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Epizootiology, risk assessment and effects on productivity of ovine progressive pneumonia in
intensively reared dairy sheep

Department of Animal Science
Laboratory of Anatomy & Physiology of Farm Animals

ABSTRACT

Ovine progressive pneumonia (also known as maedi-visna - MV) is a viral, chronic disease of
sheep with a long incubation period, caused by small ruminant lentiviruses (SRLV).
Chronically infected animals may develop interstitial pneumonia and mastitis, arthritis,
encephalitis, and progressive emaciation, leading even to death. Despite the worldwide
spreading of SRLV infections, data regarding the significance of transmission routes, the
potential associated risk factors, and the effects of SRLV infections on health and
productivity in dairy sheep are scarce and mainly derived from cross-sectional sero-
epizootiological studies. Also, there is no “gold standard” for the early diagnosis of SRLV
infections, and universally applicable diagnostic tools are not available.

Although MV cases have been reported in dairy sheep farms in Greece, the lack of updated
epizootiological data does not allow the proposal and implementation of targeted national
control programs. Considering this, the overall objectives of the present thesis were: i) to
develop and evaluate a diagnostic protocol for the early and accurate diagnosis of SRLV
infections; 1i) to investigate the epizootiology of SRLV infections, emphasizing the
calculation of morbidity frequency measures, the assessment of potential risk factors, and the
evaluation of the significance of horizontal and vertical transmission routes; and iii) to
quantify the effects of SRLV infections on milk production, health and welfare status in
intensively reared dairy sheep.

For this reason, a total of 660 purebred Chios and Lacaune ewes and 195 lambs from four
representative intensive dairy farms were included in the study. For the serology-based
diagnosis of SRLV infections in the studied farms, an indirect whole virus commercial ELISA
test (ELISA, CAEV/MVYV Total Ab Test, IDEXX) was utilized and evaluated in serum blood
samples from the animals of the study. Also, 13 different sets of primers were used in five
nested and three simple conventional PCR protocols in the pol, gag, env, and LTR regions of
SRLV genome in DNA samples from the studied animals. Representative PCR products from
these protocols were sequenced and used in the subsequent phylogenetic analyses. Pairwise
sequence comparisons between the nucleotide sequences from the present study, the available

Greek strains and the representative SRLV strains of A, B, C, and E genotypes, and the



construction of the respective phylogenetic trees using the Maximum Likelihood method
were performed. The results from the phylogenetic analyses were exploited for the
designation and development of a real-time PCR protocol for the early and accurate diagnosis
of SRLV infections from the circulating strains. The real-time PCR protocol was evaluated
for its specificity after the sequencing of PCR products and for its diagnostic performance
with the construction of a standard curve and the calculation of its efficiency and limit of
detection (LOD).

Afterwards, a two-year prospective epizootiological study was conducted on the selected
ewes and their lambs, which were grouped according to the type of colostrum (unpasteurized
and pasteurized) and rearing (natural or artificial). In ewes, blood samplings for serological
and molecular diagnosis of SRLV infections were performed twice a year, at premating and
pre-lambing. In lambs, four blood samplings were performed during the 1%, 31 gh (at pre-
mating), and 13" (at pre-lambing) month of their life. In each sampling occasion, animals
were categorized as seropositive and seronegative according to the ELISA results, PCR
positive and PCR negative according to the real-time PCR results, and infected and
uninfected according to the combination of ELISA and real-time PCR results (in lambs only
real-time PCR results were considered for the infection). At the end of the study, animals
were categorized according to their temporal serological pattern as constantly seropositive
(exclusively seropositive results during the study), constantly seronegative (exclusively
seronegative results during the study), seroconverted (seronegative animals at the beginning
of the study which converted to seropositive during the study), seroreverted (seropositive
animals at the beginning of the study which reverted to seronegative during the study), and
animals with an intermittent presence of antibodies (alternating seropositive and seronegative
status during the study regardless of their serological status at the beginning of the study).
Also, ewes were categorized according to their temporal infection pattern as infected
seropositive (tested both PCR positive and constantly seropositive or with an intermittent
presence of antibodies or seroconverted until the end of the study), infected seronegative
(tested PCR positive and constantly seronegative or seroreverted until the end of the study),
and uninfected (tested always both PCR and ELISA negative). Morbidity frequency measures
were calculated either based on the ELISA results or the combination of ELISA and real-time
PCR results and included point (sero)prevalence, period (sero)prevalence, incidence, and
cumulative incidence rates. The potential risk factors associated with SRLV infections in

ewes and lambs were evaluated with mixed binary regression models.



Also, milk yield was recorded, and individual milk samples were collected from the studied
ewes at the beginning, middle, and end of one milking period. After chemical analysis of
milk samples and the measurement of somatic cell counts (SCC), daily milk, fat, protein,
lactose, and solids-non-fat yields (DMY, DFY, DPY, DLY, and DSNFY, respectively), as well
as the logarithm of SCC were estimated. At the end of the study, the total yields of milk
quality traits (TMY, TFY, TPY, TLY, and TSNFY, respectively) were calculated for the first
120 days of the milking period.

During the two-year prospective study, ewes were physically examined, and 17 health and
welfare indicators were assessed at the animal level in each sampling occasion. Moreover,
blood samples were collected at the last sampling occasion and used for hematological
analyses, including 21 parameters of white and red blood cells and platelets. The effects of
SRLYV infections on milk production and health and welfare status were evaluated with mixed
linear regression models and mixed binary regression models, respectively.

The commercial ELISA test provided positive results in all the studied farms, and the
sensitivity, specificity, and k-value were 82.8%, 93.8%, and 0.620, respectively, using as
“gold standard” the positive result in at least one conventional PCR protocol. The
phylogenetic analyses of the nucleotide sequences from the study revealed the circulation of
viral strains belonging to A and B genotypes in the studied farms. Primers were designed
based on conserved regions of the gag gene, and a nested SYBR Green real-time PCR
protocol was developed for amplifying a 126 bp DNA fragment for the detection of SRLV
infections of both genotypes with 99.52% efficiency and LOD 178 viral copies.

A total of 15.2% of the studied ewes were constantly seronegative, 46.2% were constantly
seropositive, 20.1% seroconverted, 8.6% seroreverted, and 9.8% presented an intermittent
presence of antibodies. Regarding the infection patterns, only a total of 7.1% of the ewes
remained uninfected till the end of the study, whereas 76.2% were infected seropositive and
16.7% were infected but seronegative. Point seroprevalence ranged from 57.5% (1* sampling
occasion) to 75.4% (4th sampling occasion), whereas prevalence ranged from 70.0% (1%
sampling occasion) to 88.3% (5™ sampling occasion) in the total of the studied ewes. The
overall period seroprevalence, incidence rate, and cumulative incidence were 84.8% (95% CI,
80.9—-88.0%), 33.6 new cases per 100 sheep-semesters (95% CI, 27.8-40.3%), and 64.2%
(95% CI, 56.8-70.9%) based on the ELISA results. The respective values obtained after the
combination of ELISA and PCR results were 90.7% (95% CI, 87.4-93.1%), 40.6 new cases
per 100 sheep-semesters (95% CI, 32.6-50.0 new cases per 100 sheep-semesters), and 68.9%
(95% CI, 60.2-76.4%).



Also, a one-year increase in age was associated with an increased relative risk for
seropositive status (1.78, 95% CI, 1.41-2.25, p<0.001), infected status (1.69, 95% CI, 1.25-
2.29, p = 0.001), constantly seropositive pattern (1.60, 95% CI, 1.35-1.91, p<0.001), and
infected seropositive pattern (1.31, 95% CI, 1.08-1.60, p<0.01). On the other hand, a one-
year increase in animal age was associated with a ca. 30% decreased likelihood for constantly
seronegative status, infected seronegative ewes, seroconversion, and ewes with an
intermittent presence of antibodies. Lacaune ewes were 2.63 times (95% CI, 1.35-5.00,
p<0.01) more likely to be seropositive during the study, whereas Chios ewes were 4.53 times
(95% CI, 1.61-12.76, p<0.01) more likely to present an intermittent presence of antibodies.
Moreover, ewes were 1.72 times (95% CI, 1.28-2.33, p<0.001), 2.94 times (95% CI, 1.82-
4.76, p<0.001), and 3.23 times (95% CI, 1.85-5.53, p<0.001) more likely to be found
seropositive, infected, or seroconverted, respectively, at pre-lambing compared to pre-mating
sampling occasions.

A total of 78.1% (57/73) and 43.4% (53/122) of the lambs that consumed unpasteurized and
pasteurized colostrum, respectively, were infected during the study. Seroreversion and
seroconversion incidents occurred until the age of 8 months in more than 90.0% and 70.0%
of the seroreverted and seroconverted lambs, respectively. Lambs that consumed
unpasteurized colostrum from their dam were 19.29 (95% CI, 2.37-156.85, p<0.01) and 6.07
(95% CI, 2.42-15.21, p<0.001) times more likely to be found seropositive or infected at the
age of 13 months old compared to the lambs that consumed pasteurized colostrum. Also,
relative risk for infection during the first 13 months of lambs’ life was increased by 2.07
times (95% CI, 1.22-5.88, p<0.05) for the lambs from infected dams.

Daily milk and milk quality traits yields (DMY, DFY, DPY, DLY, and DSNFY) were reduced
by ca. 15% in the infected seronegative ewes compared to the uninfected ones (p<0.05). Also,
DFY was reduced by ca. 10% in the infected seronegative ewes compared to the infected
seropositive ones (p<0.05). Moreover, 120-day milk yield and milk quality traits yields were
found to be reduced ca. 20% in the infected seronegative ewes compared to both the
uninfected and the infected seropositive ewes (p<0.05). The duration of lactation period was
1.25 (95% CI, 1.10-1.45, p=0.001) and 1.16 (95% CI, 1.04-1.30, p<0.01) times more likely to
be shorter in the infected seronegative ewes compared to the uninfected and the infected
seropositive ewes, respectively.

Regarding the effects of SRLV infections on health and welfare status, the infected
seronegative ewes were 4.17 times (95% CI, 1.25-14.29, p<0.05) more likely to develop

arthritis at least once during the study compared to the uninfected ewes. Also, the infected



seronegative ewes were 3.03 (95% CI, 1.25-7.14, p<0.05) and 2.08 (95% CI, 1.10-3.85,
p<0.05) times more likely to have swollen supramammary lymph nodes at least once during
the study compared to the uninfected and the infected seropositive ewes, respectively. The
uninfected ewes presented significantly higher white blood cell, lymphocyte, and monocyte
counts compared to the infected ewes (p<0.05).

This is the first epizootiological study that prospectively investigated the SRLV prevalence,
the risk factors for SRLV infections, and their effects on productivity, health and welfare
status after developing and applying a diagnostic protocol for the early and effective
diagnosis of SRLV infections with a combination of serological and molecular tests in
intensively reared dairy sheep in Greece. The present study confirmed the hypothesis of
increased SRLV prevalence in intensively reared dairy sheep in our country and recorded
updated epizootiological data for the evidence-based designation of control programs against
SRLV infections. Our findings highlighted the weaknesses of cross-sectional sero-
epizootiological studies regarding the detection of infections and the investigation of their
effects on productivity and health; they also underline the necessity of a combination of
serological and molecular tests in control programs to detect seronegative but infected
animals that serve as carriers spreading the virus. Based on our results, the administration of
pasteurized colostrum in lambs, the serological screening control of replacement animals at
the age of 8 months, the serological tests of all adult sheep and the PCR test of seronegative
animals at the pre-lambing period, and the removal of infected seronegative animals are

proposed as basic management practices to be integrated in SRLV control programs.

Scientific area: Infectious diseases of small ruminants

Keywords: ovine progressive pneumonia, maedi-visna, small ruminant lentiviruses, dairy
sheep, longitudinal cohort study, morbidity frequency measures, transmission routes, risk
factors, serological diagnosis, molecular diagnosis, effects, milk yield, milk quality traits,
health and welfare



Emiwotioloyia, ektipnon mopayovi@v KivovVoy KOl EMATAOGCELS TG TPOIOVGHS TVELPOVIOG
OTI|V TOPUYOYIKOTNTE TOV EVIOTIKA EKTPEQPOpEVOV TPOPATOV  YOAUKTOTOPAY®YIKIG
KoTevOLVVONG

Tunuo Emotiung Zoixyg Hopoywyng
Epyaotipio Avorouios & Pvoioloyiog Aypotikawv Zarwv

MNEPIAHYH

H npoiovoa mvevpovia, eniong yvwotn o¢ maedi-visna, gival £va 10yeveg, Bpadeiog eEEMENG,
¥pOVIo voonuo twv mpoPdtowv mov odnyel o 106Pro Aoipmén Kot wpokoAeitol amd TOVG
AEVTUOUG TOV UIKPOV UNPLKACTIKOV. Ta ypdvia poivopéva (do avartdccovv didueon
nwvevpovia, pootitida, apdpitdo, Kot eyKEPUAITION Kot EKONADVOLV TPOOSELTIKT advVOLLicL
KataAnyovtag £mg kot To Bdvaro. [Tapd v maykdouia eEATAMON TOV AEVIUOV TOV UKPOV
UNPLKOCTIKAOV, TO OEOOUEVO GYETIKG LLE TN CNUOCIN TOV 00MV UETAO0ONS, TOV SLVITIKOV
TopayOVTIOV KIVOOUVOL, KOODC Kol TOV EMITOCEOV TOV HOAVGE®MV GTNV VLYElD Kol TV
TOPAYOYIKOTNTO TOV TPORATOV  YOAUKTOTAPOY®YIKNG KotevBuvong etvar elmn ko
TPOEPYOVTAL OO GLYYPOVIKEG OPOETONUIOAOYIKES LeAétes. Emiong, oev vhpyel maykoouimg
Swbéoun dyveoTiKn OOKIUN avaQopds, eved Ogv €xel avamtuydel €wg onuepa €va
AyvVOoTIKO EpYaAEio PE e KABOAKT] EpapUOYN Yo TV TPOUN Kot aSldmiotn ddyveon Tov
LOADVGE®MY OO TOVG AEVTUOVG.

[Topdtt £xovv avapepBel KAMvika mepiotatikd Tpoiovcas Tvevpoviog oe EKTPOPES TPOoPatwv
YOAOKTOTOPAY®YIKNG  katevBuvong oty EAAGOa, m  élkewyn  emkopomompuévov
eMLOOTIOAOYIKAOV OEOOUEVMOV OEV EMITPENEL TO GYEOCUO KOL TNV EPOUPUOYYT] GTOXEVUEV®V
eBvikav mpoypoppdtov eAéyyov. AapPdvovtoc vmoOyly ta mOPOmAvVE, Ol GTOYOL NG
TapoVGOG SIOUKTOPIKNG OTpIPng NTov: 1) N avdmruén kot 1 a&loddynon evog doyvaoTikol
TPMOTOKOALOL Y10l TNV TPOIUN Kot 0&OTeTH Sdyvmon TV HOAOVOE®DY ond TOLG AEVTUOLG
TOV WKPAOV UNPLKOCTIKOV UE TO CLUVOVAGUO OPOAOYIKMOV KOl HOPLOK®V SOKIHAV, 11) M
eML®OTIOAOYIKT SEPEVVION TOV AEVTUMV TMOV UIKPDOV UNPVKOCTIKOV GTN XOPO LE EULPAOT
OTOV VTOAOYICUO TOV OEIKTOV VOO POTNTOC, TNV EKTIUNGCT TNG ONUAGIOS TOV SUVNTIKOV
TopAyOVTIOV KIVOOVOL TOV HOADVGE®MV, Kol TV 0E0A0YNon NG onpaciog g kaetng kot
™G op1loVTIOG HETAOOONG TOV HOADVGE®V, KO 111) 1| TOGOTIKOTOINGT TOV EMATOCEDV TMOV
HOAOVGE®MY TNV TOGATNTO KO TNV TOLOTNTO TOV TOPOYOUEVOD YAAOKTOC, TNV LYElD KOl TNV
ev{mia TOV eVTATIKA EKTPEPOUEVOV TPORATMOV YOAUKTOTAPOYWYIKNS KoTELHULVONG.

Yvvolkd 660 Onivkd mpoPata kot 195 apvid amd TEGGEPIS OVTITPOCOTEVTIKEG EVIOTIKEG
YOAOKTOTOPAYWYEC EKTPOPEG Kabapdopnmy mpoPfatwv g ¢uAng Xiov kot Lacaune

ovUTEPIAMNEONKOV otV €peuva. Apyikd, Yoo TNV OpOAOYIKN d1dyvmon TV HOADVGEMY GTIC



EKTPOPEG TNG HEAETNG  ypnopomomOnke Kot a&toAoynOnke pio EUUEST) EUTOPIKY OOKIUN
ELISA oAdxinpov 100 (ELISA, CAEV/MVYV Total Ab Test, IDEXX). Eniong, ota deiypato
DNA tov {dov ™c épeuvag ypnoporomnkay 13 drapopetikd {edyn ekKivnt®V o€ TEVTE
TPOTOKOALD ETAAANANG (nested) kot Tpia mpwTdKoAL £VOC cTadiov anAng PCR (aAvcsidwmtrg
avtidpaong molvpepdong) ot gag, pol, env, kot LTR meployn tov ukol YoviSudUaTOG.
Avtimpoconeutik@ PCR - wpoidvia TV TPOTOKOA®V ovTdV  oAAnAovyndnkav Kot
ypnoomomOnkay o€ @uAoyevetikég  avoivoelc.  [IpaypotomomOnkav  cvykpiocelg
oAANAOLYLOV KOTA CEVYN OVAULESO OTIC OAANAOLYIES TNG TOPOVGOS UEAETNG, TOV CTEAEYDV
oV £X0LV MO ATOUOVMDEL GTN YMPO, KOl AVTITPOCOTEVTIKOV GTEAEXDV TOL OVIKOVYV GTOVG
A, B, C, kot E yevotdmovg. Zmn GUVEXELN, KATOGKELAGTNKOV TO OVTIGTOLYO (PLAOYEVETIKA
dévipa ypnoyomoldvtag ™ péBodo g Méyiomg [hibavopdveing (Maximum Likelihood
method). To amoteléopato TOV QLAOYEVETIKOV OVOAVGE®MV YPNCLOTOMONKAV Yo TO
oxedlaopd Kot v avartuén evog real-time PCR tpmtokdALov yio v mpodiun kot a&lomotn
Jyveon TV HOAVeE®V 0omd To O100e00UEVE OTEAEYT TOV AEVIUMV OTL EKTPOPES TNG
é¢pevvac. To real-time PCR mpotokoldho a&toloynfnke yuoo tnv €01KOTNTE TOL UHETE Ao
aAiniovyon tov PCR mpoidvimv, Kot yio T 010yVOOCTIKY] TOL 1KOVOTNTO LE TNV KOTACKELT
NG TPOTLANG KOUTOANG KO TOV VITOAOYIGUO TNG OMOTEAEGUATIKOTNTOS KOL TOV EAGYIOTOV
opiov aviyvevongc.

21 ovvéyela, Tpaypatorodnke pio TPoonTiky] eml®OTIOAOYIKY HEAETN SLETOVG SLUPKELNG
oto Onivkd mpdParta Kol oTa apvid TOVg, To OToia opAdOTOMONKAY aVE EKTPOPT) COLPOVA
pe 10 €id0¢ TPOTOYAAOKTOC (OmOCTEPIMTO KOl TOGTEPLOUEVO) KO TO GUGTNUO YOAOVYIOG
(puowm M TexvnT). L1 ONAvkd TpOPaTa Ol SEIYUATOANYIES OHLOTOG Y10l TV OPOAOYIKT KO
LOPLOKY SIyveon TOV HOAOVGE®V OmO TOVG AEVTUOVG TPUYUATOTOOVVIOY 000 QOpPES TO
xpOvo, v mepiodo mpwv amd TG oxeleg ko mpw amd Tov ToKeETOH. Ot aviicToryeg
OEIYLATOANYIES QULOTOC GTOL CPVIAL TTPOLYLLALTOTTOMONKOV TEGGEPLS POPES KOTA TN OLEPKELD TNG
épevvagc, tov 1°, Tov 3°, tov 8° (mpwv Tig 0yeiec), kat tov 13° uiva (pv Tov TokeTd) TG (ONG
TOVG.

e ka0 derypatonyio to {dho Kot yoplomoohvtay oG 0poBeTikd Kot 0poapvnTiKd COLEOVO.
pe ta amoteléoparta s ELISA, wg PCR Betucd Kot opynTikd GOUQ®VA [LE TO OTOTEAEGLOTOL
tov real-time PCR mpwtokdAlov, Kou ®¢ polvouéva Kot Un HOAVCUEVO, GOUPMOVO [LE TO
ocvvdvacud Tov anoterespatwv e ELISA kot tov real-time PCR mpwtokdAhov (ota apvid
poévo to amoterécpata tov real-time PCR mpwtokdiiov Aqebnkav vrdyw yoo tov
TPOGIOPIGUO TNG LOAVVOTG). XT0 TEAOG TNG HEAETNG To. (DOl KOTNYOPLOTOOnNKaV GOUP®VA

LE TO 0POAOYIKO TOVG HOTIPO ¢ cLveX®S 0poBeTIKA (amOKAEITTIKA 0pOoBETIKA amoTeEAéoHATA



Kotd T OdpKew NG £PEVVOG), GLVEXMDG OPOUPVNTIKG (OTOKAEISTIKE OpPOOPVITIKA
ATOTEAECUATO KATA TN O1dpKeLlo TG £pevvag), {Ma Tov £KOvaY OPOUETOTPOTH (OPOUPVITIKE
(oo oV apyn TG PELVOG TOV UETATPATN KOV 0€ 0poBETIKA KaTA TN ddpkeld c), (Do Tov
éxoavav opoavtiotpo®n (opobetikd (Do otnv apyn TG EPELVOS TOL UETATPATNKAV OE
0poOPVNTIKA KaTd TN O1dpKeld TNG), Ko {da pe dtaAeimovoa Tapovsio avticopdtov ((oa pe
EVOAUGGOUEVO OPODETIKO KOl OpOOPVNTIKO OMOTEAESHO KOTA Tr OdpKeEwW TG £PELVOG
aveEopPTNTOG TOL OPOAOYIKOD ATOTEAEGLATOG OTNV apyn TS Epevvoc). Emiong, ta OnAvkd
mpofata KT yoplomomOnkay cOUE®VE Le TO poTifo HOALVONG TOV TAPOVCINCHYV KATA TN
dupkela TS Epevvos o¢ poivopéva opobetikd ({ma mov Ppédnkav PCR Betikd kot cuveymg
opoBetikd 1 pe doAeimovoa TapoLGia AVTICOUATOV 1] TUPOVGINCHY OPOUETATPOTT) LEYPL TO
TEAOG NG €pevvog), LoAvopéva opoapvntikd (oo mov Bpédnkav PCR Betkd kot cuveymg
OPOOPVNTIKA 1 LLE OPOOVTIGTPOPN LEYXPL TO TEAOS TNG £pEVVaS), Kot un poAvspéva ({oa mov
Bpétnkav ocvveydg PCR apynrikd kot opoapvntikd kotd tn Sdpkeio g épevvag). Ot
deiktec voonpodtTag vmoroyiotnray gite Aappavovovag vrdyy ta aroteAéopato g ELISA
N 1o ocvvdvacud tev amoterecpdtov g ELISA kot tov real-time PCR mpotokoAhov Kot
nepleAdpPovoy 1o onpelnkd (0po)ETTOAAGHO, TOV (0PO)EMTOAAGLO TEPLOOOL, TNV EMMTOON
Kot TV ofpolotikny emintworn. H extipmon tov SuvnTikdv mapaydviov Kivouvov TV
HOAOVGE®MVY amd TOVG AevTuovg ota OnAvkd tpdfata Kot To apvid mTpaypatoromOnKe Le
YPNON LIKTOV HOVTEA®V O1OVOLIKNG AOYIGTIKNG TOALVOPOUNOTG.

Eniong, mpaypatomomOnkav yolaKTopeTpoelg Kor ANednkay atopkd dsiypoto yAaKTog
and to Onivkd wpdPota g Epevvag oV apyn, TN MHECT, Kol TO TEAOG TNG OPUEKTIKNG
TeEPLOd0oL. Metd T YNUIKN OVOADOT TOV OEYUATOV YOAOKTOG KOl TNV HETPNON TOV
COUOTIKAOV KLTTAPOV, VITOAOYIGTNKAV 1 NUEPNGLO TOGOTNTA YAAUKTOC, AITOVG, TPMTEIVAYV,
AokTONG, KOl  OAMK®MV OTEPEDV (veL Almovg, KaBMdG kot 0 AoyaplBlog TV COUATIKOV
KUTTOP®V. XTO TEAOG TNG EPELVOC, VTOAOYICTNKOV 1 GLUVOAKN TOGHTNTA YAANKTOG, Alovug,
TPOTEIVOV, AOKTONG, KOl OMKOV OTEPEDV AVEL Almovg Yo Tic mpaoteg 120 Muepeg g
OPLEKTIKNG TEPLOOOV.

Katd t dudpkeia g 01€T00¢ TPOONTIKNG HEAETNG, O KAOe detypatoAnyio to mpofata
vrofdAloviovy oe khvikn efétaom ko 17 ortopkol deikteg vyelag kot gvlmiag
a&oroyovvtay. EmmAéov, oty tedevtaia dstypatoAnyio g €pguvag mpoypuatomomonKoy
OLUOTOAOYIKEG AVOAVCELS 6Ta Ogtypata aipatog v (Owv g épeuvag tepthapfavovtag 21
TOPOUETPOVG  OEOAGYNONG  YOPOKTINPICTIKOV — TOV  AEVKOKLTIAPOYV, TV  £puOpadv
apoceapiov, Kot tov oponetoriov. Ot EMATOCES TOV HOADVOEDV TOV AEVIUMV OTN

YOAOKTOTOPAY®YT KOl GTO TOLOTIKA YOPAKTNPIGTIKE TOL YAANKTOG, KOOMG Kot 6Ty vyeio Kot



evlmia Tov {Odwov ™¢ Epeuvag aEloAoyNONKaY e TN ¥PNON UIKTAOV HOVTIEAWDV YPOLLUIKNG Kot
SUOVVUIKNAG AOYIOTIKNG TOAVOPOUNOTG.

H epmopicn doxyun ELISA aviyvevoe poAvouéva {ma 6 OAES TIC EKTPOPES TG EPEVVOC KOL
gvooOnoia, n ew0koOTNTO Ko 1 TN kappa coefficient (k-value) Bpénkov 82,8%, 93,8%, kot
0,620, avticTtoya, XPNOYOTOIDOVTOS MG OMOTEAEGLO AVOPOPAS TO BETIKO OmMOTEAEGUO GE Eval
ToVAdIoTOV  amAd mpwtokoAho PCR oamd oavtd mov apywd ypnowomomdnkav. H
(ULAOYEVETIKT] OVAADGT] OV TPAUYLOTOTOINONKE GTA GTEAEYT TOV EKTPOPAOV TOV GUUUETEIYAY
TNV £PELVO ATOKAAVYE T1] O1AO00T] UKDV GTEAEXDV TOL AVIIKOVV GTOVS YEVOTOTTOUG A kot B.
Ot exkivnTéG oYedAOTNKAY GE CUVTNPNUEVEG TTEPLOYES TOL gag yovidiov, katl éva SYBR
Green real-time PCR mpwtdékolro dV0 otadiov mov mollamAiacialel éva tumquo DNA
peyébovg 126 Cevyov Pdoewv avoamtoydnke kot afoloynnke ywo v aviyvevon tov
HoAOVGE®V Kot TV 000 yevotummv pe 99,52% amotedeopatikdtnra kot €AAYIoTO Oplo
aviyvevong ta 178 aviiypagpa tov 100.

Xvvolika 1o 15,2% tov Inlukov tpofdtov ftav cuvexmdg opoapvntiko, to 46,2% cuveymg
opobBetikd, eved to 20,1% eppdvice opopetatpont, to 8,1% opoaviieotpoen, kot 10 9,8%
dwkeinovca mapovsio aviicopdtov. Ocov apopd to potifa poéAvvone, poig to 7,1% tov
OnAvkov mpofdtmv mapEUelve un LOAVGUEVO PEYPL TO TEAOG TNG EPELVOC, EVD TO 76,2% MTav
HOALGEVO 0p0BeTiKd Kot TO 16,7% poAlvouévo 0poapvnTiko.

O onuelokdg opoemimoracpdg kopovotay ord 57,5% (1" derypotolnyia) €og 75,4% (4"
derypatoinyia), evd o onuelakog emmolacuog kKopawvotay and 70,0% (1" Ssryporoinyia)
gwg 88,3% (5" derypoarolnyia). O opoemmoracpos TEPIOS0L Y10 TN GLVOAKY SLEPKELD TNG
épeuvag, M emintmon, kot 1 abpolotikn enintoon Nroav 84,8% (95% AE, 80,9-88,0%), 33,6
véa meplotatikd porldvvoemv ava 100 mpoPato-eEqunva (95% AE, 27,8-40,3%), ot 64,2%
(95% AE, 56,8-70,9%) ocoppwva pe ta arotedécpato tg ELISA. Ou avtiotoyyeg tipég
cOUP®OVO e TO cLVOVAGUO TV amotelecudtov g ELISA xor g real-time PCR rtav
90,7% (95% AE, 87,4-93,1%), 40,6 véa mepiotatikd poivveewv ovd 100 mpofato-e&dunva
(95% AE, 32,6-50,0), kot 68,9% (95% AE, 60,2-76,4%).

ZOpQmva fe TNV EKTIUMON TOV TOPayOVI®OV Kivovvov, 1 avénon ¢ nikiog Katd éva £tog
OLGYETIOTNKE HE aVENON TOV OYETIKOV Kvduvou kotd 1,78 @opég yio v opobetikdtnra
(95% AE, 1,41-2,25, p<0,001), 1,69 popéc v tnv pdéivvon (95% AE, 1,25-2,29, p= 0,001),
1,60 @popéc vy To cvveydg opobetikd potifo (95% AE, 1,35-1,91, p<0,001), xar 1,31 popég
YL T0 poAvcpévo opobetikd potifo (95% AE, 1,08-1,60, p<0,01). Awd v GAAN mAgvpd, N
avénon g nlxkiog tov {Odov Kotd €va €to¢ cvoyetiommke pe mepimov 30% petwpévn

TOAVOTNTO Y10 TNV EUPAVIOT] GLUVEYDSG OPOLPVITIKMDY KOl LOAVGUEVOV OPOaPVNTIKOV (D®V,



KaBd¢ kot (hwv mov gueavifouv opopetaTponn 1 dAeitovca mapovsio avitcopdtov. Ta
npoPara ¢ euAng Lacaune Ntav 2,63 gopéc (95% AE, 1,35-5,00, p<0,01) mo mbavo va
elval opoBeTikd KaTd TN S1dpKelo TS EpEVVaS, eV To. ONAvkd TpoPata tng uAng Xiov NToav
4,53 popéc (95% AE, 1,61-12,76, p<0,01) mo mBavo va gppavicovv dtoreinovca mapovscio
avticopdtov. Emmiéov, ta Onivkd mpdPata fitav 1,72 eopég (95% AE, 1,28-2,33, p<0,001),
2,94 popéc (95% AE, 1,82-4,76, p<0,001), xon 3,23 gopéc (95% AE, 1,85-5,53, p<0,001) mo
mhavo vo  PpeBodv  opobetikd, HoAvouéva, 1 HE OPOUETATPOTMY, OVIIGTO(O, OTN
SEYHOTOANYia TPV Atd TOV TOKETO G GUYKPLOT LE T OELYLATOANYio TPV ol TIC OYElES.
Yvvolka 78,1% kot 43,4% TV 0pvVIOV TOL KOTOVIA®GCAY OTUCTEPIOTO KOl TAGTEPLOUEVO
TPOTOYOAa, oviiotoyo, Ppédnkov poivouéva kotd TN Odpkelwo g épevvog. H
OPOOVTIGTPOPT| KOl OPOUETATPOTT GLVERT HEXPL TNV NAKia TV 8 VOV 6€ TEPIoGOHTEPA OO
10 90,0% wxor to 70,0% toov {OdOV TOL EUEAVIGOV OPOOVTIGTPOPY] KOl OPOUETUTPOTT,
avtiotoya, katd TN Owdpkew ¢ €épevvag. Ta apvid 7OV KOTOVAA®OOV OTOCTEPIOTO
mpotdyora rav 19,29 eopéc (95% AE, 2,37-156,85, p<0,01) ka1 6,07 popég (95% AE, 2,42-
15,21, p<0,001) mo mBavo vo PpeBovv opobetikd M poivouéva oe mikio 13 pnvov
GLYKPITIKA UE TO OPVIE TOL KOTOVAAWDGCOV TAGTEPLOUEVO TPMOTOYOAL. TEALOG, 0 OYETIKOG
kivduvog yioo péAvven twv apvidv toug Tpatovg 13 pnveg Bpédnke avénuévog kata 2,07
@opés (95% AE, 1,22-5,88, p<0,05) yia ta apvid wov TpoEPYOovTay amd LOAVGUEVES UNTEPEC.
Ot péoeg nuepnoieg mocOTNTES YAAUKTOS, ATOVG, TPOTEIVOV, AUKTONG KOl OMK®OV GTEPEDV
dvev AMmovg Bpébniay oTaTIOTIKA onUovTKG pelopéveg Katd mepinov 15,0% ota polvcuéva
opoapvntikd {da og cVYKPLoN pe to un poAvcpéva (p<0,05). Emmiéov, n péon nuepnoia
nocdtTo Mapdv Ppédnke petopévn katd tepimov 10,0% ota poivopéva opoapvntikd (oo
oe oyxéon pe ta poAvcspéva opobetikd (p<0,05). Ot amdAelEg OTIC CLUVOMKEG TOGOTNTES
YOAOKTOG, MTOp®V, TPOTEIVOV, AaKTOING Kol OMK®OV GTEPE®V Gvev Almovg Yo 11 120 pépec
OPUEKTIKNG ePLOdov dyyi&av to 20,0% yia tar poivouéva opoapvntikd (do o oyéomn 1660
pe to un poAvouéva 66o kot pe ta poivopévo opobetikd (oo (p<0,05). Téhog, n dapkela
G YOAOKTIKNG TepLodov Mrav 1,25 popég (95% AE, 1,10-1,45, p=0,001) o 1,16 (95% AE,
1,04-1,30, p<0,01) mo mBovo va eivor cuVTOLOTEPN OTO LOAVCUEVO 0poapvnTIKE (Do Gg
oxé0oM UE TO UN LOAVGUEVE KOl TO, LOAVGLEVA 0POBETIKE, avTioTOoLKO.

Oocov apopd TI§ EMATOCEIS TOV HOADVOEDV TOV AEVIUDV TNV vYeia kol v evlwio Tov
{owv, Ta poAvcuévo opoapyvntikd Onivkd mpofata frav 4,17 eopés (95% AE, 1,25-14,29,
p<0,05) mo mbavd va avantdiovv apbpitida TovAdyiotov pio eopd KoTd TN SApKED TNG
épevvag og oyéom pe ta un poivouéva (wa. Emiong, to poivouéva opoapyntikd (oo nTov

3,03 popég (95% AE, 1,25-7,14, p<0,05) xor 2,08 @opég (95% AE, 1,10-3,85, p<0,05) mo



mhavd va eLEavicovy Sl0YK®UEVOLS OToOoHoTIOIOVS AEUPASEVEG TOVAAYIOTOV Hio Popd
KOTA TN SLAPKEL TNG £PEVVOAG GE GYECTN LE TO U1 LOAVGUEVO KoL TO. LOAVCUEVE 0poBEeTIKG
{oa, avtiotoro. Ta un poivopéva {da, emione, mopovcioGoy GNUAVTIKE VYNAITEPES TIUEG
AEVKOKLTTAP®V, AEUPOKVTTAP®V, KO LLOVOKVTTAP®V GUYKPITIKA [e To poAvouéva (p<0,05).

H mopovoa didaxtopikn datpin amotedel v TpdTN TPOONTIKY EMLWOTIOAOYIKY HEAETN
OV JIEPEVLYNGE TOV EMUTOANCHO TOV AEVTUADV TOV UKP®OV UNPLKACTIKAOV, TOVG dUVITIKOVG
TOPAYOVTEG KIVOUVOL TMOV HOACE®V omd ovTOVC, KOl TIG EMMATOCES OLTOV OTNV
TOPUY®YIKOTNTO, TNV VYelo kot v evlmio TOV EVIOTIKE EKTPEQPOUEVOV TPORAT®V T®V
evlov Xiov kot Lacaune, péom g avamtuéng kot g YPNONG €VOG OlyVOGTIKOV
TPOTOKOALOL Ylo. TNV TPOIUN Kol aflOmoTn SdyvOon T®V HOAIVOEMY UE TO GLVOVOGUO
OpOAOYIKOV Kol pHoplok®dv dokiudv. H mapodoa perétn emPefaiooe T1g evdeielg mov
VINPYOV CYETIKA PE TOV OUENUEVO EMUTOAACUO TOV AEVIUMV OTO EVIOTIKE EKTPEPOLEV
TPOPOTA  YOAUKTOTOPUY®YIKNG KOTELOLVONG O©TN YOPO HOG Kol  ETIKOLPOTOINGE  TO
emlmoTIoAOYIKA dedopéva, To omoia UTOpoLV va, ypnoomonfodv yoo T0 oYedCUO
TEKUNPLUOUEVOV TPOYPUULATOV EAEYYOV TV HoAVVGE®V. Ta guprjnata g Epevvas avEdeEay
TIG adLVOUIEG TOV GLYXPOVIKOV OPOEMILMOTIOAOYIKOV UEAETMV OINV  OviYVELON TOV
LOADVGE®MV KOl TN O1EPEVVIOT TOV EMTTOCENDY TOVG GTNV TOPAYDYIKOTNTO KOl TNV LYEIN TV
Lowv. TopdAinia, amédeléoy TV avoyKoldtnTo TG CLVOVOGTIKNG YPNONG TOV OPOAOYIKDV
KOl HOPLOK®Y Ol0lyVOGTIKOV OOKIUAV GTO TPOYPAUATE EAEYXOV MOTE VO EMTVYXAVETOL M
aviyvevon TV LoAGUEVEVY (D®V OV TOPAUEVOLY 0POOPYNTIKA Kot cuveyilovv T dtucmopd
tov 10V. Emiong, ocdupova pe to amoteAéopoto tng mopovcos UEAETNG, M Xopnynon
TOCTEPIOUEVOL TPMTOYAANKTOS GTA OPVIA, 0 0POAOYIKOG EAEYYOG TV (D®V AVTIKOTAGTOONG
oV NAkia Tov 8§ UNvdv, 0 0poroytkds EAeyyog OAMV TV eViAMK®V (DOV Kol O LOPLOKOS
EAEYYOG TV 0poapVNTIK®V (DwV TV TEPi0d0 TPV TOV TOKETO, KOl 1) GUECT] AMOUAKPLVOT
TOV HOAGCUEVOV 0poopVNTIK®OV (OOV TPOTEIVOVTOL MG OOYEPIOTIKA UETPO. GTO TAOIGLO
EQOUPUOYNG TPOYPUUUATOV EAEYXOV TOV HOAOVOE®V OO TOVG AEVIUOUS TOV HIKPOV

UNPUKOGTIKOV.

Emotnpovikn meproyn): Aoydmon VoS LATO LUKPOV UNPUKACTIKOV

AgEgc-KAewdd: mpoiovoa mvevpovio, maedi-visna, Aeviuol TOV HWKPOV UNPVKAGTIKOV,
TPOPATA YOAUKTOTOPAY®YIKNG KOTEVOLVONG, TPOOTTIKY EMLMOTIOAOYIKY] LEAETY, OLOYPOVIKN
LEAETN KOOPTNG, OeikTeg voonpotnTag, 0001 HETAOOMNS, TOPAYOVTEG KIVOUVOL, OPOAOYIKY|
SlyvmoT), LOPLakTn OdyvewoT, EMITOGELS, YUAOKTOTOPOYMYY], TOIOTIKA YOPOKTNPLOTIKE TOV
YOAOKTOG, LYeia kot evlwia



AHAQXH EPTOY

H xdrod vroyeypoppuévn Agpoditn Karoyidvvn tov Iodvvn, nlove 0Tt T0 Kelpevo g
dwtpPng amoterel Swkd pov, un vmwoPonbovuevo moHVMuUa. YTmoPdAAetor o pHEPIKN
EKTANPMOT TOV OMOLTNGE®V Yo TNV amoKTnon Awaktopikoy Authopatog tov ['emmovikon
[Movemotnuiov AOnvov. Agv éxet vtoPAndel Toté mpv ylo orodnmote Adyo 1 Yo eE€Taom o€

OTOI0ONTOTE AALO TOVETIGTIILIO 1 EKTOOEVTIKO 1OpVLLOL TNG XDPOS 1) TOL EEMTEPIKOVD.
Me v ade1d pov, n mapovca epyacio eAéyydnke and v E&etaoctiky Emtpon péoa amd

Aoylopko aviyvevong Aoyokionng mov dwbétel to I'TIA kot dtustavpddnke 1 eykvpdnrTa

KOl 1] TPOTOTLTIOL TNG.

A@poditn L. Karoyrdvvn 9/11/2023



ACKNOWLEDGEMENTS
This PhD thesis was carried out at the Laboratory of Anatomy and Physiology of Farm
Animals at the Department of Animal Science of the Agricultural University of Athens under
the supervision of the Associate Professor Athanasios I. Gelasakis. I would like to express my
deepest gratitude to my supervisor for his invaluable guidance and support throughout my
research with his knowledge and experience. Also, his continuous encouragement was crucial
for the successful completion of my research.
I would like also to express my deep appreciation to the other two members of my advisory
committee, the Professor loannis Bossis, and the Researcher Ilias Bouzalas, for their valuable
assistance during my research and the preparation of the thesis. Moreover, I would like to
sincerely thank the rest members of the seven-member board of examiners, namely, the
Professor lIoannis Oikonomopoulos, the Research Director Loukia Ekateriniadou, the
Associate Professor Panagiotis Simitzis, and the Assistant Professor Sovia Mavrikou for their
valuable comments contributing to the improvement of the present manuscript.
I would like to thank all the farmers who kindly hosted me and permitted the conduction of
my research for two consecutive years. Without their collaboration this research could never
have been realized. I am also, grateful to all the undergraduate and postgraduate students of
the Department of Animal Science of the Agricultural University of Athens who worked with
me during the field and laboratory research. I would also like to acknowledge the State
Scholarships Foundation (IKY) for its financial support during the implementation of my
doctoral thesis.
I could not have undertaken this journey without my valuable friends and my family who
constantly stand by me all these years. Their constant belief in my abilities and their moral

support kept my spirits and motivation high during this process.



List of publications in peer-reviewed international journals with impact factor

1. Kalogianni, A.l., Bouzalas, 1., Bossis, 1., Gelasakis, A.I. (2023) ‘A Longitudinal Cohort
Study of Risk Factors Associated with Small Ruminant Lentivirus Seropositivity in
Intensively Reared Dairy Ewes in Greece.” Pathogens, 12(10), 1200. Doi:
10.3390/pathogens12101200.

2. Kalogianni, A.l., Bouzalas, I., Bossis, 1., Gelasakis, A.l. (2023) ‘Seroepidemiology of
Maedi-Visna in Intensively Reared Dairy Sheep: A Two-Year Prospective Study.” Animals,
13:2273. Doi: 10.3390/ani13142273.

3. Kalogianni, A.L., Stavropoulos, I., Chaintoutis, S.C., Bossis, 1., Gelasakis, A.I. (2021)
‘Serological, Molecular and Culture-Based Diagnosis of Lentiviral Infections in Small
Ruminants.” Viruses, 13:1711. D0i:10.3390/ v13091711.

4. Kalogianni, A.L., Bossis, 1., Ekateriniadou, L., Gelasakis, A.I. (2020) °‘Etiology,
Epizootiology and Control of Maedi-Visna in dairy sheep: A Review.” Animals, 10:616. Doi:
10.3390/ani10040616.

List of publications in international conference proceedings

1. Kalogianni, A.I., Tsigas, N.C., Gelasakis, A.I. ‘A comparative study of milk quantity and
quality traits between a maedi-visna infected and a maedi-visna free dairy sheep farm.” 10"
International Sheep Veterinary Congress, 6-10 March 2023, Seville, Spain. Doi:
10.1016/j.anscip.2023.01.369

2. Kalogianni, A.lL., Bouzalas, 1., Tsimpouri, E., Bertsias, V., Bossis, I., Gelasakis, A.L
‘Hematological profile of maedi-visna seropositive dairy sheep.’ 10" International Sheep
Veterinary Congress, 6-10 March 2023, Seville, Spain. Doi: 10.1016/j.anscip.2023.01.136

3. Kalogianni, A.I., Bossis, 1., Bouzalas, ., Gelasakis, A.I. ‘Diagnostic performance of eight
PCR protocols and one indirect ELISA in naturally small ruminant lentiviruses infected ewes
in Greece’ 9™ International Scientific Meeting Days of Veterinary Medicine, 22-25 September
2022, Ohrid, Republic of North Macedonia.

4. Kalogianni, A.l., Bossis, 1., Bouzalas, I.G., Gelasakis, A.l. ‘Longitudinal changes in the
serology of antibodies to naturally maedi-visna infected ewes, and their association with the
development of arthritis.” XXI-Middle European Buiatrics Congress-Annual Meeting of
ECSRHM, 19-22 May 2022, Statre Jablonki, Poland.

5. Kalogianni, A.l., Tsimpouri, E., Korelidou, V., Ntoulma, V., Bossis, 1., Gelasakis, A.I.
‘Association between seropositivity for small ruminant lentiviruses and milk production traits
in intensively reared dairy sheep.” Virtual Meeting of International Sheep Veterinary
Association, 23-25 November 2021.



