; HCT:
hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC:
mean corpuscular hemoglobin concentration; RDW: red blood cell distribution width.

2Significant estimates of genetic coatbns are highjhted in bold based dhe likelihood ratio

test by comparing full models to restricted models that constrained the genetic covariance to zero
in ASReml 4.1(p-value< 0.05).

3The change of CBC traits from Blood 1 to BloodBhe change of CBC traits froBilood 3 to
Blood 4;°The change of CBC traits from Blood 1 to Blood 4.



Table 12. Estimates of genetic correlatios £ standard errorsfor complete blood count
traits* within Blood 1, Blood 3,and Blood 4.

Blood 1 WBC NEU LYM MONO EOS BASO RBC PLT
WBC - Symmetric

NEU 0.59 + 0.09 -

LYM 0.70£0.09 0.24+0.14 -

MONO 0.30+0.12 0.28+0.24 0.47=x0.18 -

EOS 0.42+0.14 046+0.12 0.24+£0.13 0.36x0.21 -

BASO 0.23+0.32 0.65+0.16 0.70+£0.17 0.87+£0.27 0.31+0.22 -

RBC 0.00+0.15 -0.07+0.14 -0.22+0.13 -0.44+0.25 0.18+0.12 0.19+0.21 -

PLT -042+£0.18 -0.15+0.17 -0.16+0.16 -0.52+0.31 -0.45+0.13 0.05+0.26 0.11+0.14 -
Blood 3 WBC NEU LYM MONO EOS BASO RBC PLT
WBC - Symmetric

NEU 0.83 £0.05 -

LYM 0.76 £+0.08 0.36 £0.15 -

MONO 0.65+0.12 0.34%£0.16 0.63+0.12 -

EOS 041+0.12 0.25+0.15 0.22+0.14 0.21+0.17 -

BASO 0.57+0.13 053%x0.14 0.23+0.18 0.43+0.19 -0.05%0.19 -

RBC 0.16+0.12 0.17+0.14 0.18+0.13 -0.08+0.14 -0.14+0.13 -0.13x0.16 -

PLT -0.08 £0.21 -0.11+0.23 -0.24+0.22 -0.12+0.25 0.10£0.21 0.09+0.26 -0.15%0.17 -
Blood 4 WBC NEU LYM MONO EOS BASO RBC PLT
WBC - Symmetric

NEU 0.79 £0.08 -

LYM 0.82+0.07 0.25+0.16 -

MONO 1.23+0.35 1.03+£0.44 0.95+0.48 -

EOS 045+0.12 052%+0.14 0.01+£0.12 0.56 +0.46 -

BASO 0.93+0.09 0.77+0.14 0.76+0.15 1.18+£0.65 0.500.14 -

RBC 0.34+£0.14 0.20£0.16 0.35+0.11 0.03+0.24 -0.15+0.12 0.13+0.17 -

PLT -0.08+0.26 0.00+x0.29 0.01+0.20 -0.45+1.04 -0.15+0.03 0.10+0.30 0.03+0.19 -

WBC: total white blood cell concentration; NEU
concentration; MONO: monocyte concentrafi&®S: eosinophil concentration; BASO:
basophil concentration; RBC: red blood cell concentration; PLT: platelet concentration.

. neutromahcentration; LYM: lymphocyte

2Significant estimates of genetic correlations are liggked in bold based dthe likelihood ratio
test by comparing full modelo restricted models that constrained the genetic covariance to zero
in ASReml 4.1(p-value< 0.05).



Table 13. Estimates of genetic correlatios + standard errorsfor each complete blood count
trait betweenBlood 1, Blood 3 and Blood4.

Traits! Blood 1 & Blood 3 Blood 3 & Blood 4 Blood 1 & Blood 4

WBC 0.85+0.13 0.65+0.12 0.62+0.16
NEU 0.73+0.12 0.80+0.17 0.64 +0.16
LYM 0.68 +0.12 0.46 £0.12 0.57+0.11
MONO 0.93+0.25 1.26 + 0.93 0.88 +£0.89
EOS 0.40+0.12 0.86 +0.12 0.60+0.12
BASO 0.70+0.28 0.49+0.21 0.98 +£0.29
RBC 0.86 + 0.08 0.87 £ 0.07 0.82 +0.09
HGB 0.73+0.23 0.79+0.11 0.80+0.19
HCT 0.60 £ 0.20 084+0.11 0.69+0.21
MCV 0.84 +0.06 0.81 £0.05 0.77 +0.08
MCH 0.77 £0.07 0.91+0.04 0.79 +0.08
MCHC 0.49+0.14 0.74+0.11 0.74 +0.13
RDW 0.57+0.13 0.62+0.18 -0.28 £ 0.31
PLT 0.78 £0.19 0.87 £0.26 0.99+0.18
MPV 1.02 +0.16 0.76 +0.11 0.66 £0.14

WBC: total white blood cell concentration; NEU: neutrophil concentratiorMLIymphocyte

concentration; MONO: monocyte concentration; EOS: eosinophil concentration; BASO:
basophil concentration; RBC: red blood @alhcentration; HGB: hemoglobin concentration;
HCT: hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscetaoglobin;

MCHC: mean corpuscular hemoglobin concentration; RDW: red blood cell distribution width;
PLT: platelet concentration; MPV: mealajelet volume.

%Significant estimates of genetic correlations are highlighted in bold baghké tikelihood ratio
test by comparing full models to restricted models that constrained the genetic covariance to zero
in ASReml 4.1(p-value< 0.05).
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Table 14. Estimates of genetic correlatios + standard errorsfor the changes of each

complete bloa count (CBC) trait between Blood 1, Blood 3, and Blood. 4

Traits? P & B4 q3& it qB4& qil4
WBC -0.45 +0.21 0.36+0.23 0.67 +0.13
NEU -0.39+0.23 0.52+0.28 0.62 +0.19
LYM -0.52 +0.15 0.25+0.17 0.76 + 0.07
MONO -0.89+0.71 0.48+ 0.38 0.54+ 0.72
EOS -0.42+0.38 0.76 +0.23 0.95+ 0.60
BASO -0.92+0.11 -0.70+0.76 0.42+ 0.60
RBC -0.76 +0.25 0.58+ 0.42 0.25+ 0.46
HGB -0.30+0.19 0.32+0.26 0.44+ 0.25
HCT -0.93+0.51 0.53+ 0.42 -0.15+ 0.60
MCV -0.37+0.22 0.44+0.24 0.54 +0.22
MCH -0.58 +0.25 0.02+ 0.37 0.05+ 0.35
MCHC -0.76+ 0.12 0.44 +0.22 0.36+ 0.24
RDW 0.64 + 0.32 0.98 + 0.03 0.87 £0.16
PLT -0.44+ 1.07 0.82+1.03 0.62+1.85
MPV -0.77 +0.33 0.25+ 0.50 0.34+0.29

WBC: total white blood cell concentration; NEU: neutrophil concentration; LYM: lymphocyte
concentation; MONO: monocyteoncentration; EOS: eosinophil concentration; BASO:
basophil concentration; RBC: red blood cell concentration; HGB: hemoglobin concentration;
HCT: hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin;
MCHC: mearcorpuscular hemoglobiconcentration; RDW: red blood cell distribution width;
PLT: platelet concentration; MPV: mean platelet volume.

’The change of CBC traits from Blood 1 to BloodBhe change of CBC traits from Blood 3 to
Blood 4;%The change of CBQdits from Blood 1 tdlood 4.

®Significant estimates of genetic correlations are highlighted in bold baghké tikelihood ratio
test by comparing full models to restricted models that constrained the genetic covariance to zero
in ASReml 4.1(p-value< 0.05.
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Table 15. Heritability estimates of complete blood count traitsin related studiesreported in the literature.