Table of contents

LSt Of TaDIES «.uuiiiirrriiiiiiiiiiiiiiiitttiiiiiiiieteettteticieenteeeeteaeeiiseesseeeessssssssssssssessssssssssssssene 1
LSt Of FIGUIES w.ciirirrrnneiiiiiiiiiiiirnnneiiiiiiiniinnmmeeisiissssinnessssesssssssssssssssssssssssssssssssssssssssssssns 7
List 0f ADDIevIiations .....eeeeeeeeeeeeeeeneneneeeneunnninieneieiesssssssssssssssssssssssses 11
List of Definitions cccceeeeeiiiiiiiiimimiuiiiiiiiiiiintnnniiiiiiiiittennneiiicieseeeessssseiiicsseesssssssssssssene 14
g ) 2T O 16
Part A: Small ruminant lentiviruses-Introduction...........cccoeeerreerneeciiiiennnnnnnnneccssenenns 18
I. History of small ruminant IeNtiVITUSES .........c.ceveeriireriierieeiieereeriee e eiee e ereeseveeseeseneennees 18
II. Phylogeny of small ruminant lentiVIruSes .........cceueeiuieriieeiiienieeieeeie et 19
III. Immunopathogenesis Of MACAI-VISNA .........eerieriiiiiiiiiieie et 19
IV. Clinical signs and gross pathology of maedi-visna............cccceerieriieenieenieenieeieeee e 22
V. Histopathological lesions of Mmaedi-ViSna............ceeceveeiiiieriiieeniieeriee e 23
VL. Epizootiology of small ruminant leNtiVIrUSES........cc.eereieruieriiiiiienieeiieee et 24

1. Transmission of small ruminant lENTIVITUSES........c.eeruieriiiiiieriieiie et 24

2. Risk factors for small ruminant lentiviruses INfeCtions..........ccccveeevveeeriieeeciieenieeeieeene 26
VII. Impact of small ruminant lentiviruses INfections ...........ccceeevveeerieeeriieenieeeiee e 27
VIII. Diagnosis of small ruminant lentiviruses infections ...........ccceeveevervierienerienieeneeneneens 29

1. Clinical and histopathologic dia@nOSIS. ......cccueeveruierieriireiiieieee ettt 29

R I 10 T0) 1100 A6 0T T a4 10 3 PSPPSR 30
IX. Prevention and control of small ruminant lentiviruses infections ............ccceeeveeeeueeerneenns 36

L. VACCINALION ...ttt sttt et b ettt sb e bt et esbeenbeeatesanens 36

2. Preventive and eradication MEASUTIES ......c..ccoveruerrierieriierienieetesieesieeeesieesieeeesieesieeaesieens 36

: tud 39
Part B: QU StUAY .cceeeeeeiiiiiiiimmmmmnuiiiiiiiiiiimmmmmciiiiiiiiiessssssssssssstsssssssssssssssssssssssssssssssssss



Chapter 1: Development of a diagnostic protocol for the detection of small

ruminant lentiviruses infections......cccccceeeeeieiiiiiiieiiiiieieiiieieieieieieieeeieeeeeieeeeeeeeeeeeeeeeeeeeen 39
| B0 ) o] 17015 T PSPPI 39
II. Materials and MethodsS .........oooiiiiiiiiiiiiiiii 40
1. Animals and blood sample COIECTION ........ccvieiierieiiieieeieeee e 40
2. Blood SAMPIE PrOCESSINE ....eeuviiiiieiieeiiieitieeieeiee et ete et esteebeesaaeeseessaesnseesssesnseensneenseas 40
2.1 SETUIM SEPATATION ....vveeeeeiieeeiieeeieeeeteeeeteeesteeessteeessteeassaaeassaeassaesssseesssseessseeessseeessseeensses 40
2.2 Leukocyte pellets and DINA PrOCESSING .......eeveerieeriieeiieiieeieeriie ettt siee e e seeeeaeeas 40
3 ELISA TSN . eetiiiiieiiieetiecite et ettt e st e et e e e ebeeseaeesbeeesseesseeesseessaeasseenseesnsaensseenseensseensens 41
4. Assessment of the ELISA and the conventional PCR protocols............cccceevveniieiiennennnen. 41
5. Development of real-time PCR Protocol .........c..cooviiiiiiieiiiecieeeeeee e 46
5.1 Sequencing and phylogenetic analyses ..........cccceevuerieriiiiiniinieieneceeece e 46
5.2 Primer design and in Silico eValuation .............cccueevuieriieeiiienieeiieenie et eieeseae e 48
5.3 Real-time PCR OPtIMIZAtION .....ccuvviiiiiiieiiieeiiieeiee e aee e e e s 48
5.4 Diagnostic performance of real-time PCR protocols ........c..cccceveriiniiiinininninicnenn 49
TIL. RESUILS .ttt sttt sssennnes 49
1. Performance of the ELISA and the conventional PCR protocols...........ccccceevevieenieeenneenns 49
2. PhylO@EnetiC analYSES ......eeeeuviieiiiieiiiieeiieeeiiee ettt e st et e et e et e e e aeeseaeeesaeessaeessaeeennseeenns 53
2.1 Pairwise SEqUENCE COMPATISOMIS ....eevveeurierureetieriteeteeeteesseesseenseeanseesseesseesssesseesssesses 53
2.2 PRYIOGENETIC TIEES ....eeuvieiieeiiieiiieiieeiieetee ettt te sttt e et e teeste e st e enbeesseesnbeesseeenbeenneeenseas 58
3. Development of three real-time PCR protocols...........ccveeviieeiiieeiiieeieeeeeeeee e 64
3.1 PrIMETr SEIECTION ..c...eiitiiiieeiti ettt et ettt e sbe e et e b e et e saeeens 64
3.2 Real-time PCR SEUP ...eeviieiiiiieeieeiie ettt ettt ettt et ettt et e e saesaseenaneens 69
4. Diagnostic performance of real-time PCR protocols...........ccoceevieniienieniieieeieeeeeeeeee, 69

TV IS CUSSION ettt ettt et e e e e e e e e e e e e e e e eeans 73



Chapter 2: Prospective cohort study and risk assessment for small ruminant

lentiviruses infections in intensively reared dairy ewes and their lambs ................... 77
L ODBJECIIVES it 77
II. Materials and MethodsS .........oooiiiiiiiiiiiiiiii 78
1. Farm and animal SEIECTION .......ceviiuiiiiiiiiiienicei ettt 78
2. The epizootiological study deSiZN IN EWES ........ccecuieriiiriieiiieeieeieeeie et see e sereeeees 81
3. The epizootiological study design in [ambs...........ccocueeriiiiiiniiiiiiee e, 81
4. ELISA and real-time PCR-based diagnosis of small ruminant lentiviruses infections ....... 81
5. Statistical analyses and epizootiological assesSmMeNnt i EWES.........cc.eevveerrerrreerreerreenneennn 82
5.1 Categorization of ewes according to their serological, PCR, and infection status......... 82
5.2 Categorization of ewes according to their serological and infection pattern.................. 82
5.3 Comparative assessment of the ELISA and the real-time PCR protocols...................... 83
5.4 Morbidity freqUENCY MEASUTIES.......ccuvierierireeiieriieeieertieeereestteeseesereeseesseeesseessseesaessseans 83
5.5 Risk aSSESSMENt ANALYSIS ...eeeuviieriiieeiiieeiiee et ettt et e et e e e aee e eeaeeesaeeesnneeennsees 84
6. Statistical analyses and epizootiological assessment in lambs ...........cccoeeieiiiniiiiiiennnen. 85
6.1 Categorization of lambs according to their serological and infection status.................. 85
6.2 Categorization of lambs according to their serological pattern............cccceevvveeereeennenn. 85
6.3 Morbidity freqUENCY MEASUIES.......ccevurieeirieeiieeeiieeeieeesieeesereeesereeeeeeeeereessneesseeensseens 85
6.4 Risk asSeSSMENt ANALYSIS ......eeruiiiiiiiriiieiieiie ettt ettt et e ee e e e ens 85
TIL. RESUILS .ttt sssennne 85
1. Epizootiology of small ruminant lentiviruses infections in €Wes ..........cccceevveereerieeeneennnen. 85
1.1 Serological and INfECtioN PALLETNIS .....cvvveeivrieeiiie et et e e e eaee e e e 85
1.2 Comparative assessment of the ELISA and PCR protocols..........cccccvceeveriiniencnncnnne 95
1.3 Morbidity freqUENCY MEASUTIES .......ccvieriieriieiieeiieeite et eteeereeieesereebeesseeeseessseeseesnneens 96
1.4 Risk asSeSSMENt ANALYSIS ...c.vieuiiriieiieiiieiie ettt et eiee e 101
2. Epizootiology of small ruminant lentiviruses infections in lambs..........cc.cccocceeviniiinice. 106

2.1 Morbidity freqUENCY MEASUIES ........eeeeiieeeiieeeiieerieeerreeesireeeiaeeeseeeeeareeeseeesseeessseeenns 106



2.2 Serolo@iCal PATLETIIS ......eevueeeiieiieeieeiie ettt et ettt et e bt e steeeteesaaeenbeessaesnseenseeenseenns 112

2.3 Risk asSESSMENt ANALYSIS ...cc.vierviieiiieiiieiiieiie ettt ettt ettt eb e aeeteesaaeenseees 117
IV, IS CUSSION ..uuueeeeeeeeeiiiiiiee e e e e e e ettt aee e e e e eeeeeeaaaa e eeeeeeeeesssasa e aeeeasesesssnnnnaeeeeesesssssnnns 119
1. Epizootiological StUAY 1N @WES .......c.eeeeiuiiiriiieiiieecieeeriee et e et e eee e s ree e eaaeeereeesreeeeeree s 119
2. Epizootiological study in 1amDbs..........c.ccccuieiiiiiieiieiiicic et 126
3. Control of small ruminant lentiviruses infections in GIeece ..........coceevveeeereerierveneenneenne. 129

and health and welfare status of intensively reared dairy sheep...........ccceerrreuunnnn.e. 132
| B0 1o T<To] 5 A PO PURUPURPRUPPPRPIN 132
II. Materials and Methods .........cooouiiiiiiiiiiiiiii e 133
1. Animal population and study deSiZN.........cccueeriiiiiiiiiiiiiieie e 133
2. Milk samplings and analySes ..........c.eecuieriierieiiieie ettt ettt 133
3. Blood samplings and recordings of health and welfare indicators ............ccccceveeniennennn 133
4. StatiStICAl ANALYSES ...vveeiiiieiiie ettt ettt e et eeebeeenanee s 134

4.1 MilK ProducCtion traitS........eecuieruieeiieriieeiiesie ettt ettt e et e steesaeeenbeeeee 134

4.2 Health and Welfare Status ...........cocuevieviiiiiniiiieice e 136
TIL RESULES et e e e e 137

1. The effects of small ruminant lentiviruses infections on productivity of milking ewes.... 137

1.1 Descriptive statistics of daily milk yield and quality traits............ccecceeviieiienireenne. 137
1.2 The effects of serological pattern on daily milk yield and milk quality traits.............. 142
1.3 The effects of infection patterns on daily milk yield and milk quality traits ............... 143
1.4 Descriptive statistics of total milk yield and quality traits...........cccoeeeveeveieenceeeniienens 143
1.5 The effects of serological patterns on total milk yield and milk quality traits............. 145
1.6 The effects of infection patterns on total milk yield and milk quality traits ................ 145

1.7 The effects of serological and infection patterns on the duration of lactation period.. 145



2. The effects of small ruminant lentiviruses infections on the health and welfare status of

AITY EWES ..vienviieiiieiie et et et et te et e tteebe e teeeabeesteeesbeessteenseessseesseesaeansaensseanseesssesnseensseanseennns 147
2.1 Descriptive statistics of health and welfare 1SSUeS .........ccccvveeviieeiiieciiecieecee e 147
2.2 The effects of serological status on health and welfare iSSues.........c.ccceeeevveercieenieens 150
2.3 The effects of infection status on health and welfare iSSUES .........cccceevuervereirieniennenne. 150
2.4 The effects of serological patterns on health and welfare iSsues ..........cccceeeeveeeennene. 151
2.5 The effects of infection patterns on health and welfare iSsues.........c.ccceeeevveercieenneens 151
2.6 Descriptive statistics of hematological parameters ...........cceecveeevveeeiieeeiieeeieeeieeeans 151
2.7 The effects of serological status on hematological parameters............cccceeeveerureennennne. 156
2.8 The effects of infection status on hematological parameters ............cccceeeveeeveerreenenne. 156
2.9 The effects of serological patterns on hematological parameters .............cccceevveennennee. 156
2.10 The effects of infection patterns on hematological parameters..........c..cccecverveenennee. 156

IV, DASCUSSION ettt e e ettt e e e e e e ettt e e e e e e s et bt e e e eeeeeeannnaeeeees 157

Chapter 4: ConcClUSIONS .....ccieiiiirrmmmeeiiiiiiiiinremmmesiiiiisiniemsssssssssssssssssssssssssssssssssssssssssss 162

L RS (0 ) 1 Lol 164

Appendix A: The questionnaire used for the collection of data regarding the

farms’ characteristics and management practices during on-site visits. ......ccccuuee... 184

Appendix B: Tables and figures with epizootiological results for the studied

Appendix C: Statistical tables for the effects of small ruminant lentiviruses

infections on productivity and health and welfare status. ...........ccuuuueeeeeeeeeennnnnnnnnne. 198

Appendix D: Photos from the field and the laboratory research. ............................ 240



List of Tables
Table 1. Commercially available ELISA kits used for the diagnosis of SRLV

TEECHIONS . . . ottt e e et e e 32
Table 2. Primer sets used in conventional PCR for the detection of SRLV infections. ........... 43
Table 3. Cycling conditions of conventional PCR protocols. .........ccccccueeviieniiiiiieniiecenieenen. 45
Table 4. The sequenced samples from the tested conventional PCR protocols. ...........c..c...... 47

Table 5. Results from ELISA and conventional PCR protocols tested in the studied farms. ..52
Table 6. Diagnostic performance of the ELISA and PCR protocols...........cccccueeecvieerieeninennns 52
Table 7. Nucleotide sequence diversity (%) between LTR sequences from our study. ........... 53
Table 8. Nucleotide sequence diversity (%) between LTR sequences from our study and
representative SRV STTAINS. ....c.oiiiiiiiieiiieiiee ettt e 54
Table 9. Nucleotide sequence diversity (%) between env sequences from our study............... 54
Table 10. Nucleotide sequence diversity (%) between env sequences from our study and
representative SRV STFAINS. ....cc.eiiiiiiiieiiiciieeie ettt e e e teessbeeseessseennees 55
Table 11. Nucleotide sequence diversity (%) between gag-pol sequences from our study. ....55
Table 12. Nucleotide sequence diversity (%) between gag-pol sequences from our study and
representative SRV STFAINS. ....cc.eiiiiiiieiiiciieeie ettt e esaeeteessbeenseessseenneas 57

Table 13. Primer sets of new real-time PCR protocols for the detection of SRLV infections in

the StUdIed FArMIS. ....ooveiiiiiiie e 65
Table 14. Farm characteristics and herd management practices in the studied farms. ............ 80
Table 15. Mean age of ewes when introduced in the study per serological pattern. ............... 86

Table 16. K-values and concordance between ELISA and PCR results per age class, farm,
breed, and serological PATIETN. .......couiiviiriiiiiieriee et 95
Table 17. Real-time PCR results per serological pattern. ............ceceveeveriieniinenieniienenenens 96

Table 18. Period prevalence, incidence rate, and cumulative incidence (95% CI) for Chios

Table 20. Adjusted relative risks for seropositive status during the study and seropositive

status in ewes with an intermittent presence of antibodies. ..........cccccvveevieeeciieeriieencieeeieeens 101
Table 21. Adjusted relative risks for the seroconversion and seroreversion incidents. ......... 102
Table 22. Adjusted relative risks for serological patterns. ...........coccuevvieeniieieenieenieeieeeene 103



Table 23. Adjusted relative risks for PCR positive status for the total of the studied ewes,

seroreverted ewes, ewes with an intermittent presence of antibodies, and seroconverted ewes.

................................................................................................................................................ 104
Table 24. Adjusted relative risks for infected status during the study...........ccceevevieercreeennenn. 105
Table 25. Adjusted relative risks for infection patterns. ..........ccceevveeeeiieniieriienieeieee e 105

Table 26. Adjusted relative risks for seropositive status in lambs at the age of 13 months... 118
Table 27. Adjusted relative risks for infected status in lambs at the age of 1, 3, 8, and 13
MONENS OLd. ...ttt ettt sttt e bt e e beesaeeens 118
Table 28. Mean values (SD) of daily milk yield during the study in different serological
0107530 TSR 138
Table 29. Mean values (SD) of daily fat yield during the study in different serological
0 115 3 4 1RSSR 138
Table 30. Mean values (SD) of daily protein yield during the study in different serological
0107530 TSRS 138
Table 31. Mean values (SD) of daily lactose yield during the study in different serological
0 11 3 4 1RSSR 139
Table 32. Mean values (SD) of daily solids-not-fat yield during the study in different
SEIOlOZICAL PALLEINS. . .vveeieiiieiiiieciie ettt et et e et e et e e e eteeenebeesssbeeesseeesnseeesnsneennneannns 139
Table 33. Mean values (SD) of daily logarithm of SCC during the study in different
SETOlOZICAL PATLETNIS. ..uveuiitieiteeiierieet ettt et be et sttt esae et saeens 139
Table 34. Mean values (SD) of total milk, fat, protein, lactose, solids-not-fat yields estimated
for the first 120 days of the milking period in different serological and infection patterns. . 144
Table 35. The mean value of body condition score (=SD) and frequencies of health disorders
in ewes of different serological and infection patterns during the study. .........ccccceevereenennee. 148
Table 36. The frequencies of udder disorders in ewes of different serological and infection
patterns during the STUAY. ......eeeuiiiiiieee e e 148
Table 37. Mean values (SD) of hematological parameters regarding white blood cells in ewes
with different serological and infection StatUS. ..........cceeeuierieriiieniieiiere e 153
Table 38. Mean values (SD) of hematological parameters regarding red blood cells in ewes
with different serological and infection Status. ...........cccceeeriiieriiieeiiieeiee e 153
Table 39. Mean values (SD) of hematological parameters regarding platelets in ewes with
different serological and INfECtiON STATUS. ......ccueerviieiiiiieeiieiie et 154
Table 40. Mean values (SD) of hematological parameters regarding white blood cells in ewes

with different serological and infection patterns during the 24 months. .........cccccccvvveeneennne. 154



Table 41. Mean values (SD) of hematological parameters regarding red blood cells in ewes
with different serological and infection patterns during the 24 months. ..........ccccccvveiienennn. 155

Table 42. Mean values (SD) of hematological parameters regarding platelets in ewes with

different serological and infection patterns during the 24 months. .........cccccccvveviiienciieennnn. 155
Table S1. The frequencies of serological patterns per farm and per breed. ............cceeneeee. 191
Table S2. The frequencies of infection patterns per farm and breed. ..........ccceevvvieevcieeennenn. 191

Table S3. The effects of serological pattern, breed, sampling occasion, age, and BCS on daily
milk yield (kg/ewe) during the study and pairwise comparisons between the serological
0107530 TSR 198
Table S4. The effects of serological pattern, breed, sampling occasion, age, and BCS on daily

fat yield (g/ewe) during the study and pairwise comparisons between the serological patterns.

Table S5. The effects of serological pattern, breed, sampling occasion, age, and BCS on daily
protein yield (g/ewe) during the study and pairwise comparisons between the serological
0 11 3 4 1RSSR 200
Table S6. The effects of serological pattern, breed, sampling occasion, age, and BCS on daily
lactose yield (g/ewe) during the study and pairwise comparisons between the serological
PALEEITIS. ..ttt ettt et e e 201
Table S7. The effects of serological pattern, breed, sampling occasion. age, and BCS on daily
solids-not-fat yield (g/ewe) during the study and pairwise comparisons between the
SETOlOZICAL PALLEINS. ...vviiiiiiieiiieeciie ettt ettt e et e et e e eeteeentbeeensbeeesseeessseeeensaeesnneannns 202
Table S8. The effects of serological pattern, breed, sampling occasion, age, and BCS on the
logarithm of somatic cell counts (cells/mL) during the study and pairwise comparisons
between the Serological PATLETNS. ......occuiiiiieiieiie ettt e 203
Table S9. The effects of infection pattern, breed, sampling occasion, age, and BCS on daily
milk yield (kg/ewe) during the study and pairwise comparisons between the infection
PALLETIIS. ..ttt ettt ettt e s e e et e e et e e s it e e e et e e e bt e e e bt e e e bt e e e bt e e eabbeeenbeeeeabeeenabeeenanes 204
Table S10. The effects of infection pattern, breed, sampling occasion, age, and BCS on daily

fat yield (g/ewe) during the study and pairwise comparisons between the infection patterns.

Table S11. The effects of infection pattern, breed, sampling occasion, age, and BCS on daily
protein yield (g/ewe) during the study and pairwise comparisons between the infection

0 115y 4 LTRSS 206



Table S12. The effects of infection pattern, breed, sampling occasion age, and BCS on daily
lactose yield (g/ewe) during the study and pairwise comparisons between the infection
0 1Sy 4 1RSSR 207
Table S13. The effects of infection pattern, breed, sampling occasion, age, and BCS on daily
solids-not-fat yield (g/ewe) during the study and pairwise comparisons between the infection
PALLETIIS. ..ottt ettt ettt e ettt e st e e et e et e e s et ee e at e e e st eeenebeeenta e e e bt e e ennbeeentaeeenbaeennbeeennnes 208
Table S14. The effects of infection pattern, breed, sampling occasion, age, and BCS on the
logarithm of somatic cell counts (cells/ml) during the study and pairwise comparisons
between the INfEction PAttEINS. ......ccvieriiieiieiieiie ettt ettt sb e saeesaeeaaeens 209
Table S15. The effects of serological pattern, breed, and age on milk yield (kg/ewe) for the
first 120 days of the milking period and pairwise comparisons between the serological
0 115 3 4 1RSSR 210
Table S16. The effects of serological pattern, breed, and age on fat yield (kg/ewe) for the first

120 days of the milking period and pairwise comparisons between the serological patterns.

Table S17. The effects of serological pattern, breed, and age on protein yield (kg/ewe) for the
first 120 days of the milking period and pairwise comparisons between the serological
0107530 TSRS 212
Table S18. The effects of serological pattern, breed, and age on lactose yield (kg/ewe) for the
first 120 days of the milking period and pairwise comparisons between the serological
0107530 TSRS 213
Table S19. The effects of serological pattern, breed, and age on solids-not-fat yield (kg/ewe)
for the first 120 days of the milking period and pairwise comparisons between the serological
PALEEITIS. ..ttt ettt et e e 214
Table S20. The effects of infection pattern, breed, and age on milk yield (kg/ewe) for the first
120 days of the milking period and pairwise comparisons between the infection patterns...215
Table S21. The effects of infection pattern, breed, and age on fat yield (kg/ewe) for the first

120 days of the milking period and the pairwise comparisons between the infection patterns.

Table S22. The effects of infection pattern, breed, and age on protein yield (kg/ewe) for the

first 120 days of the milking period and pairwise comparisons between the infection patterns.

Table S23. The effects of infection pattern, breed, and age lactose yield (kg/ewe) for the first

120 days of the milking period and pairwise comparisons between the infection patterns...216



Table S24. The effects of infection pattern, breed, and age on solids-not-fat yield (kg/ewe) for
the first 120 days of the milking period and pairwise comparisons between the infection
0 1Sy 4 1RSSR 217
Table S25. Odds ratios of serological pattern, breed, and age regarding the occurrence of
short lactation period (<7 months) and the pairwise comparisons between the serological
PALLETIIS. ..ottt ettt ettt e ettt e st e e et e et e e s et ee e at e e e st eeenebeeenta e e e bt e e ennbeeentaeeenbaeennbeeennnes 218
Table S26. Odds ratios of infection pattern, breed, and age regarding the occurrence of short
lactation period (<7 months) and the pairwise comparisons between the infection patterns.219
Table S27. Odds ratio of serological status, breed, age, production stage and year of the study
regarding the occurrence of nasal discharge during the study. ........c.ccoceevviieniieriieniiiinieeies 220
Table S28. Odds ratio of infection status, breed, age, production stage and year of the study
regarding the occurrence of lameness during the study. ..........ccooceeeiiiiiiiiiniiie e, 221
Table S29. Odds ratio of infection status, breed, age, production stage and year of the study
regarding the occurrence of mastitis during the study. ..........cccovviieiiiiiiiiiiiniieeeee, 222
Table S30. Odds ratio of infection status, breed, age, production stage and year of the study
regarding the occurrence of udder skin lesions during the study...........ccoceeviiiiieniiniiennen. 223
Table S31. Odds ratios of infection status, breed, age, production stage and year of the study
regarding the occurrence of wart-like lesions during the study. ........cccceevvveecieeniieeniieenn. 224
Table S32. Odds ratios of serological patterns, breed and age regarding the occurrence of
arthritis during the StUAY. ......coooiiiiiiii e 225
Table S33. Odds ratio of serological patterns, breed and age regarding the occurrence of
swollen supramammary lymph nodes during the study. .........cccccveeviiiniiiiniiieeiieeeeees 226
Table S34. Odds ratio of infection patterns, breed and age regarding the occurrence of of
arthritis during the StUAY. ......coooiiiiiiii e 227
Table S35. Odds ratio of infection patterns, breed and age regarding the occurrence of
swollen supramammary lymph nodes during the study. .........cccccceeeviieiiiiieniiieeiieeeeeees 227

Table S36. The effects of infection status, breed, age, and BCS on white blood cell count

(LOPTIL). et 228
Table S37. The effects of infection status, breed, age, and BCS on granulocyte count (10°/ul).
................................................................................................................................................ 228
Table S38. The effects of infection status, breed, age, and BCS on lymphocyte count (10°/ul).
................................................................................................................................................ 229
Table S39. The effects of infection status, breed, age, and BCS on monocyte count (10°/ul).
................................................................................................................................................ 229



Table S40. The effects of serological pattern, breed, age, and BCS on white blood cell count

(LOPTIL). ettt 230
Table S41. The effects of serological pattern, breed, age, and BCS on lymphocyte count
(LOP /D). oottt et e et s e ee e e e eeees 231

Table S42. The effects of serological pattern, breed, age, and BCS on red blood cell count
(LOC/IL). et 232
Table S43. The effects of serological pattern, breed, age, and BCS on hemoglobin
CONCENrAtioON (Z/AL). .oecuviiieiiieeiie e e e e et e e e e e e e e e e enreeeenaee s 233
Table S44. The effects of serological pattern, breed, age, and BCS on red cell distribution

standard deviation (fL).......ccieriieiiiiiecieeiee ettt ettt e eenbeenreas 234
Table S45. The effects of serological pattern, breed, age, and BCS on platelet distribution
14 U L1 o PO TSRS 235
Table S46. The effects of serological pattern, breed, age, and BCS on platelecrit (ml/1)......236
Table S47. The effects of serological pattern, breed, age, and BCS on platelet large cell count
(L07/1). ettt et e et e et e e e e ereeees 237
Table S48. The effects of infection pattern, breed, age, and BCS on monocyte count (10°/ul).
................................................................................................................................................ 238

Table S49. The effects of infection patterns, breed, age, and BCS on hemoglobin
CONCENLTAtION (/A1) .ottt ettt et 239
Table S50. The effects of infection patterns, breed, age, and BCS on platelet distribution
WIALN. ettt ettt ettt et h ettt a et e neenae e 239



List of Figures

Figure 1. The structure of small ruminant lentivirus particle (a) and genome (b).............. 20

Figure 2. Agarose gel electrophoresis of a) Pol nested PCR products (416bp); b) Env nested
PCR products (394bp); ¢) Gag nested PCR products (185bp); d) LTR simple PCR products
(291bp); e) Gag/pol nested PCR products (800bp) shown with black arrows. ....................... 51
Figure 3. Phylogenetic tree indicates the relationship of LTR nucleotide sequences (~300bp)
of this thesis with the available database (Genbank) SRLV strains originating from different
FelSloTea 21 o) A LoF: | Bt USRS 59
Figure 4. Phylogenetic tree indicates the relationship of env nucleotide sequences (~400bp) of
this thesis with the available database (Genbank) SRLV strains originating from different
EOZIAPNICAL ATCAS. .. .eiuviiiiiiiieiie ettt ettt ettt e et e bt e etbeeaeeesbeeseesnseessseenseessseenseas 61
Figure 5. Phylogenetic tree indicates the relationship of gag-pol nucletoide sequences
(~800bp) of this thesis with the available database (Genbank) SRLV strains originating from
different geographiCal Areas. .........ccueeiieiieiiieiiecie ettt e b et e sebeebe e saeensaas 63
Figure 6. Amino acid sequence alignment of gag-pol sequences and selected reference SRLV
strains from GenBank belonging to genotype A (a), and genotype B, C, and E (b)................ 66
Figure 7. Amino acid sequence alignment of gag-pol sequences and selected reference SRLV
strains from GenBank belonging to genotype A (a), and genotype B, C, and E (b)................ 67
Figure 8. Amino acid sequence alignment of gag-pol sequences and selected reference SRLV
strains from GenBank belonging to genotype A, B, C,and E. .........cccoooiiiiiiiiiiiinii, 68
Figure 9. Amino acid sequence alignment of gag-pol sequences and selected reference SRLV
strains from GenBank belonging to genotype A, B, C, and E. Dots indicate identity with
CAEV-Co strain of genotype B, whereas dashes indicate deletions. ..........c.cceevevvverieeinnenns 68
Figure 10. Agarose gel electrophoresis of F2-R PCR products (126bp, shown with red
arrows), F2-Rb PCR product (214 bp, shown with yellow arrow), and F2-Ra PCR product
(209bp, ShOWN With ZIEEN AITOW). ...ccueieiieiiiieiieeieeiie ettt ettt ettt et siee et e abeebeeseneenneas 69
Figure 11. Cycle threshold (Ct) curves (a) and melting curves (b) of F2-R protocol in positive
samples (PS), negative samples (NS), and non-template control (NTC). Positive samples
produced a single peak melting curve (80.4-80.8 °C)....c.ovevveveicvirieierieeieeeeeeeeeeeeeee e 70
Figure 12. Cycle threshold (Ct) curves (a) and melting curves (b) of F2-Rb protocol in
positive samples (PS) of genotype B, positive samples of genotype A (A), negative samples
(NS), and non-template control (NTC). Positive samples of genotype A produced a single
peak melting curve (80.7-80.9 C)......oviveiieieieeieeeeeeeeeeeeeee ettt 71



Figure 13. Standard curves of the F2-R (a) and F2-Rb (b) real-time PCR assays. Ct (cycle
threshold) values of serial dilutions were plotted against the log concentration of gBlock gene
fragment (a) and DNA sample (b). Regression equations with the coefficient of correlation

(R?) and efficiency of the reaction (E) are also shown. The dots in the regression line

represent the result of a triplicate amplification of each serial dilution.............ccccoecveriinennnens 72
Figure 14. Geographical distribution of the studied farms. ..........ccccoceviiiiniininiininien, 79
Figure 15. The frequencies of serological patterns in Chios and Lacaune breed. ................... 86

Figure 16. Age class of Chios and Lacaune ewes at the seroconversion (a) and the
seroreversion (b) incident. Age is presented in age classes, 1 (x<1),2 (1 <x<2),3(2<x<
3), 4 (B<X<4),aNd 5 (X 4). oottt 87
Figure 17. Mean relative optical density (OD) values of ELISA in constantly seronegative

ewes (a), constantly seropositive ewes (b), and ewes with an intermittent presence of

antibodies (€) during the StUAY. ........cccuieiiiiiiiiiieciee e e 89
Figure 18. Mean relative OD values of ELISA in seroconverted (a) and seroreverted (b) ewes
before and after the seroconversion/seroreversion iINCIAENt...........eeveerreeerieeiieerieerieerieeeeene 90
Figure 19. Infection patterns in Chios and Lacaune breeds. .........c.ccoceveeiieriinenncniicnenncnnns 91

Figure 20. Mean Cycle threshold (Ct) values of real-time PCR testing for uninfected, infected
seropositive and infected seronegative animals during the study. .........cccoevvveviveiniieenieeenee. 92
Figure 21. Mean Cycle threshold (Ct) values of real-time PCR testing for constantly
SCTOPOSTEIVE EWES. ...eeuuiieiieiuiietieaiteetteeteestteeteesseesabeeseeeaseesstesaseenseeenseassesnseesseeenseesssesseesnseans 93
Figure 22. Mean Cycle threshold (Ct) values of real-time PCR for seroconverted and
seroreverted ewes before and after the seroconversion/seroreversion incident. ...................... 94
Figure 23. Point seroprevalence and prevalence in ewes in each sampling occasion during the
11016 | 2SR PUPSYRRRRPPRPO 96
Figure 24. Point seroprevalence (a) and prevalence (b) in Chios and Lacaune ewes in each
sampling occasion during the StUAY. .......c..coeciiiriiiiiiii e 97
Figure 25. Point seroprevalence (a) and prevalence (b) in each sampling occasion during the
study per age class in Chios ewes; the five age classes are: 1 (x <1),2 (1 <x<2),3(2<x<
3),4 (B3<X<4),aNAd 5 (X 4) oottt e s e e e ae e e saaa e 98
Figure 26. Point seroprevalence (a) and prevalence (b) in each sampling occasion during the
study per age class in Lacaune ewes; the five age classes are: 1 (x<1),2 (1 <x<2),3(2<x
<3), 4 (3<X<4),aNd 5 (X 4). ittt et e e s aa e e eraa e 99
Figure 27. Point seroprevalence in lambs in each farm and sampling occasion during the

SEUAY. . vveeeeeeeeeeeeeeeeseeseesseeeseeseeseeseeeeeessseseesseeeeeseeeseeseseeeeseeeeeeseeeees e eeeseeeees e eeeseeeeeseeeeeseens 106



Figure 28. Point seroprevalence in each sampling occasion during the study in lambs fed
unpasteurized and pasteurized COLOSIIUML ........c.oovuiiriiiiiiiiiciieee e 107
Figure 29. Point seroprevalence of lambs in each sampling occasion during the study in
association to the serological (a) and the infection (b) status of their dams at pre-lambing.. 108
Figure 30. Point seroprevalence of lambs from farms A and B in each sampling occasion
during the study in association to the serological (a) and the infection (b) status of their dams
AL PIE-1AMDING. ..oeeeiiiiiiie et e e e et e e et e e e te e e s taeessbaeesssaeessbeeeenseeeenneens 109

Figure 31. Point prevalence in lambs in each farm and sampling occasion during the study.

Figure 32. Point prevalence in lambs that consumed unpasteurized and pasteurized colostrum
in each sampling occasion during the study..........cccceviiiiiiniiiii e 111
Figure 33. Point prevalence in lambs in each sampling occasion during the study in
association to the serological (a) and infection (b) status of their dams at pre-lambing. ...... 112
Figure 34. The frequencies of serological patterns in lambs on each farm. ..........c....c...... 113
Figure 35. The frequencies of serological patterns of lambs fed unpasteurized and pasteurized
COLOSTIUIMIL ...ttt et ettt et e bt e et e bt e et e e saeeenbeesaeeeabeesneeenseenees 114
Figure 36. Percentages of seroconverted (a) and seroreverted (b) lambs in each sampling
occasion during the study for the two types of colostrum. .........cccceeeviiieviiiincieeeieeeieeeeeen 115
Figure 37. The frequencies of serological patterns of lambs in association to the serological
(a) and the infection (b) status of dams at pre-lambing. ............cccoeceervieniiiiieniieiiene e 116
Figure 38. Point prevalence in lambs in each sampling occasion during the study in
association to their serological PAtETN. ........cccviieiiieeiiieeiie e e 117
Figure 39. Flow chart describing the management practices for the control of small ruminant
lentiviruses infection in intensive dairy sheep farms. ..........ccccooveeviriiniinninicneee, 131
Figure 40. Mean values of (a) daily milk yield; (b) daily fat yield; (c) daily protein yield; (d)
daily lactose yield; (e) daily solids-not-fat yield; (f) logarithm of somatic cell counts for 1)
uninfected ewes, i1) infected seropositive ewes, and iii) infected seronegative ewes during the
11014 | /OO OO PUUSRPRRI 142
Figure 41. Proportion of ewes that presented shorter lactation period per serological (a) and
INTECTION (D) PATEIN. ... eviiiiiiieiee ettt e et e e e e e e e et eesbaeessbaeessseeessseeennseeensseens 146
Figure 42. Mean values of body condition score during the study in constantly seronegative
and constantly SETOPOSILIVE EWES. ....ccueerrieruieeiiieniieeieeriteeteesiteeteeseeeeseesseeeseeseresseessseenseenens 149
Figure 43. Mean values of body condition score before and after the seroconversion (a) and

the seroreversion (b) IMNCIAENT..........c.coeiiiiiiiieeie e e e aee e e aeeeenreeeenaee s 150



Figure S1. Point seroprevalence and prevalence in ewes from farm A (a), B (b), C (c), and D
(d) in each sampling occasion during the study. .........ccceeevieeiiieeiiiece e 193
Figure S2. Seroprevalence (a) and prevalence (b) at the beginning of the study per age class

and farm; the five age classes are: 1 (x <1),2 (1 <x<2),3(2<x<3),4(3<x<4),and 5

Figure S3. Period seroprevalence (a) and prevalence (b) for each farm during the study. ....195
Figure S4. Incidence rate according to ELISA results (a) and the combination of ELISA and
PCR results (b) for each farm during the Study........cccceeevieiiiiiiieniieiiee e 196
Figure S5. Cumulative incidence according to ELISA results (a) and the combination of

ELISA and PCR results (b) for each farm during the study..........cccceoeriininninininninicnen 197

10



List of Abbreviations

MYV = Maedi-visna

MVYV = Maedi-visna virus

CAE = Caprine arthritis-encephalitis

CAEYV = Caprine arthritis-encephalitis virus

SRLV = Small ruminant lentiviruses

WOAH = World Organization for Animal Health
USA = United States of America

FIV = Feline immunodeficiency virus

EIAV = Equine infectious anemia virus

SIV = Simian immunodeficiency virus

HIV = Human immunodeficiency virus

RNA = Ribonucleic acid

RT = Reverse transcriptase

INT = Integrase

PRO = Protease

RNaseH = Ribonuclease H

dUTPase = Deoxyuridine-triphosphatase

DNA = Deoxyribonucleic acid

LTR = Long terminal repeats

PCR = Polymerase chain reaction

TMEM154 = Transmembrane protein 154

DPPA2 = Developmental pluripotency associated 2
DPPA4 = Developmental Pluripotency Associated 4
SYTL3 = Synaptotagmin-Like 3

CCRS = Chemokine receptor 5

MHC = Major Histocompatability Complex

TLR7 = Toll-like receptor 7

TLRS8 = Toll-like receptor 8

TLR9 = Toll-like receptor 9

APOBEC3 = Apolipoprotein B mRNA -editing enzyme
C190rf42 = Chromosome 19 Open Reading Frame 19
TMEM38A = Transmembrane Protein 38 A



DLGAP1 = Discs Large (Drosophila) Homolog-Associated Protein 1
TRIMS = tripartite motif-containing 5

AGID = Agar gel immunodiffusion

ELISA = Enzyme-linked immunosorbent assay
RIPA = Radioimmunoprecipitation

RIA = Radioimmunoassay

WB = Western blot

PBLs = Peripheral blood leukocytes

PBMCs = Peripheral blood mononuclear cells
HMA = Heteroduplex mobility assay

LAMP = Loop-mediated isothermal amplification
RPA-LFD = Recombinase polymerase amplification lateral flow dipstick
POC = Point-of-care

EDTA = Ethylenediaminetetraacetic acid

Ab = Antibodies

OD = Optical density

ACK = Ammonium—chloride—potassium

DNase = Deoxyribonuclease

RNase = Ribonuclease

TAE = Tris-acetate-EDTA

UV = Ultraviolet

NH4CI = Ammonium chloride

NaHCO; = Sodium bicarbonate

k-value = Kappa coefficient value

bp = Base pair

BLAST = Basic Local Alignment Search Tool
T = Melting temperature

Ct = Cycle threshold

LOD = Limit of detection

RR = Relative risk

BCS = Body condition score

AIC = Akaike information criterion

DMY = Daily milk yield

DFY = Daily fat yield

12



DPY = Daily protein yield

DLY = Daily lactose yield

DSNFY = Daily solids-not-fat yield
SCC = Somatic cell counts

LogSCC = Logarithm of somatic cell counts
TMY = Total milk yield

TFY = Total fat yield

TPY = Total protein yield

TLY = Total lactose yield

TSNDFY = Total solids-not-fat yield
AWIN = Animal Welfare Indicators

13



List of Definitions

>

Sero-epizootiological study: The epizootiological investigation of SRLV infections
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Epizootiological study: The epizootiological investigation of SRLV infections based on
the detection of either SRLV-specific antibodies or viral DNA in the studied animals
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in each sampling occasion.
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of ELISA and real-time PCR results in each sampling occasion. In lambs point prevalence
was calculated based exclusively on real-time PCR results.
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seropositive during the study.
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seronegative during the study.
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Animals with an intermittent presence of antibodies: Alternating seropositive and
seronegative status during the study regardless of their serological status at the beginning
of the study.

Seroconversion/seroreversion incident: The time-point of seroconversion/seroreversion
event, namely, the first sampling occasion that the animal was detected
seroconverted/seroreverted.

PCR status: PCR positive and PCR negative animal according to the results of the real-
time PCR testing.

Infection status: SRLV-infected or SRLV-uninfected ewe according to the combination
of ELISA and PCR results; a ewe was defined as infected with a positive ELISA or real-
time PCR test and uninfected when both ELISA and real-time PCR test were negative.
The infected ewes were further grouped into infected seropositive when both ELISA and
real-time PCR results were positive and infected seronegative when only PCR results
were positive. In lambs infections status was defined exclusively based on the real-time
PCR results (infected and uninfected).

Infection pattern: The categorization of animals at the end of the study as infected
seropositive (tested both PCR positive and constantly seropositive or with an intermittent
presence of antibodies or seroconverted until the end of the study), as infected
seronegative (tested PCR positive and constantly seronegative or seroreverted until the
end of the study), or uninfected (tested both PCR and ELISA negative throughout the
study).

Total milk, fat, protein, lactose, solids-not-fat yields: The yields of milk, fat, protein,
lactose, solids-not-fat yields calculated for the first 120 days of the milking period.
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Preface

Dairy sheep farming is the major sector of livestock production in Greece. According to
recent data from the Hellenic Statistical Authority (2021), in our country, 7,378,357 sheep are
reared in 51,014 farms, producing more than 880,000 tons of milk, which is mainly used for
the production of cheeses, yogurt and other dairy products.

Traditionally, dairy sheep were reared under extensive farming systems in Greece, exploiting
the diverse, lush pastures for the production of high-quality milk. However, in the last
decades, the increasing global demand for Greek dairy products made from ovine milk has
led to the intensification of production. This intensification has been followed by various
benefits (e.g., increased productivity and profitability, consistent milk production in terms of
quantity and quality, integration of modern technologies, and improved biosecurity and
hygiene status in farms) and challenges (e.g., emerging health issues, welfare considerations,
environmental impacts, etc.).

Infectious diseases are highly rated among the factors deteriorating the sustainability of
intensive dairy sheep farms, with ovine progressive pneumonia (also known as maedi-visna)
placed at the top of the relevant list. Maedi-visna is a chronic disease of sheep causing severe
multi-organ clinical disease, emaciation, and even death of the infected animals, caused by
small ruminant lentiviruses (SRLV). Although the disease has been reported since 1915, in
the last decades, the international trade of breeding stocks and the close contact of sheep
reared under intensive farming systems have favored the global spread of the virus and the
constant increase in SRLV infection prevalence. The World Organization for Animal Health
(WOAH) has included SRLV in the list of notifiable terrestrial and aquatic animal diseases,
and many countries have applied national control programs for the eradication of the disease
as there is no treatment or vaccination. However, the early and accurate diagnosis of
infections remains a challenging worldwide endeavor, undermining the successful
implementation of control programs.

Despite the fact that the impact of the disease on animal productivity, health and welfare has
been recognized, it has not been fully elucidated and quantified yet. The long-lasting
incubation period of the disease and the lack of a “gold standard” for the accurate diagnosis
confound both the epizootiological investigation of the disease and the quantification of its
effects in dairy sheep. Also, the vast majority of epizootiological studies are based on cross-
sectional observations and recordings, which limit the extraction of safe conclusions

regarding chronic infections and diseases.
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In Greece, although there is evidence of extensive SRLV spread, relevant epizootiological
data are scarce, and the prevalence status in the country is unknown. The lack of updated
epizootiological data does not allow the proposal and implementation of targeted national
control programs and evidence-based preventive measures. Considering this, the overall
objectives of the present thesis were to: 1) develop and evaluate a diagnostic protocol for the
early and accurate diagnosis of SRLV infections with the combination of serological and
molecular tests; i1) investigate the epizootiology of SRLV infections; and iii) quantify the
effects of SRLV infections on milk yield and quality traits in representative intensive dairy
sheep farms in our country.

In particular, the present study is structured into three Chapters. In the first Chapter, the
applied diagnostic protocol is presented, including 1) the utilization and evaluation of a
commercial ELISA for the serology-based diagnosis of SRLV infections, and ii) the
development and evaluation of a molecular diagnostic protocol for the early and accurate
diagnosis of circulating SRLV strains in intensively reared purebred Chios and Lacaune
sheep.

In the second Chapter, a prospective epizootiological study was conducted in intensively
reared ewes and lambs using as diagnostic tools the ELISA test and the real-time PCR
protocol described in the first Chapter. The objectives of this study were to: 1) calculate
morbidity frequency measures for SRLV infections; ii) determine serological patterns; iii)
reveal potential risk factors associated with the SRLV infections, the manifestation of specific
serological patterns, and the occurrence of seroconversion/seroreversion incidents; and 1iv)
evaluate transmission dynamics and the significance of horizontal and vertical transmission.
The third Chapter, presents a prospective study for the assessment of the effects of SRLV
infections on 1) milk yield and milk quality traits [fat-, protein-, lactose-, solids-not-fat-yield,

somatic cell counts (SCC)], and ii) health and welfare status in dairy ewes.
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Part A: Small ruminant lentiviruses-Introduction

Ovine progressive pneumonia (OPP), also known as maedi-visna (MV), is an incurable viral
disease of sheep with a very long incubation period that leads to life-long infection (Cutlip et
al., 1988; Blacklaws, 2012). It is caused by non-oncogenic exogenous retroviruses, namely,
maedi-visna virus (MVV) and caprine arthritis-encephalitis virus (CAEV), both belonging to
a subgroup of viruses of the family Retroviridae known as small ruminant lentiviruses
(SRLV) (Gomez-Lucia, Barquero and Domenech, 2018). Chronically infected sheep may
develop pneumonia, mastitis, arthritis, encephalitis, and progressive emaciation, leading even
to death (Pépin et al., 1998; Minguijon et al., 2015).

The impact of SRLV infections on farm sustainability is associated with reduced milk
production (Leitner et al., 2010; Martinez-Navalon et al., 2013; Echeverria et al., 2020; Juste
et al., 2020), impaired lamb growth (Pekelder et al., 1994; Keen et al., 1997; Arsenault ef al.,
2003; Huttner, Heyne and Heim, 2017), and increased replacement rate due to severe clinical
manifestation of the disease or even death of the infected animals (Benavides et al., 2013).
Currently, SRLV have a global spread and the World Organization for Animal Health
(WOAH) has included them in the list of notifiable terrestrial and aquatic animal diseases,
with a significant impact on the international trade of animals and their products (WOAH,
2023). Preventive measures against their transmission between and within the farms proved
ineffective to various degrees. This is associated with an evident lack of updated
epizootiological data and a “gold standard” assay for the early diagnosis of SRLV infections,

which renders the development of efficient control strategies a challenging endeavor.

I. History of small ruminant lentiviruses

Initially, OPP was described in South Africa in 1915 and in Montana, USA, in 1923 (Cutlip
et al., 1988; Brodie et al., 1998). Later, OPP was reported in Iceland in 1939, possibly
originating from the importation of Karakul sheep from Germany in 1933 (Brodie et al.,
1998; Straub, 2004). Two discrete diseases were initially described, namely maedi and visna,
from the Icelandic words used for dyspnea and shrinking, respectively. Finally, maedi and
visna were attributed to the same infectious viral agent, and the term maedi-visna was
established worldwide (Straub, 2004). Maedi-visna virus was the first member of the genus
Lentivirus, which derived its name from the long latent period and the slow progression of the
infections caused by this category of viruses, as lentus means slow in Latin. Eventually,
SRLV were transmitted among several countries through the trading of breeding stocks [e.g.,

Denmark (1968), Canada (1970), Hungary (1972), France (1976), Norway (1979), and
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Finland (1994)] (Blacklaws et al., 2004). Nowadays, they have a worldwide spread, with the
exception of Iceland, New Zealand, and Australia, which are considered MV V-free (but not

CAEV-free) regions (OIE, 2018).

I1. Phylogeny of small ruminant lentiviruses

Currently, five genotypes of SRLV, namely A, B, C, D, and E, have been identified in sheep
and goats (Shah et al., 2004; Grego et al., 2007). Genotypes A (A1-A22 subtypes) and B (B1-
B5 subtypes) have worldwide distribution and consist of MVV and CAEV strains,
respectively (Ramirez et al., 2013; Santry et al., 2013; Michiels, Adjadj and De Regge, 2020;
Molaee et al., 2020). Genotype C has been isolated in sheep and goats from Norway (Gjerset,
Storset and Rimstad, 2006; Gjerset et al., 2009), genotype D in sheep and goats from Spain
and Switzerland (Shah ef al., 2004; Reina et al., 2006), and genotype E (E1 and E2 subtypes)
in goats from Italy (Grego et al., 2007). Nevertheless, SRLV have genetic variants/strains that
can infect both sheep and goats (Leroux, Cruz and Mornex, 2010; Blacklaws, 2012) and
species-specific categorization of SRLV is not always valid since cross-species transmission
of certain genotypes is evident, with the direction of transmission not always apparent

(Leroux, Cruz and Mornex, 2010).

ITI. Immunopathogenesis of maedi-visna

Small ruminant lentiviruses present biological and genetic similarities with other animal and
human lentiviruses such as the feline immunodeficiency virus (FIV), the equine infectious
anemia virus (EIAV), the bovine immunodeficiency-like virus (BIV), Jembrana Disease Virus
(JDV), the simian immunodeficiency virus (SIV), and the human immunodeficiency virus
(HIV) (Clements and Zink, 1996; Leroux, Cruz and Mornex, 2010). Also, all the lentiviruses
infect cells of the host immune system, causing persistent infection and multi-organ diseases
with slow evolution leading even to death (Clements and Zink, 1996; Brodie ef al., 1998). In
particular, SRLV mainly affect the lungs, the mammary gland, the central nervous system,
and the joints, although the underlying mechanisms of pathogenesis have not been fully
elucidated (Blacklaws, 2012).

The virion of the SRLV consists of two parts: the external envelope and the internal
nucleocapsid core (Figure la). The envelope is a phospholipid bilayer containing the
glycoproteins gpl135SU and gp46TM encoded by the viral gene env (Figure 1b).
Glycoprotein gp135SU facilitates the entry of the viral genome into the host cell through
specific cell receptors, and it is both highly immunogenic and variable among genotypes,

whereas gp46TM forms a protein channel in the viral envelope and is presented conserved in
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various strains and genotypes (Blacklaws, 2012; Gomez-Lucia, Barquero and Domenech,
2018).

The internal core of the virion is composed of an icosahedral capsid that incorporates the
nucleoprotein complex with two linear molecules of RNA and the enzymes reverse
transcriptase (RT) and integrase (INT). The protein of the internal core capsid is named
p25CA and is encoded by the gene gag, which also, encodes for the nucleoprotein p14NC
and the matrix protein pl6MA. The RT and the INT are encoded by the po/ gene which also,
encodes for protease (PRO), ribonuclease H (RNaseH) and deoxyuridine triphosphatase
(dUTPase). The RT enzyme transcribes the viral RNA genome into proviral double-stranded
DNA, which enters the host cell nucleus and integrates into the host DNA genome through
the action of the INT enzyme. The auxiliary viral genes fat and rev express proteins that
facilitate proviral DNA transcription and mRNA expression/splicing, respectively. The role of
the auxiliary gene vif is not well understood but could play a role in modulating host innate
immune responses and the establishment of infection (Clements and Zink, 1996; Brodie et

al., 1998; Gomez-Lucia, Barquero and Domenech, 2018).
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Figure 1. The structure of small ruminant lentivirus particle (a) and genome (b).
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Small ruminant lentiviruses show tropism mainly to macrophages and dendritic cells and
secondarily to epithelial cells of the mammary gland and endothelial and microglial cells of
the central nervous system (Ramirez et al., 2013). The infected dendritic cells transfer the
virus to the lymph nodes where the infection of macrophages leads to the systemic infection
of the animal (McNeilly ef al., 2008). Monocytes are also infected by the virus, but the
replication rate is very low until the cells differentiate into macrophages (Blacklaws, 2012;
Ramirez et al., 2013). There is controversial evidence suggesting that macrophages can cause
life-long infection by entering the bone marrow and infecting progenitor cells of the
monocyte lineage (Blacklaws, 2012). The virus enters immature monocytes using cell-
specific receptors and spreads in tissues and organs, avoiding immunological response
(Ramirez et al., 2013). Recently, a mannose receptor has been identified in sheep as the main
viral entry receptor in macrophages and synovial membrane cells (Blacklaws, 2012; Ramirez
et al., 2013; Gomez-Lucia, Barquero and Domenech, 2018).