Traits? Henryon et Clapperton et al. (2008) Clapperton et al. (2009) Flori et al. Mpetile et
al. (2006) SPFP Non-SPF Start-Testt  End-Test SPF Non-SPF (2011) al. (2015)
WBC 0.25+0.05 0.06+0.11 0.37+0.16 0.24+0.15 0.18+0.11 029+0.13 0.28+0.11 0.73+0.20 0.23+0.19
NEU 0.22 +0.04 - - - - - - 0.61+0.20 0.31+0.21
LYM 0.24 + 0.05 - - - - - - 0.72+0.21 0.15+0.19
MONO 0.22+0.04 058+0.18 058+0.18 0.52+0.17 0.59+0.14 0.26+0.11 0.16+0.13 0.380.20 0.36 +£0.20
EOS 0.30 £ 0.05 - - - - - - 0.80+0.21 0.58 +0.12
BASO - - - - - - - - 0.12+0.19
RBC - - - - - - - 0.43+0.20 0.62 £ 0.25
HGB - - - - - - - - 0.56 £ 0.13
HCT - - - - - - - - 0.06 +0.14
MCV - - - - - - - - 0.47 £ 024
RDW - - - - - - - 0.70£0.20 0.34+£0.25
MCH - - - - - - - - 0.37+0.24
MCHC - - - - - - - - 0.04 +0.16
PLT - - - - - - - 0.56 £ 0.19 0.11£0.23
MPV - - - - - - - - 0.38 £ 0.25

WBC: total white blood cell concentration; NEU: neutrophil concentration, LYM: lymphocyte concentration; MONO:
monocyte concerdtion; EOS: eosinophil concentration; BASO: @sbconcentration; RBC: red blood cell concentration;
HGB: hemoglobin concentration; HCT: hematocrit; MCV: mean corpuscular volume; RDW: red blood cell distribution width;
MCH: mean corpuscular hemoglobinWC: mean corpuscular hemoglobin concentratRif: platelet concentration;

MPV: mean platelet volume.

2Specific pathogefiree (SPF), free of all major swine pathogens;

3Non-specific pathogefiree (NorSPF), lower health status condition with the chaéeof enzootic pneumoniRasteurella
multocidg Actinobacillus pleuropneumonigkeeptospira BratislavaSalmonella typhimuriuprand porcine muklwasting
syndrome;

“Blood samples collected from animals in both SPF and3®ih farms at the average of 89slald;
Blood samples collected from animalsbioth SPF and neSPF farms at the average of 148 days old;
®Heritability estimate of the trait was not reported in the study
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Figure 23. Roles of white blood cells in innat€A) and adaptive (B)immunity.

Roles of white blood cls in innate immunity : Phagocytosis is the process by which

phagocytic cells recognize and ingest microbes for intracellular killing. Phagocytes include
neutrophlis, monocytes, dendritic cells, and eosinophils; Neutrophils, eosinophils, and basophils
aregranulocytes, the granules present in their cytoplasm contain biochemical mediators that
serve inflammatory and immune functions; Eosinophils and basophils cparbaites through
production of toxic proteins and histamine respectively; Dendritic callduge cytokines that

recruit white blood cells and initiate adaptive immune responses, and also present antigens to the
adaptive immune system; Natural killer (N&lIs are a class of lymphocytes that recognize and

kill infected cells to stop the spreafiam infection; The complement system consists of a set of
plasma proteins that act together to defend against extracellular pathogens.

Roles of white blood cellsn adaptive immunity: B lymphocytes mediate humoral immunity
by secreting antibodies intodltirculation and mucosal fluid to neutralize and eliminate
extracellular infectious agents; T lymphocytes characterizeraiated immunity and kill host
cellsthat are harboring infectious agents in the cytoplasm.

Derived from Janeway et al. (2001)hBas et al. (2015), and Elsevier Health Sciences and Khan
Academy (2019).

146



i 2 R - -
09'_5 ______ E __________________________ Group
5 | o * o = v RS
L 1 | e o
o 061! \ MID
] 1 [ ]
i - * 3 e SUS
037 : |
'Q1 'Q3
0 2 4 6
TR
B
S Group
= 100 A
% — RES
‘O MID
=
2 50 4 — SbS
@ — DEAD
O-

50 1(l)0 1 éO
Age (days)

Figure 24. An example of the classificatiornof slaughtered animals(A) and growth curves
for all animalsin different groups (B) in Batch 14

Batch 14 wasised as an example he®&aughted animalwere classifiednto resilient (RES),
average (MID), and susceptible (SUS) groups based on the firsa(@2he third (Q3) quartiles
of grow-to-finish growth rate (GFGR) and treatment rate (TR).
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Chapter 5. Inv estigating the genetic architecture of disease resilience in pigs

by genomewide association studies of complete blood count trafts

5.1. Introduction

The prevalence of infectious diseases caused by a multitude of pathogens results in high
economic losse®r the pig industry (Davies et al., 2008; Tomley and Shirley, 2009). Genetic
improvement for disease resilience is a practical option to help address the problem of infectious
disease as it can ensure production efficiency, because resilient anima&rec as
maintaining a relatively undepressed performance in the face of disturbances caused by infection
(Albers et al., 1987; Mulder and Rashidi, 2017). Disease resilience is a complex trait composed
of multiple biological functions, such gsowth, hedth, nutrient status, and other dynamic
elements, including the efficiency of immune response and the rate of recovery from infection
(Friggens et al., 2017). This complexity makes disease resilience hard to properly characterize
and little is known abouhegenetic architecture that drives disease resilience. Alternatively,
indirect selection of disease resilience based on imselated traits may be a feasible breeding
strategy, because the disease response of an animal largely depends upon its iiKmamity
and Bishop, 2000; Calder, 2013).

Blood cells comprise white blood cells, red blood cells, and platelets that are important
el ements of an animal s i mmune status (Abbas

of the most common clinical teaspeformed to evaluate concentrations and relative proportions

°This chaptehas been submitted to BMC Genomics as Bai, X., Yang, T., Putz, A. M., \®arng,, Chang, Fortin,
F., Harding, J. C. S., Dyck, M. K., Dekkers, J. C. M., Field, C. J., PigGen Canada, and Plastow, G. S. (2020).
Investigating the genetic architecture of disease resilience in pigs by gevideassociation studies of complete
blood count traits collected from a natural disease challenge model. doi:10.212036@1F44v1.
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of these circulating blood cells, which may help to uncover the layers of immune system
complexity (Georgé&say and Parker, 2013). Our previous study (Bai et al., 2020) found that
CBC traits ctlected from blood samples of pigs in both healthy and challenged conditions at 2
weeks before, and 2 andnieks after exposure to a polymicrobial challenge were moderately to
highly heritable (0.08 £ 0.04 to 0.53 + 0.05). Changes of each CBC trait netloee samples
collected at different time points (ethe change of a CBC level fromvi2eks before to-veeks

after exposure to the challenge) were also found to be heritable, with estimates ranging from 0.06
+ 0.04 to 0.24 + 0.04 (Bai et al., 2020hekeheritability estimates indicate the importance of

the genetic component of CBC traits. Moreover, significant genetic correlations (either positive
or negative) were found for several CBC traits collected after exposure to the challenge with the
econonically important production traits of groto-finish growth rate (GFGR) and treatment

rate (TR) in response to the polymicrobial challenrQe8@ + 0.47 to 0.89 £ 0.26) (Bai et al.,

2020), which may further indicate the potential of developing those Gi€ds indicator traits

of disease resilience. In addition to these significant genetic correlations for CBC with GFGR
and TR, our previous study (Bai et al., 2020) also found high genetic correlatiOn&0(+ 0.04)
between the CBC traits. Changes inC#aits between each time point were also found to be
genetically correlated, with significant estimates ranging #o@2 + 0.21 t60.92 £ 0.11 to

0.44 £ 0.22 t0 0.98 £ 0.03 (Bai et al., 2020). This allows multivariate models to be used for joint
analysesof these genetically correlated traits, which provides the potential to improve statistical
power and explore pleiotropy (Park et al, 2011; Shriner, 2012; Lu et al., 2018; Fatumo et al.,

2019).
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To date, some quantitative trait loci (QTL) have beentitied for some blood cell traits
in pigs under either healthy or disease challenged status by linkage and association analyses
(EdforsLijia et al., 1998; Edford.ijia et al., 2000; Wattrang et al., 2005; Reiner et al., 2007;
Reiner et al., 2008; Zou €lt,@2008; Gong et al., 2010; Ponsuksili et al., 2016). However, due to
the use of a pathogapecific challenge or a relatively low density of genetic markers, the
genetic components of blood cell traits in pigs under typical commercial environments, where
multiple disease&ausing pathogens are present, remains largely unknown.

In this study, CBC traits were collected from pigs in a natural polymicrobial disease
challenge model, as described by Bai et al. (2020). Standard univariate gsitEnassociation
studies (GWAS) and multivariate GWAS based on a relatively-digihsity panel of 465,910
autosomal singkaucleotide polymorphisms (SNPs) were conducted for these CBC traits. The
objectives were: (1) to reveal the genomic regions associated with ther&@B@nd with their
changes in response to the polymicrobial challenge; and (2) to explore the underlying genetic
architecture for disease resilience of pigs in the face of a polymicrobial infectious challenge.
5.2. Material and Methods
5.2.1 Natural disease challege nodel and phenotypic traits

Details d the natural disease challenge mg@DCM) and the collection of phenotypic
traits are described i@hapter 3. Descriptions of phenotypic traits, including CBC traits before
and after exposure to the challengew-to-finish growth rate (GFGRand treatment rate (TR)

can also be found i@hapter 3.
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5.2.2 SNP array genotyping and quality control
Thegenotyping using the 650K Affymetrix AxidhrPorcine Genotyping Array was

performed at Delta Genomics (Edmonton AB, Canddajv Affymetrix SNP data were

processed by Delta Genomics with the Axiom Analysis Suite, using all defaults (sample call rate

097%;SNP call rat€d97%; number of minor allelesbserved)?2). Imputation of sporadic
missing genotypewascompletedusing FImputgSargolzaeet al., 2014)The pedigree was
utilized for imputation but only included the dam, since sire was typiaakpown due to the
use of pooled sememhe preGSf90 software in the BLUPF90 suite of programs wastased
remove SNPs with minor allele frequency lower than QMi%ztal et al., 2002)
5.2.3 Population stratification and linkage disequilibrium estimation

Popdation stratificatioramong genotyped animalsas investigated using PLINK 1.90
(Purcellet al., 2007pased on pairwise identdyy-state (IBS) distangevhich was estimated
using SNP genotypeA multidimensional scaling (MDS) pldtased on IBS pairwisgistance
wasdrawn byt he &6 ggp !l ot R&oreptenm, R@Lg; Bickham, 2R16)show the first
three dimensions of the population structdifee genomic ifiation factor and quantilejuantile

(Qi Q) plots were applied to assegnomicinflation of the test statisticgsing the R packages of

GenABEL 6 and 6ggmané (Aulchenko et alThe 2007,

linkage disequilibrium (LD) of pawise SNPs wsmeasured as the squared correlatiénofr
allele counts fothetwo SNPs anthaplotype blockwerebuilt using the Haploview software
(Barrett et al., 2005; VanLiere and Rosenberg, 2008)

5.2.4 Singlestep GWAS and Models
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Univariate andnultivariate singlestep GWAS (SSGWAS) for CB@aitswere
implemented in the BLUPF90 suite of progis(Misztal et al., 2002; Aguilar et al., 2019) with
the joint pedigregenomic relationship matriH() for singlemarker associations,
accommodang bothgenotyped (n = 2593) and ngenotyped (n = 150) animalBetails for
algorithms employed for thesaalyses have been described by Aguilar et al. (2019). Briefly,
BLUPF90 combines the algorithms for singlep GBLUP and for baeolving to obtain
estimaes and pvalues for SNP associations from estimates of breeding valbheggenomic
relationship matk (G) for genotyped animals was constructestHH¥¢ BB p b , where the
Z matrix contains centeréslNPgenotype codes arglis the minor allele frequency f@&NPi
(VanRaden, 2008)The pvaluesfor SNP associationsere adjusted for multiple testing by the
Benjamini and Hochberg corrgan (false discovery ratdsDR) (Benjamini et al., 1995; R core
team, 2019)An FDR threshdd of 0.05 was used to control false positive results and to declare
significant association3he most significant SNP above the genemige FDR of 0.05 in each
genomic region were referred to as the top significant SNP, wigk further separated intop
lead and top floating SNPs, which referred to top significant SNPs in a genomic region with or
without a group of supportive SNPs, respectively.

Theunivariatemixed linear model used for GWAS can be described as fallows

© A'HHHH{HH
wherey is a vector of observations on a CBC trait for all individualis, a vector of fixed
effects, including the effect of batch and the covariate of bleedingXage design matrix
relating observations to the fixed effecss a vector of breedg values/Z is a design matrix

that relates observations to breeding values, including genotyped and ungenotyped amimals,
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eis a vector of residual effects. Vectorepresents a stack of vectocsifer , Cren1, Crenz, and
crend Of independent andncorrelated random environmental effects, including littefe() and
pen effects in the quarantine urgtdn1), in thechallenge barseconestage nurserycéen), and
in thechallenge bargrow-to-finish stage ¢reng. These random environmentalexfts were
tested and fitted in the model for each CBC trait when they were signifieaatue< 0.05).
Matrix W (Wlitter , Wpen1, Wpenz, andWpen3) is a stack of incidenamatrices that relate
observations to the corresponding random environmental effects. The random effects fitted for
each of CBC traits were the same as Bai €2aR0)
Assumingthe random effectsande are uncorrelateend dentically distributed, # (co
) variances of random effects for univariate models are:
H EKX T T
O A B m £y T
H n 1 #
whereH is the joint pedigregienomic relationship matrix for genotyped and-genotyped

animals as mentioned abovas the dentity matrix,A is the additive genetic variancey

A

, when the random
T A

represents a stack mfndom effect variances (e.gy

effectscLiter andcren1are significant and fitted in the modek fa trait) andA is the residual
variance.

The model for multivariate analyses resembles a stack of univariate models for each of
the traitsthat were found to be highly genetic correlated in (Bai et al., 2020¢h can be

written as(Mrode, 20B; Lu et al., 2018)
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For each trait in the multivariate modiie same effectwere fittedasin the univariate models
For multivariate modelssssumingandom effectsn and residual effects for then™ trait (n =

1, 2, 3)areuncorrelated and identically distributed, the-fa@riances of random effects are:
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whereA A K A, andA A are additive genetic covariances between
traits, 4 "H H v, and - -y arecovariances for common random effects
between two traitst A K A, andA A arecovariances for residual

effects betwen two traits.
5.2.5 PostGWAS marker effect analyses

The percentage of additive genetic variance explainedbiylb window (with a median
of 224 adjacent SNPg)as estimated by conducting winddoased inferences for additive
genetic variance in thBLUPF90 suit of programs (Misztal et al., 2002ach chromosome was
evaluated by using a sliding (moving) 1 Mb window by using every SNP on the chromosome as
a staring SNP for a window segment (Misztal et al., 2Q002)erefore, a top significant SNP was

contained within multiple windowandamong tlem,the largest percentage of additive genetic
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variance explained by a window that contained that top significant SNP was reported for each
trait.

Additive and dominance effects of each top significant 8/dRe estimated using the
BLUPF90suite of progams(Misztal et al., 2002) based on the following model:

6 TTHHHH{AH Yy "H 'H

wherey, X, b, Z, a, W, ¢, ande are the same dsr theunivariatemodel described aboye is a
vector of the top significant SNP genotypes coded a8, and 1 for the AA, AB, and BB,
respectively; is the additive effect] is a vector of dominance coded as 1 for heterozygous
genotype (AB) and 0 for homozygous genotypes (AA and BB the dominance effect.
Vectorsv andd were fitted as covariates and the top significant SNPs were fitted one by one in
the model. The liglihood ratio test was used to test the significance of the additive and
dominance effects for each of the top significdNPsby comparing full models to restricted
models that constraineatiditive or dominance effexto zerausing the REMLF90 progranf o
BLUPF90(Misztal et al., 2002)When the dominance effect was not significgatglue>
0.05), the additiveeffect for a SNP was restimated by removing the dominance effect from the
model.
5.2.6 PostGWAS bioinformatics analyses

Ingenuity Pathway AnalysisRA) (Ingenuity® SystemsUnited States
https://lwww.giagenbioinformatics.com/products/ingenyiathwayanalyss/, IPA Spring 2@0
releasewas used for functional enrichment analyses of candidate genes in significant genomic
regiors forthe CBC traits A maximum distance of 1 Mb on either side of the lead SNPs based

on a genomavise FDR < 0.10was used to seardbr candidate genes farhite blood celkraits
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of EOSB3 and MON@ 1.3 he lead pleiotropic SNR& genomevise FDR < 0.10were used to
search for common candidate genes for red bloodMéH, MCV, and RBC)nd platelet

(MPV and PLT)traits in different time points before and after exposure to the challenge. A
relaxedFDR < 0.10threshold was used here to increase identification of true positives for the
significance of biological and functional relevance of candidate genes (Waide26tla).
Identification of positional andidate gersavasconducted using the UCSGe@ome Browser for
the Ensembl annotation tfe Sscrofall.build of the swinggenome lttps://genome.ucsc.edu
One collective gene list was created for each trait Inyboog all candidate genes in associated
genomic regions for IPA (Wang et al., 2020280 et al., 2020Human, mouse, and rat genes
in the IPA knowledge base database were used as backgrolmaldgicalfunction analysem
diseasegnolecular and cdlilar functions, and physiological system development and function
categoriesA biological function was considered significantly enriched if gaealuefor the
overlap comparison test between the input list of candidate genes and the IPA database was less
than 0.05 (Wysocki et al., 2012; Wang et al., 2020; Zhang et al., 2020).