After the integration of the proviral genomic DNA into the cellular DNA, the host develops
defense mechanisms to restrict the synthesis of viral RNA (Gomez-Lucia, Barquero and
Domenech, 2018). Virus transcription is initiated at the Long Terminal Repeats (LTR), and
the process requires the action of viral enzymes expressed by the pol gene (Blacklaws, 2012).
The binding sites of these enzymes in the nucleotide viral genome are strain-dependent and
frequently determine cellular tropism, virulence, and pathogenicity of circulating genotypes
(Ramirez et al., 2013).

Small ruminant lentiviruses do not circulate as free virions and do not infect T-cells, which is
a major difference from other lentiviruses that cause immunodeficiency (Reina, De Andrés
and Amorena, 2013). Nevertheless, they stimulate the production of CD3+ T-cells upon
infection; however, the number of T-cells decreases as the infection evolves (Reina, De
Andrés and Amorena, 2013). The immune response against SRLV infection is not fully
understood, and only indirect evidence exists. This evidence includes the increased presence
of T-cells during the early stages of the infection when the number of infected cells and virus
replication is low, the greater susceptibility of young animals with an immature immune
system, the virus mutations to avoid antibody-mediated immunity, and the necessity of
diverting or exhausting the immune response for the progression of the infection (Blacklaws,
2012). Two main theories have emerged in explaining the long-term and persistent infection
of SRLYV; the first one suggests that the continuous viral antigenic shift in the infected host by
mutations of the potential N-linked glycosylation sites (PNG of the viral glycoprotein

gp135SU) prevents viral clearance, whereas the second theory is based on evidence showing
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isolation of the initial antigenic variants after many years of infection even in the presence of
newly emerged mutant variants (Swirski et al., 2009; Arnarson et al., 2017). The latter theory
suggests that the virus escapes immune surveillance by modulating the immune response in
certain virus reservoir organs, such as the bone marrow and spleen. In these organs,
progenitor cells of the monocyte lineage and possibly other hematopoietic stem cells can

function as reservoir cells for the virus (Swirski et al., 2009; Arnarson et al., 2017).

IV. Clinical signs and gross pathology of maedi-visna

Small ruminant lentiviruses cause the chronic diseases MV and CAE (Blacklaws, 2012).
Chronically infected animals may develop pneumonia (cough and dyspnea), mastitis,
arthritis, encephalitis, and progressive emaciation (Minguijon et al., 2015). In the majority of
cases, virus replication is slow, and the number of infected blood cells in the circulation is
very low (McNeilly et al., 2008). Therefore, the clinical disease is latent or progressive, and
in many cases, the clinical signs are not evident or characteristic of the disease at its early
stages (Blacklaws, 2012). Immunosuppression of animals due to aging or co-existing diseases
and environmental stressors accelerates virus replication, and clinical evidence of the disease
becomes apparent. At the flock level, serum detection of antibodies, the severity of clinical
disease, and the number of deaths or culled animals, can be affected by management practices
and the co-existence of other diseases (Gomez-Lucia, Barquero and Domenech, 2018).

The clinical manifestation of SRLV infection depends on the virus strain, the host immune
response, and the host genetic profile regarding resistance or susceptibility to the virus
(Reina, De Andrés and Amorena, 2013; Gayo et al., 2018). Lesions of SRLV infection in
tissues and organs are caused both by the immune response to the viral antigens and the viral
replication itself (Blacklaws, 2012). The cells mainly infected are located at the lungs, the
mammary gland, the nervous system, and the joints (Blacklaws, 2012; Minguijon et al.,
2015). Pneumonia and mastitis are the predominant clinical manifestations in sheep, and less
frequently, lesions such as lymphoid tissue hyperplasia may be apparent in the kidneys, liver,
and heart, indicating them as possible target organs (Angelopoulou, Brellou and Vlemmas,
2006; Brellou et al., 2007; Blacklaws, 2012). Multiple-organ infection may be observed in
the progression of the disease, but the severity of lesions varies among the affected organs
(Minguijon et al., 2015).

Respiratory clinical signs include dyspnea and increased respiratory rate, caused by the
characteristic lymphocytic interstitial pneumonia; at necropsy, the lungs appear discolored,

enlarged, and diffusely firm with gray spots on the pleural surface, and the mediastinal lymph
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nodes are often enlarged (Cutlip et al., 1988; Straub, 2004; Christodoulopoulos, 2006;
Minguijon et al., 2015).

Signs from the nervous system include ataxia, paresis, weakness in hind limbs,
incoordination, or, in heavier cases, total paralysis due to meningoencephalitis (Straub, 2004;
Blacklaws, 2012; Minguijon et al., 2015).

In the mammary gland, SRLV can cause an indurative non-suppurative interstitial mastitis
(van der Molen, Vecht and Houwers, 1985; Cutlip ef al., 1988; Bolea ef al., 2006). The udder
is hard but not painful, with decreased milk production mainly noticed the first days
postpartum, a situation usually described as “hard udder syndrome” or “hardbag” (Bolea et
al., 2006; Minguijon et al., 2015).

Arthritis can also be the outcome of SRLV infection, although it is less common in sheep
(Straub, 2004; Christodoulopoulos, 2006; Blacklaws, 2012; Gomez-Lucia, Barquero and
Domenech, 2018). The affected joints are usually the carpal and tarsal, but metatarsal,
metacarpal, and vertebral joints can also be affected. In advanced arthritis cases, the cartilage
is destroyed, and the articular capsule is fibrotic. In the majority of cases, arthritis is
progressive, causing lameness and involuntary culling of the animal, whereas less often it
may regress (Blacklaws, 2012; Minguijon et al., 2015; Gomez-Lucia, Barquero and
Domenech, 2018).

V. Histopathological lesions of maedi-visna

The histopathological analysis of SRLV infected animals reveals characteristic lesions in
target organs, which mainly consist of infiltration by mononuclear cells and the formation of
lymphoid follicles.

In the lungs, the alveolar walls are thickened due to the interstitial inflammatory infiltration
of mononuclear cells and lymphocytes (Georgsson and Palsson, 1971; Pinczowski et al.,
2017). Also, hyperplasia of smooth muscles and peribronchial lymphoid tissue and
perivascular fibrosis are observed. In severe cases, total obliteration of alveoli may be noted
(Georgsson and Palsson, 1971; Benavides et al., 2013; Pérez et al., 2015; Pinczowski et al.,
2017).

Also, affected joints present infiltration of the synovial membrane and connective tissue by
lymphocytes, plasma cells and macrophages which is followed by villous hypertrophy,
angiogenesis, and finally fibrosis, mineralization, and necrosis of the synovium and joint
capsule (Ravazzolo et al., 2006; Blacklaws, 2012; Pérez et al., 2015; Pinczowski et al.,
2017).
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In the nervous system, astrocytosis, microgliosis, infiltration of the neuroparenchyma by
inflammatory cells, mononuclear perivascular cuffs, and focal secondary demyelination in the
brain and the spinal cord are observed (Benavides et al., 2009; Blacklaws, 2012; Ramirez et
al., 2012).

In the mammary gland, lymphocytic interstitial infiltration of epithelial cells in gland
parenchyma and lymphoid hyperplasia were observed, leading in severe cases to the
destruction of the acinar structure and the occurrence of periductal fibrosis (Bolea et al.,

2006; Fournier, Campbell and Middleton, 2006; Benavides ef al., 2013).

VI. Epizootiology of small ruminant lentiviruses

Currently, SRLV have a worldwide spread, and various prevalence rates have been reported
in countries around the world with a developed small ruminant sector (Arsenault et al., 2003;
Alba et al., 2008; Hiittner, Seelmann and Feldhusen, 2010; Pérez et al., 2010; Preziuso et al.,
2010; Lago et al., 2012; Zhang et al., 2013; Michiels et al., 2018; ince, 2020; Pazzola et al.,
2020). Although the major routes of infection have been identified, there are several factors,
either at the animal or at the farm level, that influence the spreading of SRLV within and

between the farms and determine the morbidity frequency measures of SRLV infections.

1. Transmission of small ruminant lentiviruses

The mechanisms and significance of horizontal and vertical transmission of SRLV have not
yet been fully clarified (Blacklaws et al., 2004). The major routes of transmission have been
described; however, their significance and extent remain unclear. This information is critical
for the efficient designation of eradication protocols, especially for intensively reared dairy
sheep.

The vertical transmission of SRLV refers to the transmission of the virus from the ewe to the
lamb during pregnancy (transplacental), at lambing, or during suckling (Peterhans et al.,
2004). Results from studies regarding transplacental transmission are controversial; the
possibility of horizontal transmission any time post-lambing complicates the assessment of
the significance of either transplacental or horizontal transmission, although SRLV have been
detected in genital tissues and newborn kids have been found infected (Blacklaws et al.,
2004; Peterhans et al., 2004; Broughton-Neiswanger et al., 2010; Cortez-Romero et al., 2011;
Araujo et al., 2020). Vertical transmission at lambing refers to the transmission of viruses
while the lamb passes through the ewe’s genital tract and is exposed to maternal body fluids
and blood. The significance of this route of transmission remains unknown and very difficult

to be elucidated (Peterhans et al., 2004; Broughton-Neiswanger et al., 2010).
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The most significant route of vertical transmission is considered to be the lactogenic, through
the ingestion of colostrum and milk from infected dams. Small ruminant lentiviruses show
tropism to the epithelial cells of the mammary gland and the resident macrophages, where
they can replicate (Bolea et al., 2006). It has been found that isolated lambs fed colostrum or
milk from infected ewes seroconverted a few months later, and some of them were diagnosed
with clinical disease later in their adult life (Blacklaws ef al., 2004). There is evidence that
lactogenic transmission is more significant in small ruminants than in primates due to the
higher permeability of the digestive tract of small ruminants in the first 24 hours post-
lambing, allowing virions and infected cells to be absorbed by the lamb’s intestine (Preziuso
et al., 2004; Pisoni et al., 2010). However, not all the subgroup variants of SRLV are
efficiently transmitted via the lactogenic route, as the envelope varies among the different
subgroups, determining some of their physicochemical properties and facilitating or not the
lactogenic transmission (Pisoni et al., 2010).

Horizontal transmission of SRLV includes the environmental, mechanical and iatrogenic
routes, but mainly refers to transmission through respiratory secretions. Lungs are the main
target organs in the respiratory tract. In the lungs, the virus infects monocytes, macrophages,
and dendritic cells, and it can be transmitted via secretions containing these cells (Blacklaws
et al., 2004; Blacklaws, 2012). In general, the lower respiratory tract constitutes the main
route of infection (Blacklaws et al., 2004; McNeilly ef al., 2007). This route of transmission
is of major importance in intensively reared and permanently housed sheep in sheds with
inadequate ventilation and high stocking density (Minguijon et al., 2015), while many
researchers claim that airborne transmission could be a more significant route of transmission
compared to vertical transmission (Broughton-Neiswanger et al., 2010; Minguijon et al.,
2015). For this reason, the segregation of newborn lambs and the separation of uninfected
animals from the infected ones are of major importance for the control of SRLV transmission
(Blacklaws et al., 2004; Pérez et al., 2013; Villoria et al., 2013). The significance of
transmission through contaminated barns, sheds, feeding and water equipment, pastures or
reusable veterinary equipment has not yet been fully clarified (Blacklaws et al., 2004;
Peterhans et al., 2004). The presence of the virus in the water and air from pens with infected
animals indicates that waterborne and airborne transmission on farms cannot be disregarded
(Villoria et al., 2013). Infection of dairy sheep via the teat canal during milking has also been
reported (Blacklaws et al., 2004).

Sexual transmission is theoretically possible but not yet confirmed. However, there is

evidence of virus proliferation in the genitals of infected rams (Cortez-Romero et al., 2013)
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and the virus has been found in the semen of rams with leukocytospermia and rams positive
for Brucella ovis (Preziuso et al., 2003). In another study using real-time PCR (Polymerase
chain reaction), proviral DNA of SRLV was found in semen (intermittent shedding) and the

genital tract of rams, suggesting possible sexual transmission (Peterson et al., 2008).

2. Risk factors for small ruminant lentiviruses infections

There are several risk factors that influence the transmission of SRLV between and within
flocks. These factors determine the likelihood of infection and morbidity frequency measures
of the disease. Identification and mitigation of risk factors at the farm level are therefore
crucial when establishing a SRLV control or eradication program. Flock size, stocking
density, intensification of production (Pérez et al., 2010; Shuaib et al., 2010; Lago et al.,
2012; Junkuszew et al., 2016; Michiels et al., 2018), and age distribution (Pérez et al., 2010;
Lago et al., 2012; Michiels et al., 2018) affect the likelihood of seropositivity at the flock
level, indicating the significant role of horizontal transmission in the epizootiology of the
SRLYV infections. For example, lower prevalence in extensively reared sheep can be attributed
to reduced stocking rates and limited direct contact between animals (Leginagoikoa, et al.,
2006a; Leginagoikoa, et al., 2006b), conditions that reduce the exposure to SRLV and the
possibility of airborne transmission through respiratory secretions during exhalation,
sneezing, and coughing. In flocks where MV co-exists with pulmonary adenomatosis, the
transmission is favored by the increased quantities of respiratory secretions produced by the
infected sheep (Blacklaws ef al., 2004; Pérez et al., 2010). In these cases, late removal of
clinical cases and non-isolation of seropositive animals are significant risk factors for the
transmission and the increased seroprevalence of the disease.

Inappropriate cleaning and disinfection of milking equipment (Blacklaws et al., 2004;
Minguijon et al., 2015), reuse of infected needles and surgical equipment, inadequate hygiene
conditions inside the barn, and grazing at common pasturelands are also potential risk factors
for the horizontal transmission of SRLV.

Importation of breeding stocks from flocks with unknown SRLV status is associated with
increased seroprevalence (Shuaib et al., 2010; Lago et al., 2012). The remarkable absence of
certified SRLV-free flocks to produce breeding stocks and the use of seropositive rams for
mating or artificial insemination are the main causes. Surprisingly, despite the lactogenic
transmission of the virus through colostrum or milk during suckling, a reduced
seroprevalence in the replacement stocks has been observed in flocks with an increased

suckling period (Pérez et al., 2010). This is possibly the result of a confounding effect of the
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farming system; increased weaning age is mainly observed in semi-extensive and extensive
systems, where horizontal transmission is limited. On the other hand, early weaning is mainly
practiced in intensive systems where virus transmission is facilitated mostly due to the
permanent housing, the increased stocking density, and the inappropriate ventilation (Alba et
al., 2008; Pérez et al., 2010; Lago et al., 2012). Nevertheless, the use of colostrum or milk
from seropositive dams and the natural suckling of newborn animals constitute major risk
factors. Also, in mixed-species flocks (sheep and goats), the seroprevalence has been found to
be higher, possibly due to cross-species transmission of several SRLV strains (Alba et al.,
2008; Lago et al., 2012).

Moreover, the genetic resistance/susceptibility against SRLV infections has been investigated
in many breeds. Different alleles of the cellular TMEM154 (Transmembrane protein 154)
gene have been found to be associated with the occurrence of SRLV infections. Haplotypes
carrying nucleotide sequences coding the amino acid glutamate at position 35 are associated
with increased susceptibility, whereas haplotypes carrying nucleotide sequences that code
lysine at the same position are associated with resistance (Heaton ef al., 2012; Leymaster et
al., 2013; Alshanbari et al., 2014). Also, the haplotype responsible for the susceptibility
seems to be dominant against the “resistant” haplotype (Leymaster et al., 2013). Although
there is indication for an association between TMEM154 mutations and resistance against
SRLV infections, there is no proven association for all the haplotypes (Alshanbari et al.,
2014). Other genes investigated for their association with virus susceptibility are the DPPA2
(Developmental Pluripotency Associated 2)/DPPA4 (Developmental Pluripotency Associated
4), SYTL3 (Synaptotagmin-Like 3), CCRS5 (Chemokine receptor 5), MHC (Major
Histocompatability Complex), TLR7, TLRS, TLR9 (Toll-like receptors) genes, and APOBEC3
(Apolipoprotein B mRNA-editing enzyme) proteins (Larruskain and Jugo, 2013; White and
Knowles, 2013; Stonos, Wootton and Karrow, 2014), whereas the zinc finger cluster,
C19orf42 (Chromosome 19 Open Reading Frame 19)/TMEM38A (Transmembrane Protein
384) and DLGAPI (Discs Large (Drosophila) Homolog-Associated Protein 1) genes have
also been proposed for use in genetic selection programs to facilitate the control of the
disease (White et al., 2012). The tripartite motif-containing 5 (TRIMS) protein has been
studied and has been proven to contribute to the restriction of SRLV (Jauregui et al., 2012).

VII. Impact of small ruminant lentiviruses infections
Currently, the impact of SRLV infection on small ruminants’ productivity has not been

sufficiently elucidated, as the available studies have produced contradictory results. In
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particular, some of the studies have evidenced an adverse effect of SRLV infections on milk
yield in dairy sheep (Echeverria et al., 2020; Juste et al., 2020) and goats (Leitner et al.,
2010; Martinez-Navalon et al., 2013), whereas other studies concluded that SRLV infections
have not a remarkable adverse effect on it in the same species (Nord and Adney, 1997;
Legrottaglie et al., 1999; Turin et al., 2005; Kaba et al., 2012; Barquero, Gomez-Lucia,
Arjona, Toural, Las Heras, Fernandez-Garayzabal, et al., 2013; Pazzola et al, 2020).
Moreover, the effects of SRLV infections on milk quality traits in dairy sheep and goats have
not been yet sufficiently estimated; many studies claim an adverse impact on fat, protein, and
lactose yields in seropositive ewes and goats (Turin et al., 2005; Leitner et al., 2010; Kaba et
al., 2012; Martinez-Navalon et al., 2013; Juste et al., 2020), whereas other studies either have
not reported any effect of seropositivity on quality traits (Nord and Adney, 1997; Legrottaglie
et al., 1999; Barquero et al., 2013c¢) or have reported a favorable effect on milk fat (Turin et
al., 2005; Echeverria et al., 2020). Although SRLV infections are recognized as a major cause
of animal culling and death in infected flocks, their effect on the replacement rate has not yet
been assessed (Benavides et al., 2013), while according to a study by Leitner ef al. (2010) the
effect of SRLV on the culling rate is not significant.

Furthermore, SRLV infection has been associated with reduced fertility in ewes (Dohoo et al.,
1987), reduced birth or weaning weight of lambs (Pekelder et al., 1994; Keen et al., 1997,
Arsenault et al., 2003; Huttner, Heyne and Heim, 2017), and increased lamb mortality (Keen
et al., 1997; Arsenault et al., 2003). However, in other studies, subclinical SRLV infection in
sheep and goats did not have any adverse effect on lamb and goat kids body weight or wool
production (Snowder et al., 1990; Nalbert ef al., 2019).

The economic impact of SRLV infections in small ruminant farms is relatively important, as
they are associated with direct and indirect economic losses undermining the sustainability of
sheep farms. In particular, these losses include: 1) the increased culling of animals with
clinical disease, which results in an increased replacement rate and cost; i1) the reduction in
quantity and quality of the produced milk due to the increased incidence of mastitis; iii) the
reduction in average daily gain of lambs during suckling due to the reduced milk yield of
ewes with mastitis; iv) the use of chemotherapeutic agents to reduce co-infections; and v) the
restrictions in trading of breeding stocks and semen. The magnitude of monetary losses is
determined by factors related to the clinical signs, the epizootiology, and the control of the

disease at the farm level.
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VIII. Diagnosis of small ruminant lentiviruses infections

Considering the lack of efficient treatment or vaccination for SRLV infections, early and
accurate diagnosis is paramount for the successful implementation of control programs, the
eradication of MV and CAE, and the accreditation of SRLV-free regions and farms.
Considering that clinical signs of MV or CAE may not be characteristic or apparent early
after the infection, the diagnosis of SRLV infections is mainly based on laboratory methods.
The detection of SRLV-specific antibodies with serological tests such as agar gel
immunodiffusion (AGID), enzyme-linked immunosorbent assay (ELISA),
radioimmunoprecipitation (RIPA), radioimmunoassay (RIA), and western blot (WB), or the
detection of viral genome with molecular assays (e.g., PCR, real-time PCR) and virus
isolation in cell cultures (OIE, 2018) are considered the most reliable methods for the
confirmation of the infection.

Lack of a “gold standard” assay for the early diagnosis of SRLV infections has led to various
types and combinations of serological and molecular assays being utilized in eradication
programs around the world with variable efficacy (Nord, Leken and Orten, 1998; Sihvonen et
al., 2000; Peterhans ef al., 2004; Modolo et al., 2009; Synge and Ritchie, 2010; Pérez et al.,
2010, 2013; Kaba et al., 2011; Polledo et al., 2013; Michiels et al., 2018; Cirone et al., 2019).
The limited success of the currently applied programs to control the disease implies that some
of the infected animals evade diagnosis, acting as virus reservoirs for the establishment of re-
infections. This situation perpetuates the economic impact of SRLV infections, increases the
uncertainty and cost of the invested resources for SRLV eradication, and reduces the
willingness of farmers to participate in control programs.

Currently, universally applicable diagnostic tools are not available, and the development of
highly sensitive and specific diagnostic protocols is urgent; however, it remains a challenging
task due to 1) the genetic variability of the different strains of SRLV associated with
mutations, recombination, and cross-species transmission, and ii) the peculiarities of small
ruminants’ humoral immune response regarding late seroconversion, as well as intermittent

and epitope-specific antibody production.

1. Clinical and histopathologic diagnosis

Clinical evaluation of the suspected SRLV infected animals may confirm the presence of
characteristic clinical manifestations of the disease, such as pneumonia, mastitis, arthritis, and
encephalitis. However, in many cases, persistently infected animals remain asymptomatic for

years or present adjective clinical signs that cannot be clinically evaluated (Blacklaws, 2012;
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OIE, 2018). Also, the histopathological examination of tissues and organs for characteristic
lesions is feasible at necropsy and can contribute to the confirmation of SRLV presence.
Nevertheless, the histopathological examination is not valuable for the early diagnosis of the

infected animals, as it is being performed post-mortem.
2. Laboratory diagnosis

2.1 Serological methods

Regarding serological methods, ELISA has been widely exploited in SRLV control programs
for the screening of sheep and goat populations in many countries (e.g., Spain, Netherlands,
Italy, Switzerland) (Houwers et al., 1987; Mordasini et al., 2006; Schlup et al., 2009; Pérez et
al., 2010; Cardinaux et al., 2013; Tavella et al., 2018; De Martin et al., 2019). Viral capsid
and matrix proteins (p25CA, p28CA, pl4NC, and pl6MA), and envelope glycoproteins
(gp135SU, gp46TM) coded by the gag and env genes, respectively, are commonly used as
antigens for the detection of SRLV-specific antibodies (De Andrés et al., 2005; Herrmann-
Hoesing, 2010; Gomez-Lucia, Barquero and Domenech, 2018). Despite the fact that its
performance is not universally constant, ELISA remains a user-friendly, low-cost, semi-
quantitative diagnostic test with sufficient repeatability and, in most cases, sensitivity and
specificity (De Andrés et al., 2005; Barquero, Domenech and Gomez-Lucia, 2016). Both the
commercially available kits (see Table 1) and the in-house assays belong either to the indirect
or to the competitive assay type for the detection of circulating antibodies in infected animals.
In the indirect ELISA assays, antigens can be the whole virus, recombinant proteins, or
synthetic peptides, whereas in the competitive assays, combinations of monoclonal antibodies
are utilized for competition with sera antibodies for the coated viral antigens. Although
ELISA is the most commonly used diagnostic test, the scarcity of efficient validation
protocols using at least one reference standard method (RIPA or WB), according to the
guidelines of WOAH (OIE, 2018), constitutes a major flaw in the process of being officially
recognized as valid and reliable screening assays.

A considerable advantage of ELISA when compared to other serological methods is its
capability to be applied to various biological samples such as blood serum, plasma, and milk
(Mazzei et al., 2005; Plaza et al., 2009; Brinkhof et al., 2010; Barquero ef al., 2011; Barquero
et al., 2013a; Barquero et al., 2013b; Adjadj et al., 2019; Potarniche et al., 2021). Among
these samples, milk seems to be the most ambiguous sample matrix given that several factors
may adversely affect the reliable diagnosis, such as the progressive reduction of antibodies

throughout the lactation, the occurrence of false positive background signals in cases of
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mastitis, colostrum, increased milk fat content, or even the specific immune response of the
mammary gland depending on the infection stage (Barquero et al., 2013a; Adjadj et al.,
2019). Enzyme-linked immunosorbent assays (ELISAs) fluctuate between high sensitivity
and low specificity and vice versa; for example, the high sensitivity of competitive ELISAs
due to the use of undiluted sera is usually combined with low specificity (Herrmann et al.,
2003; Herrmann-Hoesing, 2010). In general, the unsatisfactory diagnostic performance of
ELISA is mainly attributed to: 1) the unfavorable combination of the test’s antigen and the
infection stage of the tested animal, as the production of antibodies against matrix and capsid
proteins (e.g., p25, p28, and pl6) during early infection stages precedes the production of
other antibodies, while it is almost eliminated at later stages of the infection, where antibodies
against gp46 and gp135 prevail (Lacerenza et al., 2006; Sardi et al., 2012; Michiels et al.,
2018), i1) the antigenic distance between the viral strain used in the development of the assay
and the infecting strain of the examined animals; although SRLV strains are characterized by
cross-reactivity (De Andrés et al., 2013; Sanjosé ef al., 2015), homologous humoral immune
response in strain-specific epitopes reduces dramatically the sensitivity of ELISA test, leading
to misdiagnosis (Lacerenza et al., 2006; Reina et al., 2009; Cardinaux ef al., 2013; Nogarol et
al., 2019), iii) the late seroconversion of animals, the fluctuation of antibody response during
animal’s life and the alternations between viremia and humoral immune responses (De
Andrés et al., 2005; Leginagoikoa et al., 2009; Barquero et al., 2013a; Kalogianni et al.,
2020), and iv) the animal species; in goats, a more robust reactivity against transmembrane
glycoproteins compared to capsid proteins has been observed (Brinkhof and Van Maanen,
2007; Cardinaux et al., 2013). Therefore, except for the impediments arising from virus
nature and immunopathological mechanisms, a critical endeavor for the enhancement of
serological diagnostic performance is to enrich the antigenic design of ELISA and improve its
negative predictive value. The use of whole virus, incorporation of multiple antigens and
synthetic peptide combinations, and genotype-specific immunodominant epitopes have been
proposed for the extension of the antigenic spectrum and the amplification of the detection
capacity of the assay (Lacerenza et al., 2006; Ramses Reina et al., 2009; Sardi et al., 2012;
De Andrés et al., 2013; Sanjosé et al., 2015; Echeverria et al., 2020; Ramirez et al., 2021).

31



Table 1. Commercially available ELISA kits used for the diagnosis of SRLV infections (Kalogianni ef al., 2021).

ELISA Sample/
Commercial Kit Product Name Format Antigen Diagnostic Se/Sp Reference Test Ref
matrix
LSIVet' " Ruminant Maedi-
Visna/CAEV serum ELISA kit (LSI, . gp135 TM protein/A and B 90.2%°/92.8%" o
Thermo Fisher Scientific, Waltham, Competitive genotypes Serum 100.0%"/85.7%" aPCR (Michiels et al., 2018)
MA, USA)
L . 100.0%"/97.8%"
ID screen® MVV/CAEV indirect (IDvet peptides from the MVV/CAEYV, o/ - o/b qPCR, . .
Innovative Diagnostics, Grabels, Indirect gpl135 and p25 proteins/A, B Serum, pl.asma oL7% 100'?{? 197.6- ELISA™® (N9w1.cka etal, 2014
France) and E genotypes and milk 98.9% Michiels et al., 2018)
Eradikit™ SRLV screening test (IN3 . gag and env peptides/A, B and Serum, plasma 96.1%°%/99.4%" _
diagnostic, Italia) Indirect E genotypes and milk 100.0%/94.6%" qPCR (Michiels et al., 2018)
. . 98.0, 96.9, 97.8, qPCR, (Saman et al., 1999; Varea
Elitest MVV/CAEV (Hyphen BioMed, . MVV capsid rp25 and gp46 TM 99.3%%94.7,99.2,98.2,  Bayesian et al.,2001; Toft et al.,
Neuville-sur-Oise, France) or Innotest Indirect . . Serum osa . e
. . - 5 /0 > > )
MVV (Innogenetics, Gent, Belgium) protein/EV-1 strain, A genotype 99b4/ ) analysis, AGID  2007; Michiels et al
’ ’ 95.8%°/99.7% and WB 2018)
. tide of TM protein (env a a
MVV/CAEV p28 Ab Screening Test . pep ) Serum and 84.3% 7/99.6% _
(Idexx, Westbrook, ME, USA) Indirect p%e;‘zq‘i‘;‘é %ﬁ;}t‘:i;‘jzog“;ﬁ‘;gl plasma 91.7%0/100.0% qPCR (Michicls et al., 2018)
ELISA MAEDI recombinant p28 gag protein Bavesian
VISNA/CAEV (Institut Pourquier, Indirect and peptide of the env protein Serum 98%%/97.4%" anZl sis (Toft et al., 2007)
Montpellier, France)* (gp135)/A genotype y
CAEV/MVYV Total Ab Test (Idexx,
Westbrook, ME, USA) or Checkit Indirect Whole virus/strain OLV, A Serum, plasma 98.6%%/99.3%" GAG-GST (Zanoni ef al., 1994)
CAEV/MVV (Dr. Bommeli gentoype and milk 91.4%°/98.9%° ELISA** ”
AG, Bern, Switzerland)
Small Ruminant Lentivirus Antibody .
. . SU Antigen of gp135/B 98.6%°/96.9%" ( Herrmann et al., 2003a;
Test Kit, cELISév % MRD, Pullman, Competitive genotype Serum 100%°/96 4% RIPA Herrmann et al., 2003b)
INgezim . .
Maedi screening™ (Ingenasa, Eurofins  Indirect synthet'l ¢ peptides from the env Serum No published data na
Technologics, Spain) protein/ A and B genotypes
Enferplex Goat/Sheep Multi-Discase recombinant p25 core protein, Serum, plasma
5D (Enfer Scientific, Co. Kildare, Indirect p P ’ an d’rrr)lilk No published data na

Ireland) TM1 gp46 synthetic peptide

ELISA: Enzyme-linked Immunosorbent Assay ; Se: sensitivity; Sp: specificity; *Sensitivity and specificity values for sheep; "Sensitivity and specificity values for goats;
“Sensitivity and specificity values for milk samples; gp: glycoprotein; TM: transmembrane; Ref: reference; na: not available; *before merge of Institute Pourquier by Idexx
Laboratories in 2007; **recombinant GAG (group-specific antigens)-GST (glutathione S-transferase) fusion protein expressed in E. coli; *: Checkit CAEV/MVV
monophasic Dr. Bommeli AG, Bern, Switzerland; B. ELISA MAEDI VISNA/CAEYV Institut Pourquier, Montpellier, France.



Radioimmunoprecipitation, RIA and WB are usually used as “gold standard” methods.
Radioimmunoprecipitation and RIA rely on the conformation of antibody-epitope complexes
like in the AGID method; however, in these assays, the antigens (RIPA) and the antibodies
(RIA) are *°S-labelled, increasing their sensitivity (Reina et al., 2009; Herrmann-Hoesing,
2010). Western Blot uses viral antigens, usually whole virus, which are separated in reducing
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) gels, transferred to
nitrocellulose membranes, and subsequently incubated with animal sera potentially
containing antibodies that recognize and bind to the separated viral antigens (Herrmann-
Hoesing, 2010; Barquero, Domenech and Gomez-Lucia, 2016). The denaturing conditions of
WB, instead of the native conditions in RIPA and AGID, favor the detection of specific
antibodies binding to linear epitopes of CA, MA, and TM proteins (Herrmann-Hoesing,
2010; De Martin et al., 2019). Despite their high sensitivity and specificity, RIPA, RIA, and
WB are not suitable for use in large-scale surveillance programs, but they are rather exploited
as reference tests since they are costly and time-consuming assays applied in specialized
diagnostic laboratories by trained staff (De Andrés et al., 2005; Brinkhof ef al., 2010).
However, a WB technique (MVV strain ZZV 1050) has been used in the national MV control
programs in the Netherlands and Switzerland as a confirmatory method for ELISA positive
samples (Houwers et al., 1987; De Martin ef al., 2019). Nevertheless, the use of RIPA, RIA,
and WB for the validation of new diagnostic tests or for the confirmation of ELISA results
should not be considered a priori infallible, as both false positive results (due to nonspecific
cross-reactivity) and false negative results (due to weak affinity of circulating antibodies with

epitopes of viral antigens) have been reported (De Andrés et al., 2005).

2.2 Molecular methods

Proviral DNA of SRLV can be detected in samples of peripheral blood, colostrum and milk,
bronchoalveolar fluid and lungs, mammary gland, carpal synovial membranes, brain, and
other secondary tissue targets such as bone marrow, spleen, lymph nodes, testicles, ovaries,
uterus, heart, kidneys, and liver (Leroux et al., 1997; Extramiana et al., 2002; Angelopoulou,
Brellou and Vlemmas, 2006; Brellou et al., 2007; Peterson et al., 2008; Leginagoikoa et al.,
2009; Herrmann-Hoesing, 2010; Barquero et al., 2011; Sardi et al., 2012; Barquero et al.,
2013a; Pinczowski et al., 2017; Singh et al., 2017; Adjadj et al., 2019; Potarniche et al.,
2021). In particular, the LTR of proviral DNA and conserved regions in the pol, gag, and env
genes are used as targets for molecular diagnosis (De Andrés et al., 2005; Herrmann-Hoesing,

2010; Gomez-Lucia, Barquero and Domenech, 2018). The presence of SRLV genetic material
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has also been reported in air and water samples collected from sheep farms, highlighting the
potential for horizontal transmission of SRLV (Villoria et al., 2013). After the development of
the first successful PCR protocol applied for the detection of CAEV and MVV (Zanoni, Pauli
and Peterhans, 1990), remarkable progress has been made, resulting in more sophisticated
and reliable molecular diagnostic protocols. Except for conventional PCR, other PCR
techniques have been developed to improve the sensitivity, specificity, and accuracy of
molecular diagnostics. Indeed, combinations of PCRs for different genomic regions,
multiplex PCRs, (semi-)nested PCRs, and real-time PCRs have been exploited with
contradictory results. For the application of PCR, DNA is extracted mainly from peripheral
blood leucocytes (PBLs) or mononuclear cells (PBMCs) or milk cells, while DNA extraction
from tissues is less frequent for confirmatory purposes. The possibility of detecting viral
RNA by applying reverse transcription PCR is low, as circulating cell-free virions are usually
non-detectable; however, it has been proven useful for the confirmation of horizontal virus
transmission (Leginagoikoa et al., 2009; Herrmann-Hoesing, 2010; Barquero, Domenech and
Gomez-Lucia, 2016). On a routine basis, genomic DNA is extracted either by commercial
kits or via in-house methods from PBLs or PBMCs, as monocytes/macrophages and dendritic
cells are the only cells known to support replication of SRLV. Major determinants for the
selection of a DNA extraction protocol are the time required, yield and quality of the
extracted DNA (Psifidi, Dovas and Banos, 2010).

The major advantage of PCR technologies compared to serological methods is the early
detection of the SRLV infection, preceding the production of antibodies, which may occur
much later (Ramirez et al., 2013). Nonetheless, the low viral load of infected animals may
hinder the detection of proviral DNA, resulting in false negative results and reduced
sensitivity (Reina et al., 2009). A decreased viral load is indicative of a low number of
infected monocytes (Zhang et al., 2000; Blacklaws, 2012) or restricted viral replication due to
the humoral immune response, which has been hypothesized to act protectively for the
infected animals (Blacklaws, 2012; Georgsson et al., 2015). Moreover, the high mutation rate
of SRLV due to the low fidelity of the virion’s reverse transcriptase and the frequently
observed recombination events (Minguijon et al., 2015; Highland, 2017) undermine the
diagnostic performance of PCR. To achieve sufficient specificity, the primers have to be
designed for conserved regions of the viral genome, avoiding the env gene, which is less
conserved among genotypes (Zanoni et al., 1992; De Andrés et al., 2005). On the other hand,
the problem of virus genetic variability can be addressed by the use of degenerate primers,

which expands the detection range and improves the sensitivity of the method (Eltahir et al.,
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2006; Dolfini et al., 2015; Chassalevris et al., 2020). Although the development of
universally applicable PCR assays may be extremely difficult due to the aforementioned
obstacles, evidence-based modification of the protocols for the detection of local strains
could be a realistic target in the field of SRLV diagnostics. This is a necessary step when
planning SRLV surveillance programs, demanding 1) sequencing, phylogenetic analyses, and
genotyping of the relevant strains; ii) designation of specific and widely applicable primers;
and 1ii) the development of sensitive and specific PCR protocols with the potential and
capacity to be applied in a specific geographical region (with available specialized laboratory
infrastructure, equipment, and staff).

Heteroduplex mobility assay (HMA) usually follows PCR amplification for the classification
of the detected strains in comparison to the reference strains and for the assessment of the
homogeneity of strains detected in a region or a flock (Germain and Valas, 2006; Pisoni,
Bertoni, et al., 2007; Pisoni, Moroni, et al., 2007; Germain, Croise and Valas, 2008; Olech et
al., 2012). It is a qualitative technique and a valuable tool to study the molecular
epidemiology of SRLV. In addition, loop-mediated isothermal amplification (LAMP) and
recombinase polymerase amplification lateral flow dipstick (RPA-LFD) techniques have been
lately applied with success for CAEV diagnosis (Huang ef al., 2012; Balbin et al., 2014; Tu et
al., 2017). Although results seem promising when compared to “traditional” serological and
molecular techniques, more studies are needed for the validation of the diagnostic
performance of these innovative techniques in a wider spectrum of viral strains. Also, newly
developed technologies used in HIV diagnosis, such as specific antibody-antigen biomarkers
or dried-blood spot testing (Pai et al., 2020) could be exploited in combination with LAMP
and RPA-LFD techniques on SRLV diagnosis for the development of in situ, rapid, user-
friendly, cost-effective, and reliable diagnostic tools. In the future, point-of-care (POC)
testing of small ruminant infectious diseases using mobile platform technologies could
integrate SRLV diagnostic assays, contributing to the control and elimination of critical

epidemic and endemic diseases, including MV and CAE.

2.3 Cell Cultures

Small ruminant lentivirus isolation can be achieved through co-cultures of PBMCs with
sheep choroid plexus cells or goat synovial membrane cells (OIE, 2018). The evidence of
SRLYV infection is co-evaluated by the existence of a cytopathic effect and a positive reverse
transcriptase activity assay (Barquero, Domenech and Gomez-Lucia, 2016). However, the

expected cytopathic effect, which is the formation of syncytia and/or refractile stellate cells
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with dendritic processes, may be difficult to detect for inexperienced staff with limited
training in microscopy and cell biology. In addition, strain variability regarding the extent of
detectable cytopathic effect cannot be excluded (Reina et al., 2009). It is obvious that cell
cultures cannot be routinely used for the diagnosis of SRLV infections given the increased
cost, the complexity, the limitations derived from in vitro viral replication, and the demands
for specialized laboratory and trained personnel. Therefore, cell cultures are mainly applied
either for the verification of the results of other molecular diagnostics or for research
purposes in the fields of immunopathology, SRLV genetics and molecular epidemiology
(Barros, Andrésdéttir and Fevereiro, 2005; Singh, McConnell and Blacklaws, 2006;
Cardinaux et al., 2013; Colitti ef al., 2019; De Martin et al., 2019).

IX. Prevention and control of small ruminant lentiviruses infections

1. Vaccination

There is neither a treatment nor an effective vaccine against SRLV infections. In the previous
years, there have been attempts to develop attenuated and subunit vaccines, but none of them
proved effective in preventing viral infections (Cheevers et al., 1994; Pétursson et al., 2005;
Torsteinsdottir et al., 2007; De Andrés et al., 2009)(Cheevers et al., 1994; Pétursson et al.,
2005; Torsteinsdottir et al., 2007; De Andrés et al., 2009). The major obstacles to the
development of an effective vaccine include the necessity for the induction of high antibody
titers against SRLV, the wide genetic variation of viral strains and their continuous mutations,
the increased post-infection immunological reaction, the post-vaccination challenge on the
immune system, and the evidence that vaccination could facilitate a possible infection rather
than protect against it (Reina, De Andrés and Amorena, 2013).

Current research efforts for the development of an effective vaccine include
pseudoviruses/viral particles, recombinant viruses carrying genes from SRLV, and naked
plasmids carrying SRLV genes, plus factors enhancing innate immune responses. However,
the effectiveness of these alternative strategies has not been sufficiently validated and thus
considered inappropriate for commercial use (Reina et al., 2009; Reina, De Andrés and

Amorena, 2013).

2. Preventive and eradication measures

After the first eradication program in Iceland, many countries applied their own eradication
programs (almost all European countries and Canada) with various results. The major
obstacles for the successful implementation of eradication programs are: i) the voluntary

participation of the farmers (Peterhans et al., 2004; Pérez et al., 2010); ii) the breed
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variability associated with susceptibility and resistance against the disease; iii) the genetic
variability of the viral strains and the different epizootiological characteristics of the disease
(virulence, transmission, seroconversion, seroprevalence at flock level, etc.); and iv) the
heterogeneous farming and herd health management systems. For this reason, the eradication
program needs to be adjusted and optimized according to the afore-mentioned factors.

The control programs, when considered on a country-wide scale, should include both species
of small ruminants due to the fact that the cross-transmission has been proven and is a
significant risk factor in the spread of the virus. Moreover, the existence of reference
laboratories for the control of SRLV is of major importance for the surveillance of SRLV at
the national level and the coordination of all the efforts for the elimination of the infections
(Peterhans et al., 2004).

The preventive measures and management interventions that could aid in controlling or
eradicating SRLV should be decided on case-by-case basis and include the following:

1. Frequent blood sampling (annual or biannual based on SRLV prevalence on the farm) from
the breeding stocks and serological and molecular testing for the diagnosis of the infected
animals.

2. Post-lambing management primarily based on the application of artificial suckling and the
use of colostrum and milk substitutes or pasteurized colostrum/milk (56 °C for 60 min)
(Peterhans et al., 2004; Reina et al., 2009; Seyoum et al., 2011; Polledo et al., 2013).

3. Selective culling and replacement or separation of animals with apparent clinical signs and
positive laboratory diagnosis regarding the SRLV prevalence rate in the farm (Peterhans et
al., 2004; Reina et al., 2009; Pérez et al., 2013).

4. Keeping the replacement animals post-weaning, in a separate place to avoid horizontal
transmission of SRLV through contact with adult animals of the remaining flock (Polledo et
al., 2013).

5. Should any animal purchase be made, it should be from certified SRLV-free farms.
Imported animals need to remain in quarantine until the SRLV status is determined using the
most appropriate assays.

6. Regular cleaning and disinfection of facilities and equipment with appropriate
disinfectants. The cleaning and disinfection schedule must include the barn (floor, walls,
bedding), the milking machine, the feeders, and the waterers.

7. Reduction of stocking density and adequate ventilation.
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8. Implementation of general good hygiene practices. Use of disposable needles or
sterilization of metal needles before their reuse is necessary. Similarly, medical equipment
should be sterilized after use.

9. Seronegative milking ewes should be grouped separately and machine-milked before the
seropositive ones.

10. Grazing in communal pastures and sharing of infrastructure and equipment should be
avoided when the SRLV status of the flocks is unknown.

11. Rams used either for mating or for semen collection need to be SRLV-free. Currently,
attempts are being made to produce SRLV-free breeding stocks via reproductive
biotechnologies like artificial insemination and embryo transfer, even from infected males
and females, respectively. In the case of embryo transfer, this may be possible via the removal
of cumulus oophorus cells (Cortez-Romero et al., 2013).

12. Breeding for resistance could also be considered, but universally accepted resistant
genotypes are yet to be found.

Therefore, the implementation of a control program should include the following
prerequisites regarding the infrastructure, the equipment, and the consumables:

1. Artificial suckling machine, milk substitute, and isolated area from adult animals for lamb
rearing.

2. Machine for pasteurization of colostrum or colostrum substitute.

3. Sufficient area and volume per animal and adequate ventilation (natural or artificial) of the
farming facilities.

4. Existence of separate sheds for the appropriate grouping of animals according to their
infection status.

5. Existence of a quarantine pen for the imported animals until their testing for SRLV
infection.

6. Disinfectants for regular cleaning and disinfection of facilities and equipment.
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Part B: Our study

Chapter 1: Development of a diagnostic protocol for the detection of small ruminant

lentiviruses infections

I. Objectives

Diagnosis of SRLV infections constitutes the cornerstone for the successful implementation
of eradication programs. A “gold standard” test with high values of sensitivity, specificity and
accuracy, blindly used in every case does not seem readily feasible when considering the
special characteristics of SRLV (i.e., high genetic variability, mechanisms of virus replication,
and animal humoral immune response). Nonetheless, the scientific community tries to
address these limitations, proposing targeted combinations of diagnostic tools, which are
constantly evaluated to reduce the possibility of both newly or persistently infected animals
to evade diagnosis (Extramiana ef al., 2002; Karanikolaou et al., 2005; Brinkhof et al., 2008;
De Regge and Cay, 2013; Michiels et al., 2018; De Martin et al., 2019; Echeverria et al.,
2020; Ramirez et al., 2021). Although combination of diagnostics increases cost, time, and
effort required, it seems to be inevitable for the early and safe diagnosis in young animals
which are likely infected but seronegative. However, in lambs early diagnosis may be limited
by interference of maternal antibodies or provirus transmitted during suckling (Herrmann-
Hoesing, Palmer and Knowles, 2007). At the same time, genotyping and classification of the
circulating SRLV strains in a specific region/breed could permit the targeted application of
appropriate serological and molecular tests.

Early and effective diagnosis of SRLV and subsequently the control of MV and CAE are both
critical endeavors for countries with a developed small ruminant farming sector. Therefore,
linking of the epizootiological characteristics of the disease with the investigation for novel
and more efficient diagnostic techniques can ensure an integrated approach for the control of
the disease in practice.

The effective control of the diseases can drastically reduce monetary losses associated with
the detrimental effects on health, welfare, and productivity of animals, while early diagnosis
will facilitate for the first time the large-scale production of certified SRLV-free breeding
stocks, enjoying the expected added-value.

The objectives of the Chapter 1 of the present study were: 1) the utilization and evaluation of
an existed ELISA for serology-based diagnosis of SRLV infections, and ii1) the development

and evaluation of a molecular diagnostic protocol for the early and accurate diagnosis of
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infected animals based on the circulating genotypes in intensively reared purebred Chios and
Lacaune sheep in Greece. This diagnostic investigation was prerequisite for the subsequent
epizootiological study and the assessment of the effects of SRLV infections on health and
productivity in intensively reared dairy sheep in Greece which will be described in the

following Chapters.

II. Materials and Methods

1. Animals and blood sample collection

Four intensive dairy sheep farms with purebred Chios (farm A, B, and C) and Lacaune sheep
(farm A and farm D), located at different counties of Greece, were selected and enrolled in
the study. The farm and animal selection is described in detail in Chapter 2. In brief, from
these farms, a total of 660 ewes and 195 lambs were randomly selected and prospectively
studied. For each individual studied animal, a serum and a whole blood sample (~9ml each)
were collected from jugular vein in clot activator and EDTA-anticoagulated tubes,
respectively. Blood samples were transferred under 4 °C in the lab where they were further
processed for the serological and molecular analysis. The protocol of this study was approved
by the Animal Research Ethics Committee of the Agricultural University of Athens and was

in accordance with the national animal welfare regulations.

2. Blood sample processing
2.1 Serum separation
Blood samples collected in clot activator tubes were centrifuged at 3,000 x g for 10 minutes.

The serum was separated in 2 ml microcentrifuge tubes and was used for ELISA testing.

2.2 Leukocyte pellets and DNA processing

Leukocyte pellets were isolated from whole blood samples. A total of 2 ml blood was mixed
with 13 ml of ACK lysis buffer (8.02 g NH4Cl, 0.84 g NaHCOs, and 0.37 g EDTA per litre,
pH 7.2-7.4) in a Falcon™ 15 ml conical centrifuge tube. After 15 minutes of incubation at
room temperature, the mixtures were centrifuged at 450 x g for 15 minutes. The supernatant
was discarded, the leukocyte pellets were diluted in 1 ml ACK lysis buffer and were
transferred in 2 ml microcentrifuge tubes. The mixtures were centrifuged at 450 x g for 4
minutes and the supernatant was discarded. The leukocyte pellets were resuspended in 1 ml
PBS (phosphate buffered saline, pH = 7.4), and were centrifuged at 650 x g for 4 minutes.
The leukocyte pellets were used for the genomic DNA extraction with a commercial kit

(PureLink® Genomic DNA Kit, Life technologies corp.), according to the manufacturer's
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instructions. The procedure of DNA extraction was based on the selective binding of DNA to
silica-based membrane in the presence of chaotropic salts (ethanol and guanidinium
hydrochloride). DNA concentration and purity were measured in a spectrophotometer
(Quawell 5000) considering Asqo/Azso and A,eo/Azzo ratios. DNA samples were stored at -20

°C until use.

3. ELISA testing

The serum separated from blood samples was used for the detection of anti-SRLV antibodies
with an indirect whole virus (OLV 130/91 strain/A genotype) commercial ELISA test
(ELISA, CAEV/MVV Total Ab Test, IDEXX). The analytical sensitivity and specificity
values of the ELISA test were 95.5% and 97.2%, respectively when compared to a
recombinant GAG (group-specific antigens)-GST (glutathione S-transferase) fusion protein
expressed in E. coli ELISA (Zanoni et al., 1994). Absorbance values of the ELISA test were
measured using a microplate reader (Multiscan FC, Thermoscientific, Singapore) operating at

450 nm. Relative optical density (OD) values of ELISA were calculated using the formula:

Relative OD value = 100 (ODsample - ODnegative control)/ (ODpositive control — ODnegative control)

According to the manufacturer’s instruction indicated for sheep sera, samples were
considered positive when relative OD values were >60% and suspect when relative OD
values were between 50% and 60%. In our study, suspect results were considered as

seropositive, and the cut-off value was set at 50%.