5.3. Results

5.3.1 Dexriptive statistics and genetic parameters

Descriptive statisticémean, standard deviation, minimum, maximum, and distribution)
for the CBC dataf 2743 animals irsix cyclesafter removing the outliersncluding both
genotyped (n = 2593) and ngenotye (n = 150) animalgre shown irFigures 25 to 27.

Details about gnetic parametersr the evaluate€€BC traits including heritabilities and genetic
correlationscan be found in our previous study (RB#ial., 2020)which used the same 2593

genotypedanimals.In addition to the genetic correlations with resilience already reported for
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these data by Bai et al. (2020), we also found significant genetic correlatiquiatébet
concentrationn Blood 3 collected at-veeks after exposure to a polymiciabnfectious
challenge with GFGR (0.400.22) and TR-{.46+ 0.26), and for the change of monocyte
concentration from Blood 1 to Blood B1O N O gplcdlected at 2veeks before and-®eeks
after exposure to the challenge with GFGR (G&B21).
5.3.2 Population structure

As false positive results can be introduced in GWAS by confounding effects due to
population stratificationMDS plots Figure 28) were generated farovide a visualization of the
population structure in the first three dimensions (C1, C2, and C3). Animals tended tobgluster
farm of origin, as they shared a similar genetic background when they came from the same farm
Since batchewere nestedithin farms and coded uniquely, population stratificatissociated
with the farm effectvasaccounted for in the association analysis model by fitting the fixed
effect of batchThe genomic inflation factors of SSGWAS tbe CBC traits raged from 0.98
to 106, suggesting that there was no population stratification that confounded the GWAS results
5.3.3 Association results and estimates for SNP effects
White blood cell traits

Five genomic regions were found to be significantly associatédwhiite bloodcell
traitsat a genomavise FDR of 0.05by univariate SSGWASOf note, SNPs located osus
scrofachromosome (SSC) 4, SSC10, and SSC12 were found to be associatsaswitphil
concentrationn Blood 3 which was collected 2 weeks aftepesure to thehallengg EOSB3).
Meanwhile, SNBon SSC2 antlvo adjacent floating SNPs (significant SNPs without a group of

supportive SNPs) o8SC9were identified to be associateth MONO 1 3. The Manhat"
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QQ plots for EOSB3 aimBgudL2a0dfd Boplead ENPgtHe most
significant SNP with a group of supportive SNRB)significant associationNgenomewise
FDR < 0.05 with EOSB3 and MON@ 1 &re shown infable 16. For EOSB3 the additive
genetic variances explained the 1 Mb window ofthetop lead SNPs (SNP1, SNP2, SNP3) and
their adjacent SNPs on SSC4, SSC10, and SSC12 were estimated to be 0.46, 0.35, avfd 0.53%
the additive genetic variance for EOSB8&spectively. SNP4 ag a floating SNBn SSC2andits
1 Mb windowexplained 0.12% of the additive genetic variance for M@MD I he 1 Mb
window for SNP5 thetop lead SNP o8SC9, vasestimated texplain abouil.23% of the
additive genetic variance for MONP1 3 .

Estimates ofidditive and dominance effects for the top significant SNPs (gemosee
FDR < 0.05 including both tp lead and top floating SNPa$sociated witiEOSB3 and
MONO@ 1 &re summarized imable 16. A significant dominance effecp{value< 0.05) was
only identified for SNP2, which was associated with EOSB3. Estimates of additive effects were
found to be signi€ant p-value< 0.05) for all SNPs that were associated with EOSB3 and
MONOm 1.For EOSB3, estimates of additive effects w&85+ 0.01, 0.14+ 0.04, and-0.06
+ 0.01 for SNP1, 2 and 3, respectivdigtimates ofdditive effects foMONO 1 ®ere 0.08t
0.02 and0.08+ 0.02 for SNP 4 and 5, respectively

Due the relatively low genetic correlations and large standard errors between white blood
cell traits (Bai et al., 2020), no genomic region was found to be significantly associated with
white blood c# traits atFDR < 0.05from multivariate SSGWAS.

Redblood cell and platelet traits
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Nine genomic regions were found to be significaagociated with red blood cell and
platelet traitsat the genoma&vise FDR of 0.05by univariateand or multivariatSsSGWAS The
Manhattan plots and-Q plots are shown iRigures 31 to 36. The four bp lead SNPs for
significant associationgenomewise FDR < 0.05 and estimates of additive genetic variances
explained by these top lead SNPs and their adjacent SNAsNtbavindow are summarized
Table 17. Five floating SNPs (genomegise FDR < 0.05 that explained small amounts of the
additive genetic variance (0.05% to 0.21%) for associated red blood cell and platelet traits were
found and are summarizedTiable 18. Of note, several pleiotropic SNPs assted with red
blood cell or platelet trastwere identified by multivariate SSGWAS CBC traitsin Blood 1, 3,
and 4 (collected at-@eeks before,-2and 6weeks after the challenge, respectivelyigh
genetic corelationswere foundoetweemmean corpuscular hemogloliMCH), mean
corpuscular volumeMCV), andred blood cell concentratidiRBC) traits (Table 19), and also
between all three sampling time poifds each of these traits (0.77+ 0.08) (Bai et al., 2020)
ThereforepleiotropicSNP7 on SSC6 was identified as the top lead and pleiotropic SNP for
MCH in Blood 1 and for both MCWndRBC traits in all three blood sampléEable 17). The
percentage chdditive genetic varianaexplained bythe1 Mb window of SNF and its adjacent
SNPsranged fron0.29 to 0.57% foits associated traitdloreover, SNB was the top lead an
pleiotropic SNP on SSC8, whistasassociadwith MCH, MCV, and RBC traits in all three
blood samplesThe percentages aidditive genetic vaaince explained by SNP8 and its adjacent
SNPs in a Mb window wereestimated to range from 0.28 to 0.35% for its associated traits.
SNP9 on SSC17 was the top lead and pleiotropic SNP for mean platelet volume (MP\§dn Blo

1 and 4. Together with adjaceMiBs in a 1 Mb window, SNP7 was estimated to explain about

159



0.49 and 0.40% of the additive genetic variances for MPV in Blood 1 and 4, respectively.
Significant associations (genomease FDR < 0.09 for SNP7 with MCV in Bbod 1 (genome
wise FDR = 0.003 and for SNP8 with MCV in Blood 4 (genomgse FDR = 0.04)werealso
found by univariate SSGWAS but at a lower significance level compared to the multivariate
SSGWAS. Meanwhile, univariate SSGWAS only indicated suggestioeiagsns (genome
wise FDR of 0.10) for SNP8 wittRBC in Blood 1 (genom&ise FDR = 0.09 and with MCV in
Blood 1 (genomavise FDR = 0.08§.

For red blood cell and platelet traitseestimates of additive and dominance effects for
the top lead SNPare sunmarized inTable 17 andfor the top floating SNPs ifmable 18. Of
note, the additive effects fpteiotropic SNPs showesitendency of affectingachCBC trait in
the three blood sampl&sthesame way, including SNP7 for MCV, SNP8 for MCH and MCV,
SNP9for MPV, SNP10 for MCV, 8IP11 for PLT, and SNP12 for MCHHor pleiotropic SNB,
no significant additive effect was found for RBC traits
5.3.4 Candidate genes and functional enrichment results

Browsing regions forandidate gendscatedwithin amaximum distace of 1IMb on
either side of théead SNPs based on a genewise FDR < 0.1for the associated CBC traise
summarized iMable 21. Enrichedfunctions such amflammatory responsesell-to-cell
signaling and interaction, cellular devetognt,cell mophology,cellular growth and
proliferation, anchematological system development and functi@ne commonly identified for
the candidate gene lists for white blood cell traits collected after exposure to the challenge, and
or the pleiotropiaccandidate genksts for red blood cell and platelet traits collected before and

after exposure to the challenge.
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Candidate genes that have been reported by previous studies of pigs, human, mice, or rats
to be functionally and biologically related to theme categorgf blood cells, as explored here,
are summarized ifable 21. A group of immunity genes on SS@as been reported be
functionally and biologically related to monocytescludingTICAM2 (toll-like receptor adaptor
molecule 2, TMED7(transmembrane emp2bmaincontaining protein 7 precursirand
CDO1 (cysteine dioxygenase type Which werdocatedproximal toSNP4, andCOMMD10
(COMM domain containing J0whichharbored SNP{Table 21). An overview of the location
of these candidatgenes and the digbution of all the SNPs in this region on SSC2 is shown in
theLD haplotype map ifrigure 37. SNF6 on SSC4s intronic within candidate gen8PTA1
(spectrin alphaerythrocytic 1)andthe LD haplotype map fdhis region isshown inFigure 38.

In Table 21, agroup of candidate genes, includifngAP11(THAP domain containing protein
11), PSMB10Q(proteasome subunit beta type) IOCAT (lecithin-cholesterol acyltransfera¥e
andSLC12A4 Potassium/Chloride Cotransportej, Wasreportedto be functionally refed to
red blood cell&nd were located close SNF7 in the same haplotype block on SSE&(re
39). SNP8 on SSC8 was found to be in LBXr0.30) with SNPs in thEDGFRA(platelet
derived growth factor recept@lpha) gene Figure 40).

5.4. Discussion

5.4.1 Potertial roles of candidate genes

Functional enrichment analyses for the candidate gene lists for CBC traits indicated
multiple enriched functions that can be considered as functionally and biologically relevant to
white blood cell traits in response to aypolcrobial infectious challenge, and red blood cell and

platelet traits that were collected before and after exposure to the challenge, such as
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inflammatory responsegll growth andgroliferation, celito-cell sigraling and interactiorand
hematologicabystem development and function

The candidate genesTrable 21 have been reported to be relevant to particular types of
CBC traits by studies in pigs, human, mice, and rat, which may help us to further urtbfrstan
functions of these candidate gemelsited to CBC traits in response to the polymicrobial
challenge. Of notesandidate geneARHGEF2(Rho/Rac guanine nucleotide exchange fgctor
TGFB2(transforming growth factor beta) 2ZandMIR21 (microRNAmIR-21) were identified to
be functionally andiblogically relevant teeosinophilsThe product oARHGEF2regulates the
activity of GTPasesndhas been identified to be highly expressed in eosino@illBases are
known to be involved in mediator rel@alsom granulocytes, which is a crucial eventhe
activation of eosinophils and neutrophils during inflammaflacy, 2005; Turton, 2018)
TGFB2has also been found to be expressed mainly in eosinophilgreatérexpression of
TGFB2has been identdd to be associated with persistent eosinopmflammation(severe
asthmajn human(Balzaret al., 2005)However, in the polymicrobial challenge, an increase in
the number of eosinophils may be associated with parasitic infectiod\éeayis suunrather
than respiratory disease. Eosinophilsy@a important role of killing larvae by releasing the
toxic content of their granules as part of the immune response (Maslre2013) Thus,
further investigations are warranted to investigate the ifumeattrelationships between the
expression oT GFB2 and response to the challenggpEession oMIR21 has not been
identified in eosinophils but in other white blood cells, including lymphocytes, monocytes,
macrophages, and dendritic cells, which workadmratively with eosinophils in the immune

respnse(Cobbet al., 2006; Wt al., 2007; Sheedy, 201BIthough the mRNA targets for
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MIR21are complex and remain an area of active investigation, it has been demonstrated that
MIR21acts as a key signal mediating the balance of the inflammatory retcpoomote
healing, resolution, and a return to homeost&heedy, 2015)

Forthecandidate genes on SS@e product o£OMMD10has been found to be related
to thefunction of phagosomes in murine macrophages, which promotes phagolysosome
maturationand facilitates the timely killing of pathoge(i3ill et al., 2015; Shlomet al., 2019).
The product oATG12(autophagy related 12s involved in autophagy of circulatg monocytes
for degradation and recycling of cellular components, which prevenpscs® (programmed
cell death) of monocytes and is essential for monederophage differentiation and cytokine
production in the innate immune respo(Seng and Kliosky, 2008; Zhangt al., 2012)The
productof CDOJ, cysteine dioxygenase typedatdyzes taurine synthesis and it is commonly
accepted that taurine plays an important role in the immune system as an antioxidant to protect
phagocytes, including macroplesy from oxidative stress caused by the generation of reactive
oxygen species at théesof inflammation(Bookenet al., 2008; Schaffer et al., 2009; Waaig
al., 2009; Marcinkiewicz and Kontny, 201Both TMED7 andTICAM2are immunity geneand
their pioducts areénvolved in the function of tollike receptors (TLRs), which are expressed
macrophages and monocytes and are responsible for thegsainsathogerassociated
molecularpatterns in the extracellular environmandin endosomefOshiumietal., 2003;
Doyleet al., 2012; Mekonneet al., 2018). ©note, overexpression GIMED7 has been found to
be associated witimhibition of MyD88-independent TLR4 signaling atite protein encoded by
TICAMZ2has been identified as a bridge adaptor recruiting TLRs to mediate innate immune

responsefOshiumiet al., 2003; Doylet al., 2012; Mkonnenet al., 2018)In addition,NAMPT

163



(nicotinamide phosphoribosyl transferaga SSC%has beerfiound to befunctiorally and
biologically related to monocyteand its gene produbtas been found to play an important role
in governing monocyte recruignt andn monocytemacrophage differentiatiofschilling et al.,
2011; Travelli et al., 2018).

For red blood cedl the majority of candidate genesported heréave been identified as
key components involved in hematopoiesis and erythropoiesis resigdiosithe differentiation
and development of red blood cells, includMi DA (myeloid cell nuclear differentiation
antigen) on SSC4CBFB (core-binding factor subunit bejaandTHAP11on SSC6PDGFRA
andKIT (KIT proto-oncogene, receptor tyrosine kinasa SSC8andRARA(retinoic receptor
alpha andTHRA(thyroid hormone receptor alph@an SSC14Moller et al., 1996; Xie et al.,
1998; Kastner and Chan, 2001; Kastner et al., 2001; Zhu et al., 2001; Cools et al., 2003;
Kendrick et al., 2008Thorénet al, 2008;Konget al., 2014; Zhait al., 2014)In addition,
SPTAlon SSC4 encodes a proteirthe red blood cell membranbge products oECAT and
SLC12A%n SSC6 regulate the lipid composition in the red blood cell membrane and cell
swelling, respectivg, and all these gen@oduct work together to maintain the normal volume
and biconcave shapd red blood cells, which helps to ensure the biological and biomechanical
functions of the cell§Godinet al., 1978; Karagt al., 1982; Bizet al., 2000; Rstet al., 2007,
Diez-Silvaet al., 2010)ACKR1(atypical chemokine recepto) &an SSC4 an®3viB10on SSC6
are candidate genes that have been shown to be involtteglimmune responsef red blood
cells The receptoACKR1 expressed in red blood cellasfound to regulate immune responses
by interacting with chemokineandwhich works as a bloedased chemokine buffervolved

with theuptakeand degradtionof chemokinegPermanyer et al., 2018).ddnwhile ACKR1
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has also been identified as an ess¢néigulator of hematopoiesis and erythropoiesis promoting
interactions beveen nuclear progenitor red blood cells and hematopoietic stem cells in the bone
marrow(Bonavita et al., 2018; Permanyer et al., 20P®MB10is found to be responsible for
intracellular protein degradation and generation of peptides that bind td ohagsr
histocompatibility complex (MHC) molecul€gvu et al., 2006). ie MHC molecules display
these peptides to cytotoxic CDB cells to support their activity of immune surveilte(Leone
et al., 2013)Further through a study of anemia caused bygemmtal red blood cell aplasia in
human,PSMB10has been suggested to be functionghe MHC class | machinery in mature
red blood cells in response to inflammatory signa{iPgsmttaet al., 2015)