4. Assessment of the ELISA and the conventional PCR protocols

For the assessment of the ELISA and the conventional PCR protocols with regard to their
diagnostic performance of SRLV infections, a subtotal of 80 adult dairy sheep from the four
farms enrolled in the study were randomly selected (20 animals from each farm). Thirteen
different set of primers (Table 2) were used in five nested and three simple conventional PCR
protocols for the amplification of fragments in the pol, gag, env, and LTR regions of SRLV
genome in DNA samples. Cycling conditions (Table 3) and PCR components were optimized
according to the relevant literature and the trials conducted in the laboratory. The final PCR
reaction volume was 25 pl and contained 2.5 pul DNA sample (100-200 ng), 0.6 pl of 10 uM
forward and 0.6 pl of 10 uM reverse primer (240 nM of each primer), 12.5 pl of OneTaq 2X
Master Mix (New England, Biolabs Inc., Hitchin, UK), and 8.8 pul DNase-free water. Nested
amplifications were carried out with the same components and 1.5 pl from PCR amplicons

from the first round. All amplifications were carried out in a thermal cycler (Labcycler,
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Sensoquest GmbH, Germany) in duplicate and a negative control reaction with DNase-free
water instead of DNA template was used each time to determine any possible nucleic acid
contamination. All PCR products were mixed with DNA Gel Loading Dye (Invitrogen,
Vilnius, Lithuania) and were electrophoresed in 1.5% agarose gel in 1x RNase-free TAE
buffer (Invitrogen, Vilnius, Lithuania) stained with SYBRsafe DNA gel staining (Invitrogen,
Carlsbad, USA) and visualized under ultraviolet (UV) light. For the evaluation of the
amplicon length a 100bp ladder was used (GeneRuler 100 bp DNA Ladder, Thermoscientific,

Vilnius, Lithuania).
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Table 2. Primer sets used in conventional PCR for the detection of SRLV infections.

Primer Targeted

Amplicon

Strain/

set Primers Sequence (5°—3’) Region Size Genotype Reference
(Sonigo et al., 1985;
F: TGACACAGCAAATGTAACCGCAAG !
LTR R: CCACGTTGGGCGCCAGCTGCGAGA LTR 291bp K1514/A Rosati, Kv;gggg)and Keen,
LTR Round 1 Round 1:
nested 1 F: ACTGTCAGGRCAGAGAACARATGCC g.}il?bp '
R: CTCTCTTACCTTACTTCAGG EVI/A (Ryan et al., 2000)
Round 2 LTR Round 2:
LTR F: AAGTCATGTAKCAGCTGATGCTT gg;b '
nested 2 R: STTGCACGGAATTAGTAACG p
EVI/A
F: TTCCAGCAACTGCAAACAGT gag gene K1514/A
Gag R: TCCTTCTGATCCTACATCTC 600bp SA-OMVV/A (Grego et al., 2002)
CAEVCork/B
Gag Round 1
nested 1 F: CAAGCAGCAGGAGGGAGAAGCTG Round 1:
R: TCCTACCC(;{C(?)ﬁrTldAzATTTGATCCAC gag gene 297bp CAEVCork/B (Barlough et al., 1994)
Gag F: GTTCCAGCAACTGCAAACAGTAGCAATG Round 2:
nested 2 R: ACCTTTCTGCTTCTTCATTTAATTTCCC 185bp
EVI/A
F: ATAGTAAATGGCATCAAGATGC pol gene K1514/A
Pol R: TCCCGAATTTGTTTCTACCC 218bp SA-OMVV/A (Grego et al., 2002)
CAEVCork/B
Pol Round 1 Round 1:
s tg 11 F:ARGGAGGAATMAAGAYICAGGATATCARGG 455bp all pol gene
- R: CCYGAATWGTTTCTAYCCA pol gene sequences available .
Round 2 i (Chassalevris et al., 2020)
ne::gé 5 F: CAGGGAGGAATMATAGAYGCAGGATAT Round 2: GenBank

R: TCATAATGGGTRTARTCYACYTGCCAATG

416bp
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Table 2. Primer sets used in conventional PCR for the detection of SRLV infections. (Continued)

Primer set Primers Sequence (5°—3’) Targeted Amplicon Size Strain/ Reference
Region Genotype
r?atg_goi Round 1 Round 1:
ested F: TGGTGARKCTAGMTAGAGACATG Cao & nol 1300bp EVI/A
R: CATAGGRGGHGCGGACGGCASCA genep K1514/A (Grego ef al., 2007)
Round 2 & SA-OMVV/A & .
Gaoenol F: CAAACWGTRGCAATGCAGCATGG Round2:  CAEVCork/B
&P R: GCGGACGGCASCACACG 800bp
nested 2
Round 1
. d 1 F: AGGTAAGTATAAACCCCAGGTAAG
IVASSEE_L R: TTCAGACTTTCTGGAATTATTTCTGCTCC  env gene (Germain and Valas,
CAEVCork/B
Env nested 2 Round 2 Round 2: 2006)
v Nested._ F: TTGCAAAATGGGGATGTCAACC ggap '

R: GGCATCTTTTCTGTACAGGAGACTGCT

PCR: Polymerase chain reaction; SRLV: Small ruminant lentiviruses; F: Forward primer; R: Reverse primer; LTR: long terminal repeat
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Table 3. Cycling conditions of conventional PCR protocols.

PCR protocol name Primer set Pre-denaturation = Denaturation  Annealing Extension Final extension Cycles
LTR simple LTR 95°C/5' 94°C/30" 60°C/30" 72°C/40" 72°C/10' 38
LTR nested LTR nested 1 95°C/5' 94°C/30" 52°C/40" 72°C/40" 72°C/10" 38

LTR nested 2 95°C/5' 94°C/30" 52°C/30" 72°C/40" 72°C/10' 38

Gag simple Gag 95°C/5' 94°C/30" 51°C/30" 72°C/40" 72°C/10' 38
Gag nested Gag nested 1 94°C/5' 94°C/1' 56°C/1' 72°C/45" 72°C/T' 35
Gag nested 2 94°C/5' 94°C/1' 56°C/1' 72°C/45" 72°C/T' 35

Pol simple Pol 95°C/5' 94°C/30" 51°C/30" 72°C/40" 72°C/10' 38
Pol nested Pol nested 1 95°C/15' 94°C/20" 54°C/30" 72°C/40" - 32
Pol nested 2 95°C/2' 94°C/30" 65°C/30" 72°C/40" - 28

Gag-pol nested Gag-pol nested 1 94°C/5' 95°C/30" 55°C/30" 72°C/1.5' 72°C/5! 40
Gag-pol nested 2 94°C/5' 95°C/20" 60°C/30" 72°C/1.5' 72°C/5! 40

Env nested Env nested 1 95°C/5' 92°C/40" 57°C/50" 72°C/1" 72°C/4' 35
Env nested 2 95°C/5' 92°C/40" 55°C/50" 75°C/50" 72°C/4' 35

PCR: Polymerase chain reaction
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Also, serum samples from the same animals were serologically tested with the above-
mentioned commercial ELISA test. Total seroprevalence at the animal level, prevalence based
on PCR protocols, and prevalence based on the combination of ELISA and PCR results were
estimated. Sensitivity, specificity, and kappa coefficient value (k-value) of all PCR protocols
were calculated using as “gold standard” a positive result in both ELISA and at least one of
the utilized PCR protocols. For the evaluation of the diagnostic performance of ELISA, the

positive result in at least one PCR protocol was used as “gold standard”.

5. Development of real-time PCR protocol

5.1 Sequencing and phylogenetic analyses

Thirty-seven PCR products from the most efficient conventional PCR protocols were gel-
extracted (PureLink™ Quick Gel Extraction Kit, Invitrogen, Vilnius, Lithuania or purified
(PureLink™ PCR Purification Kit, Invitrogen, Vilnius, Lithuania) and sequenced in both
directions (Sanger dideoxy sequencing) to confirm the amplification of specific products,
exclude potential laboratory contamination, and assess the genetic heterogeneity of SRLV
strains circulating in our studied farms (Table 4). Sequencing was carried out on an ABI
PRISM 3730xI Genetic Analyzer in an external laboratory (Cemia SA, Larissa, Greece). LTR
sequences were obtained from samples from farms A, B, C, as LTR simple protocol failed to
give any positive result in farm D. On the other hand, gag and gag-pol sequences were

obtained from all the studied farms, whereas env sequences were from farms A, C, and D.
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Table 4. The sequenced samples from the tested conventional PCR protocols.

Sample name Farm PCR protocol Amplicon length (bp)
31SX LTR A LTR simple 291
40SX LTR A LTR simple 291
56SX LTR A LTR simple 291

35S LTR B LTR simple 291
83S LTR B LTR simple 291
17FL LTR C LTR simple 291
21FL LTR C LTR simple 291
9SX gag A Gag nested 185
16SX gag A Gag nested 185
17SX gag A Gag nested 185
9S gag B Gag nested 185
11S gag B Gag nested 185
13S gag B Gag nested 185
14S gag B Gag nested 185
10FL gag C Gag nested 185
14FL gag C Gag nested 185
18FL gag C Gag nested 185
3M gag D Gag nested 185
4M gag D Gag nested 185
8M gag D Gag nested 185
OM gag D Gag nested 185
11SX env A Env nested 394
16SX env A Env nested 394
18SX env A Env nested 394
117FL env C Env nested 394
&M env D Env nested 394

16SX gag-pol A Gag-pol nested 800

40SX gag-pol A Gag-pol nested 800

56SX gag-pol A Gag-pol nested 800
11S gag-pol B Gag-pol nested 800

35S gag-pol B Gag-pol nested 800
83S gag-pol B Gag-pol nested 800

10FL gag-pol C Gag-pol nested 800

21FL gag-pol C Gag-pol nested 800

42FL gag-pol C Gag-pol nested 800
8M gag-pol D Gag-pol nested 800

98M gag-pol D Gag-pol nested 800

PCR: Polymerase chain reaction; bp; base pair

All nucleotide sequences were edited using the MEGA v.11 software (Tamura, Stecher and
Kumar, 2021) and were trimmed according to the obtained chromatographs. The consensus
sequences generated were submitted for BLAST (Basic Local Alignment Search Tool)
analysis. The nucleotide sequences from LTR, Env, and Gag-pol nested protocol, the
sequences most homologues to them, and the representative sequences from SRLV strains of
genotypes A, B, C, and E from different geographical regions were aligned by CLUSTAL W

(Thompson, Higgins and Gibson, 1994). After the alignment, pairwise genetic distances were
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calculated with the p-distance model applying the gamma distribution parameter between the
nucleotide sequences, the available Greek strains and only the representative SRLV strains of
genotype A, B, C, and E (Shah et al., 2004; L’Homme et al., 2011; Santry et al., 2013). Also,
three phylogenetic trees (LTR, env, and gag-pol nucleotide sequences) were constructed
using the Maximum Likelihood (ML) method (Huelsenbeck and Crandall, 1997) with the
Tamura-Nei gamma distance (Tamura and Nei, 1993) and invariant sites (I) with 100

bootstrap replicates (Felsenstein, 1985).

5.2 Primer design and in silico evaluation

Sequences obtained from the Gag-pol nested protocol were used for the designation of
primers for the real-time PCR protocol. This selection was based on the fact that i) positive
results were produced in all studied farms using the Gag-pol nested protocol, ii) the initial
designation of the Gag-pol nested protocol for the detection of both A and B genotype
infections, and 1iii) the ideal size of PCR products (800bp) for the investigation of SRLV
genetic heterogeneity. Three datasets were created in MEGA 11 software including the
sequences of this study and reference sequences from GenBank; the first one contained 130
gag-pol sequences from strains belonging to A, B, C, and E genotypes, the second one
contained 81 sequences from strains belonging to A genotype, and the last one contained 50
sequences from strains belonging to B genotype. After alignment, primer designation was
based on highly conserved regions between the strains. Melting temperature (Tm), hairpin,
and self- or hetero-dimer formation of the designed primers were evaluated with the IDT
OligoAnalyzer tool (Owczarzy et al., 2008). Also, primers were tested in silico for their

specificity with BLAST evaluating their sequence identity with strains of different genotypes.

5.3 Real-time PCR optimization

Three different real-time PCR protocols based on SYBR Green method were developed and
evaluated for the detection of SRLV infections of strains belonging to A and B genotypes, and
either to A genotype, or to B genotype, exclusively. All amplifications were carried out using
extracted DNA from leukocyte pellets with Luna universal gPCR Master Mix (New England,
Biolabs Inc., Hitchin, UK) in the same real-time thermal cycler (SaCycler-96, Sacace
Biotechnologies, Italy) in duplicate, and non-template negative controls with DNase-free
water were tested each time in duplicate to exclude contamination and to assess the primer
dimer formation. The conditions of the three real-time PCR protocols (cycling conditions,
primer and DNA template concentrations) were optimized after repeated trials with the

twelve sequenced samples, which were found positive in the Gag-pol nested protocol and
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were used in the phylogenetic analyses. Also, the three PCR protocols were tested as nested
using as template the PCR product from the first round of the conventional Gag-pol nested
protocol. The conditions for the optimal amplification were determined based on the lowest

cycle threshold (Ct) value and the melt curve analysis for each set of primers

5.4 Diagnostic performance of real-time PCR protocols
After the optimization of the three real-time PCR protocols, their specificity was evaluated by
gel electrophoresis and nucleotide sequencing of PCR products, as previously described for
PCR products from conventional PCR protocols. The efficiency of protocols for the detection
of SRLV strains was evaluated using seven consecutive 10-fold dilutions, for the construction
of standard curves. In particular, for the detection of specific genotypes, undiluted DNA from
sequenced samples was used, whereas, a synthetic double-stranded PCR product, namely
gBlock gene fragment (Integrated DNA Technologies, UK) was used to standardize the curve
of the real-time PCR protocol for the detection of strains of A and B genotypes. The gBlock
gene fragment was resuspended in nuclease-free water to reach a final concentration of 10
ng/pl according to manufacturer’s instruction and the number of copies was calculated using
the formula below:

(C) x (M) % (1 x 107> mol/fimol) x (Avogadro’s number) = copies/pl
where, C = the current concentration of the gBlock gene fragment in ng/ul and, M = the
molecular weight in fmol/ng, as provided by Integrated DNA Technologies.
All the dilutions were amplified in three replicates and the standard curves were generated,
where Ct value were plotted against the log value of the DNA standard amount. Also, the
correlation coefficient (Rz) was estimated, and the efficiency values were calculated as
following:

Efficiency = 101

where, s = the slope of the linear regression line.
The limit of detection (LOD) was determined by testing 10 replicates of dilutions with 8000,
800, 80, and 8 copies/reaction. Probit analysis was performed in SPSS v26 software, to

calculate the LOD with 95% probability.
II1. Results

1. Performance of the ELISA and the conventional PCR protocols
The commercial ELISA kit provided positive results in all the studied farms, with a total

seroprevalence equal to 67.5% in the studied subpopulation (80 ewes). On the other hand,
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conventional PCR protocols did not give positive results in all farms. Specifically, the Pol
simple protocol failed to produce any positive result in any of the studied farm, the LTR
simple in farm D, and the LTR nested protocol in farm A. Amplified products from the tested
PCR protocols after agarose gel electrophoresis and exposure to UV light are presented in

Figures 2a-d.

(b)

(d)
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(e)
Figure 2. Agarose gel electrophoresis of a) Pol nested PCR products (416bp); b) Env nested
PCR products (394bp); c) Gag nested PCR products (185bp); d) LTR simple PCR products
(291bp); e) Gag/pol nested PCR products (800bp) shown with black arrows.

Table 5 summarizes the results from serological analyses and PCR assays. In every case,
prevalence of SRLV infections based on a positive output from at least one PCR protocol was
higher compared to the seroprevalence. However, except for Gag nested protocol in farm A,
PCR protocols did not indicate higher prevalence rates compared to ELISA test when
considered separately. Additionally, 11 animals (13.8%) were found positive exclusively with
PCR methods, whereas only 1 animal (1.3%) was found positive only in ELISA test. When
both the results of ELISA and PCR protocols were considered, overall prevalence increased
to 81.3%, while it decreased (66.3%) when positive results in both ELISA and at least one of

the utilized PCR protocols were jointly considered to define the infected animals.
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Table 5. Results from ELISA and conventional PCR protocols tested in the studied farms.
Method Farm A Farm B Farm C Farm D Total

Frequency (%) of positive animals

Serology
ELISA(+) 50.0% 70.0% 85.0% 65.0% 67.5%
Molecular
LTR 5.0% 50.0% 25.0% 0.0% 20.0%
LTR nested 0.0% 15.0% 5.0% 5.0% 6.3%
Gag 10.0% 10.0% 15.0% 5.0% 10.0%
Gag nested 55.0% 60.0% 40.0% 50.0% 51.3%
Pol 0.0% 0.0% 0.0% 0.0% 0.0%
Pol nested 10.0% 45.0% 10.0% 10.0% 18.8%
Gag-pol nested 50.0% 55.0% 80.0% 50.0% 58.8%
Env nested 35.0% 5.0% 10.0% 30.0% 20.0%
Comparative assessment
PCR(+)
(in at least one 65.0% 85.0% 90.0% 80.0% 80.0%
protocol)

ELISA(+) or PCR(+) 70.0% 85.0% 90.0% 80.0% 81.3%
PCR(+)/ELISA(-) 20.0% 15.0% 5.0% 15.0% 13.8%
PCR(-)/ELISA(+) 5.0% 0.0% 0.0% 0.0% 1.3%
PCR(+)/ELISA(+) 45.0% 70.0% 85.0% 65.0% 66.3%

ELISA: Enzyme-linked immunosorbent assay; PCR: Polymerase chain reaction; (+): positive result

All protocols, except for the Pol simple protocol which failed to produce any positive result,
were evaluated considering as “gold standard” a positive result in both ELISA and at least

one of the utilized PCR protocols, and their diagnostic performance is presented in Table 6.

Table 6. Diagnostic performance of the ELISA and PCR protocols.

Method Sensitivity (%) Specificity (%) k-value
ELISA 82.8 93.8 0.620
LTR 28.3 96.3 0.027
LTR nested 7.5 96.3 0.576
Gag 11.3 92.6 0.028
Gag nested 66.0 77.8 0.395

Pol* na na na

Pol nested 24.5 92.6 0.127
Gag-pol nested 79.2 81.5 0.576
Env nested 22.6 85.2 0.059
PCR (+) (in at least one protocol) 100.0 59.3 0.658

ELISA: Enzyme-linked Immunosorbent Assay; PCR: Polymerase chain reaction; k-value: kappa coefficient
value; (+): positive result; *: the diagnostic performance of this protocol was not evaluated as it failed to
produce any positive result; na: not applicable

Sensitivity, specificity, and k-value for the ELISA test were 82.8%, 93.8% and 0.620,
respectively. Sensitivity values for the seven PCR protocols ranged from 7.5% for the nested

LTR protocol to 79.2% for the Gag-pol nested protocol, whereas specificity values ranged
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from 77.8% for the Gag nested protocol to 85.2% for the Env nested protocols. K-value for
all PCR protocols ranged from 0.027 for the LTR simple protocol to 0.576 for the Gag-pol
and LTR nested protocols. When the results of all PCR protocols were jointly considered,
sensitivity, specificity, and k-value were 100.0%, 59.3% and 0.658, respectively.

2. Phylogenetic analyses

2.1 Pairwise sequence comparisons

Pairwise comparisons between LTR sequences and between LTR sequences and the
representative SRLV strains of genotype A, B, C, and E (including the strains isolated in
Greece and neighbouring countries) are presented in Tables 7 and 8, respectively. The overall
pairwise mean distance of LTR nucleotide sequences were 9.9%, ranging from 3.6%
(between 35S LTR and 31SX LTR sequences) to 17.6% (between 40SX and 21FL LTR
sequences). Also, the intra-farm pairwise comparison was 9.5% for farm A (31SX, 40SX and
56SX sequences), 4.2% for farm B (35S and 83S sequences), and 15.2% for farm C (21FL

and 17FL sequences) with an average distance of 9.6% (inter-farm mean distance).

Table 7. Nucleotide sequence diversity (%) between LTR sequences from our study.

Sequence 17FL 21FL 318X 40SX 56SX 35S
LTR LTR LTR LTR LTR LTR
21FL LTR 15.2 - - - - -
31SXLTR 9.1 13.9 - - - -
40SX LTR 12.7 17.6 12.1 - - -
S6SX LTR 6.1 12.7 5.5 10.9 - -
35SLTR 9.1 13.9 3.6 13.5 5.5 -
83SLTR 8.5 13.3 4.2 11.5 4.9 4.2

LTR: Long terminal repeats

The overall mean pairwise distance between LTR sequences and the representative SRLV
strains was 39.5%. LTR sequences were similar to isolates from Greece and the neighbouring
or nearby countries (Italy, Jordan, and Turkey) belonging to genotype A (mean distance
15.0%). LTR sequences diverged equally (mean distance 62.0%) from all the representative
SRLYV strains of genotypes A, B, C, and E, except for American OvLv 85/34 strain belonging
to genotype A2 (mean distance 24.0%). Also, all LTR sequences presented >60.0% genetic
distance from Italian strain genotype B2 (SRLV042). Therefore, these results indicate a
higher similarity of LTR sequences with 1) A2 strain OvLv 85/34, ii) the other Greek

sequences of genotype A, and iii) the sequences of neighboring countries of genotype A.
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Table 8. Nucleotide sequence diversity (%) between LTR sequences from our study and
representative SRLV strains.

Sequences 17FL 21FL 318X 40SX 56SX 358 83S

LTR LTR LTR LTR LTR LTR LTR

EV1 (A1/SC) 62.0 61.7 57.8 61.5 62.9 60.6 60.1
K1514 (A1/USA) 63.8 64.1 58.4 62.9 63.4 60.6 60.6
SA-OMVY (A1/SA) 63.8 62.2 57.8 62.4 63.4 60.6 60.6
KV1772 (A1/1C) 63.8 64.1 58.4 62.9 63.4 60.6 60.6
OvLv 85/34 (A2/USA) 223 23.7 28.7 23.2 23.7 22.7 23.2
CAEV-Co B1/USA) 61.0 62.2 57.8 60.6 61.5 59.6 60.6
0Ov496 (B2/SP) 61.0 62.2 58.4 61.0 61.5 59.6 60.1
Volterra (B3/IT) 61.0 61.7 59.6 59.6 61.5 59.6 60.6
1GA (C/NW) 62.0 62.7 60.8 61.5 62.0 61.5 60.1
Roccaverano (E1/IT) 65.7 65.6 60.8 63.8 64.8 63.8 62.9
MVV-4-lung (A/GR) 12.3 10.6 15.8 14.6 11.3 12.7 11.8
MVV-Gr-LTR58 (A/GR) 12.2 11.5 13.3 12.2 10.8 11.3 10.3
MVV-Gr-LTR63 (A/GR) 13.1 12.4 17.5 17.4 13.6 13.6 13.1
MVV-Gr-LTR80 (A/GR) 13.1 12.9 16.9 14.1 13.1 13.1 13.1
sh301 (A/J) 17.5 9.7 18.3 18.0 13.7 133 13.7

sh235 (A/IT) 14.6 8.6 16.3 16.4 12.7 12.2 13.1
TR-2007-Eco02-35 (A/TR) 22.0 23.5 28.8 24.5 25.0 21.5 24.5
SRLV042 (B2/IT) 66.2 65.6 60.8 64.3 65.7 63.4 63.8

LTR: Long terminal repeats; SRLV: Small ruminant lentiviruses; SC: Scotland; USA: United States of America;
SA: South Africa; IC: Iceland; SP: Spain; IT: Italy; NW: Norway; GR: Greece; J: Jordan; TR: Turkey.

The mean genetic diversity between env sequences was 8.4%. As shown in Table 9, 16SX

and 117FL env sequences presented great similarity (0.0% genetic nucleotide distance),

whereas genetic diversity of 8M with 16SX and 117FL was 12.1%.

Table 9. Nucleotide sequence diversity (%) between env sequences from our study.

Sequences 117FL envy 11SX env 16SX env 18SX env
11SX env 9.7 - - -
16SX env 0.0 9.7 - -
18SX env 6.5 6.8 6.5 -

8M env 12.1 10.3 12.1 10.0

All env sequences presented higher similarity with strains belonging to B1 and B2 genotypes

compared to strains belonging to A, B3, C, and E genotypes (Table 10). Specifically, env

sequences were most similar to French (Agh536, Cal42140, and Ser2013) and Italian

(SRLVO001) sequences belonging to B2 genotype with a mean nucleotide divergence 11.6%.

Also, mean pairwise genetic distance of env sequences from CAEV-Co strain of B1 genotype

and from Ov496 strain of B2 genotype was 20.3% and 16.3%, respectively. The respective
values for genotypes A, B3, C, and E strains were 64.4%, 29.7%, 31.3%, and 67.8%,

respectively.
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Table 10. Nucleotide sequence diversity (%) between env sequences from our study and

representative SRLV strains.

Sequences 117FL env  11SXenv 16SXenv 18SXenv  8M env
EV1 (A1/SC) 65.8 63.4 65.8 65.5 64.9
K1514 (A1/USA) 66.2 64.7 66.2 66.8 65.0
SA-OMVYV (A1/SA) 62.4 60.6 62.4 62.9 60.9
KV1772 (A1/IC) 66.2 64.7 66.2 66.8 65.0
OvLv 85/34 (A2/USA) 64.1 62.4 64.1 64.1 63.2
CAEV-Co (B1/USA) 20.9 20.3 20.9 20.9 18.5
Ov496 (B2/SP) 16.8 17.4 16.8 15.6 15.0
Volterra (B3/1T) 30.3 29.1 30.3 30.6 28.2
1GA (C/NW) 30.8 32.9 30.8 31.7 30.2
Roccaverano (E1/IT) 67.9 67.1 67.9 68.5 67.4
SRLV001 (B2/IT) 12.1 12.1 12.1 12.6 12.9
SRLV042 (B2/IT) 25.6 24.7 25.6 27.6 25.6
Agh536 (B2/FR) 13.5 12.1 13.5 12.1 12.9
Cal42140 (B2/FR) 9.1 10.6 9.1 8.5 8.5
Ser2013 (B2/FR) 11.8 10.0 11.8 9.7 8.2

SRLV: Small ruminant lentiviruses; SC: Scotland; USA: United States of America; SA: South Africa; IC:
Iceland; SP: Spain; IT: Italy; NW: Norway; FR: France.

Mean pairwise genetic distance of all gag-pol sequences was 12.8% and varied from 0.8%
between 8M and 98M sequence to 22.9% between 40SX and 21FL sequences (Table 11).
Also, the intra-farm pairwise comparison was 15.4% for farm A (16SX, 56SX and 40SX
sequences), 4.2% for farm B (11S, 14S, 35S and 83S sequences), 8.4% for farm C (10FL,
21FL and 42FL sequences), and 0.8% for farm D (8M and 98M sequences) with an average

distance of 7.2% (inter-farm mean genetic distance).

Table 11. Nucleotide sequence diversity (%) between gag-pol sequences from our study.

Sequences 10FL 21FL 42FL 11S 14S 35S 83S 16SX 56SX 40SX 8§M
21FL 10.0 - - - - - - - - - -
42FL 9.7 5.5 - - - - - - - - -

118 4.5 10.6 104 - - - - - - - -
14S 4.4 9.5 9.9 5.1 - - - - - - -
35S 4.5 102 9.7 45 51 - - - - - -
83S 4.0 9.7 9.1 28 38 3.6 - - - - -
16SX 19.1 222 21.8 180 189 189 17.2 - - - -
56SX 53 9.7 9.9 55 46 55 4.6 206 - - -
40SX 201 229 222 193 197 197 189 44 214 - -
M 188 222 205 17.8 193 188 174 47 195 49 -
98M 18.8 21.8 203 176 193 186 172 47 198 49 0.8

The overall mean pairwise genetic distance of gag-pol sequences from all the SRLV
representative strains and strains from neighbouring countries was 17.3%. As presented in
Table 12 gag-pol sequences presented the greatest genetic diversity with strains of genotype

C (20.9%) and E (27.8%). However, two distinct groups were recognized. One group
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including 10FL, 21FL, 42FL, 118, 14S, 35S, 83S, and 56SX gag-pol sequences was most
similar (12.6% genetic distance) to the Greek (SRLV-Greece-S1 and SRLV-Greece-S2), the
Italian (SRLV038 and It-561), and the Jordan (sh301) sequences belonging to genotype A.
On the other hand, the group including 16SX, 40SX, 8M, and 98M sequences was most
related (6.2% genetic distance) to Spanish (Ov496) and Italian (SRLVO001, SRLV042, 1t-Pil,
and 1t-007) sequences.
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Table 12. Nucleotide sequence diversity (%) between gag-pol sequences from our study and representative SRLV strains.

Sequences 10FL  21FL 42FL 118 14S 35S 83S 16SX  56SX 408X SsM 98M
EV1 (A1/SC) 18.9 18.9 18.6 18.0  18.2 19.5 17.2 22.0 19.1 23.5 21.2 214
K1514 (A1/USA) 16.3 19.1 18.4 15.0 16.1 17.4 16.1 18.4 17.9 20.1 19.7 20.1
SA-OMVYV (A1/SA) 15.0 15.7 15.6 15.3 14.8 15.5 15.2 19.3 15.5 20.6 19.7 19.7
KV1772 (A1/IC) 16.5 19.3 18.2 15.2 16.3 17.6 16.3 18.6 18.1 20.3 19.9 20.3
OvLyv 85/34 (A2/USA) 13.8 15.7 15.6 144 144 148 13.4 16.1 15.1 18.6 17.6 18.2
CAEV-Co (B1/USA) 19.3 21.0 19.7 193  20.8 18.9 19.1 11.6 21.2 11.7 10.2 10.4
Ov496 (B2/SP) 19.7 23.3 22.4 19.3 199 199 189 7.2 21.0 7.6 6.6 6.8
Volterra (B3/IT) 18.8 21.3 21.7 19.7 19.7  20.7 19.0 16.9 20.3 18.8 16.9 16.9
1GA (C/NW) 22.2 234 23.0 232 228 228 219 18.1 23.8 18.6 15.6 16.0
Roccaverano (E1/IT) 28.0 29.0 28.1 286 278 294 27.1 26.3 29.2 27.7 26.3 26.7
SRLV-Greece-S1 (A/GR) 9.7 10.2 10.4 9.3 9.3 10.6 8.9 18.9 11.5 20.3 19.5 18.8
SRLV-Greece-S2 (A/GR) 9.7 10.8 10.6 93 9.7 10.2 8.5 19.3 11.5 21.2 19.7 18.9
SRLVO0 (A19/1T) 13.3 15.5 15.0 140 140 146 144 18.8 15.5 20.5 18.8 18.9
1t-561 (A/IT) 13.8 16.7 15.2 14.8 15.9 14.4 14.0 214 14.7 21.6 19.7 20.5
sh301 (A/J) 12.1 15.3 14.2 127 127 133 11.9 19.7 14.3 20.5 18.2 18.2
sh248 (A22/LB) 18.9 214 19.7 20.5 189  20.1  20.1 22.3 21.2 22.9 21.4 21.8
SRLV001 (B2/IT) 19.7 22.9 22.0 19.1  20.1 19.7  18.8 6.1 21.0 6.6 5.1 5.1
SRLV042 (B2/IT) 19.3 22.7 21.6 19.5 19.5 19.5 18.2 5.5 21.2 6.6 5.5 5.5
It-Pil (B2/IT) 19.3 22.7 21.6 19.5  20.1 19.5 18.6 6.4 20.6 7.2 53 5.7
1t-007 (B2/IT) 19.9 22.7 22.0 19.7 19.5 19.3 18.6 5.7 21.2 6.4 6.1 6.1

SRLV: Small ruminant lentiviruses; SC: Scotland; USA: United States of America; SA: South Africa; IC: Iceland; SP: Spain; IT: Italy; NW: Norway; GR: Greece; J: Jordan;

LB: Lebanon. All sequences in columns are gag-pol sequences from our study.
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2.2 Phylogenetic trees

All amplified PCR products were assigned as specific SRLV sequences according to the
BLAST analysis. The constructed phylogenetic trees with LTR, env, and gag-pol nucleotide
sequences are presented in Figures 3, 4, and 5, respectively. According to the phylogenetic
tree, LTR nucleotide sequences (shown with black arrows in Figure 3) were all grouped
together in a common branch with the other Greek (DQ480645, DQ084446, DQ084447, and
DQO084448) SRLV strains of genotype A, as well those from Italy (KT921316), Jordan
(KT921317), and Turkey (GQ862796). However, the bootstrap values reported in this branch
are not sufficiently high. Also, 21FL sequence which presented the highest genetic distance
from the other sequences from this study was subgrouped with the Italian (KT921316) and
Jordan (KT921317) sequences in a separate note, whereas 17FL sequence from the same
farm is grouped with all the other LTR sequences of this study. Also, 35S and 31SX LTR
sequences which showed the least distance were subgrouped together in the same node with a

bootstrap value of 71%.
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Figure 3. Phylogenetic tree indicates the relationship of LTR nucleotide sequences (~300bp)
of this thesis with the available database (Genbank) SRLV strains originating from different
geographical areas. Sequences from the present study are shown with black arrows. Database
derived sequences are denoted with their strain/isolate name, GenBank accession number and
genotype in parenthesis, the abbreviation of the country and the host (IT: Italy; J: Jordan; GR:
Greece; TR: Turkey; PL: Poland; USA: United States of America; BR: Brazil; CH: China;
SP: Spain; ME: Mexico; PR: Portugal; SC: Scotland; SA: South-Africa; IC: Iceland; NW:
Norway; s: sheep; g: goat). This unrooted tree was inferred in MEGAI11 by using the
Maximum Likelihood method and Tamura-Nei model, as described in Materials and Methods
chapter. Bootstrap values are based on 100 repetitions and are shown at the nodes. Branches
corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. A
discrete Gamma distribution was used to model evolutionary rate differences among sites [5
categories (+G, parameter = 1.6864)]. The rate variation model allowed for some sites to be
evolutionarily invariable ([+/], 3.73 sites). This analysis involved 50 nucleotide sequences.
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Env sequences (shown with black arrows in Figure 4) were all grouped together with B2
Italian (MG554402) and French (AY 842738, AY842746, and AY842750) SRLV strains with

a bootstrap value of 90%. However, the bootstrap values of the nodes in this cluster were not

quite high.
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Figure 4. Phylogenetic tree indicates the relationship of env nucleotide sequences (~400bp)
of this thesis with the available database (Genbank) SRLV strains originating from different
geographical areas. Sequences from the present study are shown with black arrows. Database
derived sequences are denoted with their strain/isolate name, GenBank accession number and
genotype in parenthesis, the abbreviation of the country and the host (FR: France; BL:
Belgium; USA: United States of America; CH: China; ME: Mexico; SP: Spain; IT: Italy;
NW: Norway; BR: Brazil; SC: Scotland; SA: South-Africa; IC: Iceland; SW: Switzerland;
PR: Portugal; sheep; g: goat). This unrooted tree was inferred in MEGAI11 by using the
Maximum Likelihood method and Tamura-Nei model, as described in Materials and Methods
chapter. Bootstrap values are based on 100 repetitions and are shown at the nodes. Branches
corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. A
discrete Gamma distribution was used to model evolutionary rate differences among sites [5
categories (+G, parameter = 1.1889)]. The rate variation model allowed for some sites to be
evolutionarily invariable ([+I], 1.79% sites). This analysis involved 49 nucleotide sequences.

61



Gag-pol sequences (shown with black arrows in Figure 5) were clustered in two groups in the
phylogenetic tree. The first group included 8M, 98M, 16SX, and 40SX gag-pol sequences
and was strongly associated with Italian (MG554402, EU010126, AY265456, and
MH374288) B2 genotype SRLV strains with a bootstrap value of 98%. The other group
included 10FL, 21FL, 42FL, 118, 148, 35S, 83S, and 56SX gag-pol sequences and clustered
with other Greek (AY530289 and AY530290) A genotype SRLV strains with a bootstrap
value of 91%. This clustering is in consistency with the genetic distance of the sequences
presented in pairwise sequence comparison in Table 12. The gag-pol sequences reported in

this study were deposited in GenBank with accession numbers OR283217 to OR283228.
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SRLV042 (MH374288) (B2) IT/s
Ov496 (F1195346) (B2) SP/s
1t-043g05 (EU010121) (B1) IT/g
cFC2-8 (HQ158128) (B1) CA/g

CAN 8-20CAEV (KC241940) (B1) CA/g
8-28 (KJ641340) (B1) CA/g

<05 (HQ158126) (B1) CA/g

FESC-752 (HM210570) (B1) ME/g
BRMG CNPC (MH936674) (B1) BR/g
CAEV-Co (M33677) (B1) USA/g
Sichuan (KT214469) (B1) CH/g
GANSU (AY900630) (B1) CH/g

00 Shanxi (GU120138) (B1) CH/g

— Roccaverano (EU293537) (E1) IT/g
100 —— Seui (GQ381130) (E2) TT/g

Figure 5. Phylogenetic tree indicates the relationship of gag-po/ nucletoide sequences
(~800bp) of this thesis with the available database (Genbank) SRLV strains originating from
different geographical areas. Sequences from the present study are shown with black arrows.
Database derived sequences are denoted with their strain/isolate name, GenBank accession
number and genotype in parenthesis, the abbreviation of the country and the host (CH: China;
USA: United States of America; BR: Brazil; CA: Canada; ME: Mexico; IT: Italy; SP: Spain;
NW: Norway; TR: Turkey; LB: Lebanon; J: Jordan; GR: Greece; PR: Portugal; SC: Scotland;
SA: South-Africa; IC: Iceland; s: sheep; g: goat). This unrooted tree was inferred in MEGAT11
by using the Maximum Likelihood method and Tamura-Nei model, as described in Materials
and Methods chapter. Bootstrap values are based on 100 repetitions and are shown at the
nodes. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates
are collapsed. A discrete Gamma distribution was used to model evolutionary rate differences
among sites [5 categories (+G, parameter = 0.6901)]. The rate variation model allowed for
some sites to be evolutionarily invariable ([+/], 19.62% sites). All SRLV sequences
characterized in this study are available under accession number (GenBank: OR283217 to
OR283228).
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3. Development of three real-time PCR protocols

3.1 Primer selection

Phylogenetic analysis of gag-pol sequences was considered as the most appropriate strategy
for the development of real-time PCR protocol for the detection of SRLV infections in the
studied farms. Gag-pol nested protocol was efficient in all the studied farms presenting in
total the best diagnostic performance compared to the other protocols. Also, phylogenetic tree
of gag-pol sequences was the most comprehensive compared to env and LTR trees, revealing
the circulation of strains belonging to A and B2 genotype in the studied farms. The dataset of
sequence alignments revealed a deleted region in gag-pol sequences and reference strains
belonging to genotype A in positions 201-206 compared to sequences and strains belonging
to genotype B. Based on this, three different sets of degenerate primers were designed in
conserved regions of strains belonging to 1) all genotypes, ii) only A genotype, and iii) only B
genotype (F2-R, F2-Ra, F2-Rb, respectively). Degenerate primers were selected to match the
maximum number of sequences in the three datasets. The forward primer of the conventional
Gag-pol nested 2 set (Grego et al., 2007) was maintained in the three new sets of primers
(F2), except for the last nucleotide that was discarded for the optimization of the primer sets.
The specificity of reverse primers was tested in silico with BLAST, and the primer Ra
showed sequence identity only towards strains of genotype A, the primer Rb showed identity
only towards strains of genotype B, whereas the primer R showed identity to all genotypes.
The sequences of the three sets of primers, their Tp, and their positions are summarized in

Table 13.
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Table 13. Primer sets of new real-time PCR protocols for the detection of SRLV infections in the studied farms.

Protocol Primers Sequence (5°—3’) Tn(°C)  Positions in genome Targeted Region Amplicon Size (bp)
- %l
F2: AAMCWGTRGCAATGCAGCATG 64.0 1018-1039%
R 1010-1031* gag 125
) _1142%! fall genot
R: GCYCTRTTYCCWGGCATCAT 63.3 R gene ot al genotypes
F2: AMACWGTRGCAATGCAGCATG 64.0 1018-1039*
F2-Ra : : 1010-1031%2 e o ng"geno e 209
Ra: GTAAGGACRTTTGGCCCYG 62.6 1208-1226*" g genotyp
, 1018-1039*'
F2Rb F2: AAACWGTRGCAATGCAGCATG 64.0 1010-103 1+ "y gBagen()t e )14
Rb: TTAAYCCTCCTCCTRCYKGAG 62.5 1203-1223*> g genotyp

PCR: Polymerase chain reaction; SRLV: Small ruminant lentiviruses; bp: base pair; T,,: primer melting temperature; F2: forward primer; R, Ra, Rb: reverse primer; *'
Numbering according to nucleotide sequence of reference SRLV strain SA-OMMYV (GenBank accession number: NC_001511); ** Numbering according to nucleotide
sequence of reference SRLV strain CAEV-Co (GenBank accession number: M33677)
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Schematic representation of the newly designed primers and the respective sequence

alignments are shown in Figures 6, 7, 8 and 9.

CARACWGTRGCAATGCAGCATG Fz
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Figure 6. Amino acid sequence alignment of gag-pol sequences and selected reference SRLV
strains from GenBank belonging to genotype A (a), and genotype B, C, and E (b). Dots
indicate identity with SA-OMVYV strain of genotype A, whereas dashes indicate deletions.
The region of common forward primer (F2) for the three real-time PCR protocols is boxed
[positions 1018-1039 in SA-OMVYV strain (acc. NC _001511)]. Above the sequence alignment
the sequence of degenerate F2 primer is indicated into the black arrow. W:A/T; R: A/G.
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Figure 7. Amino acid sequence alignment of gag-pol sequences and selected reference SRLV
strains from GenBank belonging to genotype A (a), and genotype B, C, and E (b). Dots
indicate identity with SA-OMVYV strain of genotype A, whereas dashes indicate deletions.
The region of reverse primer R is boxed [positions 1123-1142 in SA-OMVYV strain (acc.
NC 001511) and 1115-1134 in CAEV-Co strain (acc. M33677)]. Above the sequence
alignment the reverse complement sequence of degenerate R primer is indicated into the
black arrow. W:A/T; Y: C/T.
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Figure 8. Amino acid sequence alignment of gag- pol sequences and selected reference SRLV
strains from GenBank belonging to genotype A, B, C, and E. Dots indicate identity with SA-
OMVYV strain of genotype A, whereas dashes indicate deletions. The region of reverse primer
Ra is boxed [positions 1208-1226 in SA-OMVV strain (acc. NC 001511)]. Above the
sequence alignment the reverse complement sequence of degenerate Ra primer is indicated
into the black arrow. R: A/G; Y: C/T.

CTCMRGYAGGRAGGAGGRTTAR Rb

Genotype
CREV-Co_ M33677 AATGRAAGARGCAGARRGG TEEAGARGEAATAATCCACCAJCTCCAGCAGGRGGAGEAT TARFAGTGGATCARRTTATG [234] Bl
165¥ _gag-pol B2
408%X gag-pol B2
8M7q5g7p01 B2
98M gag-pol BZ
GRNSU__AYS00630 B1
shanxi_ GU120138 B1
cFC2-8_ HploglZse Bl
CAN_8-20CAEV___KC241540 B1
ERMG_CNEC__ MHO 36674 B1
©85__HO158126 B1
It-043g05_ FUOlOolz21 Bl
FESC-752  HM210570 Bl
sichuan_ KT214469 B1
g-28_  KJIG41340 Bl
Ov456_ FJ195346 B2
It-Pil_ AYZ2&5456 B2
SRLVO0D1l_ ME554402 B2
It-007__EU010126 B2
SRLV042 MH27428%8 B2
volterra_ JFS502417 B2
Fonni_  JFS50241¢ B3
TR-DM__JF502418 S.e.. B3
1GA__ AF322109 c.G B3
Roccaverano  EU253537 JAC.G o}
seui_ 6381130 L.C.A. Bl
SA-OMVY__NC_001511 c.G . E2
EVl_ 551392 c.e .TCC.C. ST a1l
K1514_ M&060% JAC.A STCC.C. AL, Al
Kv1772_ 555323 JACLA .TCC.C. Ao, Al
ovLv_85_34_ AY101611 C.G..... c LTCC.T. [= T Rz
10FL gag-pol LLCLGLL LT LTCC.T. Lo R
21FL_gag-pol ..C.G..C..G. .TCC.T. C..G...... n
4Z2FL gag-pol ..C.G..C..G. .TCC.T. C..G P2
115_gag-pol ..C.A..C..T. .TCC.T. TG . n
145_gag-pol .C.G..C..T. .TCC.T. LCLLG. . R
355_gag-pol LCLRLLCLLT. LTCC.T. LG b=y
835_gag-pol .C. G..C_.T. .TCC_ - C..G. ... A
568X gag-pol SCLAL -T. Too T AT..... o c A

Figure 9. Amino acid sequence ahgnment of gag pol sequences and selected reference SRLV
strains from GenBank belonging to genotype A, B, C, and E. Dots indicate identity with
CAEV-Co strain of genotype B, whereas dashes indicate deletions. The region of reverse
primer Rb is boxed [positions 1203-1223 in CAEV-Co strain (acc. M33677)]. Above the
sequence alignment the reverse complement sequence of degenerate Rb primer is indicated
into the black arrow. M: A/C; R:A/G; Y: C/T.
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3.2 Real-time PCR setup

After the optimization of the three real-time PCR assays, the final real-time PCR reaction
volume was 20 ul and contained 0.5 pl PCR product from the first round of the conventional
Gag-pol nested protocol, 0.5 pl of 10 uM forward and 0.5 ul of 10 uM reverse primer (200
nM of each primer), 10 pl Luna universal gPCR Master Mix (New England, Biolabs Inc.,
Hitchin, UK), and 8.5 pl DNase-free water. The first round of PCR included 30 cycles and
same cycling conditions as previously described. Cycling conditions for the three real-time
PCR protocols included initial denaturation at 95 °C for 3 minutes, followed by 35 cycles of
95 °C for 15s and 59 °C for 30s. After the amplification cycles, melting temperature (Tp,)
analysis from 50 °C to 95 °C at 0.5 °C increments was conducted to determine Ty, of specific

real-time PCR products.

4. Diagnostic performance of real-time PCR protocols

PCR products from the three PCR protocols without the melting curve phase were gel
electrophoresed (Figure 10) and the bands were gel extracted and sequenced. The nucleotide
sequencing confirmed the amplification of specific PCR products in F2-R and F2-Rb

protocols, whereas non-specific products were amplified with F2-Ra protocol.

Figure 10. Agarose gel electrophoresis of F2-R PCR products (126bp, shown with red
arrows), F2-Rb PCR product (214 bp, shown with yellow arrow), and F2-Ra PCR product
(209bp, shown with green arrow).

In Figures 11 and 12 Ct curves and melting curves of positive and negative samples, and non-

template controls are shown for F2-R and F2-Rb protocols, respectively.
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Figure 11. Cycle threshold (Ct) curves (a) and melting curves (b) of F2-R protocol in positive
samples (PS), negative samples (NS), and non-template control (NTC). Positive samples

produced a single peak melting curve (80.4-80.8 °C).
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Figure 12. Cycle threshold (Ct) curves (a) and melting curves (b) of F2-Rb protocol in
positive samples (PS) of genotype B, positive samples of genotype A (A), negative samples
(NS), and non-template control (NTC). Positive samples of genotype A produced a single
peak melting curve (80.7-80.9 °C).

As shown in Figures 11 and 12, tested samples can be considered as positive or negative after
evaluating both the Ct value and the melting curve. In particular, a sample was considered
positive when Ct value was lower than 20 and the melting curve presented a single peak at
temperature 80.4-80.8 °C and 80.7-80.9 °C in protocol F2-R and F2-Rb, respectively. Non-
template controls and negative controls produced primer dimers with low Tm (~70 °C) which
are not confused with the Tm of the specific real-time PCR products. Also, sequences of
genotype A did not produce positive results when tested with the protocol specific for the

strains of genotype B.
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The efficiency and R” of F2-R and F2-Rb real-time PCR assays were 99.52% and 0.9952, and
86.63% and 0.9775, respectively, as shown in the standard curves generated with the serial

10-fold dilutions (Figures 13a and 13b).
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2 R?=0.9775
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(b)
Figure 13. Standard curves of the F2-R (a) and F2-Rb (b) real-time PCR assays. Ct (cycle
threshold) values of serial dilutions were plotted against the log concentration of gBlock gene
fragment (a) and DNA sample (b). Regression equations with the coefficient of correlation
(R%) and efficiency of the reaction (E) are also shown. The dots in the regression line
represent the result of a triplicate amplification of each serial dilution.
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The LOD was calculated for the F2-R assay amplifying ten replicates of dilutions of gBlock
gene fragment with known copies. The probit analysis revealed that the assay was able to

detect 178 copies.