Candidate genes for platelet traits were annotatedwo major functions, platelet
aggregation and megakaryopoiesis. Platelet aggregation involves giadelktelet adhesion,
which is essential for effective hemostasis followimgry and bleeding, and megakaryopoiesis
is the process of differentiaticand development of platelets (Rumbaut et al., 2010). Among
them, CD9 (CD9 antigen) on SSC5 encodes a major platelet cell surface glycoprotein and plays
dual roles in megakarypoissand platelet aggregation (Worthington et al., 1990; Boucheix et al.,
1991; Kaprielian et al., 1995; Clay et al., 2001). The products of VWF (von Willebrand factor),
PHB2 (prohibitin 2), and GNB3 (G protein subunit beta 3) on SSC5 and GNAS (guanine
nucledide binding protein) on SSC17 were found to be involved in platelet gafipe (Frey et
al., 2003; Freson et al., 2008; Dusse et al., 2012; Freson et al., 2012; Kanaji et al., 2012; Zhang et
al., 2012). In addition to megakaryopoiesis, tubulin beta Massded by TUBB1 (tubulin beta
1 class VI) on SSC17 has been reporteplag a role in maintaining platelet morphology

(Schwer et al., 2001; Kunishima et al., 2014; Burley et al., 2018).
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5.4.2 Overlap with previously discovered QTL

In addition to the novel QT for CBC traits identified in this study, soroétheQTL
identified have been previoug reported. QTL on SSC8 located nearbyKi€& gene were found
to be associated with MCH, MCV, and RBC in this studyaddition, this region has also been
identifiedto show a significant effect on the levels of NEU and HCT in the crossbreds of
European Wild Boar x Yorkshire and Landrace x Yorkshire subsequent to stress and disease
challengegEdforsLijia et al., 2000Wattrang et al., 2005for QTL on SSC5 that assated
with PLT traits here, Reiner et &Reiner et al., 2007#pund them to be associated with red
blood cell traits in Pietrain x Meishan pigs including HCT, HGB, and RBC traits. These results
may be cased by the common myeloid progenitors for allceentioned aboveMoreover, it
may also further indicate the pleiotropic roles of QTL involved in the functions of different
blood cells. Apart from studies pigs, the candidate ge®#TAlassociated wit MCHC has
also been identified by GWAS for rétbod cell traits in human, which also functions in
maintaining the shape and deformability of human red blood (&disesh et al., 2009
5.4.3 Potential links with disease resilience

Although the QTL uncoverefr blood cell traits have small effects in thisidy, which
has also been found in previous GWAS for blood cell traits of pigs and human (Zou et al., 2008;
Ganesh et al., 2009} genes involved in these QTL are suggested to be involved in
hematopoiesi and immune responses in the face of a polyhial infectious challengén turn,
they may contribute tdisease resiliencas hematopoiesis and immune response are
collaborative mechanisms that play essential roles in defending against pathogetasninmain

homeostasisand preventing death frorhe infection(Baldridge et al., 2011; Calder, 2013;
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Boettcher and Manz, 201 None of theQTL identified forthe CBC traitswere pleiotropiavith
GFGR or TR in response to the challengewever, some candide geneare known to have
pleiotropic effectamong different CBC traits and play roles in both hematopoiesis and immune
responsef-or exampleKIT may be aleiotropicgene formultiple blood cell populationis
response to stress and disease challemgbACKR 1exhibits pleiotropic effects on
hemabpoiesis andmmune responsess discussed above (Edfdigia et al., 2000; Wattrang et
al., 2005; Bonavita et al., 2018; Permanyer et al., 208&)ordingly,these resulthighlight the
importance of further investigating and validating the functiosuch pleiotropic genes in
disease resilience.
5.5. Conclusion

In this study, wedentified fourteengenomic regions that were significantly associated
(genomewise FDR < 0.05 with CBC traits collected from the natupdlymicrobialchallenge
mode| includingfive for white blood cell traits and nine for red blood cell and platelet traits
Candidate genex regions located nearby significant SNiRge found to have potential roles
immune response pathways, red blood cell morpholplgyelet aggregationnd hematopoiesis,
includinggranulopoiesis and granulocytic differentiatienythropoiesisandmegakarypoiesis
These resultsomplement previous GWAS for blood cell traitspigsandcontribute to
improving our understanding of the genetic basis obbloellcomposition before and after
exposure to @olymicrobial infectious challeng@his study als@advances understandingtbe
genetic control of disease resilieneslh ood cel |l s are key pl ayers

response and are recruited @ntatopoiesis. Validation and identification of the candidate genes
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and causal mutations are necessary to further investigate and develop the use of CBC traits to

enhancegenetic improvement of disease resilience for the pig industry.
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Table 16. Top significant SNPsidentified by univariate SSGWASfor significant associations with white blood cell traits
at agenomewise false discovery rateRDR) of 0.05.

Dominance Additive

1-Mb window
Trait! Blood® SNP ID SNP ~ gg SNP. MAFS FDR CV& gasnp  effect effect
status® position (bp) (%) i + standard  + standard
position’ (bp)
error error
SNPZI
EOS Blood 3 5336560074 TOp lead 4 93,647,202 0.31 0.006 0.46 93,331,316 0.001+ 0.01 -0.05+0.02
SNP2
EOS Blood 3 rs346258273 Top lead 10 8,186,695 0.08 0.03 0.35 7,396,201 -0.09+ 0.04 0.14+0.04
SNP3
EOS Blood 3 5339860061 TOP lead 12 36,308,994 0.13 0.003 0.53 35,450,868 0.002+ 0.02 -0.06 +0.01
MONO 1 3 rs321357560 floating 2 120,341,201 0.47 0.049 0.12 120,219,793 -0.03+0.02 0.08 +£0.02
SNP5
MONO 1 3 ($327963623 Toplead 9 105,461,701 0.43 0.049 1.23 105,461,701 -0.02+0.02 -0.08 +0.02

1EOS: eosinophil concentration; MONO: monocyte concentration.

2Blood 3: the CBC measures in Blood 3 collected-ae2ks éter exposure tahe challengegp 1:3he change of CBC
measures from Blood 1 collected atv2eks before the challenge to Blood 3 collectedwegks afteexposure to the
challenge

3Top lead:the most significant SNP with a group of supportive SNBg; floating: the mossignificantSNP without a group
of supportive SNPs

4Sus scrofahromosome.

*Minor allele frequency.

5The largest percentage of additive genetic variance explainttee topsignificantSNP and its adjacent SNPs in M
window.

’Positions of the start SNP ftire 1Mb window segment with the largest amount of additive genetic variance.

®est i mates of additive effects per additional Cc ogppvalueo f t he
0.09 the estimee of headditive effect was Is®d on a model without the dominance effect.

%Significant estimates of additive and dominance effects are highlighted inpbedlie< 0.05).
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Table 17. Top lead SNP$identified by univariate and multivariate SSGWASfor significant associations with red blood cell
and platelettraits at a genomewise false discovery rateRDR) of 0.05.

N 1-Mb window Dominance Additive
SNP ID ssc (Sb'\F'))P POSIION  \MAF®  Trait* Blood® FDR &)V)%r start SNP/ fzg; dard iff;‘;i dard
position (bp) error error
SNF6: 4 91,591,493 0.38 MCHC Blood3 0.04 1.15 91,291,800 1.08 +0.02 -2.13+0.02
rs336055186
SNP 72 6 28,511,423 041 MCH Blood1l 0.04 0.29 28,110,554 0.10+0.07 -0.25+0.06
rs325274805 MCV  Blood1 0.001 057 28,110,554 0.29+0.07 -0.73+0.06
Blood 3 0.002 0.49 28,096,004 0.05+0.04 -0.45+0.04
Blood 4 0.002 0.48 28,096,004 -0.12+0.04 -0.53+0.04
RBC  Blood1l 0.01 044 28,110,554 -0.02 £0.07 0.08+0.06
Blood3 0.01 0.44 28,110,554 0.001 +0.04 0.08 +0.04
Blood4 0.03 0.40 28,110,554 -0.04 +0.05 0.06 +0.04
SNP8®: 8 41,156,538 045 MCH Blood1l 0.01 0.36 40,257,441 0.15+0.06 0.20 +0.05
rs344612650 Blood3 0.04 0.36  40,257441 0.11+0.04 0.16+0.04
Blood4 0.04 0.35 40,257,441 -0.006 + 0.04 0.18 +0.04
MCV  Blood1l 0.03 0.33 40,219,864 0.35+0.06 0.59 +0.05
Blood 3 0.006 0.27 40,219,864 0.19+0.04 0.38+0.04
Blood 4 0.002 0.33 40,219,864 0.04+0.04 0.51+0.04
RBC Blood1 0.007 0.31 40,219,864 0.01+0.06 -0.08 +0.05
Blood3 0.02 0.31 40,219,864 -0.02+0.04 -0.06+0.04
Blood4 0.03 0.30 40,219,864 0.01+0.04 -0.06 +0.04
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SNPg®: 17 59,739,745 0.34 MPV Blood1 0.02 049 59,053,639 0.002 +0.10 0.28 +0.08
rs323125939 Blood4 0.04 0.40 59,053,639 -0.09+0.07 0.25+0.05

The most significant SNP with a group of supportive SNPs.

2Sus scrofa&hromosome.

3Minor allele frequency.

4MCHC: mean corpuscular hemogloliancentration; MCH: mean corpuscular hemoglpM&V: mean corpuscular volume; RBC:
red blood cell concentration; MPV: mean platelet volume.

°Blood 1, Blood 3, and Blood 4: CBC measures in blood samples collectedesk® before, and- 2nd 6weeks aftra

polymicrobial infectious challenge.

®The largest prcentagef additive genetic variance explainiegthe top lead SNP and its adjacentP3Nn a 1 Mb window
"Positions of the start SNP for the 1 Mb window segment with the largest amount ofeagéititic variance.

%esti mates of additive eff ec Whkenthedomiraace éfféci wannatisignifica @.050tHe t he @A BO
estimate oflieadditive effect was based on a model without the dominance effect.

%Significant estimate of additive and dominance effects are highlighted in okl @.05.

SNPs identified and results estimated by multatariSSGWAS.
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Table 18. Top floating SNPs1 identified by univariate and multivariate SSGWAS for significant asociations with red blood
cell and platelet traits at a genomewise false discovery rate (FDR) of 0.05.

SNP ID SSCG Position MAF3 Trait* Blood® FDR s Start SNP’
(%) - + standard + standard
(bp) position (bp)
error error

SNP16% 1 18,792,764 0.37 MCV Blood1l 0.003 0.18 18,536,535 -0.16 £0.18 0.52+0.14
rs319452131 Blood3 0.004 0.21 18,546,024 0.03+0.13 0.52+0.10

Blood4 0.02 0.15 18,536,535 -0.02+£0.14 0.37x0.11
SNP11° 5 64,520,638 0.31 PLT Blood1 0.001 0.09 63,861,170 -3.80+6.83 26.78+5.18
rs1109789977 Blood3 0.001 0.09 63,861,170 -9.28+7.44 23.92 +5.39

Blood4 0.03 0.05 63,861,170 -10.57 £ 7.40 18.33+£5.46
SNP12% 9 40,919,049 0.45 MCH Blood1l 0.03 0.05 39,919,771 0.07+£0.08 0.21 +£0.07
rs320615395 Blood3 0.04 0.07 40,490,005 -0.04 £0.05 0.19 £0.05

Blood4 0.04 0.06 40,490,005 0.03+0.05 0.21+£0.05
SNP13 11 13,749,336 0.12 MCHC 1 4 0.02 0.07 13,011,748 1.89+242 2.38£2.33
rs80784550
SNP14% 12 22,234,265 0.3 MCV Blood3 0.04 0.08 21,749,390 -0.06 £0.14 -0.40x0.10
rs323585109

The mossignificant SNP without a group of supportive SNPs

2Sus scrof&hromosome.

3Minor allele frequency.

4MCV: mean corpuscular volume; PLT: platelet concentratid@H: mean corpuscular hemoglobMCHC: mean corpuscular
hemoglobin concentration
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°Blood 1, Blood 3, and Blood4: CBC measured in blood samples collectedesika before, and-2nd 6weeks after a

polymicrobial infectious challengep 1:4he change of CBC measures from Blood 1 coltkete2weeks before the challenge to

Blood 4 collected at-Bveeks after the challenge.

*The largest prcentagef additive genetic variance explainiegthe top significant SNP and its adjacent SNPsIrvib window

'Positions of the start SNP for thévib window segment with the largest amount of additive genetic variance.

8esti mates of additive eff ec Whkenthedomiraace efféci wannatisignificae @.050tHe t he @A BO
estimate oflieadditive effect was based on a model without the dominance effect.

%Significant estimates of additive and dominance effects are highlighted inpbeld.05.

1SNPs identified and results estimated by multivariate SSGWAS.
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Table 19. Genetic correlations between red blood cell traits ahean corpuscular hemoglobin (MCH, mean corpuscular

volume (MCV), andred blood cell concentration (RBC).

MCH
Traits
Blood 1% Blood & Blood 4
RBC Blood1 -0.71+0.10 -0.83+0.07 -0.60+0.09
Blood 3 -0.62+0.10 -0.74+0.06 -0.43+0.09
Blood4 -0.69+0.10 -0.66+0.08 -0.55+ 0.08
MCV Blood1 0.90+0.03 0.81+0.07 0.77+0.08
Blood3 0.75+0.07 0.86+0.03  0.77+0.05
Blood4 095+0.02 0.86+0.04 0.95+0.02
MCV
Traits
Blood 1 Blood 3 Blood 4
RBC Blood1 -0.72+0.09 -0.68+0.08 -0.54+ 0.09
Blood3 -0.65+0.09 -0.59+0.08 -0.44+0.10
Blood4 -0.71+0.10 -0.56+0.08 -0.55+0.08

Blood 1: Blood samples collected at@eks befor@xposure tdhe challenge.
2Blood 3: Blood samples collected aiv@eks afteexposure to the challenge
3Blood 4: Blood samples collected atv@eks afteexposure to the challenge



Table 20. Browsing regions for @andidate genes locatedithin 1-Mb on either side oflead SNPs FDR < 0.10) associatedwith

complete blood count traits.

Browsing region

itel 2

Traits Blood Sus scrofachromosome (SSC): position (bp)

EOS Blood 3 SSC1: 110,498,112hp112,498,112bp; SSC4: 92,6202bpi 94,647,202bp;
SSCD: 7,186,695bj 9,186,695bp; SSC12: 35,308,994bp7,308,994bp.

MONO 1 3 SSC2: 119,341,201hp121,341,201bp; SSC9: 104,461,701b}06,461,701bp

MCH Blood 1, 3, 4 SSC5: 9,683,166bp11,683,166bp; SSC@7,511,423bp 29,511,423bp;
SSC6: 164,588,523tp166,588,523bp; SSC7: 22,056,369bp4,056,369bp;
SSC8: 40,156,538bp42,156,538bp; SSCI: 39,919,049bp41,919,049bp;
SSC12: 23,001,5776p25,001,577bp; SSC13: 199,855,463p01855463bp.

MCV Blood 1,3, 4 SSC1: 17,792,7646p19,792,764bp; SSC4: 76,486,634bp8,486,634bp;
SSC6: 27,511,4236p29,511,423bp; SSC8: 4(6,538bp 42,156,538bp;
SSC12: 21,234,265hp23,234,265bp.

RBC Blood 1, 3, 4 SSC2: 59,174,0890p61,174,089bp; SSC2: 104,736,448bp24,736,448bp;
SSC3: 96,212,688bp98,212,688bp; SSC3: 120,086,804bp22,086,804bp;
SSC6: 27,511,4236p29,511,428p; SSC8: 40,156,538hp42,156,538bp.

MPV Blood 1, 4 SSC4: 110,541,1246p112,541,124bp; SSC17: 58,739,74540,739,745bp.

PLT Blood 1, 3, 4 SSC1: 1,655,014bp 3,655,014bp; SSC5: 63,520,638bp5,520,638bp.

The category of traits that associatgith candidate genes. EOS: eosinophil concentration; MONO: monocyte conceniviTid(;:
mean corpuscular hemoglobin concentratM&@V: mean corpuscular volume; RBC: red blood cell concentration; MCH: mean

corpusculahemoglobin; MPV: mean platelet volupfeLT: platelet concentration.