IV. Discussion

The commercial indirect ELISA used in the present thesis detected SRLV infected animals in
all the studied farms, despite the genetic variability of the circulating strains between and
within the farms. This is possibly attributed to the presence of whole virus as antigen, which
increases the detection spectrum of specific antibodies compared to ELISA based on capsid
or transmembrane peptides (De Andrés et al., 2013). At the same time, the use of whole
virus-based ELISA possibly permitted the detection of infected animals regardless of the
infection stage and the presence of antibodies, either against gp135 in the case of chronically
infected animals or p28/p25 capsid antigens in the case of currently infected animals (Singh,
McConnell and Blacklaws, 2006). The sensitivity and specificity values of the ELISA test
were 82.8% and 93.8%, respectively, and are lower compared to the results from a previous
study evaluating its diagnostic performance in sheep (98.6% and 100%, respectively) (De
Andrés et al., 2005). Also, the concordance of ELISA with the results obtained from all PCR
(k-value = 0.620) protocols was substantial according to the approach of Landis and Koch
(Landis and Koch, 1977). However, in this study, the combination of several different
conventional PCR results as a reference method rather than serological methods decreased
the detection of infected animals from the ELISA test, as many infected animals might have
not seroconverted yet.

The molecular investigation of SRLV infections in this study confirmed the fact that the
diagnostic performance of PCR protocols is variable and is undermined by the mismatching
of primers at the binding sites due to the genetic variability of the circulating viral strains. In
this study, seven conventional PCR protocols with target sequences in highly (LTR, gag gene,
pol gene) or less (env gene) conserved genomic regions (Zanoni et al., 1992; De Andrés et
al., 2005) were evaluated for their diagnostic performance. Their sensitivity values ranged
from 7.5% for the nested LTR protocol to 79.2% for the Gag-pol nested protocol, indicating
the gag/pol region as more conserved and appropriate for the designation of primers. On the
other hand, the specificity values, which ranged from 77.8 to 85.2%, were attributed to the
“gold standard” used in the study (as reference infected animals were considered the animals
positive in both ELISA and at least one PCR protocol). The concordance of PCR protocols

with reference results was found to be moderate for LTR nested and Gag-pol nested protocol,
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fair for gag nested protocol, and poor for all the other PCR protocols. The evaluation of the
diagnostic performance of PCR protocols for SRLV infections is extremely difficult to be
objective, as the lack of a “gold standard” or universally applicable molecular protocols leads
to the categorization of detected animals with the new PCR protocol as false positives. In this
case, the real specificity and concordance values can be evaluated only after the sequencing
of all the ambiguous PCR products. In our study, all 37 sequenced PCR products were SRLV-
specific, proving the high specificity of molecular tests.

Also, the poor diagnostic performance of some conventional PCR protocols in the studied
farms resulted from the mismatch between the circulating strains and the detection spectrum
of primers. For example, the LTR protocol, which was designed in the LTR region of the
K1514 strain of genotype A (Sonigo et al., 1985), did not produce any positive results in farm
D, where the circulation of strains belonging to the B genotype was shown after the
phylogenetic analyses of gag-pol and env sequences. On the other hand, the Gag nested
protocol presented high sensitivity and specificity values (66.0% and 77.8%, respectively)
compared to other protocols and produced positive results in all farms, although it was
designed using the CAEV-Co strain of genotype B (Barlough ef al., 1994). The most possible
explanation is that primers for this protocol were designed in highly conserved regions of the
gag gene, as the phylogenetic tree of these sequences produced two separate clusters: one
cluster was mostly associated with strains of genotype A and the other with strains of
genotype B. However, the highest diagnostic performance was recorded for the Gag-pol
nested protocol which was designed using strains of both A and B genotypes (Grego et al.,
2007), confirming the significance of primer designation for the efficient molecular diagnosis
of infected animals in different regions. On the other hand, the very low diagnostic
performance of Gag and Pol protocols (Grego et al., 2002), despite their primer designation
using strains of different genotypes, may be attributed to the production of weak signals, due
to the low viral load, which is enhanced in the cases of nested protocols.

Phylogenetic analyses revealed the circulation of SRLV strains belonging to genotypes A and
B (subtype B2) in the studied farms. Although phylogenetic data regarding the circulating
strains in our country are limited, previous studies have also reported the existence of strains
belonging to genotypes A (Angelopoulou et al., 2005, 2006; Chassalevris et al., 2020) and B
(Chassalevris et al., 2020). Specifically, regarding genotype A, the most homologous strains
to the sequences from this study were previously isolated in Greece (Angelopoulou et al.,
2005), in Italy, and in neighbouring or nearby countries of the Middle East (Turkey, Italy,

Lebanon, and Jordan). On the other hand, the most homologous strains to the B2 sequences
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from this study were isolated in Italy, France, and Spain (Grego et al., 2005, 2007; Germain
and Valas, 2006; Glaria et al., 2009). These findings are in consistency with previous
phylogenetic studies indicating the Middle East as the ancestral region of the A genotype and
Central Europe of B genotype (Molaee et al., 2020; Carrozza et al., 2023).

Although genotype A includes MVV-like strains, whereas genotype B includes CAEV-like
strains, cross-species transmission of strains of these two genotypes between sheep and goats
has been previously reported (Leroux, Cruz and Mornex, 2010; Da Cruz et al, 2013;
Michiels, Adjadj and De Regge, 2020). In particular, subtype B2, which was found in our
study, has been reported in sheep in many studies in the past (Shah et al., 2004; Grego et al.,
2005, 2007; Glaria et al., 2009). The combination of the results obtained from all the
constructed phylogenetic trees indicates the circulation of strains of both A and B2 genotypes
in farms A and C, whereas in farms B and D all the sequences were associated with strains of
genotypes A and B2, respectively. This is in consistency with the results from mean pairwise
genetic distances between the sequences; all sequences originating from the same farm
presented genetic heterogeneity <15.0%, which is considered the limit for the categorization
of sequences in the same subtype (Shah et al., 2004), except for LTR sequences in farm C
(15.2%), and the gag-pol sequences in farm A (15.4%). The clustering of a sample (40SX)
from farm A with the strains of genotype A in the case of LTR phylogenetic analyses and with
strains of subtype B2 in the case of gag-pol phylogenetic analyses may be attributed either to
co-infection with A and B2 genotypes (Pisoni, Bertoni, et al., 2007; Ramirez et al., 2012;
Fras et al., 2013) or to the circulation of a recombinant strain due to the animal co-infection
with multiple strains (Ramirez et al., 2011; L’'Homme ef al., 2015; Olech and Kuzmak, 2021).
Based on the results from the phylogenetic analyses, three real-time PCR protocols were
designed and evaluated for their efficiency (the universal protocol, and protocols for A and B
genotypes). The limited specificity of the protocol for the detection of strains belonging to the
A genotype may be associated with weaknesses in primers’ designation, leading to matching
with non-specific regions in the DNA samples. The fact that all primers were blasted and
checked for their specificity during their designation highlights the complexity of the
development of efficient molecular diagnostic protocols for SRLV infections.

Also, despite the designation of primers based on the sequencing of field samples, a first
round of PCR was necessary to increase the sensitivity of the assay. Nested PCR protocols
reduce non-specific binding in the case of samples rich in genomic DNA and enhance the

sensitivity and specificity of the assay.
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Currently, only a TagMan real-time PCR protocol in the pol/ region has been previously
developed in our county for the detection of SRLV infections belonging to A and B genotypes
(Chassalevris et al., 2020). Similarly, in the present study, the real-time PCR protocols
developed were evaluated in field samples belonging to A and B genotypes from both
indigenous Chios and imported Lacaune sheep reared in four intensive farms, demonstrating
high efficiency and R” values. Also, considering the economic aspect, these real-time PCR
protocols are based on the SYBR Green method, and the primers do not include costly
modifications, significantly reducing the cost of the reaction and permitting its use as a
routine molecular diagnostic test. Also, the degeneracy of the primers could be easily
modified in the future to improve the diagnostic performance of the protocol, considering the
emergence of new strains in the country. Moreover, the F2-R protocol was initially designed
for the detection of SRLV strains of all genotypes, and its future evaluation with strains
belonging to genotypes C and E could confirm its universal application for the detection of
infections from these genotypes.

Taking into account all the above, the newly developed nested SYBR Green real-time PCR
protocol F2-R presented high diagnostic performance for the detection of SRLV infections
from strains of A and B genotypes and was considered appropriate for use in the subsequent
prospective epizootiological study. Also, beyond the present study, this real-time PCR
protocol could be exploited as a valuable diagnostic molecular tool for the early and accurate
diagnosis of SRLV infections in our country. In any case, further evaluation of its diagnostic

performance in more field samples belonging to various genotypes of SRLV is needed.

76



Chapter 2: Prospective cohort study and risk assessment for small ruminant lentiviruses

infections in intensively reared dairy ewes and their lambs

I. Objectives

Formal data regarding SRLV prevalence in European countries are insufficient and derive
mainly from limited voluntary epizootiological studies conducted in specific regions and
breeds, including animals reared under dissimilar farming systems, rather than from
systematically applied national surveillance programs. However, these studies may not be
representative of the current situation. Indeed, the inclusion of MV and CAE in the list of
notifiable terrestrial and aquatic animal diseases by the WOAH and the subsequent
limitations in the trading of breeding stocks discourage sheep breeders from voluntarily
investigating the presence of the disease on their farm.

Currently, investigation of SRLV prevalence and associated risk factors is based on cross-
sectional sero-epizootiological studies. According to these studies, seroprevalence values
vary among countries, and several potential risk factors have been recognized to be
associated with SRLV seropositivity at the animal level (e.g., age, breed, sex) and the farm
level (e.g., intensive farming system, increased flock size, unfavorable housing conditions,
breeding stocks trade etc.) (Arsenault e al., 2003; Shuaib et al., 2010; Hiittner, Seelmann and
Feldhusen, 2010; Pérez et al., 2010; Lago et al., 2012; Kaba et al., 2013; Norouzi et al.,
2015; Junkuszew et al., 2016; Alves et al., 2017; Michiels et al., 2018; Pavlak et al., 2022).
However, results from this type of study are not always reliable due to the underdiagnosis of
infected animals, as some of them may remain constantly seronegative from months to years
after the infection, demonstrate fluctuating antibody titers, or even serorevert (Minguijon et
al., 2015). Moreover, in cross-sectional sero-epizootiological studies, the major drawback is
the imperfect diagnostic performance of the applied diagnostic tools, which can lead to the
misclassification of animals based on a single observation of their serological status.
Underdiagnosis of infected animals in these studies undermines the successful
implementation of control programs and hampers the eradication of SRLV. On the contrary,
prospective epizootiological studies, which are based on both serological and molecular
diagnostic tools and follow the studied animals over time, limit the effects of imperfect
diagnosis and allow the extraction of safer conclusions regarding the epidemiology and risk
factors of chronic diseases (Lau, Gange and Moore, 2007; Song and Chung, 2010).

In Greece, the increasing demand for high-yielding breeding stocks has lately led to a

remarkable increase in the importation of breeding stocks from European countries and/or
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from local intensive farms with unknown or, in some cases, high SRLV prevalence rates.
Despite this fact and the evidence of extensive virus spread, currently, the epizootiological
data regarding SRLV infections in the country is scarce (Ploumi et al., 2001; Karanikolaou et
al., 2005) and the role of potential risk factors has not been sufficiently documented yet. The
scarcity of epizootiological data on SRLV does not allow the designation of evidence-based
control programs, which should be precisely adapted per region and farming system
according to the morbidity frequency measures and the potential risk factors (genetic
predisposition of breeds, management, and productive orientation).

The objectives of this epizootiological study were to: i) calculate morbidity frequency
measures; ii) determine serological patterns; iii) prospectively study the potential risk factors
associated with animal seropositivity and infection, the manifestation of specific serological
patterns, and the occurrence of a seroconversion or a seroreversion incident; and iv) evaluate
the significance of horizontal and vertical transmission of SRLV in intensive dairy sheep

farms in Greece.

II. Materials and Methods

1. Farm and animal selection

The selected farms that were used in the development of the diagnostic protocol described in
Chapter 1 were also enrolled in the prospective epizootiological study. In detail, a total of ten
intensive, zero-grazing dairy sheep farms were initially surveyed during on-site visits and
interviews with the farmers, using a structured questionnaire (Appendix A) to collect data
regarding the farms’ characteristics and management practices. Among them, four intensive
dairy sheep farms with purebred Chios (farms A, B, and C) and Lacaune sheep (farms A and
D), located at different counties in Greece (Figure 14), were selected and enrolled in the study
on the basis of 1) being representative of the intensive system (Gelasakis et al., 2012), ii)
applying similar management schemes (Table 14), 1ii) being recently found to be seropositive
in SRLV, and iv) fulfilling the terms of participation and collaboration during the whole
duration of the study.
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Figure 14. Geographical distribution of the studied farms.
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Table 14. Farm characteristics and herd management practices in the studied farms.

Farm A Farm B Farm C Farm D
Location Larissa Preveza Korinthos Actolia-
Acarnania
Breed Chios/Lacaune Chios Chios Lacaune
Years of operation 7 7 4 9
Animals p(ir) employee 118 100 294 115
Total ann(rrllz;ll number 241 208 925 230
Milking ewes (n) 156 160 615 148
Replacement rate (%) 30 25 40 25
Shed area/ewe (m?) 1.42 2.70 1.53 1.50
Shed volume/ewe (m?) 7.10 13.50 12.24 5.20
Type of ventilation Natural Natural Natural gnd Natural a nd
mechanical mechanical
Ventilation conditions Poor Good Very good Medium
Type of bedding Straw Straw Straw Straw
Frequency of manure 1 3 6 1
removal (times/year)
Feeder space/sheep 20.7 31.3 35.9 34.4
(cm)
Exercise paddock No Yes No Yes
Method of mating Natural/groups Na.tural/smgle Natural/groups Naftural/smgle
sire groups sire groups
Ewes:rams ratio 20 20 24 24
Milk
yield/ewe/lactation 210 300 400 250 450
days (kg)
Prolificacy (lambs/ewe) 1.4 2 1.9 1.6
Method of lamb rearing Natural Artificial Artificial Artificial
Unpasteurized  Unpasteurized Pasteurized ewe Pasteurized ewe
Colostrum
ewe colostrum  ewe colostrum colostrum colostrum
Weaning age (days) 40 45 50 35
Method/frequency of . . . .
L ! Mechanical/2  Mechanical/3-2 Mechanical/3-2 Mechanical/2
milking (times/day)
Vaccinations—treatments:
Enterotoxemia v v v v
Pasteurellosis - - v -
Contagious agalactia v v v v
Enzootic abortion v v v v
Anthelmintic treatment v v v v
Dry-off treatment - v v v
Health issues:

Mastitis <10% 5% 10% <10%
Abortions <5% <5% 5% <5%
Lameness <5% <5% <5% 5%

Pregnancy toxaemia <5% <5% <5% <5%
Confirmed maedi-visna No No No No

clinical cases
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2. The epizootiological study design in ewes

From the selected farms, a total of 660 ewes (6 months to 7 years old) were randomly
selected and included in the study, which initiated 3—4 weeks pre-mating. In particular, 93
ewes from farm A, 187 ewes from farm B, 200 ewes from farm C, and 180 ewes from farm D
were enrolled in the study. The selected ewes were separately penned within each farm and
prospectively studied for two consecutive years, from May 2020 to July 2022. Samplings
were performed semiannually for two consecutive years, in specific physiological stages
across the production life cycle of sheep, namely 3—4 weeks pre-mating and 2—4 weeks pre-
lambing, and for each individual animal, a serum and a whole blood sample were collected
for the ELISA and real-time PCR testing as previously described in Chapter 1. In each
sampling occasion ear tag, breed, age, and body condition score (BCS, 1-5, 1=emaciated,
5=obese with 0.25 increments) (Russel, Doney and Gunn, 1969) were recorded. Also, ewes
were physically examined, and 17 health and welfare indicators were assessed at the animal
level. The recorded health and welfare indicators and the effects of SRLV infections on their

occurrence are presented in detail in Chapter 3.

3. The epizootiological study design in lambs

A total of 195 lambs from the studied ewes (20, 53, 37, and 85, from farms A, B, C, and D,
respectively) were prospectively studied from their birth until their first parturition. As shown
in Table 14, farm A applied natural suckling with unpasteurized colostrum, farm B applied
artificial rearing with unpasteurized colostrum, whereas farms B and C applied artificial
rearing with pasteurized colostrum. Colostrum was pasteurized by heating at 56 “C for 60
min. The studied lambs on all farms were kept separately until the age of 8-9 months, when
they were mixed with adult ewes and rams during mating. Lambs from the studied ewes were
sampled four times during the study: the first month of their life during suckling or artificial
rearing, the third month of their life (post-weaning), at pre-mating (8 months old), and at pre-
lambing (13 months old). For each individual animal, a serum and a whole blood sample
were collected for the ELISA and real-time PCR testing as previously described in Chapter 1.
Also, the serological and infection status of the dams were recorded at pre-lambing for 169

out of the 195 studied lambs.

4. ELISA and real-time PCR-based diagnosis of small ruminant lentiviruses infections
All serum samples were analyzed as previously described in Chapter 1 for the detection of
anti-SRLV antibodies with an indirect whole-virus commercial ELISA test. Also, all DNA

samples extracted from whole blood samples, as described in Chapter 1, were tested with the
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newly developed real-time PCR protocol F2-R for the detection of SRLV infections. In
particular, a sample was considered positive when the Ct value was lower than 20 and the
melting curve presented a single peak at a temperature 80.4-80.8 °C. In total, 3,301 ELISA
and 2,487 real-time PCR tests were performed during the study.

5. Statistical analyses and epizootiological assessment in ewes

From the initially enrolled ewes, only the records of the ones with at least four consecutive
samplings (full set of measurements) were retained and used for the statistical analyses. This
resulted in a total of 407 ewes (234 Chios: 25, 143, and 66 from farms A, B, and C,
respectively, and 173 Lacaune: 32 and 141 from farms A and D, respectively) with a full set
of measurements. At the beginning of the study, ewes were categorized into five age classes

as follows: 1 (x<1),2(1<x<2),3(2<x<3),4(3<x<4),and5 (x>4).

5.1 Categorization of ewes according to their serological, PCR, and infection status

In each sampling occasion, ewes were categorized according to the ELISA and real-time PCR
results as follows:

-seropositive and seronegative according to the ELISA results (serological status),

-PCR positive and PCR negative according to the real-time PCR results (PCR status),
-infected and uninfected according to the combination of ELISA and PCR results (infection
status); an animal was defined as infected with a positive ELISA or real-time PCR test and
uninfected when both ELISA and real-time PCR tests were negative. Also, the infected ewes
were further grouped into infected seropositive when both ELISA and real-time PCR tests

were positive and infected seronegative when only PCR test was positive.

5.2 Categorization of ewes according to their serological and infection pattern

At the end of the study, ewes were categorized according to their temporal serological pattern
as follows:

-constantly seropositive (constantly seropositive results during the study),

-constantly seronegative (constantly seronegative results during the study),

-seroconverted (seronegative ewes at the beginning of the study converted to seropositive
during the study),

-seroreverted (seropositive ewes at the beginning of the study reverted to seronegative during
the study), and

-ewes with an intermittent presence of antibodies (alternating seropositive and seronegative

status during the study, regardless of their serological status at the beginning of the study).
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The seroconversion/seroreversion incident was defined as the time-point of the
seroconversion/seroreversion event, namely, the first sampling occasion that the animal was
detected as seroconverted/seroreverted.

Also, at the end of the study, the ewes were categorized according to their temporal infection
pattern as follows:

-infected seropositive (tested both PCR positive and constantly seropositive, or with an
intermittent presence of antibodies, or seroconverted until the end of the study),

-infected seronegative (tested PCR positive and constantly seronegative, or seroreverted until
the end of the study),

-uninfected (tested always both PCR and ELISA negative).

5.3 Comparative assessment of the ELISA and the real-time PCR protocols
The comparison between ELISA and real-time PCR results included a total of 1,907 samples.
The concordance between ELISA and real-time PCR results was estimated considering the
samples that tested either positive or negative in both assays. Also, k-value was calculated
and classified as poor (<0.00), slight (0.00-0.20), fair (0.21-0.40), moderate (0.41-0.60),
substantial (0.61-0.80), or almost perfect (0.81-1.00) (Landis and Koch, 1977) .

5.4 Morbidity frequency measures

Morbidity frequency measures included (sero)prevalence (point and period), incidence rate,
and cumulative incidence for SRLV infections and were calculated considering only the
ELISA results and the combination of ELISA and real-time PCR results. The following

formulas were used for the calculation of morbidity frequency measures:

positive ewes within n sampling occasion

Point (sero)prevalence, = ———— , ,
total ewes population within n sampling occasion

new and pre—existing cases of positive ewes during the study

Period (sero)prevalence =
( )p total ewes population during the study

new cases of positive ewes during the study

Incidence rate =
sum of healthy sheep—semesters during the study

new cases of positive ewes during the study

Cumulative incidence =
ewes at risk at the beginning of the study (negative ewes)

For the calculation of the above-mentioned measures, the following assumptions were
followed: 1) as a new case was defined the sheep found seropositive for the first time when
only ELISA results were considered, and once it was found infected in the case of the

combination of ELISA and real-time PCR results; ii) ewes at risk were the seronegative ewes
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at the beginning of the study when only ELISA results were considered and the uninfected
ewes in the case of the combination of ELISA and real-time PCR results; and iii) for the
calculation of the incidence rate, sheep-semester was defined as the unit of the time—animal
component. Each seronegative or uninfected ewe contributed to the healthy sheep-semesters
until being found positive; once found positive, it did not contribute any healthy sheep-
semesters in the study, even if seroreversion occurred or a PCR negative result was recorded.

Prevalence rates and 95% confidence intervals were calculated with R package epi.prev using
the Blaker method and adjusting for the analytical sensitivity and specificity values of the
ELISA test (Zanoni et al., 1994). The respective incidence values were calculated with R
package epi.conf using the Byar method for incidence rates and the Wilson method for

cumulative incidence rates.

5.5 Risk assessment analysis

Descriptive statistics (frequencies and mean values) for various serological and infection
status or patterns, seroconversion and seroreversion incidents, age, and BCS were calculated
using SPPS v.26.

Multivariable adjusted relative risks (RRs) for i) seropositive, PCR positive, and infected
status, ii) seroconversion and seroreversion incidents, and iii) seropositive status in ewes with
intermittent presence of antibodies, mixed binary logistic models with repeated measures
were generated in SPPS v.26. In these models, breed (2 levels, Chios and Lacaune), sampling
occasion (2 levels, pre-mating and pre-lambing), and year of the study (3 levels, 1, 2nd 31
in the third year only the pre-mating period was considered) were used as fixed effects, age
and BCS as covariates, and the random effects of farm and animal were also considered. The
animals that were found infected on the first sampling occasion were excluded from the
statistical analysis for the RR for PCR positive status for the first time in seroconverted
animals.

Also, adjusted RRs for serological and infection patterns were estimated using the breed (2
levels, Chios and Lacaune), the age of the ewes at the beginning of the study (covariate) as
fixed effects, and the farm as a random effect in mixed binary logistic models.

In all models, scaled identity was selected as the most appropriate covariance structure

according to Akaike’s information criterion (AIC).
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6. Statistical analyses and epizootiological assessment in lambs

6.1 Categorization of lambs according to their serological and infection status
In each sampling occasion, lambs were categorized as seropositive and seronegative
according to the ELISA results (serological status) and as infected or uninfected (infection

status) according to the real-time PCR results.

6.2 Categorization of lambs according to their serological pattern
At the end of the study, the lambs were categorized according to their temporal serological
pattern as previously described for the ewes (constantly seropositive, constantly seronegative,

seroconverted, seroreverted, and lambs with an intermittent presence of antibodies).

6.3 Morbidity frequency measures
Point seroprevalence and prevalence were calculated for each sampling occasion, considering

only the ELISA results and the real-time PCR results, respectively.

6.4 Risk assessment analysis

Descriptive statistics (frequencies and mean values) and multivariable adjusted RRs were
calculated using SPPS v.26. Multivariable adjusted RRs for 1) seropositive status at the age of
13 months old and ii) infected status at the age of 1, 3, 8, and 13 months old were calculated
with mixed binary logistic regression models using the breed (2 levels, Chios and Lacaune),
the infection status of the dam (2 levels, uninfected and infected), and the type of the
colostrum (2 levels, unpasteurized and pasteurized) as fixed effects and the farm as a random
effect. In all models, scaled identity was selected as the most appropriate covariance structure

according to Akaike’s information criterion (AIC).

III1. Results

1. Epizootiology of small ruminant lentiviruses infections in ewes

1.1 Serological and infection patterns

A total of 15.2% (62/407) of the studied ewes were constantly seronegative, 46.2% (188/407)
were constantly seropositive, 20.1% (82/407) seroconverted, 8.6% (35/407) seroreverted, and
9.8% (40/407) presented an intermittent presence of antibodies. The frequencies of
serological patterns per breed are presented in Figure 15. Similar percentages of constantly
seronegative and constantly seropositive ewes were observed in both breeds. However, the
Lacaune breed demonstrated a higher percentage of seroconverted ewes, and the Chios breed

demonstrated higher percentages of seroreverted ewes and ewes with an intermittent presence
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of antibodies. Frequencies of serological patterns per farm and breed are presented in Table
S1 in Appendix B.

Breed
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Figure 15. The frequencies of serological patterns in Chios and Lacaune breed.
The age of the studied ewes at the beginning of the study ranged from 6 months to 7 years,
with a mean value equal to 2.4 + 1.46 years. The mean ages of Chios and Lacaune ewes were

2.7+ 1.55 and 1.8 £+ 1.16 years, respectively. The mean ages of ewes per serological pattern

when introduced in the study are presented in Table 15.

Table 15. Mean age of ewes when introduced in the study per serological pattern.

Serological pattern Mean age + SD (in years)
Constantly seronegative 1.9+1.18
Constantly seropositive 2.7+1.62
Seroconverted 20+£1.28/2.9+1.38*/2.7+1.38**
Seroreverted 22+ 1.27/ 3.7 £ 1.47***
Intermittent presence of antibodies 2.1+1.17

*at the seroconversion incident; **when found PCR positive; ***at the seroreversion
incident

Among seroconverted ewes, in 8.5%, 29.3%, 32.9%, 12.2%, and 17.1%, of the cases,
seroconversion occurred at the first, second, third, fourth, and greater than fourth year of age,
while 70.0% of the seroreverted ewes were more than three years old at the seroreversion
incident. In Figures 16a and 16b, the age class at the seroconversion and the seroreversion

incident in Chios and Lacaune breeds are presented.
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The mean relative OD values of ELISA for constantly seronegative, constantly seropositive,
and ewes with an intermittent presence of antibodies were —4.0, 224.1, and 58.2, respectively.
In constantly seronegative ewes, the mean relative OD values remained very low and did not
present any remarkable variation during the study (Figure 17a), whereas in constantly
seropositive ewes and in ewes with an intermittent presence of antibodies, the mean relative
OD values increased pre-lambing and decreased pre-mating (Figures 17b and 17c). In
seroconverted and seroreverted ewes, and in ewes with an intermittent presence of antibodies,
the mean relative OD values were 205.5, 126.6, and 110.6 for the seropositive status and
—0.71, 29.4, and 19.0 for the seronegative status, respectively. In Figures 18a and 18b, the
mean relative OD values of seroconverted and seroreverted ewes are presented before and

after seroconversion/seroreversion incident.
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Figure 17. Mean relative optical density (OD) values of ELISA in constantly seronegative
ewes (a), constantly seropositive ewes (b), and ewes with an intermittent presence of
antibodies (c) during the study.
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Figure 18. Mean relative OD values of ELISA in seroconverted (a) and seroreverted (b) ewes
before and after the seroconversion/seroreversion incident.

Regarding the infection patterns, only a subtotal of 7.1% (29/407) of the studied ewes were
uninfected, whereas 76.2% (310/407) were infected seropositive and 16.7% (68/407) were
infected seronegative. The frequencies of infection patterns per breed are presented in Figure
19. The frequency of infected seropositive ewes was similar in both breeds, whereas the
percentage of uninfected ewes was higher in the Lacaune breed. On the other hand, the Chios

breed demonstrated a higher percentage of infected seronegative ewes. The frequencies of
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infection patterns per farm and breed are presented in Table S2 in Appendix B. The mean
ages of uninfected, infected seropositive, and infected seronegative ewes when introduced in

the study were 1.7 £0.96, 2.5 + 1.52, and 2.3 & 1.35, respectively.

Infection pattern
Figure 19. Infection patterns in Chios and Lacaune breeds.
The mean Ct values of real-time PCR for uninfected, infected seropositive, and infected
seronegative ewes were 26.1, 14.9, and 13.0, respectively. The infected seropositive ewes had

higher Ct values compared to the infected seronegative ewes in each sampling occasion

during the study (Figure 20).
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Figure 20. Mean Cycle threshold (Ct) values of real-time PCR testing for uninfected,
infected seropositive and infected seronegative animals during the study.

Also, the mean Ct values of real-time PCR for constantly seropositive ewes, seroreverted
ewes, and ewes with an intermittent presence of antibodies were 15.4, 13.2, and 15.0,
respectively. In seroconverted (after the first PCR positive result) and seroreverted ewes, and
ewes with an intermittent presence of antibodies, the mean Ct values were 14.7, 13.5, and
12.8 for the seropositive status and 14.1, 12.8, and 16.6 for the seronegative status,
respectively. The mean Ct values for constantly seropositive ewes remained stable during the

study (Figure 21).
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Figure 21. Mean Cycle threshold (Ct) values of real-time PCR testing for constantly
seropositive ewes.

The mean Ct values for seroconverted (after the first PCR positive result) and seroreverted
ewes before and after the seroconversion/seroreversion incident are presented in Figures 22a
and 22b. Seroconverted ewes presented the lowest Ct values in the first sampling occasion
after the infection and then the Ct values remained almost stable regardless of the
seroconversion incident. The Ct values of seroreverted ewes fluctuated, and the highest

values were reported on the most distant sampling occasions from the seroreversion point.
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Figure 22. Mean Cycle threshold (Ct) values of real-time PCR for seroconverted and

seroreverted ewes before and after the seroconversion/seroreversion incident.
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1.2 Comparative assessment of the ELISA and PCR protocols

The concordance between ELISA and PCR results in the total of studied ewes during the
study was found moderate (k-value = 0.477, p<0.001), as 1,486 out of 1,907 samples (77.9%)
tested either positive or negative in both assays. The ELISA test detected 91.2% of PCR
positive, whereas the real-time PCR protocol detected 97.1% of seropositive animals. K-
values and concordance between ELISA and PCR results are summarized per age class, farm,
breed, and serological pattern in Table 16. The lowest k-values and concordance values were
recorded in age class 5, in farm C, and in Chios ewes, while in the case of serological
patterns, the respective lowest values were estimated for seroreverted ewes and for ewes with
an intermittent presence of antibodies. On the other hand, the highest k-values and
concordance values were recorded in age class 1, in Lacaune ewes, and in seroconverted
ewes. In the case of farms, the highest k-value was observed in farm D, whereas farm A

presented the highest concordance value.

Table 16. K-values and concordance between ELISA and PCR results per age class, farm,
breed, and serological pattern.

k-value Concordance (%)
Age class

1 0.630 81.6 (115/141)
2 0.543 78.1 (313/401)
3 0.498 79.6 (414/520)
4 0.435 77.2 (287/372)
5 0.254 75.5 (357/473)

Farm
A 0.557 85.3(233/273)
B 0.480 76.7 (517/674)
C 0.132 64.3 (189/294)
D 0.595 82.1 (547/666)

Breed
Chios 0.391 74.5 (810/1087)
Lacaune 0.596 82.4 (676/820)

Serological pattern

Constantly seronegative na 74.5 (217/291)
Constantly seropositive na 86.0 (752/874)
Seroconverted 0.563 79.6 (309/388)
Seroreverted 0.001 60.2 (100/166)
Intermittent presence of antibodies 0.204 57.4 (108/188)

ELISA: Enzyme-linked immunosorbent assay; PCR: Polymerase chain reaction; k-value: kappa coefficient
value; age is presented in age classes, | (x <1),2 (1 <x<2),3(2<x<3),4(3<x<4),and 5 (x> 4); na: the
calculation of k-value is not available in these cases due to constantly negative or positive ELISA result.
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In particular, 345/407 ewes (84.8%) were found seropositive at least once, while 369/407
ewes (90.7%) had a positive PCR result at least once during the study. The PCR results per

serological pattern are presented in Table 17.

Table 17. Real-time PCR results per serological pattern.

Serological pattern PCR (+)* PCR (-)**
Constantly seronegative 61.3% (38/62) 38.7% (24/62)
Constantly seropositive 97.8% (182/188) 3.2% (6/188)

Seroconverted 97.6% (80/82) 2.4% (2/82)
Seroreverted 97.1 (34/35) 2.9% (1/35)
Intermittent presence of antibodies 97.5% (39/40) 2.5% (1/40)

PCR: Polymerase chain reaction: PCR (+): PCR positive result; PCR (-): PCR negative result *PCR positive
result in at least one sampling occasion; **PCR negative result in all sampling occasions.

1.3 Morbidity frequency measures

1.3.1 Point seroprevalence and prevalence

Point seroprevalence ranged from 57.5% (first sampling occasion) to 75.4% (fourth sampling
occasion), whereas prevalence ranged from 70.0% (first sampling occasion) to 88.3% (fifth
sampling occasion). The point seroprevalence and prevalence for each sampling occasion are
presented in Figure 23. Point seroprevalence increased until the fourth sampling and then

decreased, whereas point prevalence increased until the last sampling occasion.
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Figure 23. Point seroprevalence and prevalence in ewes in each sampling occasion during the
study.

Point seroprevalence and prevalence per farm are presented in Figures Sla, S1b, Slc, and

S1d in Appendix B.
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Point seroprevalence and prevalence in Chios and Lacaune ewes are presented in Figures 24a
and 24b, respectively. Except for the first sampling occasion, Lacaune ewes had higher
seroprevalence rates compared to Chios ewes, whereas Chios ewes presented higher
prevalence rates in all sampling occasions. In Chios ewes, seroprevalence fluctuated during
the study, whereas prevalence was continuously increasing. On the other hand, in Lacaune
ewes, both point seroprevalence and prevalence increased till the fourth sampling occasion

and decreased in the last one.
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Figure 24. Point seroprevalence (a) and prevalence (b) in Chios and Lacaune ewes in each
sampling occasion during the study.
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The point seroprevalence at the beginning of the study was 49.1%, 47.6%, 61.3%, 63.5%, and
82.5% in the age classes 1 (x <1),2 (1 <x<2),3(2<x<3),4(3<x<4),and5 (x>4),
respectively. The respective values for the point prevalence at the beginning of the study were
57.8%, 61.9%, 77.4%, 79.7%, and 87.5%. The point seroprevalence and prevalence during
the study per age class and breed are presented in Figures 25 and 26, respectively. The point
seroprevalence and the prevalence at the beginning of the study per age class and farm are

presented in Appendix B (Figures S2a and S2b, respectively).
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Figure 25. Point seroprevalence (a) and prevalence (b) in each sampling occasion during the

study per age class in Chios ewes; the five age classes are: 1 (x <1),2 (1 <x<2),3(2<x<
3),4(3<x<4),and 5 (x > 4).
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Figure 26. Point seroprevalence (a) and prevalence (b) in each sampling occasion during the
study per age class in Lacaune ewes; the five age classes are: 1 (x <1),2 (1 <x<2),3(2<x
<3),4(3<x<4),and 5 (x> 4).
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1.3.2 Period seroprevalence and prevalence, incidence rate, and cumulative incidence

The overall period seroprevalence, incidence rate, and cumulative incidence were 84.8%
(95% CI, 80.9—-88.0%), 33.6 new cases per 100 sheep-semesters (95% CI, 27.8-40.3%), and
64.2% (95% CI, 56.8-70.9%) based on ELISA results. The respective values obtained after
the combination of ELISA and PCR results were 90.7% (95% CI, 87.4-93.1%), 40.6 new
cases per 100 sheep-semesters (95% CI, 32.6-50.0 new cases per 100 sheep-semesters), and
68.9% (95% CI, 60.2-76.4%). Morbidity frequency measures for Chios and Lacaune ewes for
the first year and the whole duration of the study are presented in Tables 18 and 19,

respectively.

Table 18. Period prevalence, incidence rate, and cumulative incidence (95% CI) for Chios
ewes.

Morbidity Frequency

ELISA ELISA and PCR
Measure

12 months 24 months 12 months 24 months

73.1 84.6 87.2 94.4
(66.9-78.5) (79.4-88.8) (82.3-90.9) (90.7-96.7)

Period prevalence (%)

Incidence rate 37.8 32.8 35.2 37.6
(new cases per 100 sheep-semesters) (27.9-50.1) (25.4-41.7) (23.3-51.1) (27.0-51.1)

45.9 64.3 45.5 74.5

L .
Cumulative incidence (%) (36.4-55.8) (54.4-73.1) (33.0-58.5) (61.1-84.5)

CI: confidence interval.

Table 19. Period prevalence, incidence rate, and cumulative incidence (95% CI) for Lacaune
ewes.

Morbidity Frequency

ELISA ELISA and PCR
Measure

12 months 24 months 12 months 24 months

81.5 84.4 83.8 90.8
(75.0-86.9) (78.2-89.2) (77.6-88.6) (85.5-94.2)

Period prevalence (%)

Incidence rate 51.2 34.8 56.5 48.1
(new cases per 100 sheep-semesters) (37.4-68.5) (26.0-45.7) (40.8-76.4) (36.2-62.7)

56.0 64.0 58.2 76.1

o
Cumulative incidence (%) (44.7-66.7) (52.7-73.9) (46.3-69.3) (64.7-84.7)

CI: confidence interval.

In Figures S3, S4, and S5 in Appendix B morbidity frequency measures are presented for

each farm according to ELISA results and the combination of ELISA and PCR results.
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1.4 Risk assessment analysis

1.4.1 Adjusted relative risks for the seropositive status

Table 20 summarizes the adjusted RR from the repeated measures binary models for 1) the
seropositive status during the study and ii) the seropositive status in ewes with an intermittent
presence of antibodies. A one-year increase in age was associated with 1.78 times (95% CI,
1.41-2.25, p<0.001) increased RR of seropositive status. Also, Lacaune ewes were 2.63 times
(95% CI, 1.35-5.00, p<0.01) more likely to be seropositive during the study. Moreover, the
RR of seropositive status was increased by 1.72 times (95% CI, 1.28-2.33, p<0.001) at pre-
lambing compared to pre-mating, while seropositive status exclusively in ewes with an
intermittent presence of antibodies was also increased by 2.78 times (95% CI, 1.48-5.00,
p<0.01) during pre-lambing. Finally, the RR of seropositive status in the studied ewes
increased during the second year of the study compared to the third year (p<<0.001), while
ewes with an intermittent presence of antibodies were more likely to be seropositive during

the first and second year of the study compared to the third one (p<0.05).

Table 20. Adjusted relative risks for seropositive status during the study and seropositive
status in ewes with an intermittent presence of antibodies.

Dependent

variable Risk factor Categories /] Relative risk Clyse, P
Age * 0.579 1.78 1.41-2.25 <0.001
Chios -0.964 0.38 0.20-0.74 <0.01
Breed
Lacaune Ref
SS during BCS * 0.142 1.15 0.46-2.92 ns
the study 1 0.560 1.75 0.81-3.77 ns
Year of the study 2 1.032 2.81 1.64-4.80 <0.001
3 Ref
Production stage Pre-matipg -0.552 0.58 0.43-0.78 <0.001
Pre-lambing Ref
Age * -0.134 0.87 0.70-1.09 ns
Breed Chios -0.101 0.90 0.40-2.02 ns
SS in ewes Lacaune Ref
with an BCS * -0.630 0.53 0.10-2.88 ns
intermittent 1 1.383 3.99 1.19-13.33 <0.05
presence of  Year of the study 2 1.701 5.48 1.35-22.24 <0.05
antibodies 3 Ref
Production stage Pre-mating  -1.011 0.36 0.20-0.68 0.001
Pre-lambing Ref

SS: Seropositive status; f§: Coefficient; Closo,: 95% confidence interval; BCS: Body condition score;*Continuous
variable; Ref: Reference category; ns: not statistically significant

1.4.2 Adjusted relative risks for the seroconversion and seroreversion incidents
Adjusted RRs for the seroconversion and the seroreversion incidents are summarized in Table

21. Ewes were 3.23 times (95% CI, 1.85-5.53, p<0.001) more likely to be seroconverted at

101



pre-lambing compared to pre-mating sampling occasions. Also, the year of the study was
associated with seroreversion incidents; ewes were 33.3 times (95% CI, 7.69-100.00,
p<0.001) and 20.0 times (95% CI, 3.85-100.00, p<0.001) less likely to serorevert the first and
the second year of the study, respectively, compared to the last one.

Table 21. Adjusted relative risks for the seroconversion and seroreversion incidents.

Dependent variable Risk factor Categories /] Relative risk  Closo, P
Age * -0.135 0.87 0.74-1.03 ns
Breed Chios -0.296 0.74 0.49-1.14 ns
Lacaune Ref
Seroconversion BCS * 0.299 1.35 0.48-3.78 ns
incident 1 0.260 1.30 0.47-3.61 ns
Year of the study 2 0.082 1.09 0.36-3.30 ns
3 Ref
Production stage Pre-mating -1.162 0.31 0.18-0.54 <0.001
Pre-lambing Ref
Age * -0.077 0.93 0.68-1.26 ns
Breed Chios 0.730 2.08 0.82-5.26 ns
Lacaune Ref
BCS * -0.711 0.49 0.03-7.12 ns
Seroreversion 1 -3.569 0.03 0.01-0.13  <0.001
incident Year of the study 2 -2.941 0.05 0.01-0.26 <0.001
3 Ref
Production stage Pre—matipg -0.937 0.39 0.12-1.33 ns
Pre-lambing Ref

p: Coefficient; Closy: 95% confidence interval; BCS: Body condition score; *Continuous variable; Ref:
Reference category; ns: not statistically significant

1.4.3 Adjusted relative risks for serological patterns

Adjusted RRs for the observed serological patterns, as estimated by the binary models, are
presented in Table 22. A one-year increase in age was associated with an increased RR of an
animal being constantly seropositive by 1.60 times (95% CI, 1.35-1.91, p<0.001). On the
other hand, age was negatively associated with the occurrence of the constantly seronegative
and the seroconverted patterns; a one-year increase in animal age, was associated with 32%
(95% CI, 3-67%, p<0.05) and 28% (95% CI, 3-59%, p<0.05) decreased likelihood of an
animal being constantly seronegative or seroconverted during the study, respectively.
Moreover, intermittent presence of antibodies was 4.53 times (95% CI, 1.61-12.76, p<0.01)
more likely to occur in Chios ewes, whereas a one-year increase in age was associated with a

decreased RR of the intermittent presence of antibodies by 32% (95% CI,1-72%, p<0.05).
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Table 22. Adjusted relative risks for serological patterns.

Dependent variable Risk factor Categories /] Relative risk Clyse, P
Constantly Age * 0.473 1.60 1.35-1.91  <0.001
seropositive Chios 0.236 1.27 0.52-3.10 ns

Breed
Lacaune Ref
Constantly Age * -0.272 0.76 0.60-0.97  <0.05
seronegative Chios -0.253 0.78 0.28-2.19 ns
Breed
Lacaune Ref
Seroconverted Age * -0.252 0.78 0.63-0.97 <0.05
Chios -0.372 0.69 0.30-1.57 ns
Breed
Lacaune Ref
Age * -0.173 0.84 0.64-1.11 ns
Seroreverted Chios 0.469 1.60 0.55-4.63 ns
Breed
Lacaune Ref

Intermittent Age * -0.279 0.76 0.58-0.99 <0.05

ntermutient presence Chios 1.510 4.53 1.61-12.76  <0.01
of antibodies Breed

Lacaune Ref

. Coefficient; Closo,: 95% confidence interval, *Continuous variable; Ref: Reference category; ns: not
statistically significant

1.4.4 Adjusted relative risks for the PCR positive status

Adjusted RRs for PCR positive status 1) for the total of the studied ewes; ii) exclusively for
seroreverted ewes; and iii) for ewes with an intermittent presence of antibodies; and iv) for
PCR positive status for the first time in seroconverted ewes are summarized in Table 23.
Breed was recognized as a risk factor for PCR positive status; RRs for Chios ewes were 1.99
(95% CI, 1.19-3.34, p<0.01) and 8.00 (95% CI, 1.47-43.66, p<0.05) times higher during the
study and among ewes with an intermittent presence of antibodies, respectively, when
compared to Lacaune ewes. Moreover, a one-unit decrease in BCS was associated with an
increased RR by 20.00 (95% CI, 2.50-100.00, p<0.01) times in ewes with an intermittent
presence of antibodies.

Also, the year of the study was associated with PCR positive status. In particular, RR for PCR
positive status was 5.56 (95% CI, 3.23-9.10, p<0.001) and 1.52 (95% CI, 1.01-2.27, p<0.05)
times lower in the first and second year, respectively, compared to the third one, and RR for
PCR positive status of ewes with an intermittent presence of antibodies during the study was
9.09 (95% CI, 1.45-50.00, p<0.05) and 5.26 (95% CI, 1.16-25.00, p<0.05) times lower in the
first and second year, respectively, compared to the third one. In seroconverted ewes, RR was
increased by 6.86 (95% CI, 1.49-31.61, p<0.05) times in the second year compared to the

third one.
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Table 23. Adjusted relative risks for PCR positive status for the total of the studied ewes,
seroreverted ewes, ewes with an intermittent presence of antibodies, and seroconverted ewes.

Dependent

Relative

variable Risk factor Categories p risk Clyse, P
Age * 0.135 1.15 0.96-1.37 ns
Chios 0.690 1.99 1.19-3.34 <0.01
Breed
Lacaune Ref
PCR + BCS * -0.411 0.66 0.36-1.21 ns
Year of the 1 -1.701 0.18 0.11-0.31  <0.001
(total of ewes)
study 2 -0.421 0.66 0.44-0.99 <0.05
3 Ref
Production Pre-mating -0.126 0.89 0.69-1.12 ns
stage Pre-lambing Ref
Age * -0.099 0.91 0.50-1.66 ns
Chios 1.589 4.90 0.76-31.45 ns
Breed
Lacaune Ref
PCR + of BCS * -0.414 0.66 0.02-18.89 ns
seroreverted Year of the 1 -1.103 0.33 0.04-3.10 ns
ewes study 2 0.347 1.42 0.15-13.16 ns
3 Ref
Production Pre-mating -0.565 0.57 0.16-1.97 ns
stage Pre-lambing Ref
Age * 0.148 1.16 0.64-2.01 ns
PCR + of ewes Breed Chios 2.080 8.00 1.47-43.66  <0.05
th Lacaune Ref
im“evgmi‘gm BCS * -3.084 0.05 0.01-0.40  <0.01
presence of Year of the 1 -2.188 0.11 0.02-0.69 <0.05
oo study 2 -1.654 0.19 0.04-0.86 <0.05
antibodies
during the study ) 3 ) Ref
Production Pre-mating -0.277 0.76 0.35-1.63 ns
stage Pre-lambing Ref
Age * -0.025 0.98 0.76-1.26 ns
Breed Chios -0.282 0.75 0.4-1.42 ns
Lacaune Ref
PCR +in BCS * -0.261 0.77 0.19-3.11 ns
seroconverted Year of the 1 1.308 3.70 0.71-19.21 ns
ewes' study 2 1.925 6.86 1.49-31.61 <0.05
3 Ref
Production Pre-mating -0.295 0.36 0.74-1.40 ns
stage Pre-lambing Ref

B: Coefficient; PCR +: PCR positive status; Close,: 95% confidence interval; BCS: Body condition score; 'PCR
positive result for the first time; *Continuous variable; Ref: Reference category; ns: not statistically significant

1.4.5 Adjusted relative risks for the infected status

Adjusted RRs for the infected status during the study for the studied animals are presented in
Table 24. Age was significantly associated with infected status; in particular, RR for infected
status increased with age by 1.69 times (95% CI, 1.25-2.29, p = 0.001). Also, ewes were 2.94
times (95% CI, 1.82-4.76, p<0.001) more likely to be found infected at the pre-lambing
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compared to the pre-mating sampling occasion. Year of the study was also associated with
infected status; infections were 20.0 (95% CI, 6.25-50.0, p<0.001) and 3.3 (95% CI, 1.45-
7.69, p<0.01) times less likely in the first and second year, respectively, compared to the third

one.

Table 24. Adjusted relative risks for infected status during the study.

Dependent Relative

variable Risk factor Categories p risk Close, P
Age * 0.527 1.69 1.25-2.29 0.001
Breed Chios 0.459 1.58 0.68-3.68 ns
Lacaune Ref
BCS * -1.052 0.349 0.09-1.36 ns
1 -3.014 0.05 0.02-0.16  <0.001
Infected status Year of the study ) 1204 0.30 0.13-0.69 <0.01
3 Ref
Production stage Pre-mating  -1.081 0.34 0.21-0.55  <0.001
Pre-lambing Ref

p: Coefficient; Closo: 95% confidence interval; BCS: Body condition score; *Continuous variable; Ref:
Reference category; ns: not statistically significant

1.4.5 Adjusted relative risks for infection patterns

Adjusted RRs for infection patterns are summarized in Table 25. A one-year increase in
animal age was associated with an increased RR of an animal being infected seropositive by
1.31 times (95% CI, 1.08-1.60, p<0.01) during the study and a decreased RR of an animal
being infected seronegative by 1.30 times (95% CI, 1.03-1.61, p<0.05). On the other hand,

breed was not significantly associated with any of the infection patterns.

Table 25. Adjusted relative risks for infection patterns.

Dependent variable  Risk factor  Categories S Relative risk Clyse, P
Age * -0.257 0.77 0.62-0.97  <0.05
Infected seronegative Chios -0.039 0.96 0.34-2.75 ns
Breed
Lacaune Ref
Age * 0.273 1.31 1.08-1.60  <0.01
Infected seropositive Chios -0.018 0.98 0.43-2.27 ns
Breed
Lacaune Ref
Age * -0.225 0.80 0.56-1.14 ns
Uninfected Chios -0.316 0.73 0.05-11.86 ns
Breed
Lacaune Ref

fS: Coefficient; Closy,: 95% confidence interval;*Continuous variable; Ref: Reference category; ns: not
statistically significant
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2. Epizootiology of small ruminant lentiviruses infections in lambs

2.1 Morbidity frequency measures

2.1.1 Point seroprevalence

Point seroprevalence in lambs was 48.2%, 34.6%, 27.7%, and 31.5% at the ages of 1, 3, 8,
and 13 months old, respectively. At the beginning of the study, seroprevalence was 55.0%
(11/20) in farm A, 50.9% (27/53) in farm B, 35.1% (13/37) in farm C, and 50.6% (43/85) in
farm D in 1-month-old lambs. The evolution of seroprevalence in the studied lambs is

presented in Figure 27 for each farm.
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Figure 27. Point seroprevalence in lambs in each farm and sampling occasion during the
study.

As shown in Figure 28, seroprevalence in lambs fed unpasteurized colostrum observed to be
almost stable during the study (52.1%-56.2%). On the other hand, seroprevalence in lambs
fed pasteurized colostrum was 45.9% (56/122) in the first sampling occasion, decreased till
the third sampling (10.7%; 13/122) and then increased in the last sampling occasion (16.4%;
20/122).
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Figure 28. Point seroprevalence in each sampling occasion during the study in lambs fed
unpasteurized and pasteurized colostrum.

The serological and infection status of the dams were recorded at pre-lambing for 169 out of
the 195 studied lambs; 30.8% (52/169) was seronegative, whereas 24.3% (41/169) was
uninfected, 69.2% (117/169) was infected seropositive, and 6.5% (11/169) was infected
seronegative. The evolution of point seroprevalence in lambs with regard to the serological

and infection status of their dam is presented in Figures 29a and 29b, respectively.
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Figure 29. Point seroprevalence of lambs in each sampling occasion during the study in
association to the serological (a) and the infection (b) status of their dams at pre-lambing.

The evolution of seroprevalence regarding the serological and infection status of dams only
for farms A and B, where the lambs consumed unpasteurized colostrum from their dams is

presented in Figures 30a and 30b.
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Figure 30. Point seroprevalence of lambs from farms A and B in each sampling occasion
during the study in association to the serological (a) and the infection (b) status of their dams
at pre-lambing.

2.1.2 Point prevalence

During the study (13 months), 56.4% of lambs (110/195) were infected. In particular, 12.3%
(24/195), 21.5% (42/195), 13.3% (26/195), and 9.2% (18/195) were found infected at the
ages of 1, 3, 8, and 13 months, respectively. The evolution of point prevalence per farm is

presented in Figure 31. Farms A and B, as well as farms C and D, demonstrated similar point

prevalence patterns in lambs during the first 13 months of their life.
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Figure 31. Point prevalence in lambs in each farm and sampling occasion during the study.

A total of 78.1% (57/73) and 43.4% (53/122) of the lambs that consumed unpasteurized and
pasteurized colostrum, respectively, were infected during the study. The evolution of point
prevalence in lambs according to the type of colostrum is presented in Figure 32. A total of 14
out of 73 (19.2%) lambs that consumed unpasteurized colostrum were found infected in the
first sampling occasion (1 month), whereas only 11 out of 122 (9.0%) lambs that consumed
pasteurized colostrum were infected at the 1% month of their life. The point prevalence in
lambs that consumed unpasteurized colostrum dramatically increased in the second sampling
occasion and was gradually increasing thereafter until the end of the study. The prevalence in
lambs that consumed pasteurized colostrum increased during the study but much lower

compared to the lambs that consumed unpasteurized colostrum.
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Figure 32. Point prevalence in lambs that consumed unpasteurized and pasteurized colostrum
in each sampling occasion during the study.

A total of 39.0% (16/41) of lambs from uninfected dams were found infected during the
study. Also, 61.5% (72/117) and 45.5% (5/11) of lambs from infected seropositive and
infected seronegative dams, respectively, were infected during the first 13 months of their
life. The evolution of point prevalence in lambs considering the serological and infection
status of their dams is presented in Figures 33a and 33b. The prevalence in lambs from
seropositive dams was constantly higher compared to the prevalence in lambs from

seronegative dams.
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Figure 33. Point prevalence in lambs in each sampling occasion during the study in
association to the serological (a) and infection (b) status of their dams at pre-lambing.

2.2 Serological patterns

All serological patterns were observed in each farm except for farm C, where constantly
seropositive lambs were not recorded (Figure 34). In farm D, the percentage of constantly
seropositive lambs was low (3.5%; 3/85), whereas in farms A and B, it was higher (35.0%;
7/20 and 18.9%; 10/53, respectively). Moreover, farms C and D demonstrated a higher
percentage of constantly seronegative lambs (51.4%; 19/37 and 38.8%; 33/85, respectively),
while in farms A and B the respective values were 20.0% (4/20) and 18.9% (10/53),
respectively. Seroconverted lambs were increased in farms A and B (30.0%; 6/20 and 22.6%;
12/53, respectively), compared to farms C and D (8.1%; 3/37 and 9.4%; 8/85, respectively).
On the other hand, seroreverted animals were increased in farms C and D (32.4%; 12/37 and
40.0%; 34/85, respectively) compared to farms A and B (5.0%; 1/20 and 26.4%; 14/53,
respectively). The percentage of animals with an intermittent presence of antibodies was

similar in all farms.
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Figure 34. The frequencies of serological patterns in lambs on each farm.

More than 50.0% (15/29) of the seroconverted lambs were found seroconverted at the age of
3 months old (2™ sampling occasion), whereas 20.7% (6/29) were found seroconverted at the
age of 8 months old (34 sampling occasion), and 27.6% (8/29) at the age of 13 months old
(4™ sampling occasion). Regarding seroreverted animals, 62.3% (38/61), 29.5% (18/61), and
8.2% (5/61) were found seroreverted at the ages of 3, 8, and 13 months. Also, 63.2% (12/19)
of lambs with an intermittent presence of antibodies were found to be seropositive at the
beginning of the study, seronegative in the next sampling occasion, and again seropositive till
the end of the study. The rest 7 animals demonstrated a random pattern regarding the
presence of antibodies.

Lambs fed pasteurized colostrum demonstrated higher percentages of constantly seronegative
pattern and seroreversion incidents, whereas percentages of constantly seropositive status and

seroconversion incidents were increased in lambs fed unpasteurized colostrum (Figure 35).
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Figure 35. The frequencies of serological patterns of lambs fed unpasteurized and
pasteurized colostrum.

Also, as shown in Figure 36a, 17.8% (13/73) of lambs fed unpasteurized colostrum
seroconverted within the first 3 months of age, whereas only 1.6% (2/122) of lambs fed
pasteurized colostrum seroconverted until this age. Regarding seroreversion (Figure 36b),
12.3% (9/73) of lambs fed unpasteurized colostrum and 23.8% (29/122) of lambs fed
pasteurized colostrum seroreverted within the first 3 months. Also, all the uninfected lambs
that presented antibodies in the first sampling occasion, seroreverted until the age of 8
months, whereas seroconversion incidents occurred until the age of 8 months in 72.4%

(21/29) of the seroconverted lambs.
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Figure 36. Percentages of seroconverted (a) and seroreverted (b) lambs in each sampling
occasion during the study for the two types of colostrum.

More than 50.0% (27/52) of lambs from seronegative dams were constantly seronegative,
whereas only 1.9% (1/52) were constantly seropositive during the study (Figure 37a). On the
other hand, seropositive dams demonstrated a higher percentage of seroreverted lambs
(36.8%; 43/117) and lambs with an intermittent presence of antibodies (13.7%; 16/117).
When the infection status of dams was considered, uninfected dams demonstrated the highest
percentage of constantly seronegative lambs (56.1%; 23/41), whereas only 2.4% (1/41) were
constantly seropositive (Figure 37b). None of the constantly seropositive lambs and lambs
with an intermittent presence of antibodies originated from infected seronegative dams; on
the contrary, these dams presented the highest percentage of seroconverted lambs. Infected
dams (seropositive or seronegative) demonstrated a similar percentage of seroreverted lambs,
whereas infected seropositive dams demonstrated the highest percentage of lambs with an

intermittent presence of antibodies.
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The frequencies of serological patterns of lambs in association to the serological

(a) and the infection (b) status of dams at pre-lambing.

During the

study, 36.4% (24/66), 95.0% (19/20), 96.6% (28/29), 41.0% (25/61), and 84.2%

(16/19) of constantly seronegative, constantly seropositive, seroconverted, seroreverted lambs

and lambs

with an intermittent presence of antibodies, respectively, were found to be

infected. The evolution of prevalence during the study in lambs of different serological
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patterns is presented in Figure 38. Constantly seronegative lambs demonstrated the lowest
point prevalence rates during the study, whereas the highest point prevalence rates were
observed in constantly seropositive lambs, with the exception of the last sampling occasion
where seroconverted animals demonstrated a higher prevalence rate (96.6%; 28/29).
Seroreverted lambs demonstrated a similar prevalence pattern to the constantly seronegative
lambs, with a gradual increase in prevalence. On the other hand, the prevalence of
seroconverted lambs and lambs with an intermittent presence of antibodies increased sharply
during the study, following a similar trend. At the end of the study, three lambs with an
intermittent presence of antibodies, one seroconverted lamb, and one constantly seropositive

lamb were found to be PCR negative.
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Figure 38. Point prevalence in lambs in each sampling occasion during the study in

association to their serological pattern.

2.3 Risk assessment analysis

2.3.1 Adjusted relative risks for the seropositive status

Adjusted RRs for the seropositive status at the age of 13 months are presented in Table 26.
Lambs that consumed unpasteurized colostrum from their dam were 19.29 (95% CI, 2.37-
156.85, p<0.01) times more likely to be found seropositive at the age of 13 months old

compared to the lambs that consumed pasteurized colostrum.
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Table 26. Adjusted relative risks for seropositive status in lambs at the age of 13 months.

Dependent . . . .

variable Risk factor Categories p Relative risk Close, P
Breed Chios -1.664 0.19 0.02-1.59 ns

Lacaune Ref
SS at the Infection status of Uninfected -0.737 0.48 0.19-1.24 ns

age of 13 dam Infected Ref

months
Unpasteurized  2.960 19.29 2.37-156.85  <0.01
Colostrum .
Pasteurized Ref

SS: Seropositive status; f: Coefficient; Closo,: 95% confidence interval; Ref: Reference category; ns: not
statistically significant

2.3.2 Adjusted relative risks for the infected status

Adjusted RRs for the infected status of lambs at the ages of 1, 3, 8, and 13 months old are
presented in Table 27. The type of colostrum was statistically significant in any case; lambs
that consumed unpasteurized colostrum from their dam were 3.43 (95% CI, 1.01-11.60,
p<0.05), 6.39 (95% CI, 2.38-17.16, p<0.001), 8.00 (95%CI, 3.04-21.02, p<0.001) and 6.07
(95%Cl, 2.42-15.21, p<0.001) times more likely to be found infected at the ages of 1, 3, 8,
and 13 months old, respectively, compared to the lambs that consumed pasteurized
colostrum. Also, RR for infected status during the first 8 and 13 months of lambs’ life was
increased by 2.94 (95%CI, 1.30-6.67, p = 0.01) and 2.07 times (95% CI, 1.22-5.88, p<0.05),

respectively, for the lambs from infected dams.

Table 27. Adjusted relative risks for infected status in lambs at the age of 1, 3, §, and 13
months old.

Infected status Risk factor Categories p R‘;l;::‘le Close, P
Breed Chios -0.373 0.69 0.21-2.32 ns
Lacaune Ref
| month old Infection status Uninfected -0.662 0.52 0.15-1.82 ns
of dam Infected Ref
Colostrum Unpasteqrized 1.232 3.43 1.01-11.60 <0.05
Pasteurized Ref
Breed Chios 0.265 1.30 0.49-3.49 ns
Lacaune Ref
3 months old Infection status Uninfected -0.873 0.42 0.17-1.05 ns
of dam Infected Ref
Unpasteurized  1.854 6.39 2.38-17.16  <0.001
Colostrum .
Pasteurized Ref
Breed Chios -0.703 0.50 0.19-1.27 ns
Lacaune Ref
8 months old Infection status Uninfected -1.088 0.34 0.15-0.77 0.01
of dam Infected Ref
Unpasteurized  2.079 8.00 3.04-21.02 <0.001
Colostrum .
Pasteurized Ref

f: Coefficient; Clysy,: 95% confidence interval; Ref: Reference category; ns: not statistically significant
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Table 27. Adjusted relative risks for infected status in lambs at the age of 1, 3, §, and 13
months old. (Continued)

Infected status Risk factor Categories p Riliztlive Close, P
Breed Chios -0.115 0.89 0.37-2.14 ns
Lacaune Ref
13 months old Infection status Uninfected -0.997 0.37 0.17-0.82 <0.05
of dam Infected Ref
Unpasteurized  1.803 6.07 2.42-15.21  <0.001
Colostrum .
Pasteurized Ref

f: Coefficient; Cloysy,: 95% confidence interval; Ref: Reference category; ns: not statistically significant

IV. Discussion

1. Epizootiological study in ewes

This is the first prospective epizootiological study of SRLV infections in intensively reared
dairy sheep flocks regarding the most popular and productive indigenous (Chios) and foreign
(Lacaune) dairy sheep breeds in Greece, with the combined use of ELISA and PCR assays.
Also, it is the first time that seroreversion incidents and cases of an intermittent presence of
antibodies are systematically recorded and further assessed in combination with molecular
testing in SRLV naturally infected ewes, supporting the need for the introduction of
serological and infection patterns for the classification of animals rather than the current
typical classification into seropositive and seronegative.

Our study demonstrated that the exclusive use of ELISA for the diagnosis of SRLV infections
can lead to underdiagnosis, raising concerns about the validity of SRLV prevalence rates
estimated by the most recent cross-sectional sero-epizootiological studies in other countries.
For this reason, we selected to estimate both seroprevalence based exclusively on ELISA
results and on the combination of ELISA and PCR results and comparatively assess them. In
any case, the findings confirm the hypothesis of an increased SRLV infection rate in
intensively reared dairy sheep flocks in Greece. This is in accordance with the results from
other Mediterranean countries with a developed dairy sheep sector (e.g., Spain, Italy, Turkey,
etc.) (Pérez et al., 2010; Albayrak et al., 2012; Lago et al., 2012; Pazzola et al., 2020). Before
this study, limited epizootiological data on SRLV infections was available in our country
through one cross-sectional sero-epizootiological study, which included 143 sheep from six
infected flocks and aimed at the serological and molecular detection of SRLV infections
(Karanikolaou et al., 2005), and one prospective sero-epizootiological study (>25 years ago)
in which 378 Chios ewes originating from one experimental flock (Animal Research
Institute, ELGO-DIMITRA) were followed across one lactation to assess the effect of SRLV

seropositivity on the milk yield (Ploumi et al., 2001). The seroprevalence rates in the
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aforementioned studies were 65.0% and 47.0%, respectively, and in both cases, they were
similar to our results (57.7%—75.4%).

The point seroprevalence found in our study is higher compared to the seroprevalence
documented in other countries. In particular, low seroprevalence rates were found in Poland
(5.4-14.9% in 6,470 ewes from 98 flocks) (Junkuszew et al., 2016), Croatia (10.0% in 460
sheep from 17 farms) (Pavlak et al., 2022), Belgium (9.0% in 555 sheep from 87 farms)
(Michiels et al., 2018), and Turkey (15.3% in Istanbul and 5.7% in Afyonkarahisar in 542
sheep from 4 flocks and 248 sheep from 22 flocks, respectively) (Preziuso et al., 2010; Ince,
2020). Moreover, in Japan, a survey in 267 adult sheep from 14 sheep flocks using both
AGID and ELISA tests revealed only three seropositive animals, indicating a limited spread
of MVV in the country (Giangaspero et al., 2011). Medium prevalence rates were observed in
Germany (28.8% in 2229 sheep from 41 farms) (Hiittner, Seelmann and Feldhusen, 2010),
Canada (32.0% in 1954 sheep from 29 farms) (Arsenault et al., 2003), and Iran (34.5% in 220
sheep from 30 flocks) (Norouzi et al., 2015), while in Spain seroprevalence rates ranged from
medium to high among the studied regions [24.8%, 52.83%, and 54.4% in three studies in
Spain including 15,155 sheep from 78 flocks (Lago ef al., 2012), 274,048 sheep from 554
flocks (Pérez et al., 2010), and 5,120 sheep from 239 flocks (Alba et al., 2008)], and in China
ranged from 4.6-50.0% in a study involving 672 sheep from 24 flocks (Zhang ef al., 2013).
Nevertheless, direct comparisons between the seroprevalence values in the aforementioned
studies and the seroprevalence found in our study are rather arbitrary, as in the vast majority
of those studies, animals were tested once (cross-sectional studies) and various farms (of
unknown SRLV infection status), breeds, and production systems were considered. On the
other hand, in our study, farms were selected using specific criteria, namely: i) the
seropositive status at the farm level, which was necessary for the assessment of the morbidity
frequency measures during the study and at predetermined stages of the production cycle; and
11) zero-grazing, intensive management, where animals are more exposed to SRLV infections
due to closer contact and extensive horizontal transmission of the MVV (Leginagoikoa et al.,
2006a; Leginagoikoa et al., 2010; Pérez et al., 2010; Lago et al., 2012; Barquero et al.,
2013c). Moreover, the increased seroprevalence found in the present study could be partially
associated with the type of ELISA used for testing; it was a whole-virus ELISA with the
capacity to increase the detection spectrum of specific antibodies and, subsequently, the
sensitivity and the overall performance of serological testing.

Longitudinal studies investigating the morbidity frequency measures of SRLV are limited,

and the estimation of these measures in these studies is mainly based on the results
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exclusively from serological testing (Berriatua et al., 2003; Leginagoikoa et al., 2010);
thereby, benchmarking our results with similar studies to comparatively assess and update the
current situation regarding SRLV infections on various occasions is partially feasible. The
prevalence and incidence rates observed in our study are in agreement with those found in a
prospective serological study on intensively reared Assaf sheep (Leginagoikoa et al., 2010).
On the contrary, the overall cumulative incidence rate found herein was higher (64.2%)
compared to the respective estimates by studies on semi-intensively reared Latxa breed flocks
(19.6% and 27.0%) (Berriatua ef al., 2003; Leginagoikoa et al., 2010).

In our study, the actual prevalence increased compared to the seroprevalence, with the
differences between the two values being higher in Chios compared to Lacaune ewes, thus,
confirming the significant role of the late seroconversion and the intermittent presence of
antibodies mainly in the Chios breed. Point prevalence was ca. 10% higher than
seroprevalence, and ca. 35.0% of constantly seronegative animals were tested PCR positive at
least once during the first year of the study. This is consistent with previous studies,
indicating late seroconversion or no seroconversion incidents after the infection (Barquero et
al.,2011; De Regge and Cay, 2013; Barquero ef al., 2013a; Dolfini ef al., 2015; Chassalevris
et al., 2020). The continuous increase in point prevalence indicates the significant role of
horizontal transmission in the spreading of SRLV infections within the herd. On the other
hand, the decreased seroprevalence in the last sampling occasion in all age classes, in
combination with the constant increase in the point prevalence, could be explained by the
seroreversion of some animals. Moreover, the stabilization of seroprevalence rates in animals
older than three years old could be associated with the fact that there is a dynamic balance
between seroconverted and seroreverted animals after that age; indeed, in most cases,
seroconversion occurred before the age of three, whereas seroconversion and seroreversion
incidents were about the same in older animals. Nevertheless, period prevalence increased by
ca. 15.0% in the first year of the study and further increased by ca. 5% in the second year,
suggesting that SRLV prevalence gradually reaches a plateau, with ca. 7.0% of animals
remaining uninfected (negative results in both ELISA and PCR during the study). The
presence of uninfected animals in farms with high SRLV prevalence is attributed either to the
young age of some of the animals or to a potential underlying genetic resistance against the
infection (Molaee, Eltanany and Liihken, 2018; Tumino et al., 2022).

Moreover, this is the first time different serological patterns, as determined by the
seroconversion and seroreversion incidents, are defined and described in SRLV naturally

infected sheep under field conditions in a large-scale study. Based on our findings, 9.8%

121



(40/407) of animals demonstrated an intermittent presence of antibodies, and 8.6% (35/407)
seroreverted at some point. The presence of these serological patterns is not likely to result
from a poor diagnostic performance of the ELISA test; in fact, all serological analyses were
performed by the same trained veterinarian in a single laboratory, using the same equipment
and protocols, shortly after the blood samplings to avoid inconsistencies and minimize the
possibilities of diagnostic errors and the misclassification of animals. Moreover, the
proportion of seroreverted animals and animals with an intermittent presence was too high to
be attributed to false negative results. The latter is also supported by the fact that more than
50.0% of the animals in the aforementioned categories demonstrated specific serological
patterns during the study, which were not characterized by a single seroconversion or
seroreversion event. In fact, the majority of seroreverted animals were found to be
seronegative more than once after consecutive positive results, while most of the animals
with an intermittent presence of antibodies had an alternating serological status between
sampling occasions. Furthermore, only one animal with an intermittent presence of antibodies
and one seroreverted animal were constantly negative in PCR testing.

Seroreversion reactions have been previously reported in studies with a limited number of
animals associated with the transient presence of maternal antibodies (lambs and kids), the
experimental infection of animals with inadequate immune response (goats) (De Andrés et
al., 2005), and advanced MV clinically manifested cases (Mekibib et al., 2018); however, the
mechanism behind this serological reaction has not been elucidated. Seroreversion has also
been described in HIV infected adults and children following antiretroviral therapy after the
acute infection phase (Jurriaans et al., 2004; Kassutto, Johnston and Rosenberg, 2005; Amor
et al., 2006, Hare et al., 2006; Eberle et al., 2010; De Souza et al., 2016) as well as in end-
stage HIV patients (Gutiérrez et al., 1994); in the first case, it derives from the long-lasting
viral suppression and the subsequent restricted production of antibodies, whereas, in the
second case, the most possible explanation is the loss of antibodies against capsid proteins. In
the present study, the first explanation could be reasonable as animals were infected and
maintained the seropositive status for a long period before the seroreversion incident;
moreover, the mean relative OD values of seroreverted animals and animals with an
intermittent presence of antibodies in a seronegative status remained relatively high and
closer to the threshold of the ELISA test (28.91 and 18.50, respectively), compared to the
constantly seronegative animals (—1.45). These values could be used as evidence of
seroreversion rather than a seronegative status, which is further confirmed by the molecular

testing of these animals, where only 2 out of 35 seroreverted animals were found PCR
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negative at the seroreversion incident, one animal was found continuously PCR negative
during the study, and the rest of the seroreverted animals were found PCR positive either
continuously or intermittently during the study. Also, the mean Ct values of seroreverted
animals remained almost stable after the seroreversion incident, indicating that the loss of
antibodies may not be associated with a respective viral suppression.

The mean relative OD values of animals with an intermittent presence of antibodies were
below the threshold at pre-mating and were above it at pre-lambing sampling occasions,
suggesting an underlying regulatory humoral immune response mechanism associated with
late pregnancy. The results from molecular investigation of these animals confirmed the
intermittent presence of the virus within detectable limits in 22 out of 40 animals, whereas all
the other animals were tested constantly positive (except for one that remained constantly
negative). Also, the mean Ct values of these animals were slightly higher in the seronegative
status compared to the respective values in the seropositive status (16.6 and 12.8,
respectively), suggesting an association of serorevesion with the decrease of viral load in
blood circulation.

The concordance between ELISA and PCR was found to be moderate (77.9%) confirming the
results by Chassalevris et al., (2020), who compared a semi-nested real-time PCR with a
commercial indirect ELISA. During our study, PCR positive results were found in 97.1% of
animals found seropositive at least once, with only 6 constantly seropositive animals, 2
seroconverted, 1 seroreverted and 1 ewe with an intermittent presence of antibodies
remaining PCR negative across the study. This could be attributed to the low circulating viral
load at the post seroconversion phase, which remains under the LOD of the PCR assay (De
Andrés et al., 2005), or to the reduced sensitivity of the applied real-time PCR for the specific
strain of these infected animals. However, the reduced sensitivity of the applied PCR assay
cannot be a possible explanation in our study, as the development and evaluation of the
applied real-time PCR protocol were based on the phylogenetic analyses of the circulating
strains in the studied farms, and the number of seropositive animals that tested PCR negative
was small. Also, ca. 50% of constantly seronegative animals were found PCR positive, which
has been previously described and attributed to either the late seroconversion or the
occurrence of viral latency in monocyte and myeloid stem cells (De Andrés et al., 2005;
Blacklaws, 2012; Cardinaux et al., 2013; Ramirez et al., 2013). Nevertheless, not all of the
seroconverted animals were detected to be PCR positive at an earlier stage, while the mean

period of immune response estimated in our study was about 3 months.
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PCR positive animals that were found seronegative at least once during the study underpin
the possibility of misdiagnosis in cross-sectional sero-epizootiological study designs. This
could at least partially explain the failure of current ELISA-based control programs to
eradicate SRLV in specific regions, highlighting the significance of consecutive screening
controls in infected flocks and/or the combination of serological and molecular testing.

Also, it is the first time that risk factors for SRLV infections are prospectively evaluated in
intensively reared dairy sheep farms in Greece, while their effects on seropositive and
infected status, on the occurrence of different serological and infection patterns, and on
seroconversion and seroreversion incidents are assessed.

Among the studied risk factors, increased age has been extensively assessed in several cross-
sectional studies, and its significance for seropositive status has been sufficiently documented
(Arsenault et al., 2003; Leginagoikoa et al., 2006b; Lago et al., 2012; Norouzi et al., 2015).
This association has been attributed to the late seroconversion of infected animals (De Andrés
et al., 2005), the establishment of latent infection for a long period after the initial infection
(Blacklaws, 2012), and the increased risk of older animals for infection due to a longer
exposure to the virus compared to the younger animals (Lago ef al., 2012). In our study, it
was the first time that age was evaluated as a potential risk factor for 1) both the seropositive
status, the PCR positive status, and the infected status; ii) the manifestation of specific
serological and infection patterns; and iii) the seroconversion/seroreversion incidents under a
prospective study design. Our results confirmed that the RR for the seropositive and infected
status and the constantly seropositive pattern were increasing with age. On the other hand,
age was negatively associated with the constantly seronegative pattern and the intermittent
presence of antibodies, as well as the seroconversion incident. The negative association
between age and seroconversion incidents could be explained by the fact that older animals
had already seroconverted before the initiation of the study, remaining constantly seropositive
during it.

Other studies have also suggested a breed-related susceptibility, especially for the purebred
animals compared to the cross-bred ones (Hiittner, Seelmann and Feldhusen, 2010; Barquero,
et al., 2013c; Pavlak et al., 2022). In our study, breed was recognized as a risk factor for the
seropositive status and the PCR positive status, but not for the infected status. Lacaune ewes
were more likely to be found seropositive, whereas Chios ewes were more likely to be found
PCR positive. Another remarkable finding of this study, which could also provide an
explanation of the above-mentioned results, is the increased likelihood of an intermittent

presence of antibodies in Chios ewes. Although this specific serological pattern had been
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reported in the past (De Andrés et al., 2005), it had not been further investigated or linked to
specific animal characteristics. The increased frequency of the intermittent presence of
antibodies pattern in the Chios breed could be, at least partially, attributed to a breed-specific
immune response to SRLV infections, as the diagnostic performance of the applied ELISA
had been evaluated and found to be adequate before the initiation of the study. The RRs of
seropositive and infected statuses in both breeds need to be further investigated on more
farms. In our study, the confounding effect of the farm cannot be excluded; however the
inclusion of the farm as a random factor in the statistical model diminishes this effect. Based
on the current study design and the fact that the breed was not found to be significantly
associated with the PCR positive status, it was not possible to imply a potential genetic
susceptibility/resistance to SRLV infection for the studied breeds.

To our knowledge, for the first time, the production stage is evaluated as a potential risk
factor with regard to the seropositive and infected status. In our study, the sampling occasions
were predetermined twice during the production cycle, namely 3-4 weeks before the onset of
the mating season and 2-4 weeks before the lambing season. It was found that the
seropositive and infected status, the seropositive status in animals with an intermittent
presence of antibodies, and the seroconversion incidents were increased at pre-lambing.
Contrarily, PCR positive status was not associated with the production stage. Therefore, the
increased seropositivity of ewes at pre-lambing could be attributed to the increased antibody
titers during the last stage of gestation. However, this finding is not consistent with a previous
study in goats, where a drop in the antibody titers against SRLV was observed in seropositive
animals during the last month of gestation (Czopowicz ef al., 2017). In general, a decline in
blood serum IgG antibodies is known to naturally occur during the last month of gestation in
sheep, attributed to the transferring of IgG antibodies to the colostrum and the suppressed
immunological response (Beasley, Kahn and Windon, 2010; Herr, Bostedt and Failing, 2011;
Chniter et al., 2016; Walraph et al., 2018). However, this is not the first time that a viral
disease has been linked to an increased antibody titer during the last stage of gestation. For
example, in a study on Bovine Viral Diarrhea virus in cattle, total IgG and IgG1 antibodies
were reduced, while IgG2 antibodies were increased at that stage (Bachofen et al., 2013). Of
course, our findings are not directly comparable to the aforementioned ones due to the
different species, pathogen, and immunological response (IgG1 instead of IgG2 antibodies)
(Singh et al., 2006). Consecutive measurement of anti-SRLV specific total IgG for a long
period pre- and post-lambing could elucidate this serological reaction and its association with

the periparturient period. Based on our findings, the increased likelihood of seropositive
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status at pre-partum should be considered when designing control programs to avoid
underdiagnosis of infected but seronegative animals that could serve as reservoirs of the
virus, resulting in the gradual re-emergence of high prevalence rates.

Seroreversion incidents increased during the third year of the study compared to the first
year, while seroreverted animals in our study belonged mainly to age class 4 (3 <x <4) and
their mean age at the seroreversion incident was 5.2 + 0.64. These findings could indicate a
modified humoral immune response that results in seroreversion in animals that have been
infected and have been seropositive for a long time, as previously described in HIV patients,
after a long period of clinical disease and immunosuppression (Gutiérrez et al., 1994)

Poor BCS has been previously reported in seropositive animals (Junkuszew et al., 2016).
Chronic incurable disease and progressive weakness caused by SRLV infections is observed
in some of the animals with clinical signs. In our study, decreased BCS was not associated
with seropositive status. However, it was lower in PCR positive animals with an intermittent
presence of antibodies. It could be hypothesized that the intermittent presence of antibodies
coincides with early clinical signs of the disease, which include body weight loss. On the
other hand, a reverse mechanism could not be excluded; the loss of antibodies could result in
the virus circulation within detectable limits and in BCS deterioration. The elucidation of this
underlying mechanism demands another study design with more frequent serological and
molecular monitoring of animals with an intermittent presence of antibodies. Considering that
none of the studied farms had a history of clinical cases of MV and animals were reared
under intensive farming conditions with satisfying preventive herd health management
(antiparasitic treatments and vaccinations) and nutrition according to their demands
(production stage, lactation stage and milk production), it is possible that the association
between BCS and infection/serological status or patterns was not evidenced due to the high

health and management status.

2. Epizootiological study in lambs

SRLV seropositivity and infections in Chios and Lacaune lambs, as well as potential risk
factors, are prospectively studied for the first time. According to the available literature,
although lactogenic transmission is a major route of SRLV spreading within the flock
(Blacklaws et al., 2004), relevant epizootiological studies for the investigation of
seropositivity and infection status of lambs are scarce (Alvarez ef al., 2005, 2006; Aratijo et

al., 2020).
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In our study, lambs were not grouped within the same farm according to different types of
colostrum, the infection status of dams, or the rearing method; instead, the lambs in each farm
were all reared under the system already applied. This allowed the assessment of vertical
transmission dynamics per farm and under real-world conditions, but did not allow the
assessment of natural versus artificial suckling as a control measure.

Seroprevalence at the age of 1 month was higher in lambs originating from seropositive and
infected ewes compared to seronegative and uninfected ones. Considering that bulk
pasteurized colostrum was administered to lambs on farms C and D, the seroprevalence rates
in lambs for this comparison were calculated only for farms A and B, where lambs were fed
unpasteurized colostrum derived from their dams. The presence of high seroprevalence rates
in lambs originating from seropositive ewes is expected and has been previously reported
(Alvarez et al., 2005), due to the presence of maternal antibodies that pass through the
digestive track in the lambs’ blood circulation after colostrum consumption.

At the age of three months, the seroprevalence in lambs originating from seropositive ewes
was substantially decreased, as many lambs lost their maternal antibodies. According to the
available literature, this is the first time that evidence of the duration of maternal immunity
against SRLV in lambs has been presented. Seroreversion and seroconversion incidents
occurred until the age of 8 months in more than 90.0% and 70.0% of the seroreverted and
seroconverted lambs, respectively. Hence, the age of 8 months (which coincides with the pre-
mating period in most of the farms) could be proposed as the most appropriate time to apply
an early screening program based on ELISA testing while minimizing the possibility of false
positive results due to the presence of maternal antibodies. Nevertheless, ca. 40.0% of lambs
that were infected during the first 3 months of their life did not seroconvert until the age of 13
months, a percentage that is higher than the respective (19.0%) reported by Alvarez et al.,
(2006) in Latxa lambs. This finding highlights the necessity of either repeating ELISA testing
at the age of 13 months or applying a combination of ELISA and PCR testing for the
detection of SRLV infections in yearlings.

The fact that only a few lambs fed pasteurized colostrum were found infected in the first
month of their life (9.0%) confirms the efficiency of feeding pasteurized colostrum as a
preventive measure. Assuming that the administration of pasteurized colostrum was
performed in newborn lambs immediately after their birth and no physical contact was
permitted with their dam, the 5 lambs originated from infected ewes that were found infected
at the age of 1 month, were either infected transplacentally, at lambing from maternal body

fluids and blood, or horizontally from other infected lambs during rearing. This finding is
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consistent with the occurrence of SRLV infections in newborn lambs reported in previous
studies, where the vertical transmission was assessed before suckling or in lambs fed
pasteurized or substitute colostrum (Blacklaws ef al., 2004). The significance of
transplacental transmission cannot be assessed with certainty under the present study design,
as the possibility of infection from the unnoticed consumption of infected colostrum and the
horizontal transmission during the first month between lambs reared in the same shed cannot
be excluded. In any case, it is concluded that the maternal transmission of SRLV accounts for
less than 10.0% of the total SRLV prevalence in newborn lambs.

On the other hand, in lambs that naturally suckled colostrum from their dams, the SRLV
prevalence was ca. 20.0% in both farms A and B, despite the fact that in farm A the lambs
were naturally reared, whereas in farm B the lambs were isolated from their dams and
artificially reared after the consumption of colostrum from their dams. The prevalence values
estimated in lambs in the present study are similar to the values previously reported by
Alvarez et al., (2006); even though they were obtained under dissimilar study designs (in the
latter study, lambs were grouped and reared depending on the infection status of their dam,
the type of colostrum and mode of feeding, and the method of rearing).

The administration of either colostrum from uninfected ewes or pasteurized and substitute
colostrum has already been suggested as a management intervention and has been
successfully implemented in combination with other preventive measures for the control or
eradication of SRLV infections in infected flocks (Peterhans ef al., 2004; Ramsés Reina et al.,
2009; Polledo et al., 2013). In our study, the significant role of colostrum on SRLV
transmission was confirmed; SRLV prevalence in lambs that consumed colostrum from their
dams, regardless of the subsequent method of rearing (natural or artificial), was almost
double compared to the lambs that consumed pasteurized colostrum. Also, the latter lambs
were less likely to be found seropositive or infected until the age of 13 months. Therefore,
disruption of the lactogenic transmission in intensive farms with high SRLV prevalence rates
is of paramount importance given that the presence of infected newborn lambs due to
transplacental transmission or transmission at birth cannot be avoided.

Herein, the presence of infected lambs due to maternal transmission resulted in a gradual
increase of SRLV infections until the age of 8 months in the lambs fed pasteurized colostrum.
Contrarily, in farms where lambs consumed unpasteurized colostrum, the infection rate was
higher due to both maternal and lactogenic transmission, which facilitated the rapid virus
spread during the following months. The continuous increase in infection rates in lambs fed

pasteurized colostrum is possibly associated with the horizontal transmission between the
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lambs. Horizontal transmission was even more extensive at the age of 8-9 months, when all
the studied lambs were mixed with adult male and female animals at mating.

As expected, the infection status of dams was found to be significantly associated with the
infection of lambs until the age of 8 and 13 months; lambs from uninfected ewes were less
likely to be found infected. This is expected, as in that case lactogenic transmission does not
occur, while potential genetic resistance could also be assumed for these lambs. To confirm
this hypothesis, candidate genes associated with susceptibility or resistance against SRLV

infections have to be sought and assessed.

3. Control of small ruminant lentiviruses infections in Greece

In Greece, dairy sheep farming is the major sector of livestock production, and the wide
spreading of infectious diseases in high-yielding purebred dairy sheep could result in its
substantial deterioration. Considering the findings from the present study and the undeniable
significance of SRLV infections, direct measures are imperative to reduce SRLV dispersion
and restrict their subsequent effects.

Several control programs have been implemented worldwide at the country level (Houwers et
al., 1987; Sihvonen et al., 2000; Kampen et al., 2008; Tavella et al., 2018; De Martin et al.,
2019) or at the farm level (Williams-Fulton and Simard, 1989; Pérez et al., 2010, 2013;
Seyoum et al, 2011; Polledo et al., 2013) with various results. Although different
management practices were implemented and evaluated, the diagnostic protocol for the
detection of infected animals was based exclusively on serological methods, leaving the
infected seronegative animals undiagnosed and retarding the eradication of the infections.
The designation and implementation of successful control programs against SRLV infections
need to be based on epizootiological data and adjusted according to the applied farming
systems and the potential risk factors at the animal and farm levels.

Considering that SRLV infections cause a chronic disease, prospective studies can lead to
safer conclusions compared to cross-sectional ones as regards relevant epizootiological
indices. Nonetheless, our study was limited to four intensive dairy sheep farms with high
SRLV prevalence rates and investigated specific risk factors at the animal level. The
investigation of SRLV epizootiology in more animals of various breeds reared under
dissimilar farming systems at farms with different prevalence rates and the evaluation of
more risk factors either at the animal or at the farm level (environmental factors, housing
conditions, management practices, etc.) could enrich and extend the findings of this study

regarding the proposal of an integrated control program for our country. Nevertheless,
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considering the current situation with the complete lack of epizootiological data regarding
SRLYV infections and the inexistence of applicable control programs in our country, the results
from our epizootiological study can form a stepping stone for the development of an
evidence-based control program for dairy sheep in our country, exploiting the diagnostic
protocol proposed herein.

To implement such a program, an initial serological screening is imperative for the
classification of the flocks according to their seroprevalence rates as highly (>50.0%),
medium (26.0-50.0%), and low (1.0-25.0%) infected or SRLV-free flocks (<1.0%) (Peterhans
et al., 2004; Reina et al., 2009; Pérez et al., 2010). After this initial screening, the
management practices and steps for the reduction and the medium-term elimination of SRLV
infections are determined, as described in Figure 39. In every case, the sufficient diagnostic
performance of the applied ELISA and PCR protocols used in the control program should be
ensured for the circulating strains.

As shown in Figure 39, culling of positive animals and replacement with breeding stocks
from SRLV-free flocks could be a sustainable option only in areas where the seroprevalence
is very low and SRLV-free flocks are available. Otherwise, there is a serious threat of
significant monetary losses and the restriction of genetic resources, which may undermine the
sustainability of the farms, particularly in areas with a developed dairy sheep farming
industry (Reina et al., 2009). Therefore, the eradication of SRLV infections in flocks with low
seroprevalence could be less time-consuming compared to flocks with medium and high
prevalence rates. Also, regardless of the observed prevalence rate, the implementation of
general good hygiene practices, the reduction of stocking density, the improvement of
ventilation, and the importation of breeding stocks only after serological and molecular
testing should be considered standard preventive measures. Also, the above-mentioned
practices limit stress factors and the presence of co-infections, which could further deteriorate
the effects of SRLV infections on the health and productivity of dairy sheep. Last but not
least, all efforts for the eradication of SRLV infections should be coordinated under a national

control program and reference laboratories responsible for the surveillance of the infections.
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Chapter 3: The effects of small ruminant lentiviruses infections on productivity and

health and welfare status of intensively reared dairy sheep

I. Objectives

Although it is evident that clinical manifestation of SRLV infection leads to impaired health
and welfare status and reduced productivity in infected animals, the severity of clinical signs
varies. The occurrence of subclinical SRLV infections and the multivariability of the factors
determining animals’ productivity (farming system, breed, age, farm management practices,
etc.) do not allow a universal quantification of the effects of SRLV infections on animal
productivity and farm sustainability. Also, a crucial factor hindering the assessment and
quantification of SRLV effects on animal health and productivity is the reliable detection of
infected animals. In previous studies, the diagnosis of infected animals was performed only
with serological testing, mainly with ELISA, except for one study where serological and
molecular testing were combined (Echeverria et al., 2020). Although ELISA is widely used
for routine screening control as it is considered highly sensitive compared to previous
serological tests such as AGID, its utilization can lead to the misclassification of many
infected animals as seronegative. Delayed seroconversion has been previously reported and
proved in the present study, while SRLV infected animals may never seroconvert, may
serorevert, or may demonstrate an intermittent presence of antibodies, as presented in Chapter
2 of the dissertation. In these cases, the infected animals may evade serological diagnosis,
masking the effects of SRLV infections on health and productivity.

In our country, although dairy small ruminant farming is well-developed, the effects of SRLV
infections have not been studied and quantified, except for one serological study that was
conducted over 25 years ago in an experimental dairy sheep setting, where seropositive
animals were removed from the farm leading to biased results (Ploumi ez a/., 2001). Although
SRLV infections and clinical disease thereof have been previously reported in Greece
(Karanikolaou et al., 2005; Angelopoulou, Brellou and Vlemmas, 2006; Brellou et al., 2007;
Giadinis ef al., 2015), a detailed recording of clinical signs, directly or indirectly associated
with SRLV infections, has not been attempted in infected flocks.

Considering the existing gaps in assessing and quantifying the effects of SRLV infections on
milk production, health and welfare traits, a prospective cohort study was conducted to
evaluate them, utilizing a diagnostic protocol combining ELISA and PCR testing. In

particular, the objectives of the present study were to evaluate and quantify the effects of
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SRLYV infections on 1) milk yield and milk quality traits [fat, protein, lactose, and solids-not-

fat yield, and SCC)], and ii) health and welfare status in intensively reared dairy sheep.

II. Materials and Methods

1. Animal population and study design

A total of 527 milking ewes (1 to > 7 years old) from the initially enrolled ones described in
Chapter 2 were involved in the study at post-weaning (60 days post-partum). These ewes
were prospectively studied bimonthly for 4 months (3 sampling occasions) for one milking
period to assess the effects of SRLV infections on milk yield and quality traits. The
percentages of ewes at the 1 2nd, 3rd, or >4™ lactation were 26.6% (140/527), 22.0%
(116/527), 20.3% (107/527), and 31.1% (164/527), respectively.

For the assessment of the impact of SRLV infections on the health and welfare status of
animals, all of the initially enrolled ewes described in Chapter 2 were prospectively studied

for two consecutive years.

2. Milk samplings and analyses

In each sampling occasion, milk yield was recorded, and milk samples were collected from
each ewe to perform physicochemical analyses and estimate SCC. The milk yield recording
and milk sampling were performed using ICAR (International Committee of Animal
Recording)-approved equipment (Waikato Milkmeter, InterAg, Hamilton, New Zealand) and
protocols during the morning milking. One composite milk sample (ca. 70 ml) was collected
from the milkmeter’s sampler at the end of the milking. After the collection of milk samples,
sodium azide tablets (Supelco®, Merck Milipore, Burlington, MA, USA) were added, and
milk samples were transferred under 4 °C in the lab to be analyzed within 24 h. Milk samples
were analyzed for fat, protein, lactose, solids-not-fat, and SCC (Lactoscan Combo, Milktronic
Ltd). In each sampling occasion, ear tag, breed, and body condition score (BCS) were

recorded.

3. Blood samplings and recordings of health and welfare indicators

All ewes were blood sampled, and serum and whole blood samples were used for ELISA and
real-time PCR testing, respectively, for the detection of SRLV infections semiannually, at
pre-mating and pre-lambing, for two consecutive years, as detailed in Chapter 2. In each
sampling occasion, ewes were physically examined using a modified version of the AWIN
(Animal Welfare Indicators) protocol, and 17 health and welfare indicators were assessed at

the animal level. Recordings included BCS (1-5, 1 = emaciated, 5 = obese with 0.25
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increments) (Russel, Doney and Gunn, 1969), the occurrence of foot-related lameness,
arthritis, respiratory disease (cough and abnormal respiratory sound), ocular and nasal
discharge, body abscesses, mastitis, udder lesions and deformities (skin lesions, abscess,
wart-like lesions, mammary cyst, fibrosis and asymmetry) (0 = absence, 1 = presence), the
size of supramammary lymph nodes (1-5), and the wool quality (0 = good quality, 1 = poor
quality). Also, ear tag, breed, and age were recorded.

Moreover, blood samples from 284 ewes of the study were collected at the last sampling
occasion and used for hematological analyses (Mindray BC-30Vet), which included: white
blood cell count (WBC), granulocyte count (GC), lymphocyte count (LC), monocyte count
(MC), percentages of granulocytes (GP), lymphocytes (LP), and monocytes (MP), red blood
cell count (RBC), hemoglobin concentration (HGB), hematocrit (HCT), mean values of
corpuscular volume (MCV), corpuscular hemoglobin (MCH), corpuscular hemoglobin
concentration (MCHC), red cell distribution width coefficient of variation (RDW-CV) and
standard deviation (RDW-SD), platelet count (PLT), mean platelet volume (MPV), platelet
distribution width (PDW), plateletcrit (PCT), platelet large cell count (P-LCC), and platelet
large cell ratio (P-LCR).

4. Statistical analyses

4.1 Milk production traits

4.1.1 Calculation of daily and total milk production

The final data set included 1,378 recordings of milk yield and quality traits. For the statistical
analyses, SCC were log transformed (LogSCC), while daily milk, fat, protein, lactose, and
solids-not-fat yields (DMY, DFY, DPY, DLY, and DSNFY, respectively) were calculated
using the morning milking records and after adjusting following the ICAR recommendations
(ICAR, 2018). Afterwards, the total milk, fat, protein, lactose, and solids-non-fat yields
(TMY, TFY, TPY, TLY, and TSNFY, respectively) were calculated for the first 120 days of
the milking period using the Fleischmann method and the ICAR instructions (ICAR, 2018).

4.1.2 Categorization of milking ewes according to their serological and infection pattern
Based on the last year’s ELISA results at pre-mating (the last third of the previous milking
period), at pre-lambing (before the beginning of the studied milking period), and again at pre-
mating (the last third of the studied milking period) sampling occasions, the animals were
categorized as constantly seropositive, constantly seronegative, seroconverted, seroreverted,

and with an intermittent presence of antibodies during the last year.
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Similarly, according to the combination of ELISA and PCR results, animals were categorized
as uninfected (both ELISA and PCR negative), infected seropositive (both ELISA and PCR

positive), and infected seronegative (only PCR positive) during the same period.

4.1.3 The effects of small ruminant lentiviruses infections on milk yield and quality
traits

Descriptive statistics (mean + SD) were calculated for milk yield and milk quality traits. The
following mixed linear regression model was built in SPPS v.26 for the assessment of the
effects of serological and infection patterns on DMY, DFY, DPY, DLY, DSNFY, and
LogSCC:

Yijkim = p+ P + Sj + Bi +a;x age + ay x BCS + E; + Fp, + 65 + €jjkim

where Yijum = dependent variables (DMY, DFY, DPY, DLY, DSNFY, and LogSCC); p =
intercept; P; = fixed effect of either the serological pattern (i = 5 levels; constantly
seronegative, constantly seropositive, seroconverted, seroreverted, and intermittent presence
of antibodies) or the infection pattern (i = 3 levels; uninfected, infected seropositive, and
infected seronegative); S; = fixed effect of the sampling occasion (j = 3 levels; 1* to 31
sampling occasion); By = fixed effect of the breed (k = 2 levels, Chios and Lacaune breed); a;
= fixed effect of the regression coefficient of age; a, = fixed effect of the regression
coefficient of BCS; E; = random variation of the 1 ewe; F,, = random variation of the m™
farm; &;; = repeated variation of the 1™ ewe in the jth sampling occasion; and €jjm = residual
error.

A linear regression model was also built for the assessment of the effects of the serological
and infection patterns on the 120-day milk, fat, protein, lactose, and solids-not-fat yields, as

described in the following model:

Yk = p+ P+ Bj+a; xaget Fi + ek
where Y = dependent variables (TMY, TFY, TPY, TLY, and TSNFY); p= intercept; P; =
fixed effect of either the serological pattern (1 = 5 levels; constantly seronegative, constantly
seropositive, seroconverted, seroreverted, and with an intermittent presence of antibodies) or
the infection pattern (i = 3 levels; uninfected, infected seropositive, and infected
seronegative); B; = fixed effect of the breed (j = 2 levels, Chios and Lacaune breed); a; =
fixed effect of the regression coefficient of age; Fx = random variation of the k™ farm; and e;jc

= residual error.
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The first-order autoregressive covariance structure was selected as the most appropriate for
all the models based on Akaike’s information criterion (AIC) value. The assumptions of
normal distribution, homoscedasticity, and linearity for the models were checked using the
scatterplot of standardized predicted values against the standardized residuals and the
probability-probability and quantile-quantile plots of standardized residuals.