2Blood 1, Blood 3, and Blood4: CBC measured in blood samples collectedesk® before, and 2nd 6weeks afteexposure to
the challengegp B: the change of CBC measures from Bldocbllected at 2veeks before the cHahge to Blood 3 collected at 2
weeks afteexposure to the challengg 1:4he change of CBC measures from Blood 1 collecteehaeks before the challenge to

Blood 4 collected at-Bveeks afteexposure to the chalhge
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1 Table 21 Candidate genes locatedavithin 1 Mb on either side of the topsignificant SNP$ that have been reported by
2  previous studies of pigs, human, mice, and rats to be functionally and biologically relatéol CBC traits.
SNPID Traits? Browsing region Candidate genes and locations

SNP1  Eosinophils SSC4: 92,647,202Lip94,647,202bp ARHGEF2(94,026,391bp 94,082,206bp)

SNP2  Eosinophils SSC10: 7,186,695hp9,186,695bp TGFB2(8,327,779bp 8,435,306bp)
SNP3  Eosinophils SSC12: 35,308,9944p37,308,994bp  MIR21(36,065,267bfi 36,065,358bp)

SNP4  Monocytes SSC2: 119,341,201kip121,341,201bp COMMD10(120,238,623bjp 120,429,913bpATG12
(119,948,443bjp 119,965,702bp)CDO1 (119,928,476bj
119,940,425bp)TMED7(119,794,608bj 119,804,406bp),
TICAM2(119,758,68bpi 119,760,759bp)

SNP5  Monocytes SSC9: 104,461,701bp106,461,701bp NAMPT(106,121,909bjp 106,161,841bp)

SNP6 Red blood cells SSC4:90,591,493bj 92,591,493bp SPTA1(91,485,067bfi 91,640,063bp)MNDA (91,416,410bj
91,433,243bp)ACKR1(91,221,88bpi 91,225,651bp)

SNP7 Red blood cells SSC6: 27,511,4231ip29,511,423bp CBFB(27,684,030bp3 27,776,751bp)THAP11(28,465458bp
28,465,387bp) PSMB10(28,544,910bji 28,547,609bp). CAT
(28,550,363bji 28,553,512bp)SLC12A428,554,162b
28,576,48bp)

SNP8 Red blood cells SSC8: 40,156,538kip42,156,538bp  PDGFRA(40,967,493bfi 41,021,442bp)KIT (41,402,334bys
41,492,306bp)

SNP9  Platelets SSC17: 58,739,745Lip60,739,745bp  GNAS(59,031,820bji 59,053,022bp)TUBB1(59,161,420bji
59,168,385bp)

SNP10 Red blood cells SSC1:17,792,764kp19,792,764bp  STXBP518,345,363bji 18,513,252bp)RAB32(18,870,875bp
i 19,097,892bp)

SNP11 Platelets SSC5: 63,520,6381p65,520,638bp  VWF(64,517,593bpi 64,655,938bp)CD9 (64,420,177bjs
64,459,776bp)ENB3(63,863,656bj 63,870,396bp)PHB2
(63,751,566bf 63,756,480bp)

SNP12 Red blood cells SSC9:39,919,049bp 41,919,049bp ZBTB16(41,639,701bp 41,836,742bp)

SNP13 Red blood cells SSC11: 12,749,336kip14,749,336bp  TRPC4(13,300,556bp 13,517,568bp)FREM2(13,959,865bp
i 14,154,246bp)

SNP14 Red blood cells SSC12: 21,234,265kp23,234,265bp  RARA(22,047,442bjs 22,085,674bp)THRA(22,270,062bji
22,296,618bp)
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The most significant SNP above the genamige FDR of 0.05 in each genomicgmn.
The category of traits that associated with candidate genes.

3The gene location from the tejgnificantS NP, descr i bed as
reference genome sequence.
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(n=2353) (n=2403) (n=1867) (n=2513) (n=2440) (n=1873) (n=2560) (n=2449) (n=1906) intervals for CBC traits
of 0 to 42 days-old pigs
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intervals for CBC traits
of 42 days-old to

2 years-old pigs

o
o

BASO (10%uL)

25

Lt

Blood 1 Blood 3 Blood 4 Blood 1 Blood 3 Blood 4 Blood 1 Blood 3 Blood 4
(n=2579) (n=2490) (n=1956) (n=2613) (n=2327) (n=1870) (n=2215) (n=2381) (n=1861)

Figure 25. Violin plots for descriptive statistics for white blood cell traits of first six
cyclesin Blood 1, Blood 3, and Blood 4

Blood 1, Blood 3, and Blood 4 were collecte@ateeks before, and at and 6weeks
after exposure to the challengespectively

WBC: total white blood cell concentration; NEU: neutrophil concentration; LYM:
lymphocyte concentration; MONO: monocyte concentration; EOS: eosinophil
concentration; BASO: basophil concentration.

Wider sections of the violin plots represarttigher probabilitydensity of the data at the
given value and the skinnier sections represent a lower probability. Suggested reference
intervals for CBC traits were derived from lowa State University's Clinical Pathology
Laboratory (2011). The suggestederence intervals for BASO traits are not applicable.
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of 42 days-old to

2 years-old pigs

Figure 26. Violin plots for descriptive statistics for red blood cell traitsof first six

cycles in Blood 1, Blood 3, and Blood 4.

Blood 1, Blood 3, and Blood werecollected at2-weeks before, and at 2nd 6weeks
afterexposure tahe challengerespectivelyRBC: red blood cell concentration; HGB:
hemoglobin concentration; HCT: hematocrit; MCV: mean corpuscular volume; MCH:
mean corpuscular hemoglobin; MCHC: mean corplastiemoglobin concentration;

RDW: red blood cell distribution width

Wider sections of the violin plstepresent a higher probabiligiensity of the data at the

given valueandthe skinnier sections represent a lower probability.

Suggested referencet@nvalsfor CBC traits were derived fromowa State University's
Clinical Pathology Laborator§2011). The suggested reference intervals for RDW traits

are not applicable.
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Blood 1 Blood 3 Blood 4 Blood 1 Blood 3 Blood 4
(n=2506)  (n=2478)  (n=1938) (n=2573)  (n=2374)  (n=1913)

PLT (10%/uL)

Figure 27. Violin plots for descriptive statistics for platelet traits of first six cyclesin
Blood 1, Blood 3, and Blood 4

Blood 1, Blood 3, and Blood 4 wecellected aR-weeks before, and at 2nd 6weeks

afterexposure tadhe challengerespectively.

PLT: plateletconcentrationMPV: mean platelet volum Wider sections of the violin

plotsrepresent a higher probabilitkensity of the data at tlggven valueandthe skinnier
sections represent a lower probability.

Suggested reference intervéds CBC traits were derived fromowa State University's
Clinical Pathology Laborator§2011). The suggested reference intervals for MPV traits

are not applicall
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Figure 28. M ultidimensional scaling (MDS) plotsfor the population structure of genotyped animals in the first six cycles.

The MDS plotshowing the first three dimensions (C1, C2, and C3) of the population structure fompgehatimals based on

pairwise identityby-state distance. Each point represents a genotyped animal and the colors of the points represent the dagin farms
animals. The MDS plot showing in the C1 and C2 dimendidhsThe MDS plot showing in the C2 &€3 dimensiongB). The

MDS plot showing in the C1 and C3 dimensigG3.
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Figure 29. Manhattan plot for the eosinophil concentation in Blood 3 (EOSB3) (A) and Quantile-Quantile plot for EOSB3
(B).
Blood 3 wascollected aR-weeks afteexposure tahe challenge

Significant SNPs were determined with tipenomewise false discovery ratg 0.05(red dashed lingh the Manhattanplot, the grey
region represents a 95% confidence intenvahe QuantileQuantile plot Genomic inflation factorg) = 1.01
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Figure30OManhattan pl ot for the change of monocyt e (AJandQuantile-r at i on
Quantile plotB)f or MONOel3

Blood 1andBlood 3werecollected aR-weeks beforand at 2weeks #er exposure tahe challengerespectively.

Significant SNPs were determined with the genemige false discovery rate at 0.05 (red dashed im#)e Manhattan plot, the grey
regionrepresents a 95% confidence interval in the Qua@ulantile plotGe nomi ¢ i nfl ati on factor (&) =
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