To assess the effects of the serological or infection patterns (5 levels and 3 levels,
respectively, as previously described), adjusted for the fixed effects of breed (2 levels, Chios
and Lacaune), and age (covariate), and the random effect of farm, on the lactation persistency
(binary outcome, 0 = lactation period > 7 months, 1 = lactation period < 7 months) a mixed
binary logistic regression model was built. In this model, scaled identity was selected as the

most appropriate covariance structure.
4.2 Health and welfare status

4.2.1 Categorization of ewes according to their serological and infection status and
pattern

In the statistical analyses for the assessment of the effect of SRLV infections on health status
only the 407 ewes described in Chapter 2 were considered and were categorized according to

their serological and infection statuses and patterns as previously described.

4.2.2 The effects of small ruminant lentiviruses infections on health and welfare status
Descriptive statistics (frequencies) of health disorders and welfare issues were calculated, and
the effects of SRLV infections on their occurrence were assessed using mixed binary logistic
models. Mixed binary logistic models with repeated measures were built for the assessment
of the occurrence of health disorders and welfare issues during the study. In these models,
serological or infection status [2 levels (seronegative or seropositive) and 3 levels
(uninfected, infected seropositive, or infected seronegative, respectively)], breed (2 levels,
Chios and Lacaune), sampling occasion (2 levels, pre-mating and pre-lambing), and year of
the study (3 levels, 1%, 2", 3" in the third year only pre-mating period was considered) were
used as fixed effects, age and BCS as covariates, while the random effects of farm and animal
were also considered.

For the assessment of the occurrence of health disorders and welfare at least once during the
study period, mixed binary logistic models were used with serological or infection pattern [5
levels (constantly seronegative, constantly seropositive, seroconverted, seroreverted, and with

an intermittent presence of antibodies), and 3 levels (uninfected, infected seropositive or
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infected seronegative), respectively], breed (2 levels; Chios and Lacaune), and age (covariate)
being forced into them as fixed effects, and farm as a random effect. Scaled identity was
selected as the most appropriate covariance structure according to Akaike’s information
criterion (AIC).

Moreover, another set of mixed linear regression models was used for the assessment of
SRLYV infections on hematological parameters, with either the serological or infection animal
status at the specific sampling occasion [2 levels (seronegative or seropositive) and 3 levels
(uninfected, infected seropositive or infected seronegative) respectively] or the serological
and infection animal pattern during the study [5 levels (constantly seronegative, constantly
seropositive, seroconverted, seroreverted, and with an intermittent presence of antibodies),
and 3 levels (uninfected, infected seropositive or infected seronegative), respectively], breed
(2 levels; Chios and Lacaune), and age (covariate) being used as fixed effects, and farm as
random effect. The first-order autoregressive covariance structure was selected as the most
appropriate one for all the mixed linear regression models based on Akaike’s information

criterion (AIC) value.

II1. Results

1. The effects of small ruminant lentiviruses infections on productivity of milking ewes
1.1 Descriptive statistics of daily milk yield and quality traits

A total of 527 ewes (329 Chios and 198 Lacaune ewes) were recorded for their milk yield and
sampled in the first sampling occasion, whereas 387 (229 Chios and 155 Lacaune ewes) had a
full set of recordings and analyses during the studied period. The mean age (+ SD) of ewes
was 3.0 = 1.5 years and the mean value (= SD) of BCS during the whole lactation period was
2.8 £ 0.21, ranging between 2.7 + 0.17 in the first sampling occasion and 2.9 + 0.21 in the
third sampling occasion. A total of 22.4% (118/527) ewes were constantly seronegative,
53.5% (282/527) constantly seropositive, 17.6% (93/527) seroconverted, 4.7% (25/527)
seroreverted, and 1.7% (9/527) presented an intermittent presence of antibodies. Regarding
their infection pattern, 14.8% (78/527) of ewes were uninfected, 73.1% (385/527) were
infected seropositive, and 12.1% (64/527) were infected seronegative.

The overall mean values (£ SD) of DMY, DFY, DPY, DLY, DSNFY, and logSCC during the
lactation period were 2.0 + 0.99 kg, 115.6 £ 50.86 g, 106.0 + 49.99 g, 100.6 + 47.43 g, 224.1
+ 105.64 g, and 5.4 £ 0.60 cells/ml, respectively. The mean values of DMY, DFY, DPY, DLY,
DSNFY, and logSCC for the serological patterns during the study are summarized in Tables

28-33. The respective values for the infection patterns are shown in Figures 40a-f.
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Table 28. Mean values (SD) of daily milk yield during the study in different serological patterns.

1* sampling occasion 2" sampling occasion 3 sampling occasion Overall
Serological Pattern Mean value (kg/ewe)

Constantly seronegative 2.4 (1.18) 1.9 (0.73) 1.5 (0.66) 2.0 (0.99)
Constantly seropositive 2.6 (1.12) 1.9 (0.77) 1.4 (0.59) 2.0 (1.00)
Seroconverted 2.7(0.93) 2.0 (0.77) 1.4 (0.61) 2.1(0.96)

Seroreverted 2.0(1.12) 1.5 (0.68) 1.3 (0.53) 1.6 (0.90)

Intermittent presence of antibodies 2.3 (1.11) 1.8 (0.67) 1.2 (0.66) 1.8 (0.94)

SD: Standard deviation
Table 29. Mean values (SD) of daily fat yield during the study in different serological patterns.
1* sampling occasion 2" sampling occasion 3" sampling occasion Overall

Serological Pattern

Mean value (g/ewe)

Constantly seronegative 120.5(62.46) 119.7 (43.88) 97.5 (37.11) 114.1 (51.53)
Constantly seropositive 128.0 (55.22) 127.1 (48.46) 91.3(36.82) 117.2 (50.99)
Seroconverted 136.0 (46.19) 131.2 (51.05) 89.0 (38.19) 120.9 (49.99)
Seroreverted 93.1 (52.75) 87.8 (39.46) 83.5 (30.81) 88.8 (42.87)
Intermittent presence of antibodies 99.4 (33.91) 136.3 (48.62) 74.4 (41.80) 104.4 (47.04)
SD: Standard deviation
Table 30. Mean values (SD) of daily protein yield during the study in different serological patterns.
1* sampling occasion 2"! sampling occasion 3"! sampling occasion Overall
Serological Pattern Mean value (g/ewe)
Constantly seronegative 122.2 (60.16) 101.6 (38.33) 80.8 (37.03) 104.2 (50.76)
Constantly seropositive 134.7 (55.06) 102.9 (38.02) 75.8 (31.22) 107.5 (50.04)
Seroconverted 141.3 (46.46) 105.6 (39.60) 75.4 (35.62) 110.1 (49.00)
Seroreverted 105.3 (58.57) 78.8 (34.15) 65.9 (28.81) 85.8 (46.76)
Intermittent presence of antibodies 118.5 (53.36) 92.9 (33.02) 67.9 (37.72) 95.3 (47.01)

SD: Standard deviation
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Table 31. Mean values (SD) of daily lactose yield during the study in different serological patterns.

1° sampling occasion 2" sampling occasion 3 sampling occasion Overall
Serological Pattern Mean value (g/ewe)
Constantly seronegative 115.9 (57.08) 96.3 (36.36) 76.6 (35.13) 98.9 (48.11)
Constantly seropositive 127.7 (52.31) 97.6 (36.05) 71.9 (29.62) 101.9 (47.50)
Seroconverted 134.0 (44.07) 100.1 (37.57) 71.5 (33.80) 104.4 (46.49)
Seroreverted 99.9 (55.60) 74.7 (32.39) 62.5(27.12) 81.4 (44.38)
Intermittent presence of antibodies 112.5 (52.51) 88.2 (31.29) 64.5 (35.81) 90.4 (44.59)
SD: Standard deviation
Table 32. Mean values (SD) of daily solids-not-fat yield during the study in different serological patterns.
1* sampling occasion 2 sampling occasion 3 sampling occasion Overall
Serological Pattern Mean value (g/ewe)
Constantly seronegative 258.5 (127.12) 215.4 (80.73) 170.6 (78.20) 220.6 (107.23)

Constantly seropositive
Seroconverted
Seroreverted
Intermittent presence of antibodies

284.9 (116.29)
298.4 (98.16)

222.5 (123.74)
250.4 (116.97)

217.5 (80.11)
222.8 (83.62)
166.3 (72.09)
196.1 (69.67)

160.0 (65.91)
159.1 (75.26)
139.2 (60.88)
143.5 (79.68)

227.2 (105.75)
232.4 (103.52)
181.3 (98.79)
201.1 (99.31)

SD: Standard deviation

Table 33. Mean values (SD) of daily logarithm of SCC during the study in different serological patterns.

1* sampling occasion 2" sampling occasion 3" sampling occasion Overall
Serological Pattern Mean value (cells/ml)
Constantly seronegative 5.3 (0.65) 5.5 (0.58) 5.6 (0.54) 5.5 (0.60)
Constantly seropositive 5.3(0.61) 5.5 (0.58) 5.6 (0.56) 5.4 (0.60)
Seroconverted 5.2(0.61) 5.5(0.54) 5.5 (0.66) 5.4(0.62)
Seroreverted 5.1 (0.64) 5.5(0.44) 5.4 (0.52) 5.3 (0.56)
Intermittent presence of antibodies 5.4 (0.53) 5.2 (0.44) 5.4 (0.28) 5.3(0.42)

SD: Standard deviation
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Figure 40. Mean values of (a) daily milk yield; (b) daily fat yield; (c) daily protein yield; (d)
daily lactose yield; (e) daily solids-not-fat yield; (f) logarithm of somatic cell counts for 1)
uninfected ewes, 11) infected seropositive ewes, and iii) infected seronegative ewes during the
study.

1.2 The effects of serological pattern on daily milk yield and milk quality traits

The overall fixed effect of the serological pattern was not statistically significant in any case.
However, the pairwise comparisons between the serological patterns revealed statistically
significant differences regarding the DFY. Namely, the constantly seronegative, the
constantly seropositive, and the seroconverted ewes had higher DFY compared to the

seroreverted ones (15.50 g, 95% CI  0.15-30.85 g, p<0.05, 15.29 g, 95% CI 0.60-29.98 g,
p<0.05, and 19.00 g, 95% CI 3.81-34.20 g, p<0.05, respectively). Chios breed, sampling
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occasion, and BCS were negatively associated with daily milk yield and all the milk quality
traits (p<0.001, in all cases), except for the LogSCC, where the Chios breed and the sampling
occasion were positively associated (p<0.001 in both cases), whereas the age was negatively
associated (p<0.05) with them. Also, age was positively associated with the DFY, DPY,
DLY, and DSNFY (p<0.05 in all cases). Tables S3-S8 in Appendix C summarize the effects
of serological pattern, breed, sampling occasion, age, and BCS on DMY, DFY, DPY, DLY,
DSNFY, and LogSCC and pairwise comparisons between the serological patterns as derived

from the regression models.

1.3 The effects of infection patterns on daily milk yield and milk quality traits

Although the overall effects of the infection patterns were not statistically significant in any
case, the pairwise comparisons between the infection patterns revealed many statistically
significant differences for the studied milk yield and quality traits. Namely, the uninfected
ewes had higher DMY (ca. 300 g, 95% CI 30-560 g, p<0.05), DPY (14.58 g, 95% CI 0.34-
28.83 g, p<0.05), DLY (13.84 g, 95% CI 0.33-27.34 g, p<0.05), and DSNFY (31.35 g, 95%
CI 1.14-61.57 g, p<0.05) compared to the infected seronegative ones. Also, infected
seronegative ewes had lower DFY compared to both uninfected and infected seropositive
ewes (15.29 g, 95% CI 2.73-27.85 g, p<0.05 and 11.88 g, 95% CI 0.13-23.62 g, p<0.05,
respectively). Chios breed, sampling occasion, and BCS were negatively associated with the
DMY and all the milk quality traits (p<0.001 in all cases), except for the LogSCC. In the
latter case, Chios breed and sampling occasion were positively associated (p<0.001 in both
cases), whereas age was negatively associated (p<0.05) with LogSCC. Also, age was
positively associated with DFY, DPY, DLY, and DSNFY (p<0.05). Tables S9-S14 in
Appendix C summarize the effects of infection pattern, breed, sampling occasion, age, and

BCS on daily milk yield and milk quality traits.

1.4 Descriptive statistics of total milk yield and quality traits
The mean values of TMY, TFY, TPY, TLY, and TSNFY are summarized in Table 34.
Seroconverted and uninfected ewes presented the highest values of total milk yield and milk

quality traits, whereas seroreverted and infected seronegative ewes presented the lowest ones.
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Table 34. Mean values (SD) of total milk, fat, protein, lactose, solids-not-fat yields estimated for the first 120 days of the milking period in

different serological and infection patterns.

TMY TFY TPY TLY TSNFY
Serological pattern Mean value (kg/ewe)
Constantly seronegative 193.4 (110.94) 11.3 (6.49) 10.0 (5.80) 9.6 (5.45) 21.1 (12.25)
Constantly seropositive 203.9 (108.53) 12.1 (6.42) 10.7 (5.63) 10.2 (5.34) 22.7(11.84)
Seroconverted 225.6 (93.62) 13.5(5.71) 11.7 (4.93) 11.2 (4.66) 24.6 (10.45)
Seroreverted 163.4 (97.25) 9.1 (5.30) 8.6 (5.08) 8.2 (4.82) 17.7 (11.06)
Intermittent presence of antibodies 196.2 (105.32) 12.0 (5.88) 10.1 (5.38) 9.6 (5.10) 21.3 (11.36)
Infection pattern

Uninfected 228.8 (90.24) 13.3 (5.26) 11.8 (4.72) 11.3 (4.39) 24.9 (9.99)
Infected seropositive 208.8 (105.32) 12.4 (6.26) 10.9 (5.48) 10.4 (5.19) 23.1 (11.52)
Infected seronegative 140.0 (110.12) 8.2 (6.42) 7.4 (5.82) 7.1(5.52) 15.3 (12.35)

SD: Standard deviation; TMY, TFY, TPY, TLY, TSNFY: total milk, fat, protein, lactose, and solids-not-fat yields, respectively for the first 120 days of milking period
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1.5 The effects of serological patterns on total milk yield and milk quality traits

The overall effect of the serological patterns was significant only in the case of TMY,
whereas the pairwise comparisons between the serological patterns were significant in many
cases. In particular, the seroconverted ewes yielded 32.21 kg more milk (95% CI, 5.86-58.55
kg, p<0.05), 1.93 kg more fat (95% CI, 0.31-3.54 kg, p<0.05), 1.61 kg more protein (95% CI,
0.24-2.99 kg, p<0.05), 1.51 kg more lactose (95% CI, 0.21-2.82 kg, p<0.05), and 3.34 kg
more solids-not-fat (95% CI, 0.43-6.25 kg, p<0.05) compared to constantly seronegative
during the first 120 days of the milking period. Also, seroconverted ewes yielded 32.14 kg
more milk (95% CI, 9.22-55.06 kg, p<0.01), 1.86 kg more fat (95% CI, 0.45-3.37 kg,
p<0.05), 1.55 kg more protein (95% CI, 0.36-2.75 kg, p<0.05), 1.56 kg more lactose (95%
Cl, 0.43-2.69 kg, p<0.01), and 2.30kg more solids-not-fat (95% CI, 0.47-5.53 kg, p<0.05)
compared to constantly seropositive ewes, and ca. 3.0 kg (95% CI 0.10-5.39 kg, p<0.05)
more fat compared to the seroreverted ewes at the same period. Age was positively associated
with milk yield and all milk quality traits (p<<0.05), whereas the Chios ewes had significantly
lower fat yield (p<<0.01). Tables S15-S19 in Appendix C summarize the effects of serological
pattern, breed, and age on TMY, TFY, TPY, TLY, and TSNFY for the first 120 days of the
milking period.

1.6 The effects of infection patterns on total milk yield and milk quality traits

The overall fixed effect of the infection pattern was significant in all cases (p<0.05); in
particular, infected seronegative ewes yielded ca. 43 kg (95% CI, 11.02-75.85 kg, p<0.01)
and 35 kg (95% ClI, 8.68-61.21, p<0.01) less milk, ca. 2.7 kg (95% CI, 0.72-4.70 kg, p<0.01)
and 2.2 kg (95% CI, 0.63-3.38 kg, p<0.01) less fat, ca. 2.0 kg (95% ClI, 0.30-3.68 kg, p<0.05)
and 1.7 kg (95% CI, 0.29-3.03 kg, p<0.05) less protein, ca. 2.0 kg (95% CI, 0.36-3.56 kg,
p<0.05) and 1.6 kg (95% CI, 0.26-2.86 kg, p<0.05) less lactose, and ca. 5.0 kg (95% CI, 0.90-
8.05 kg, p<0.05) and 4.0 kg (95% CI, 0.96-6.76 kg, p<0.01) less solids-not-fat yield
compared to the uninfected ewes and the infected seropositive ewes, respectively. The age
was positively associated with milk yield and all the milk quality traits (p<0.05), whereas
Chios ewes produced 3.92 kg less TFY (95% CI, 1.44-6.41 kg, p<0.01) compared to Lacaune
ewes. Tables S20-S24 in Appendix C summarize the effects of infection pattern, breed, and

age on TMY, TFY, TPY, TLY, and TSNFY for the first 120 days of the milking period.

1.7 The effects of serological and infection patterns on the duration of lactation period
A total of 124 ewes (25.0% of the total studied ewes) presented a lactation period of <7

months. The proportion of the ewes that presented a lactation period <7 months is presented
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in Figures 41a and 41b per serological and infection pattern, respectively. Seroreverted and
infected seronegative animals presented the highest proportions (30.4% and 48.4%,
respectively). On the other hand, seroconverted and uninfected animals demonstrated the

lowest proportions (17.6% and 11.3%, respectively).
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Figure 41. Proportion of ewes that presented shorter lactation period per serological (a) and
infection (b) pattern.

Constantly seronegative and constantly seropositive animals were 1.09 (95% CI, 1.02-1.27,
p<0.05) and 1.15 (95% CI, 1.04-1.26, p<0.01) times more likely to have a short lactation

period compared to the seroconverted ones. Also, infected seronegative ewes were 1.25 (95%
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CI, 1.10-1.45, p=0.001) and 1.16 (95% CI, 1.04-1.30, p<0.01) times more likely to present
shorter lactation period compared to the uninfected and infected seropositive ewes. The odds
ratios of serological and infection patterns regarding the occurrence of short lactation period

(<7 months) are presented in Tables S25 and S26 in Appendix C, respectively.

2. The effects of small ruminant lentiviruses infections on the health and welfare status
of dairy ewes

2.1 Descriptive statistics of health and welfare issues

During the study, lameness, arthritis in at least one limb, respiratory disease, nasal discharge,
poor wool quality, and body abscesses were recorded at least once in 3.7% (15/407), 23.8%
(97/407), 3.4% (14/407), 15.2% (62/407), 7.1% (29/407), and 8.4% (34/407) of the studied
ewes, respectively. Also, regarding udder disorders, mastitis, abscess, skin lesions, wart-like
lesions, mammary cysts, fibrosis, asymmetry (mild to intense), and swollen supramammary
lymph nodes were recorded at least once in 3.2% (13/407), 31.2% (127/407), 27.0%
(110/407), 6.6% (27/407), 19.7% (80/407), 20.9% (85/407), 47.7% (194/407), and 44.5%
(181/407) of the studied ewes, respectively. The frequencies of health and udder disorders in
ewes of different serological and infection patterns are summarized in Tables 35 and 36,
respectively (occurrence of the health disorder at least once during the study period).
Constantly seropositive ewes demonstrated the highest frequency of mammary cysts (20.7%),
body abscesses (10.1%), and wart-like lesions (8.0%), whereas seroconverted ewes
demonstrated the highest frequency of poor wool quality (8.5%) and mastitis (4.9%). On the
other hand, seroreverted ewes presented the highest frequency of swollen supramammary
lymph nodes (68.6%), arthritis (45.7%), udder skin lesions (37.1%), udder fibrosis (25.7%),
and respiratory disease (5.7%), whereas ewes with an intermittent presence of antibodies had
the highest frequency of udder asymmetry (57.5%), udder abscesses (35.0%), nasal discharge
(20.0%), and lameness (7.5%). Regarding infection pattern, infected seropositive ewes
presented the highest frequency of udder abscesses (31.8%), lameness (4.5%), respiratory
disease (3.9%), and mastitis (3.9%), whereas infected seronegative ewes demonstrated the
highest frequency of swollen supramammary lymph nodes (59.6%), udder asymmetry
(48.1%), arthritis (40.4%), udder skin lesions (36.5%), udder fibrosis (28.8%), mammary
cysts (25.0%), nasal discharge (21.2%), and poor wool quality (9.6%). On the other hand,
uninfected ewes presented the highest frequency of body abscesses (9.1%).
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Table 35. The mean value of body condition score (£SD) and frequencies
patterns during the study.

of health disorders in ewes of different serological and infection

BCS Lameness Arthritis Respiratory Nasal Poor wool Body
Serological pattern Disease Discharge quality abscesses
Constantly seronegative 2.9(%0.23) 0.0% 14.5% (9/62) 0.0% 19.4% (12/62) 3.2%(2/62) 9.7% (6/62)
Constantly seropositive 2.9(20.24) 4.8%(9/188) 21.8% (41/188) 3.7% (7/188) 13.3% (25/188)  7.4% (14/188) 10.1% (19/188)
Seroconverted 2.9(x0.23)  2.4% (2/82) 15.9% (13/82) 3.7% (3/82) 14.6% (12/82) 8.5% (7/82) 4.9% (4/82)
Seroreverted 2.9(x0.21)  2.9% (1/35) 45.7% (16/35) 5.7% (2/35) 14.3% (5/35) 4.4% (4/35) 8.6% (3/35)
Intermittent presence of 2.9(20.22)  7.5% (3/40) 45.0% (18/40) 5.0% (2/40) 20.0% (8/40) 5.0% (2/40) 5.0% (2/40)
antibodies
Infection pattern
Uninfected 3.0(20.20) 0.0% 9.1% (4/44) 0.0% 13.6% (6/44) 2.3% (1/44) 9.1% (4/44)
Infected seropositive 3.0(20.25) 4.5% (14/311) 23.2% (72/311) 3.9% (12/311) 14.5% (45/31)  7.4% (23/311)  8.4% (26/311)
Infected seronegative 3.0(20.21)  1.9% (1/52) 40.4% (21/52) 3.8% (2/52) 21.2% (11/52) 9.6% (5/52) 7.7% (4/52)
SD: standard deviation; BCS: body condition score
Table 36. The frequencies of udder disorders in ewes of different serological and infection patterns during the study.
. . Swollen
Serological pattern Mastitis Abscesses Sl.ﬂn War.t “like Mammary Fibrosis = Asymmetry supramammary lymph
lesions lesions cyst nodes
Constantly seronegative 1.6% 30.6% 24.2% 3.2% 9.7% 16.1% 45.2% 33.9%
(1/62) (19/62) (15/62) (2/62) (6/62) (10/62) (28/62) (21/62)
Constantly seropositive 3.7% 33.0% 29.8% 8.0% 20.7% 25.5% 47.3% 46.0%
(7/188)  (62/188) (56/188) (15/188) (39/188) (48/188) (89/188) (88/188)
Seroconverted 4.9% 28.0% 17.1% 7.3% 12.2% 12.2% 43.9% 36.6%
(4/82) (23/82) (14/82) (6/82) (10/82) (10/82) (36/82) (30/82)
Seroreverted 0.0% 25.7% 37.1% 2.9% 20.0% 25.7% 51.4% 68.6%
' (9/35) (13/35) (1/35) (7/35) (9/35) (18/35) (24/35)
Intermittent presence of 2.5% 35.0 30.0% 7.5% 15.0% 20.0% 57.5% 45.0%
antibodies (1/40) (14/40) (12/40) (3/40) (6/40) (8/40) (23/40) (18/40)
Infection pattern
Uninfected 2.3% 27.3% 18.2% 2.3% 6.8% 9.1% 47.7% 29.5%
(1/44) (12/44) (8/44) (1/44) (3/44) (4/44) (21/44) (13/44)
Infected seropositive 3.9% 31.8% 26.7% 7.7% 20.6% 21.2% 47.6% 44.1%
(12/311)  (99/311) (83/311) (24/311) (64/311) (66/311) (148/311) (137/311)
Infected seronegative 0.0% 30.8% 36.5% 3.8% 25.0% 28.8% 48.1% 59.6%
' (16/52) (19/52) (2/52) (13/52) (15/52) (25/52) (31/52)
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The mean values of BCS in constantly seronegative and constantly seropositive ewes are
presented in Figure 42. In constantly seronegative ewes, BCS was reducing until the third
sampling occasion and then increasing, whereas in constantly seropositive ewes, BCS was
reducing until the fourth sampling occasion and increasing in the last one. In seroconverted
ewes, BCS was almost constant at the sampling occasions until the seroconversion incident
and decreased at the first sampling occasion after it, whereas in seroreverted ewes, BCS
decreased at the sampling occasion of the seroreversion incident and increased in the next one

(Figures 43a and 43b).
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Figure 42. Mean values of body condition score during the study in constantly seronegative
and constantly seropositive ewes.
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Figure 43. Mean values of body condition score before and after the seroconversion (a) and
the seroreversion (b) incident.

2.2 The effects of serological status on health and welfare issues

The effect of serological status of ewes was statistically significant only on the occurrence of
nasal discharge. Seropositive animals were 2.44 times more likely (95% CI, 1.06-5.56,
p<0.05) to have nasal discharge during the study compared to the seronegative ones (Table

S27 Appendix C).

2.3 The effects of infection status on health and welfare issues

Infected seronegative animals were 14.29 times (95% CI, 1.52-100.00, p<0.05) more likely to
be lame compared to infected seropositive ewes. Also, infected seropositive and seronegative
ewes were ca. 33 and ca. 50 times more likely to have mastitis during the study compared to
uninfected ones (95% CI, 25.00-100.00, p<0.01, and 95% CI, 20.00-100.00 p<0.05,
respectively). Moreover, udder skin lesions were more commonly observed in infected ewes;
infected seropositive ewes were 3.03 times (95% CI, 1.45-6.25, p<0.01), while infected
seronegative ewes were 2.63 times (95% CI, 1.06-6.67, p<0.05) more likely to develop udder
skin lesions compared to the uninfected ones. In addition, wart-like lesions were 20.00 times
(95% CI, 1.52-100.00, p<0.05) more likely to occur in infected seronegative ewes compared
to the uninfected ones. The statistically significant effects of infection status on the
occurrence of health and welfare issues derived from repeated measures mixed binary logistic

models are presented in Tables S28-S31 in Appendix C.
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2.4 The effects of serological patterns on health and welfare issues

Seroreverted ewes were 4.55 (95% CI, 1.67-12.5, p<0.01), 2.78 (95% CI, 1.23-6.25, p<0.05),
and 4.35 (95% CI, 1.67-11.11, p<0.01) times more likely to develop arthritis at least once
during the study compared to constantly seronegative, constantly seropositive, and
seroconverted ewes, respectively. Also, ewes with an intermittent presence of antibodies were
ca. 3.0 times more likely to present arthritis compared to constantly seronegative (95% CI,
1.22-9.09, p<0.05) and seroconverted ewes (95% CI, 1.22-12.5, p<0.05). Moreover,
seroreverted ewes were 4.55 (95% CI, 1.82-11.12, p<0.01), 3.23 (95% CI, 1.45-7.14,
p<0.01), 3.84 (95% CI, 1.62-9.09, p<0.01), and 3.42 (95% CI, 1.27-9.22, p<0.05) times more
likely to have swollen supramammary lymph nodes at least once during the study compared
to constantly seronegative, constantly seropositive, seroconverted, and ewes with an
intermittent presence of antibodies, respectively. The statistically significant effects of
serological patterns on the occurrence of health and welfare issues at least once during the
study, as derived from the respective mixed binary logistic models, are presented in Tables

S32 and S33 in Appendix C.

2.5 The effects of infection patterns on health and welfare issues

Infected seronegative ewes were 4.17 times (95% CI, 1.25-14.29, p<0.05) more likely to
develop arthritis at least once during the study compared to uninfected ewes. Also, infected
seronegative ewes were 3.03 (95% CI, 1.25-7.14, p<0.05) and 2.08 (95% CI, 1.10-3.85,
p<0.05) times more likely to have swollen supramammary lymph nodes at least once during
the study compared to uninfected and infected seropositive ewes, respectively. The
statistically significant effects of infection patterns on the occurrence of health and welfare
issues at least once during the study, as derived from the respective mixed binary logistic

models are presented in Tables S34 and S35 in Appendix C.

2.6 Descriptive statistics of hematological parameters

A total of 96 ewes were found seronegative and 188 seropositive, according to the ELISA
results. The combination of ELISA and PCR results revealed a total of 34 ewes as uninfected,
188 ewes as infected seropositive, and 62 ewes as infected seronegative. The mean values (+
SD) of hematological parameters of white blood cells, red blood cells, and platelets are
presented in Tables 37, 38, and 39, respectively, for ewes with different serological and
infection statuses. Based on their serological pattern, a total of 43 ewes were constantly
seronegative, whereas a total of 121 ewes were constantly seropositive. Also, 60 ewes

seroconverted during the study and 27 ewes seroreverted, whereas a total of 29 ewes
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presented an intermittent presence of antibodies. The combination of ELISA and PCR results
revealed a total of 28 ewes as uninfected, 210 ewes as infected seropositive, and a total of 42
ewes as infected seronegative. The mean values (+x SD) of hematological parameters
regarding white blood cells, red blood cells, and platelets are presented in Tables 40, 41, and

42, respectively, for ewes with different serological and infection patterns.
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Table 37. Mean values (SD) of hematological parameters regarding white blood cells in ewes with different serological and infection status.

Mean value (SD)

Serological Status WBC (10*/p) GC (10°/pl) LC (10*/pl) MC (10%/p) GP (%) LP (%) MP (%)
Seronegative 7.8 (2.71) 3.5(1.51) 3.8 (1.46) 0.5 (0.19) 447(9.51) 49.1(9.42) 6.2(1.14)
Seropositive 8.1 (2.49) 3.6 (1.45) 3.9 (1.43) 0.5 (0.19) 44.7(8.93)  49.0(8.85)  6.2(1.24)

Infection Status
Uninfected 9.3 (2.61) 4.1 (1.29) 4.6 (1.69) 0.6 (0.19) 44.1 (8.64)  49.5(8.75)  6.4(1.22)
Infected seropositive 8.1 (2.49) 3.6 (1.45) 3.9 (1.43) 0.5 (0.19) 44.7(8.93)  49.0(8.85)  6.2(1.24)
Infected seronegative 7.0 (2.40) 3.2 (1.55) 3.3 (1.08) 0.4(0.15)  45.0(10.00) 48.9(9.83)  6.1(1.09)

SD: Standard deviation; WBC: white blood cell count; CG: granulocyte count; LC: lymphocyte count; MC: monocyte count; GP: percentage of granulocytes, LP: percentage
of lymphocytes; MP: percentage of monocytes; Reference ranges: WBC: 5.1-15.8 10%/ul, GC: 1.3-7.6 10*/ul, LC: 2.0-7.8 10%/ul, MC: 0.0-1.3 10*/ul, GP: 21.5-68.0%, LP:
28.0-71.5%, MP: 0.0-9.5%

Table 38. Mean values (SD) of hematological parameters regarding red blood cells in ewes with different serological and infection status.

Mean value (SD)

Serological Status RBC (106/;11) HGB (g/dl) HCT (%) MCV (fLL) MCH (pg) MCHC (g/dl) RDW-CV (%) RDW-SD (fL)
Seronegative 8.6 (1.30) 9.8 (1.46) 30.3 (4.63) 355(3.44) 11.4(0.92) 32.3(1.96) 17.0 (2.46) 23.5(4.91)
Seropositive 8.4 (1.36) 9.6 (1.37) 29.9 (4.74) 35.7(3.15) 11.5(1.12) 32.4(2.43) 16.7 (2.07) 23.5(4.37)

Infection Status
Uninfected 8.5(0.94) 9.7 (1.28) 29.7 (4.53) 34.7(2.52) 11.4(0.73) 32.7 (2.39) 16.4 (1.23) 22.2 (2.65)
Infected seropositive 8.4 (1.36) 9.6 (1.37) 29.9 (4.74) 35.7(3.15) 11.5(1.12) 32.4(2.43) 16.7 (2.07) 23.5(4.37)
Infected seronegative 8.6 (1.46) 9.8 (1.56) 30.6 (4.69) 359(3.81) 11.5(1.02) 32.1(1.67) 17.3 (2.88) 24.2 (5.69)

SD: Standard deviation; RBC: red blood cell count; HGB: hemoglobin concentration; HCT: hematocrit; MCV: mean value of corpuscular volume; MCH: mean value of
corpuscular hemoglobin; MCHC: corpuscular hemoglobin concentration; RDW-CV: red cell distribution width coefficient of variation; RDW-SD: red cell distribution
standard deviation; fL: femtoliter; Pg: petagrams; Reference ranges: RBC:6.5-15.2 10%ul, HGB: 6.8-14.5 g/dl, HCT: 20.0-42.5%, MCV: 25.0-41.0 fL, MCH: 8.0-12.3 pg,
MCHC: 29.0-37.0 g/dl, RDW-CV: 14.5-26.2%, RDW-SD: 17.0-32.0 fL
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Table 39. Mean values (SD) of hematological parameters regarding platelets in ewes with different serological and infection status.

Mean value (SD)

Serological Status PLT (109/1) MPYV (fL) PDW PCT (ml/l) P-LCC (109/1) P-LCR (%)
Seronegative 278.0 (158.97) 6.1 (0.51) 15.0 (0.40) 1.7 (0.94) 130.8 (72.51) 48.6 (8.01)
Seropositive 248.9 (143.14) 6.1 (0.46) 15.2 (0.40) 1.5 (0.85) 118.0 (68.82) 48.6 (7.05)

Infection Status
Uninfected 268.0 (122.54) 6.0 (0.43) 15.1 (0.32) 1.6 (0.75) 124.9 (60.14) 47.3 (6.90)
Infected seropositive 248.9 (143.14) 6.1 (0.46) 15.2 (0.40) 1.5 (0.85) 118.0 (68.82) 48.6 (7.05)
Infected seronegative 283.5 (176.48) 6.1 (0.55) 14.9 (0.43) 1.7 (1.04) 134.1 (78.8) 49.3 (8.52)

SD: Standard deviation; PLT: platelet count; MPV: mean platelet volume; PDW: platelet distribution width; PCT: plateletcrit: P-LCC: platelet large cell count; P-LCR: platelet
large cell ratio; fL.: femtoliter; Reference ranges: PLT: 200.0-800.0 10°/1, MPV: 3.5-6.8 fL, PDW: 12.0-17.5, PCT: 1.0-4.2 ml/l, P-LCC: 30.0-260.0 10”1, P-LCR: 12.6-60.0%

Table 40. Mean values (SD) of hematological parameters regarding white blood cells in ewes with different serological and infection patterns
during the 24 months.

Mean value (SD)

Serological Pattern WBC (10*/p) GC (10°/pl) LC (10*/pl) MC (10%/pl) GP (%) LP (%) MP (%)
Constantly seronegative 8.7 (2.67) 3.8 (1.48) 4.3 (1.46) 0.5 (0.19) 44.0 (8.04) 49.6 (7.95) 6.3 (1.23)
Constantly seropositive 8.1(2.49) 3.6 (1.46) 4.0 (1.42) 0.5 (0.19) 44.8 (8.82) 49.1 (8.72) 6.2 (1.30)

Seroconverted 8.0 (2.55) 3.6 (1.43) 3.9 (1.48) 0.5 (0.19) 44.7 (9.27) 49.0 (9.25) 6.3 (1.14)

Seroreverted 6.9 (2.38) 3.2 (1.48) 3.3(1.21) 0.4 (0.15) 448 (11.26) 49.1(11.19) 6.1 (1.07)

Intermittent presence of antibodies 7.5 (2.71) 3.5 (1.55) 3.5 (1.45) 0.5 (0.18) 45.9 (9.82) 48.0 (9.69) 6.1 (1.05)
Infection Pattern

Uninfected 9.1 (2.43) 4.1 (1.23) 4.5 (1.47) 0.6 (1.86) 44 .4 (7.67) 49.1 (7.73) 6.5 (1.32)

Infected seropositive 8.0 (2.53) 3.6 (1.46) 3.9 (1.44) 0.5 (0.19) 44.9 (9.06) 48.9 (8.97) 6.2 (1.22)

Infected seronegative 7.2 (2.60) 3.3 (1.60) 3.5(1.29) 0.4 (0.16) 44.3 (10.40) 49.6(10.24) 6.1 (1.05)

SD: Standard deviation; WBC: white blood cell count; CG: granulocyte count; LC: lymphocyte count; MC: monocyte count; GP: percentage of granulocytes, LP: percentage
of lymphocytes; MP: percentage of monocytes; Reference ranges: WBC: 5.1-15.8 10°/ul, GC: 1.3-7.6 10°/ul, LC: 2.0-7.8 10°/ul, MC: 0.0-1.3 10%/ul, GP: 21.5-68.0%, LP:
28.0-71.5%, MP: 0.0-9.5%
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Table 41. Mean values (SD) of hematological parameters regarding red blood cells in ewes with different serological and infection patterns

during the 24 months.
Mean value (SD)

) ¢ RDW-SD

Serological Pattern RBC (10°/nl)  HGB (g/dl) HCT (%) MCYV (fL) MCH (pg) MCHC (g/d) RDW-CV (%) (L)
Constantly seronegative 8.6 (0.98) 9.9(127) 304(435) 352(232) 11.5(0.74)  32.4(1.85) 16.8 (2.61) 23.3 (4.98)
Constantly seropositive 8.5 (1.30) 9.8(1.34)  304(4.62) 358(3.15) 11.5(1.07) 322 (241) 16.8 (2.28) 23.9(4.93)
Seroconverted 8.2 (1.49) 9.3(1.38)  28.8(4.96) 355(321) 11.5(1.21)  32.6(2.37) 16.6 (1.60) 22.8(2.92)
Seroreverted 8.9 (1.42) 9.9(1.61)  31.2(521) 350(258) 11.1(0.78)  32.3(2.05) 16.4 (1.06) 22.2(2.12)
Intemﬁ?g (f’;f::nce of g3 (1.48) 9.5(1.57)  29.3(420) 36.1(5.06) 11.6(1.24) 32.4(2.38) 17.5 (2.99) 24.8(6.17)

Infection Pattern

Uninfected 8.5 (0.96) 9.7(1.29)  29.8(4.63) 34.8(243) 114(0.76)  32.5(2.02) 16.4 (1.20) 224 (241)
Infected seropositive 8.4 (1.38) 9.6(1.40)  29.8(4.70) 358(347) 11.5(1.13)  32.4(2.39) 16.8 (2.24) 23.7 (4.68)
Infected seronegative 8.9 (1.28) 10.0(147)  313(4.66) 353(240) 11.3(0.79)  32.2(1.86) 16.9 (2.59) 23.2 (4.96)

SD: Standard deviation; RBC: red blood cell count; HGB: hemoglobin concentration; HCT: hematocrit; MCV: mean value of corpuscular volume; MCH: mean value of
corpuscular hemoglobin; MCHC: corpuscular hemoglobin concentration; RDW-CV: red cell distribution width coefficient of variation; RDW-SD: red cell distribution
standard deviation; fL: femtoliter; Pg: petagrams; Reference ranges: RBC:6.5-15.2 10%ul, HGB: 6.8-14.5 g/dl, HCT: 20.0-42.5%, MCV: 25.0-41.0 fL, MCH: 8.0-12.3 pg,
MCHC: 29.0-37.0 g/dl, RDW-CV: 14.5-26.2%, RDW-SD: 17.0-32.0 fL

Table 42. Mean values (SD) of hematological parameters regarding platelets in ewes with different serological and infection patterns during the

24 months.
Mean value (SD)

Serological Pattern PLT (10°/L) MPYV (fL) PDW PCT (mL/L) P-LCC (10°/L) P-LCR (%)
Constantly seronegative 291.8 (153.53) 6.1 (0.59) 15.0 (0.42) 1.8 (0.91) 136.1 (70.94) 47.8 (8.76)
Constantly seropositive 246.8 (142.54) 6.1 (0.47) 15.2 (0.40) 1.5 (0.87) 119.3 (66.62) 49.2 (6.75)

Seroconverted 252.9 (145.27) 6.0 (0.46) 15.1 (0.39) 1.5 (0.83) 115.6 (59.04) 47.5 (7.69)

Seroreverted 292.3 (183.60) 6.0 (0.41) 14.9 (0.30) 1.8 (1.11) 138.7 (86.35) 48.6 (6.84)

Intermittent presence of antibodies 241.9 (140.04) 6.1 (0.44) 15.0 (0.43) 1.5 (0.80) 114.6 (58.43) 49.8 (7.57)
Infection Pattern

Uninfected 266.8 (121.92) 6.1(0.41) 15.1 (0.33) 1.6 (0.76) 126.0 (61.59) 47.7 (6.56)

Infected seropositive 247.9 (142.35) 6.1 (0.46) 15.1 (0.40) 1.5 (0.84) 117.5 (63.02) 48.8 (7.16)

Infected seronegative 308.8 (187.11) 6.1 (0.60) 14.9 (0.40) 1.9 (1.10) 144.4 (85.15) 48.4 (8.94)

SD: Standard deviation; PLT: platelet count; MPV: mean platelet volume; PDW: platelet distribution width; PCT: plateletcrit: P-LCC: platelet large cell count; P-LCR: platelet
large cell ratio; fL: femtoliter; Reference ranges: PLT: 200.0-800.0 109/L, MPV: 3.5-6.8 fL,, PDW: 12.0-17.5, PCT: 1.0-4.2 mL/L, P-LCC: 30.0-260.0 109/L, P-LCR: 12.6-

60.0%
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2.7 The effects of serological status on hematological parameters
Statistically significant effects of serological status on hematological parameters were not

observed.

2.8 The effects of infection status on hematological parameters

Infection status had a significant effect on WBC, GC, LC, and MC. Namely, the uninfected
ewes had significantly higher WBC, LC, and MC compared to the infected seropositive
(p<0.05) and infected seronegative ones (p<0.01). Also, uninfected ewes demonstrated
significantly higher GC compared to the infected seronegative ones (p<0.05). Moreover, the
infected seropositive ewes had significantly higher WBC, LC, and MC (p<0.05) compared to
the infected seronegative ones. The statistically significant effects of infection status on
hematological parameters, as derived from the respective mixed linear logistic models are

presented, in Tables S36-S39 in Appendix C.

2.9 The effects of serological patterns on hematological parameters

The seroreverted ewes had significantly lower WBC and LC compared to the constantly
seronegative ones (p<0.05 in both cases). Also, the seroreverted ewes had significantly lower
RDW-SD compared to the constantly seropositive and ewes with an intermittent presence of
antibodies (p<0.05 in both cases) and lower PDW compared to the constantly seropositive
ones (p<0.05), whereas they also had higher RBC and HGB compared to the seroconverted
ones (p<0.05). Ewes with an intermittent presence of antibodies had lower PLT and P-LCC
compared to the constantly seronegative ones (p<0.05 in both cases). The statistically
significant effects of serological pattern on hematological parameters, as derived from the

respective mixed linear logistic models, are presented in Tables S40-S47 in Appendix C.

2.10 The effects of infection patterns on hematological parameters

The infection pattern had a statistically significant effect on MC, HGB, and PDW. Namely,
the uninfected ewes had significantly higher MC compared to the infected seropositive or
seronegative ewes (p<0.05 in both cases). Also, the infected seronegative ewes had
significantly higher HGB but lower PDW compared to the infected seropositive ewes (p<0.05
in both cases). The statistically significant effects of infection pattern on hematological
parameters, as derived from the respective mixed linear logistic models, are presented in

Tables S48-S50 in Appendix C.
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IV. Discussion

It is the first prospective cohort study for the assessment of the effects of SRLV infections on
the productivity and health of intensively reared dairy sheep in Greece. Also, the
classification of animals according to their serological and infection pattern permitted further
investigation of the effects, indicating the significance of the accurate diagnosis and
prospective study of SRLV infections.

Currently, the effect of SRLV infections on milk yield and quality traits remains unclear, as
the results of previous studies are contradictory; milk, fat, protein, and lactose yields were
found reduced in SRLV seropositive ewes and goats (Turin et al., 2005; Leitner et al., 2010;
Kaba et al., 2012; Martinez-Navalon et al., 2013; Juste et al., 2020), whereas in other studies
no effect of seropositivity was reported on milk yield (Nord and Adney, 1997; Legrottaglie et
al., 1999; Turin et al., 2005; Kaba et al., 2012; Barquero et al., 2013c) and quality traits
(Nord and Adney, 1997; Legrottaglie et al., 1999; Barquero et al., 2013c), or a favorable
effect was reported on milk fat (Turin et al., 2005; Echeverria et al., 2020). In the present
study, the serological pattern had a significant effect on daily fat yield and on 120-day milk,
fat, protein, lactose, and solids-not-fat yields. The constantly seronegative, the constantly
seropositive, and the seroconverted ewes had ca. 14% significantly higher daily fat yield
compared to the seroreverted ones. Also, the seroconverted ewes presented higher 120-day
milk, fat, protein, lactose, and solids-not-fat yields compared to the constantly seronegative
and seropositive ewes (p<0.05). Moreover, 120-day milk fat yield was found to be higher in
the seroconverted compared to the seroreverted ewes (p<0.05).

On the other hand, the infection pattern had a significant effect on both daily and 120-day
milk, fat, protein, lactose, and solids-not-fat yields. The DMY and milk quality traits were
reduced by ca. 15% in the infected seronegative ewes compared to the uninfected ones. Also,
the DFY was reduced by ca. 10% in infected seronegative ewes compared to infected
seropositive ones. The 120-day milk yield and milk quality traits were found to be reduced
ca. 20% in the infected seronegative ewes compared to both the uninfected and the infected
seropositive ewes. The findings of this study are partially in consistency with a previous
study where milk yield and protein content were reduced, but fat content was increased in
infected animals diagnosed by both ELISA and PCR (Echeverria et al., 2020). The
inconsistency regarding the effect of SRLV infection on milk fat between the previous and

the present study may be attributed to the statistical analyses used in the first one, which were
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limited to Mann-Whitney’s comparisons of contents compared to the estimation of the effect
on milk component yields with the mixed linear regression models used in the present study.
Also, in our study, no effect of serological and infection pattern on the SCC was reported, in
consistency with previous studies (Legrottaglie et al., 1999; Leitner et al., 2010; Kaba et al.,
2012). However, an increase in SCC in seropositive (Nord and Adney, 1997; Turin et al.,
2005) or infected (Echeverria et al., 2020) goats and ewes has been previously reported.
Although the limits of SCC in sheep milk have not yet been clarified, the increase of SCC has
been associated with the presence of clinical or subclinical mastitis (Paape et al., 2007;
Gelasakis et al., 2015; Albenzio et al., 2019). However, in our study, the overall mean value
of SCC was observed to be low (<300.000 cells/ml) indicating an enhanced udder health
status of the studied ewes, possibly due to artificial lamb rearing, machine milking, and
implementation of general hygiene practices. On the other hand, the presence of mastitis,
swollen supramammary lymph nodes, and reduced milk yield in infected animals could be
indicators of mammary inflammation, which could lead to an increase in SCC. However, in
our study, the SRLV infections may not cause an intense concentration of leukocytes in the
mammary parenchyma to significantly increase the SCC in the milk of infected animals.
Moreover, a shorter duration of lactation period was recorded in constantly seronegative and
constantly seropositive animals compared to the seroconverted ones, and in infected
seronegative ewes compared to the uninfected and the infected seropositive ones. Reduced
duration of lactation period has, also, been observed in seropositive goats (Martinez-Navalon
et al., 2013), whereas in other studies no effect on lactation duration was reported (Barquero
et al.,2013c; Juste et al., 2020).

In the present study, the assessment of the effects of SRLV infections on milk yield and
quality traits after the classification of the animals according to their serological or infection
pattern revealed an adverse impact of the infection in cases of a lack of antibodies in infected
animals (lack of seroconversion or loss of the produced antibodies). This may explain the
current ambiguity regarding the effect of SRLV on the productivity of dairy sheep and goats;
the seroreverted animals and the infected animals, which never seroconvert, evade the
serological diagnosis and are classified with the uninfected animals, confounding the results.
Hence, a highly sensitive and accurate diagnostic method is an essential prerequisite for the
investigation of the effects of SRLV infections on animal productivity. This is further
highlighted in the present study by the low performance of constantly seronegative animals
compared to the seroconverted ones in cases of 120-day milk, fat, protein, lactose, and solids-

not-fat yields and the duration of lactation period, whereas uninfected animals did not present
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lower performance compared to the infected ones in any case. It is obvious that the infected
animals that never seroconverted were classified as constantly seronegative during the study,
significantly reducing the mean values of milk yield and quality traits in this category. On the
other hand, the constantly seropositive ewes presented lower day milk, fat, protein, lactose,
and solids-not-fat yields compared to the seroconverted ones, indicating that the chronic and
persistent SRLV infection may lead to inflammatory udder lesions in some animals, reducing
their performance compared to the animals more recently infected and seroconverted.

The protective role of neutralizing antibodies produced after SRLV infection has not been
fully elucidated, though it has been hypothesized (Singh et al., 2006; Torsteinsdottir et al.,
2007; Blacklaws, 2012). The adverse impact of SRLV on the productivity of infected
seronegative animals in the present study may confirm the protective role of neutralizing
antibodies against virus replication. This neutralizing effect may inhibit the rapid evolution of
the disease and the development of lymphocytic inflammatory lesions in the mammary gland,
which leads to a reduction in milk production. On the other hand, the possibility of animals
with impaired health status that cannot trigger an effective immunological response against
the virus and present low productivity cannot be excluded, though it was rather than possible
in the studied farms since the farming conditions, the nutrition, and the preventive veterinary
measures ensured a high animal health status with a low prevalence of other infectious (e.g.,
bacterial mastitis, foot-rot, enzootic pneumonia) or metabolic (e.g., pregnancy toxemia,
ruminal acidosis) diseases.

Although SRLV clinical cases have been reported not only worldwide but also in our country
(van der Molen, Vecht and Houwers, 1985; Karanikolaou et al., 2005; Angelopoulou, Brellou
and Vlemmas, 2006; Fournier, Campbell and Middleton, 2006; Benavides et al., 2007, 2009;
Brellou et al., 2007; Giadinis et al., 2015; Borquez Cuevas et al., 2021), the prevalence of
clinical signs of the disease or other health disorders in infected flocks has not been
adequately investigated. In the studied farms, the typical clinical manifestations of SRLV
infections recorded during the study were the arthritis in at least one limb, the cough and
dyspnea (respiratory disease), and the “hard udder” syndrome (interstitial mastitis), whereas
any animal with neurological signs was reported during the study or the last years in these
farms. An interesting finding of the study was that the 8 animals that manifested the “hard
udder” syndrome were all SRLV infected and removed from the farms during the study, as
they manifested it post-lambing, accompanied by very low milk production. Therefore, due to
their early removal from the study, these 8 animals did not have milk recordings and they

were not retained in the final database for the subsequent statistical analyses.
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SRLV seropositivity and infection in the present study were associated with the occurrence of
many health disorders. Namely, the seropositive animals were more likely to present nasal
discharge, whereas seroreverted animals were associated with the occurrence of arthritis and
swollen supramammary lymph nodes. Also, the manifestation of arthritis during the study
was associated with the ewes with an intermittent presence of antibodies. Moreover, the
infection was associated with the occurrence of mastitis and udder skin lesions, whereas
infected seronegative ewes were more likely to present arthritis, lameness, wart-like lesions,
and swollen supramammary lymph nodes. These findings indicate a possible association
between the lack of antibodies (seroreversion and lack of seroconversion) and clinical signs
associated with the organ targets of SRLV infections (joints and udder). This, in combination
with the above-mentioned results from reduced milk production in the infected seronegative
animals, reinforces the diagnostic value of the combination of serological and molecular
investigation. Also, considering these results, the hypothesis of the protective role of
neutralizing antibodies against the virus replication (Georgsson et al., 2015) needs to be
further investigated.

The presence of nasal discharge in seropositive animals is not a typical symptom, as the
pneumonia in MV cases is dry (Straub, 2004), and no association with respiratory disease
(cough and dyspnea) was identified in our studied cases. However, the association between
internal parasitism and SRLV infection has been previously reported (Hiittner, Seelmann and
Feldhusen, 2010; Mekibib et al., 2018), explaining possibly the presence of nasal discharge
in seropositive animals in our study. The co-existence of parasites and SRLV infection
creates a vicious circle of stress factors for the immune system of animals, which can lead to
the manifestation of signs of both diseases. Also, the increased manifestation of wart-like
lesions in infected seronegative animals, which are probably caused by the papilloma virus,
could be associated with the decreased immune response of these animals.

Although SRLV tropism is related to monocytes, macrophages, and dendritic cells, and
infection of myeloid stem cells has been suggested (Blacklaws, 2012), scientific evidence to
support hematological changes in infected sheep is limited (Lipecka et al., 2010; Serkal
Gazyagci, 2011). In the present study, the infected ewes were associated with lower white
blood cell, lymphocyte, granulocyte, and monocyte counts, whereas the infected seronegative
animals had significantly higher hemoglobin concentration but lower platelet distribution
width, white blood cell, lymphocyte, and monocyte counts compared to the infected
seropositive ewes. These differences in hematological parameters are consistent with

previous studies where a reduced white blood cell count was reported in lambs from
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seropositive ewes (Lipecka et al., 2010) and increased hemoglobin was associated with
SRLV infection in adult sheep (Serkal Gazyagci, 2011). Hematological disorders such as
anemia, lymphopenia, neutropenia, leukopenia, and thrombocytopenia have been previously
described in HIV patients before antiretroviral treatment (Saif, 2001; Vishnu and Aboulafia,
2015; Damtie et al., 2021), mainly due to the infection of bone marrow mesenchymal stem
cells. Although the lack of breed- and age-specific reference values of hematological
parameters in dairy sheep does not permit the extraction of safe conclusions about the
manifestation of similar hematological abnormalities in SRLV infected ewes, the statistically
significant differences in mean values of hematological parameters indicate a similar
mechanism of infection of progenitor and stem cells in bone marrow, leading not only to
persistent infection of the animal via the continual production of infected cells but also to
blood cell abnormalities. Also, the results from our study support a more intense leukopenia
in infected seronegative animals compared to the seroconverted animals, indicating a more
severe immunosuppression in these animals. Nevertheless, the existence of a reverse
mechanism (the lack of seroconversion or the loss of antibodies in already
immunosuppressed ewes due to co-infections or stressed status) explaining these
hematological abnormalities cannot be excluded under the present study design and the
measurement of hematological parameters only in the last sampling occasion.

In the present study, infected seronegative animals were associated with health and
hematological disorders and low productivity. Considering these findings, the hematological
analyses could be performed in combination with the diagnosis of SRLV infections for the
selective removal of animals with white blood cell abnormalities. However, further large-
scale prospective studies including animals with different infection patterns could elucidate
the potential association of SRLV infection with hematological disorders and reinforce the

diagnostic value of hematological analyses in SRLV infections.
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Chapter 4: Conclusions

It is the first time that a holistic approach to diagnosis and epizootiological investigation for
the assessment of risk factors and the effects of SRLV infections on productivity, health, and
welfare traits was attempted in intensively reared dairy sheep in Greece.

A novel diagnostic protocol, based on both serological and molecular assays, was developed
and evaluated for the early and efficient diagnosis of the circulating SRLV strains. The nested
real-time PCR protocol that was developed, evaluated, and applied in the present study
demonstrated high diagnostic performance and could be further exploited as an affordable
routine molecular test for the diagnosis of SRLV infections in the country.

The prospective study design of the epizootiological investigation revealed the presence of
different serological and infection patterns in infected animals and highlighted the increased
misdiagnosis of SRLV infections in cross-sectional sero-epizootiological studies. The high
values of morbidity frequency measures in the studied farms confirmed the hypothesis of
increased SRLV prevalence and the significance of horizontal transmission in intensively
reared purebred Chios and Lacaune ewes in Greece. Risk assessment analysis confirmed the
increased age as a risk factor for SRLV infections and revealed a breed-related effect on the
occurrence of different serological patterns. The pre-lambing period was also associated with
seropositivity, indicating that this period is more appropriate for serological screening
control.

The epizootiological study in lambs underpinned the significance of the lactogenic
transmission route in lambs and the necessity for the administration of pasteurized colostrum
in combination with artificial rearing. Also, the molecular control of lambs at the age of 3
months was evaluated as appropriate for early interruption of horizontal virus spreading,
whereas the serological screening control of replacement animals could be performed at the
age of 8 months.

The prospective study design and the classification of animals according to their infection
pattern permitted the quantification of the effects of SRLV infections on productivity and
health. Milk production losses reached up to ca. 20% regarding milk, fat, protein, lactose, and
solids-not-fat yields in infected animals that did not seroconvert or serorevert during the
study. Similarly, health disorders including lameness, arthritis, mastitis, swollen
supramammary lymph nodes, udder skin and wart-like lesions, and white blood cel
parameters were more frequent in these animals.

The present study recorded updated epizootiological data that could be exploited in the

evidence-based designation of control programs against SRLV in intensive dairy farms in
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Greece for the mitigation of production losses, the improvement of animal health and welfare
status, and the enhancement of farms’ sustainability. Further large-scale epizootiological
studies including animals reared under various farming systems and prevalence rates could
enrich and extend the knowledge regarding the epizootiology, the early and accurate
diagnosis, the transmission dynamics, and the impact of SRLV infections in our country. At
the same time, the genetic resistance/susceptibility to the SRLV infection and its association
with production traits should be further investigated and assessed for use in genetic selection
programs, and basic research should be extended, including cell cultures for the isolation of
the circulating viral strains, the further phylogenetic analysis and characterization, and the
development of highly sensitive and specific serological and molecular assays with universal

applicability in the country.
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Appendix A: The questionnaire used for the collection of data regarding the farms’
characteristics and management practices during on-site visits.
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Appendix B: Tables and figures with epizootiological results for the studied farms.

Table S1. The frequencies of serological patterns per farm and per breed.

Serological pattern Chios Lacaune
Farm A Farm B Farm C Farm A Farm D All Farms
Constantly seronegative 0.0% (0/25)  19.6% (28/143)  10.6% (7/66)  12.5% (4/32) 16.3% (23/141) 15.2% (62/407)
Constantly seropositive 64.0% (16/25) 42.7% (61/143) 39.4% (26/66) 37.5% (12/32) 51.8% (73/141) 46.2% (188/407)
Seroconverted 20.0% (5/25) 14.0% (20/143) 21.2% (14/66) 31.3% (10/32) 23.4% (33/141) 20.1% (82/407)
Seroreverted 12.0% (3/25) 11.2% (16/143)  7.6% (5/66) 12.5% (4/32) 5.0% (7/141) 8.6% (35/407)

Intermittent presence of antibodies 4.0% (1/25)  12.6% (18/143) 21.2% (14/66)  6.3% (2/32) 3.5% (5/141) 9.8% (40/407)

Table S2. The frequencies of infection patterns per farm and breed.

Infection Pattern Chios Lacaune
Farm A Farm B Farm C Farm A Farm D All Farms
Uninfected 0.0% (0/25) 8.4% (12/143)  1.5% (1/66) 0.0% (0/32) 11.3% (16/141) 7.1% (29/407)
Infected seropositive 88.0% (22/25) 69.2% (99/143) 81.8% (54/66) 75.0% (24/32) 78.7% (111/141) 76.2% (310/407)
Infected seronegative 12.0% (3/25) 22.4% (32/143) 16.7% (11/66) 25.0% (8/32)  9.9% (14/141) 16.7% (68/407)
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Figure S1. Point seroprevalence and prevalence in ewes from farms A (a), B (b), C (¢), and D

(d) in each sampling occasion during the study.
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Appendix C: Statistical tables for the effects of small ruminant lentiviruses infections on productivity and health and welfare status.

Table S3. The effects of serological pattern, breed, sampling occasion, age, and BCS on daily milk yield (kg/ewe) during the study and pairwise
comparisons between the serological patterns.

Closy,
. Lower Upper
Independent variables Cat. /] SE P Bound Bound
Chios -0.73 0.07 <0.001 -0.87 -0.58
Breed
Lacaune Ref
1 1.27 0.425 <0.001 1.19 1.36
Sampling occasion 2 0.50 0.029 <0.001 0.45 0.56
3 Ref

Age * 0.03 0.025 ns -0.02 0.08
BCS * -0.41 0.109 <0.001 -0.63 -0.20

Serological Pattern - - - ns - -

Pairwise comparisons

Constantly seronegative-Constantly seropositive -0.01 0.092 ns -0.19 0.17
Constantly seronegative-Seroconverted -0.11 0.099 ns -0.30 0.09
Constantly seronegative-Seroreverted 0.18 0.183 ns -0.18 0.54
Constantly seronegative-Intermittent presence of antibodies -0.02 0.231 ns -0.48 0.43
Constantly seropositive-Seroconverted -0.10 0.082 ns -0.26 0.06
Constantly seropositive-Seroreverted 0.18 0.176 ns -0.16 0.53
Constantly seropositive-Intermittent presence of antibodies -0.01 0.223 ns -0.45 0.42
Seroconverted-Seroreverted 0.28 0.180 ns -0.07 0.64
Seroconverted-Intermittent presence of antibodies 0.09 0.230 ns -0.36 0.54
Seroreverted-Intermittent presence of antibodies -0.20 0.274 ns -0.74 0.34

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgsy,: 95% confidence interval, BCS: body condition score; “Continuous variable; Ref:
Reference category; ns: not significant
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Table S4. The effects of serological pattern, breed, sampling occasion, age, and BCS on daily fat yield (g/ewe) during the study and pairwise
comparisons between the serological patterns.

Clyso,
. Lower Upper
Independent variables Cat. /] SE P Bound Bound
Chios -38.50 3.429 <0.001 -45.23 -31.77
Breed
Lacaune Ref
1 35.05 2.728 <0.001 29.69 40.40
Sampling occasion 2 31.05 2.239 <0.001 26.66 35.44
3 Ref
Age * 2.36 1.128 <0.05 0.14 4.57
BCS * -31.13 6.158 <0.001 -43.21 -19.05
Serological Pattern - - - ns - -
Pairwise comparisons
Constantly seronegative-Constantly seropositive 0.20 4.343 ns -8.32 8.73
Constantly seronegative-Seroconverted -3.51 4.737 ns -12.80 5.79
Constantly seronegative-Seroreverted 15.50 7.825 <0.05 0.15 30.85
Constantly seronegative-Intermittent presence of antibodies 5.93 9.154 ns -12.03 23.89
Constantly seropositive-Seroconverted -3.71 3.883 ns -11.33 3.91
Constantly seropositive-Seroreverted 15.29 7.489 <0.05 0.60 29.98
Constantly seropositive-Intermittent presence of antibodies 5.73 8.698 ns -11.34 22.79
Seroconverted-Seroreverted 19.00 7.746 <0.05 3.81 34.20
Seroconverted-Intermittent presence of antibodies 9.44 9.053 ns -8.32 27.20
Seroreverted-Intermittent presence of antibodies -9.57 10.913 ns -30.98 11.84

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgse,: 95% confidence interval, BCS: body condition score; *Continuous variable; Ref:
Reference category; ns: not significant
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Table S5. The effects of serological pattern, breed, sampling occasion, age, and BCS on daily protein yield (g/ewe) during the study and pairwise
comparisons between the serological patterns.

Clyso,
. Lower Upper
Independent variables Cat. /] SE P Bound Bound
Breed Chios -38.54 3.608 <0.001 -45.62 -31.47
Lacaune Ref
1 61.41 2.196 <0.001 57.10 65.72
Sampling occasion 2 25.01 1.525 <0.001 22.02 28.00
3 Ref
Age * 2.70 1.219 <0.05 0.31 5.09
BCS * -26.61 5.646 <0.001 -37.69 -15.53
Serological Pattern - - - ns - -
Pairwise comparisons
Constantly seronegative-Constantly seropositive -1.81 4.645 ns -10.92 7.31
Constantly seronegative-Seroconverted -6.76 4.962 ns -16.50 2.97
Constantly seronegative-Seroreverted 7.75 9.242 ns -10.38 25.88
Constantly seronegative-Intermittent presence of antibodies 0.30 11.495 ns -22.25 22.85
Constantly seropositive-Seroconverted -4.96 4.076 ns -12.95 3.04
Constantly seropositive-Seroreverted 9.56 8.903 ns -7.91 27.02
Constantly seropositive-Intermittent presence of antibodies 2.11 11.059 ns -19.59 23.80
Seroconverted-Seroreverted 14.51 9.033 ns -3.21 32.24
Seroconverted-Intermittent presence of antibodies 7.06 11.385 ns -15.27 29.40
Seroreverted-Intermittent presence of antibodies -7.45 13.653 ns -34.24 19.33

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgse,: 95% confidence interval, BCS: body condition score; *Continuous variable; Ref:
Reference category; ns: not significant
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Table S6. The effects of serological pattern, breed, sampling occasion, age, and BCS on daily lactose yield (g/ewe) during the study and pairwise
comparisons between the serological patterns.

Clyse,

. Lower Upper

Independent variables Cat. /] SE P Bound Bound

Breed Chios -36.58 3.422 <0.001 -43.29 -29.86

Lacaune Ref
1 58.24 2.083 <0.001 54.16 62.33
Sampling occasion 2 23.72 1.446 <0.001 20.88 26.55
3 Ref
Age * 2.55 1.159 <0.05 0.28 4.83
BCS * -25.13 5.369 <0.001 -35.66 -14.60
Serological Pattern - - - ns - -
Pairwise comparisons

Constantly seronegative-Constantly seropositive -1.71 4.407 ns -10.36 6.93
Constantly seronegative-Seroconverted -6.42 4.708 ns -15.65 2.82
Constantly seronegative-Seroreverted 7.34 8.771 ns -9.87 24.55
Constantly seronegative-Intermittent presence of antibodies 0.26 10.903 ns -21.13 21.65
Constantly seropositive-Seroconverted -4.70 3.868 ns -12.29 2.88
Constantly seropositive-Seroreverted 9.05 8.450 ns -7.53 25.63
Constantly seropositive-Intermittent presence of antibodies 1.97 10.490 ns -18.61 22.55
Seroconverted-Seroreverted 13.76 8.573 ns -3.06 30.57
Seroconverted-Intermittent presence of antibodies 6.68 10.799 ns -14.51 27.86
Seroreverted-Intermittent presence of antibodies -7.08 12.953 ns -32.49 18.33

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgse,: 95% confidence interval, BCS: body condition score; *Continuous variable; Ref:
Reference category; ns: not significant
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Table S7. The effects of serological pattern, breed, sampling occasion. age, and BCS on daily solids-not-fat yield (g/ewe) during the study and
pairwise comparisons between the serological patterns.

Clyse,
. Lower Upper
Independent variables Cat. /] SE P Bound Bound
Breed Chios -80.76 7.636 <0.001 -95.74 -65.78
Lacaune Ref
1 130.03 4.634 <0.001 120.94 139.12
Sampling occasion 2 53.04 3.217 <0.001 46.73 59.36
3 Ref
Age * 5.56 2.585 <0.05 0.49 10.64
BCS * -56.26 11.902 <0.001 -79.60 -32.91
Serological Pattern - - - ns - -
Pairwise comparisons
Constantly seronegative-Constantly seropositive -3.94 9.856 ns -23.27 15.40
Constantly seronegative-Seroconverted -13.96 10.516 ns -34.59 6.67
Constantly seronegative-Seroreverted 16.94 19.575 ns -21.46 55.35
Constantly seronegative-Intermittent presence of antibodies 1.08 24.378 ns -46.75 48.91
Constantly seropositive-Seroconverted -10.02 8.624 ns -26.94 6.90
Constantly seropositive-Seroreverted 20.88 18.848 ns -16.10 57.86
Constantly seropositive-Intermittent presence of antibodies 5.02 23.448 ns -40.98 51.01
Seroconverted-Seroreverted 30.90 19.117 ns -6.60 68.41
Seroconverted-Intermittent presence of antibodies 15.04 24.134 ns -32.31 62.39
Seroreverted-Intermittent presence of antibodies -15.86 28.929 ns -72.62 40.89

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgse,: 95% confidence interval, BCS: body condition score; *Continuous variable; Ref:
Reference category; ns: not significant
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Table S8. The effects of serological pattern, breed, sampling occasion, age, and BCS on the logarithm of somatic cell counts (cells/mL) during
the study and pairwise comparisons between the serological patterns.

Clyso,
. Lower Upper
Independent variables Cat. p SE P Bound Bound
Breed Chios 0.16 0.044 <0.001 0.07 0.24
Lacaune Ref
1 -0.32 0.037 <0.001 -0.39 -0.25
Sampling occasion 2 -0.08 0.033 <0.05 -0.14 -0.01
3 Ref
Age * -0.04 0.015 <0.05 -0.06 -0.01
BCS * 0.06 0.084 ns -0.10 0.22
Serological Pattern - - - ns - -
Pairwise comparisons
Constantly seronegative-Constantly seropositive -0.02 0.053 ns -0.13 0.08
Constantly seronegative-Seroconverted 0.07 0.065 ns -0.06 0.20
Constantly seronegative-Seroreverted 0.18 0.106 ns -0.03 0.39
Constantly seronegative-Intermittent presence of antibodies 0.13 0.160 ns -0.19 0.44
Constantly seropositive-Seroconverted 0.09 0.057 ns -0.02 0.20
Constantly seropositive-Seroreverted 0.20 0.102 ns 0.00 0.40
Constantly seropositive-Intermittent presence of antibodies 0.15 0.157 ns -0.16 0.46
Seroconverted-Seroreverted 0.11 0.109 ns -0.11 0.32
Seroconverted-Intermittent presence of antibodies 0.06 0.162 ns -0.26 0.38
Seroreverted-Intermittent presence of antibodies -0.05 0.182 ns -0.41 0.31

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgse,: 95% confidence interval, BCS: body condition score; *Continuous variable; Ref:
Reference category; ns: not significant
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Table S9. The effects of infection pattern, breed, sampling occasion, age, and BCS on daily milk yield (kg/ewe) during the study and pairwise

comparisons between the infection patterns.

. Lower Upper
Independent variables Cat. p SE P Bound Bound
Chios -0.70 0.071 <0.001 -0.84 -0.56
Breed
Lacaune Ref
1 1.26 0.043 <0.001 1.18 1.35
Sampling occasion 2 0.50 0.029 <0.001 0.44 0.56
3 Ref
Age * 0.03 0.024 ns -0.02 0.07
BCS * -0.43 0.108 <0.01 -0.64 -0.22
Infection Pattern - - - ns - -
Pairwise comparisons
Uninfected - Infected seropositive 0.06 0.082 ns -0.01 0.22
Uninfected - Infected seronegative 0.30 0.134 <0.05 0.03 0.56
Infected seropositive - Infected seronegative 0.23 0.127 ns -0.02 0.48

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgso,: 95% confidence interval, BCS: body condition score; *Continuous variable; Ref:

Reference category; ns: not significant
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Table S10. The effects of infection pattern, breed, sampling occasion, age, and BCS on daily fat yield (g/ewe) during the study and pairwise

comparisons between the infection patterns.

Clyso,
. Lower Upper
Independent variables Cat. p SE P Bound Bound
Chios -37.72 3.352 <0.001 -44.30 -31.15
Breed
Lacaune Ref
1 34.82 2.736 <0.001 29.45 40.19
Sampling occasion 2 30.83 2.251 <0.001 26.41 35.24
3 Ref
Age * 2.19 1.113 <0.05 0.01 4.38
BCS * -31.59 6.141 <0.001 -43.64 -19.55
Infection Pattern - - - ns - -
Pairwise comparisons
Uninfected - Infected seropositive 3.42 4.011 ns -4.45 11.29
Uninfected - Infected seronegative 15.29 6.401 <0.05 2.73 27.85
Infected seropositive - Infected seronegative 11.88 5.986 <0.05 0.13 23.62

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgsy,: 95% confidence interval; BCS: body condition score; *Continuous variable; Ref:

Reference category; ns: not significant
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Table S11. The effects of infection pattern, breed, sampling occasion, age, and BCS on daily protein yield (g/ewe) during the study and pairwise
comparisons between the infection patterns.

Clyso,
. Lower Upper
Independent variables Cat. p SE P Bound Bound
Chios -37.33 3.505 <0.001 -44.20 -30.45
Breed
Lacaune Ref
1 60.98 2.204 <0.001 56.66 65.31
Sampling occasion 2 24.76 1.538 <0.001 21.75 27.78
3 Ref
Age * 241 1.171 <0.05 0.11 4.71
BCS * -27.44 5.621 <0.001 -38.46 -16.41
Infection Pattern - - - ns - -
Pairwise comparisons
Uninfected - Infected seropositive 1.94 4.207 ns -6.31 10.19
Uninfected - Infected seronegative 14.58 7.262 <0.05 0.34 28.83
Infected seropositive - Infected seronegative 12.64 6.666 ns -0.04 25.72

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgso,: 95% confidence interval, BCS: body condition score; *Continuous variable; Ref:
Reference category; ns: not significant
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Table S12. The effects of infection pattern, breed, sampling occasion age, and BCS on daily lactose yield (g/ewe) during the study and pairwise

comparisons between the infection patterns.

Clyso,
. Lower Upper
Independent variables Cat. /] SE P Bound Bound
Chios -35.42 3.325 <0.001 -41.95 -28.90
Breed

Lacaune Ref
1 57.83 2.090 <0.001 53.73 61.94
Sampling occasion 2 23.48 1.458 <0.001 20.63 26.34

3 Ref
Age * 2.28 1.114 <0.05 0.09 4.46
BCS * -25.91 5.345 <0.001 -36.40 -15.43

Infection Pattern - - - ns - -
Pairwise comparisons

Uninfected - Infected seropositive 1.85 3.99 ns -5.98 9.67
Uninfected - Infected seronegative 13.84 6.89 <0.05 0.33 27.34
Infected seropositive - Infected seronegative 11.99 6.32 ns -0.42 24.40

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgso,: 95% confidence interval, BCS: body condition score; *Continuous variable; Ref:

Reference category; ns: not significant
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Table S13. The effects of infection pattern, breed, sampling occasion, age, and BCS on daily solids-not-fat yield (g/ewe) during the study and
pairwise comparisons between the infection patterns.

Clyso,
. Lower Upper
Independent variables Cat. /] SE P Bound Bound
Chios -78.17 7.418 <0.001 -92.73 -63.62
Breed
Lacaune Ref
1 129.12 4.650 <0.001 119.99 138.24
Sampling occasion 2 52.52 3.243 <0.001 46.16 58.88
3 Ref
Age * 4.98 2.484 <0.05 0.10 9.85
BCS * -58.01 11.848 <0.001 -81.26 -34.77
Infection Pattern - - - ns - -
Pairwise comparisons
Uninfected - Infected seropositive 4.28 8.938 ns -13.26 21.81
Uninfected - Infected seronegative 31.35 15.402 <0.05 1.14 61.57
Infected seropositive - Infected seronegative 27.07 14.117 ns -0.62 54.77

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgso,: 95% confidence interval, BCS: body condition score; *Continuous variable; Ref:
Reference category; ns: not significant
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Table S14. The effects of infection pattern, breed, sampling occasion, age, and BCS on the logarithm of somatic cell counts (cells/ml) during the
study and pairwise comparisons between the infection patterns.

Clyso,
. Lower Upper
Independent variables Cat. p SE P Bound Bound
Chios 0.16 0.045 <0.001 0.07 0.25
Breed
Lacaune Ref
1 -0.32 0.037 <0.001 -0.39 -0.24
Sampling occasion 2 -0.08 0.033 <0.05 -0.14 -0.01
3 Ref
Age * -0.03 0.015 <0.05 -0.06 -0.01
BCS * 0.06 0.084 ns -0.10 0.23
Infection Pattern - - - ns - -
Pairwise comparisons
Uninfected - Infected seropositive 0.04 0.058 ns -0.08 0.15
Uninfected - Infected seronegative 0.15 0.078 ns -0.01 0.30
Infected seropositive - Infected seronegative 0.11 0.066 ns -0.02 0.24

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgso,: 95% confidence interval, BCS: body condition score; *Continuous variable; Ref:
Reference category; ns: not significant
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Table S15. The effects of serological pattern, breed, and age on milk yield (kg/ewe) for the first 120 days of the milking period and pairwise

comparisons between the serological patterns.

. Lower Upper
Independent variables Cat. /] SE P Bound Bound
Chios -40.02 22.665 ns -84.55 4.52
Breed
Lacaune Ref
Age * 7.66 3.031 <0.05 1.71 13.62
Serological Pattern - - - <0.05 - -
Pairwise comparisons

Constantly seronegative-Constantly seropositive -0.07 10.654 ns -21.00 20.87
Constantly seronegative-Seroconverted -32.21 13.407 <0.05 -58.55 -5.86
Constantly seronegative-Seroreverted 7.69 21.103 ns -33.77 49.16
Constantly seronegative-Intermittent presence of antibodies -39.56 31.972 ns -102.38 23.26
Constantly seropositive-Seroconverted -32.14 11.665 <0.01 -55.06 -9.22
Constantly seropositive-Seroreverted 7.76 20.392 ns -32.31 47.83
Constantly seropositive-Intermittent presence of antibodies -39.49 31.262 ns -100.92 21.93
Seroconverted-Seroreverted 39.90 21.895 0.06 -3.12 82.92
Seroconverted-Intermittent presence of antibodies -7.35 32.328 ns -70.87 56.17
Seroreverted-Intermittent presence of antibodies -47.25 36.329 ns -118.64 24.13

Cat: Category of the independent variable; f: Coefficient; SE: Standard error;
significant

Closy,: 95% confidence interval; Continuous variable; Ref: Reference category; ns: not
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Table S16. The effects of serological pattern, breed, and age on fat yield (kg/ewe) for the first 120 days of the milking period and pairwise

comparisons between the serological patterns.

Clyse,

. Lower Upper

Independent variables Cat. p SE P Bound Bound
Chios -3.83 1.30 <0.01 -6.38 -1.27

Breed
Lacaune Ref
Age * 0.54 0.186 <0.01 0.17 0.90
Serological Pattern - - - ns - -
Pairwise comparisons

Constantly seronegative-Constantly seropositive -0.06 0.654 ns -1.35 1.22
Constantly seronegative-Seroconverted -1.93 0.824 <0.05 -3.54 -0.31
Constantly seronegative-Seroreverted 0.82 1.297 ns -1.73 3.37
Constantly seronegative-Intermittent presence of antibodies -2.21 1.965 ns -6.08 1.65
Constantly seropositive-Seroconverted -1.86 0.717 <0.05 -3.27 -0.45
Constantly seropositive-Seroreverted 0.88 1.253 ns -1.58 3.34
Constantly seropositive-Intermittent presence of antibodies -2.15 1.921 ns -5.92 1.62
Seroconverted-Seroreverted 2.74 1.345 <0.05 0.10 5.39
Seroconverted-Intermittent presence of antibodies -0.29 1.987 ns -4.19 3.61
Seroreverted-Intermittent presence of antibodies -3.03 2.232 ns -7.42 1.36

Cat: Category of the independent variable; f: Coefficient; SE: Standard error;

significant

Closs,: 95% confidence interval; Continuous variable; Ref: Reference category; ns: not
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Table S17. The effects of serological pattern, breed, and age on protein yield (kg/ewe) for the first 120 days of the milking period and pairwise

comparisons between the serological patterns.

Clyse,
. Lower Upper
Independent variables Cat. /] SE P Bound Bound
Breed Chios -1.97 1.186 ns -4.30 0.36
Lacaune Ref
Age * 0.41 0.158 <0.01 0.10 0.72
Serological Pattern - - - ns - -
Pairwise comparisons
Constantly seronegative-Constantly seropositive -0.06 0.556 ns -1.15 1.03
Constantly seronegative-Seroconverted -1.61 0.699 <0.05 -2.99 -0.24
Constantly seronegative-Seroreverted 0.21 1.100 ns -1.95 2.38
Constantly seronegative-Intermittent presence of antibodies -2.03 1.667 ns -5.31 1.24
Constantly seropositive-Seroconverted -1.55 0.608 <0.05 -2.75 -0.36
Constantly seropositive-Seroreverted 0.27 1.063 ns -1.82 2.36
Constantly seropositive-Intermittent presence of antibodies -1.98 1.630 ns -5.18 1.23
Seroconverted-Seroreverted 1.83 1.142 ns -0.42 4.07
Seroconverted-Intermittent presence of antibodies -0.42 1.686 ns -3.73 2.89
Seroreverted-Intermittent presence of antibodies -2.25 1.894 ns -5.97 1.476

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgsy,: 95% confidence interval, "Continuous variable; Ref: Reference category; ns: not

significant
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Table S18. The effects of serological pattern, breed, and age on lactose yield (kg/ewe) for the first 120 days of the milking period and pairwise

comparisons between the serological patterns.

Clyse,

. Lower Upper

Independent variables Cat. /] SE P Bound Bound
Breed Chios -1.82 1.123 ns -4.02 0.39

Lacaune Ref
Age * 0.37 0.150 <0.05 0.08 0.67
Serological Pattern - - - ns - -
Pairwise comparisons

Constantly seronegative-Constantly seropositive 0.05 0.527 ns -0.99 1.08
Constantly seronegative-Seroconverted -1.51 0.663 <0.05 -2.82 -0.21
Constantly seronegative-Seroreverted 0.35 1.043 ns -1.70 2.40
Constantly seronegative-Intermittent presence of antibodies -1.82 1.580 ns -4.92 1.29
Constantly seropositive-Seroconverted -1.56 0.576 <0.01 -2.69 -0.43
Constantly seropositive-Seroreverted 0.31 1.008 ns -1.68 2.29
Constantly seropositive-Intermittent presence of antibodies -1.87 1.545 ns -4.90 1.17
Seroconverted-Seroreverted 1.87 1.082 ns -0.26 3.99
Seroconverted-Intermittent presence of antibodies -0.30 1.598 ns -3.44 2.84
Seroreverted-Intermittent presence of antibodies -2.17 1.795 ns -5.70 1.36

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgsy,: 95% confidence interval, "Continuous variable; Ref: Reference category; ns: not

significant
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Table S19. The effects of serological pattern, breed, and age on solids-not-fat yield (kg/ewe) for the first 120 days of the milking period and

pairwise comparisons between the serological patterns.

Closv,

. Lower Upper

Independent variables Cat. /] SE P Bound Bound
Breed Chios -3.57 2.517 ns -8.52 1.37

Lacaune Ref
Age * 0.81 0.335 <0.05 0.15 1.46
Serological Pattern - - - ns - -
Pairwise comparisons

Constantly seronegative-Constantly seropositive -0.34 1.177 ns -2.65 1.97
Constantly seronegative-Seroconverted -3.34 1.481 <0.05 -6.25 -0.43
Constantly seronegative-Seroreverted 0.84 2.331 ns -3.74 542
Constantly seronegative-Intermittent presence of antibodies -4.31 3.531 ns -11.24 2.63
Constantly seropositive-Seroconverted -2.30 1.288 <0.05 -5.53 -0.47
Constantly seropositive-Seroreverted 1.18 2.252 ns -3.25 5.60
Constantly seropositive-Intermittent presence of antibodies -3.97 3.453 ns -10.75 2.82
Seroconverted-Seroreverted 4.18 2418 ns -0.58 8.93
Seroconverted-Intermittent presence of antibodies -0.97 3.571 ns -7.98 6.05
Seroreverted-Intermittent presence of antibodies -5.14 4.012 ns -13.03 2.74

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgsy,: 95% confidence interval, "Continuous variable; Ref: Reference category; ns: not

significant
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Table S20. The effects of infection pattern, breed, and age on milk yield (kg/ewe) for the first 120 days of the milking period and pairwise

comparisons between the infection patterns.

Clyso,
. Lower Upper
Independent variables Cat. p SE P Bound Bound
Chios -42.82 22.364 ns -86.76 1.13
Breed
Lacaune Ref
Age * 6.09 2.992 <0.05 0.21 11.96
Infection Pattern - - - <0.05 - -
Pairwise comparisons
Uninfected - Infected seropositive 8.49 12.007 ns -15.11 32.08
Uninfected - Infected seronegative 43.43 16.497 <0.01 11.02 75.85
Infected seropositive - Infected seronegative 34.94 13.367 <0.01 8.68 61.21

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgsy,: 95% confidence interval, "Continuous variable; Ref: Reference category; ns: not

significant

Table S21. The effects of infection pattern, breed, and age on fat yield (kg/ewe) for the first 120 days of the milking period and the pairwise

comparisons between the infection patterns.

Clyse,
. Lower Upper
Independent variables Cat. p SE P Bound Bound
Chios -3.92 1.263 <0.01 -6.41 -1.44
Breed
Lacaune Ref
Age * 0.44 0.183 <0.05 0.08 0.81
Infection Pattern - - - <0.05 - -
Pairwise comparisons
Uninfected - Infected seropositive 0.46 0.737 ns -0.99 1.91
Uninfected - Infected seronegative 2.71 1.013 <0.01 0.72 4.70
Infected seropositive - Infected seronegative 2.24 0.820 <0.01 0.63 3.85

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Close,: 95% confidence interval; "Continuous variable; Ref: Reference category; ns: not

significant
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Table S22. The effects of infection pattern, breed, and age on protein yield (kg/ewe) for the first 120 days of the milking period and pairwise

comparisons between the infection patterns.

Clyse,
. Lower Upper
Independent variables Cat. /] SE P Bound Bound
Breed Chios -2.13 1.17 ns -4.43 0.17
Lacaune Ref
Age * 0.34 0.156 <0.05 0.03 0.64
Infection Pattern - - - <0.05 - -
Pairwise comparisons
Uninfected - Infected seropositive 0.33 0.626 ns -0.90 1.56
Uninfected - Infected seronegative 1.99 0.861 <0.05 0.30 3.68
Infected seropositive - Infected seronegative 1.66 0.697 <0.05 0.29 3.03

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgsy,: 95% confidence interval, “Continuous variable; Ref: Reference category; ns: not

significant

Table S23. The effects of infection pattern, breed, and age lactose yield (kg/ewe) for the first 120 days of the milking period and pairwise

comparisons between the infection patterns.

Clyso,
. Lower Upper
Independent variables Cat. /] SE P Bound Bound
Breed Chios -1.98 1.109 ns -4.15 0.20
Lacaune Ref
Age * 0.30 0.148 <0.05 0.01 0.59
Infection Pattern - - - <0.05 - -
Pairwise comparisons
Uninfected - Infected seropositive 0.40 0.594 ns -0.77 1.57
Uninfected - Infected seronegative 1.96 0.816 <0.05 0.36 3.56
Infected seropositive - Infected seronegative 1.56 0.661 <0.05 0.26 2.86

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgsy,: 95% confidence interval, "Continuous variable; Ref: Reference category; ns: not

significant
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Table S24. The effects of infection pattern, breed, and age on solids-not-fat yield (kg/ewe) for the first 120 days of the milking period and

pairwise comparisons between the infection patterns.

Independent variables

SE

P

Infection Pattern

2.484

0.330

ns
Ref

<0.05

<0.05

Pairwise comparisons

Uninfected - Infected seropositive
Uninfected - Infected seronegative
Infected seropositive - Infected seronegative

1.324
1.819
1.474

ns
<0.05
<0.01

Close,

Lower Upper
Bound Bound
-8.74 1.02
0.01 1.31
-1.99 3.21
0.90 8.05

0.96 6.76

Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgsy,: 95% confidence interval, “Continuous variable; Ref: Reference category; ns: not

significant
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Table S25. Odds ratios of serological pattern, breed, and age regarding the occurrence of short lactation period (<7 months) and the pairwise
comparisons between the serological patterns.

Clysv

. . Lower Upper

Independent variables Cat. p Odds ratio P Bound Bound
Breed Chios 0.101 1.11 ns 0.64 1.57

Lacaune Ref
Age * -0.027 0.97 <0.05 0.95 1.00
Serological Pattern - - - <0.05 - -
Pairwise comparisons

Constantly seronegative-Constantly seropositive -0.013 0.98 ns 0.90 1.08
Constantly seronegative-Seroconverted 0.125 1.09 <0.05 1.02 1.27
Constantly seronegative-Seroreverted 0.006 1.01 ns 0.84 1.20
Constantly seronegative-Intermittent presence of antibodies 0.248 1.28 ns 0.98 1.67
Constantly seropositive-Seroconverted 0.138 1.15 <0.01 1.04 1.26
Constantly seropositive-Seroreverted 0.019 1.02 ns 0.86 1.21
Constantly seropositive-Intermittent presence of antibodies 0.260 1.30 ns 1.00 1.68
Seroconverted-Seroreverted -0.119 0.89 ns 0.74 1.07
Seroconverted-Intermittent presence of antibodies 0.123 1.13 ns 0.86 1.48
Seroreverted-Intermittent presence of antibodies 0.242 1.27 ns 0.94 1.72

Cat: Category of the independent variable; 8: Coefficient; Closy,: 95% confidence interval; “Continuous variable; Ref: Reference category; ns: not significant
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Table S26. Odds ratios of infection pattern, breed, and age regarding the occurrence of short lactation period (<7 months) and the pairwise
comparisons between the infection patterns.

Clyso,

. . Lower Upper

Independent variables Cat. /] Odds ratio P Bound Bound
Breed Chios 0.086 1.09 ns 0.95 1.24

Lacaune Ref
Age * -0.019 0.98 ns 0.96 1.01
Infection Pattern - - - <0.01 - -
Pairwise comparisons

Uninfected - Infected seropositive -0.074 0.93 ns 0.84 1.03
Uninfected - Infected seronegative -0.229 0.80 0.001 0.69 0.91
Infected seropositive - Infected seronegative -0.155 0.86 <0.01 0.77 0.96

Cat: Category of the independent variable; 8: Coefficient; Closy,: 95% confidence interval; "Continuous variable; Ref: Reference category; ns: not significant
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Table S27. Odds ratio of serological status, breed, age, production stage and year of the study regarding the occurrence of nasal discharge during

the study.
Clyso,
Independent variables Cat /] Odds ratio P Lower Upper
) Bound Bound
Chios 1.421 4.14 <0.001 1.97 8.72
Breed
Lacaune Ref
Age * 0.003 1.00 ns 0.80 1.26
BCS * 2.453 11.62 ns 2.63 51.38
Production stage Pre—matipg 0.701 2.02 <0.05 1.16 3.49
Pre-lambing Ref
1 -0.421 0.66 ns 0.21 2.03
Year of the study 2 0.670 1.95 ns 0.77 4.95
3 Ref
Serological Status Seronege}t’ive -0.885 0.41 <0.05 0.18 0.94
Seropositive Ref

Cat: Category of the independent variable; ; B: Coefficient; Clysy,: 95% confidence interval; BCS: body condition score; "Continuous variable; Ref: Reference category; ns:

not significant
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Table S28. Odds ratio of infection status, breed, age, production stage and year of the study regarding the occurrence of lameness during the

study.
Clyse,
Independent variables Cat /] Odds ratio P Lower Upper
) Bound Bound
Breed Chios -1.408 0.25 ns 0.05 1.20
Lacaune Ref
Age * 0.170 1.19 ns 0.76 1.85
BCS * -0.034 0.97 ns 0.03 37.70
Production stage Pre-mating 1.289 3.63 ns 0.80 15.21
Pre-lambing Ref
1 3.396 29.86 <0.05 2.25 396.93
Year of the study 2 3.355 28.65 <0.05 1.81 454.75
3 Ref
Infection Status - - - - ns -
Pairwise comparisons
Uninfected - Infected seropositive -0.144 0.87 ns 0.04 18.85
Uninfected - Infected seronegative -2.806 0.06 ns 0.00 2.41
Infected seropositive - Infected seronegative -2.662 0.07 <0.05 0.01 0.66

Cat: Category of the independent variable; ; B: Coefficient; Clgsy,: 95% confidence interval, BCS: body condition score; “Continuous variable; Ref: Reference category; ns:

not significant
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Table S29. Odds ratio of infection status, breed, age, production stage and year of the study regarding the occurrence of mastitis during the study.

. . Lower Upper
Independent variables Cat. p Odds ratio P Bound Bound
Breed Chios -0.284 0.75 ns 0.17 3.43
Lacaune Ref
Age * 0.258 1.30 ns 0.83 2.02
BCS * -3.689 0.03 <0.001 0.01 0.06
Production stage Pre-mating 0.319 1.38 ns 0.94 2.01
Pre- lambing Ref
1 -0.305 0.74 ns 0.27 2.00
Year of the study 2 -0.102 0.90 ns 0.51 1.60
3 Ref
Infection Status - - - <0.001 - -
Pairwise comparisons
Uninfected - Infected seropositive -5.085 0.03 <0.001 0.01 0.04
Uninfected - Infected seronegative -4.986 0.02 <0.001 0.01 0.05
Infected seropositive - Infected seronegative 0.099 1.10 ns 0.91 1.99

Cat: Category of the independent variable; ; B: Coefficient; Clgsy,: 95% confidence interval, BCS: body condition score; “Continuous variable; Ref: Reference category; ns:

not significant
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Table S30. Odds ratio of infection status, breed, age, production stage and year of the study regarding the occurrence of udder skin lesions during
the study.

Clyso,
. Odds Lower Upper
Independent variables Cat. p ratio P Bound Bound
Chios 2.737 15.44 <0.001 7.17 33.23
Breed
Lacaune Ref
Age * 0.430 1.54 <0.001 1.30 1.81
BCS * -1.930 0.15 0.001 0.05 0.46
Production stage Pre-matipg 1.792 6.00 <0.001 3.52 10.22
Pre-lambing Ref
1 1.187 3.28 <0.01 1.48 7.26
Year of the study 2 2.230 9.30 <0.001 4.53 19.11
3 Ref
Infection Status - - - <0.05 - -
Pairwise comparisons
Uninfected - Infected seropositive -1.116 0.33 <0.01 0.16 0.69
Uninfected - Infected seronegative -0.969 0.38 <0.05 0.15 0.94
Infected seropositive - Infected seronegative 0.148 0.86 ns 0.57 2.36

Cat: Category of the independent variable; ; B: Coefficient; Clysy,: 95% confidence interval; BCS: body condition score; "Continuous variable; Ref: Reference category; ns:
not significant
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Table S31. Odds ratios of infection status, breed, age, production stage and year of the study regarding the occurrence of wart-like lesions during

the study.
Independent variables Cat. /] Odds ratio P Lower Upper
Bound Bound
Breed Chios 0.332 1.39 ns 0.36 5.45
Lacaune Ref
Age * 0.781 2.18 <0.01 1.54 3.09
BCS * -0.857 0.42 ns 0.03 5.40
Production stage Pre-mating 0.186 1.20 ns 0.44 3.29
Pre-lambing Ref
1 -0.809 0.45 ns 0.07 3.07
Year of the study 2 -0.083 0.92 ns 0.18 4.75
3 Ref
Infection Status - - - ns - -
Pairwise comparisons
Uninfected - Infected seropositive -2.400 0.09 ns 0.01 1.25
Uninfected - Infected seronegative -3.057 0.05 <0.05 0.01 0.66
Infected seropositive - Infected seronegative -0.657 0.52 ns 0.06 4.74

Cat: Category of the independent variable; ; B: Coefficient; Clysy,: 95% confidence interval; BCS: body condition score; "Continuous variable; Ref: Reference category; ns:

not significant
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Table S32. Odds ratios of serological patterns, breed and age regarding the occurrence of arthritis during the study.

Close,

. Odds Lower Upper

Independent variables Cat. p ratio P Bound Bound
Breed Chios -0.555 0.57 ns 0.18 1.82

Lacaune Ref
Age * 0.084 1.09 ns 0.90 1.30
Serological Pattern - - - <0.01 - -
Pairwise comparisons

Constantly seronegative-Constantly seropositive -0.503 0.60 ns 0.26 1.41
Constantly seronegative-Seroconverted -0.064 0.94 ns 0.35 2.50
Constantly seronegative-Seroreverted -1.534 0.22 <0.01 0.08 0.61
Constantly seronegative-Intermittent presence of antibodies -1.192 0.30 <0.05 0.11 0.82
Constantly seropositive-Seroconverted 0.439 0.64 ns 0.73 3.28
Constantly seropositive-Seroreverted -1.031 0.36 <0.05 0.16 0.81
Constantly seropositive-Intermittent presence of antibodies -0.689 0.50 ns 0.23 1.11
Seroconverted-Seroreverted -1.470 0.23 <0.01 0.09 0.60
Seroconverted-Intermittent presence of antibodies -1.127 0.32 <0.05 0.08 0.82
Seroreverted-Intermittent presence of antibodies 0.343 0.71 ns 0.53 3.78

Cat: Category of the independent variable; ; f: Coefficient; Closy,: 95% confidence interval; “Continuous variable; Ref: Reference category; ns: not significant
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Table S33. Odds ratio of serological patterns, breed and age regarding the occurrence of swollen supramammary lymph nodes during the study.

Clysv

. Odds Lower Upper

Independent variables Cat. p ratio P Bound Bound
Breed Chios 0.532 1.70 ns 0.67 4.34

Lacaune Ref
Age * 0.358 1.43 <0.001 1.20 1.70
Serological Pattern - - - <0.05 - -
Pairwise comparisons

Constantly seronegative-Constantly seropositive -0.329 0.72 ns 0.38 1.40
Constantly seronegative-Seroconverted -0.161 0.85 ns 0.41 1.76
Constantly seronegative-Seroreverted -1.515 0.22 0.001 0.09 0.55
Constantly seronegative-Intermittent presence of antibodies -0.286 0.75 ns 0.32 1.77
Constantly seropositive-Seroconverted 0.168 1.18 ns 0.67 2.09
Constantly seropositive-Seroreverted -1.186 0.31 <0.01 0.14 0.69
Constantly seropositive-Intermittent presence of antibodies 0.044 1.04 ns 0.50 2.19
Seroconverted-Seroreverted -1.354 0.26 <0.01 0.11 0.62
Seroconverted-Intermittent presence of antibodies -0.124 1.13 ns 0.39 2.00
Seroreverted-Intermittent presence of antibodies 1.230 3.42 <0.05 1.27 9.22

Cat: Category of the independent variable; ; f: Coefficient; Closy,: 95% confidence interval; “Continuous variable; Ref: Reference category; ns: not significant
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Table S34. Odds ratio of infection patterns, breed and age regarding the occurrence of of arthritis during the study.
Close,
. Odds Lower Upper
Independent variables Cat. p ratio P Bound Bound
Chios -0.472 0.62 ns 0.20 1.94
Breed
Lacaune Ref
Age * 0.060 1.06 ns 0.89 1.27
Infection Pattern - - - <0.05 - -
Pairwise comparisons
Uninfected - Infected seropositive -0.814 0.44 ns 0.15 1.35
Uninfected - Infected seronegative -1.440 0.24 <0.05 0.07 0.80
-0.626 0.53 ns 0.28 1.03

Infected seropositive - Infected seronegative
Cat: Category of the independent variable; ; f: Coefficient; Close,: 95% confidence interval; “Continuous variable; Ref: Reference category; ns: not significant

Table S35. Odds ratio of infection patterns, breed and age regarding the occurrence of swollen supramammary lymph nodes during the study.

Clyso,
. Odds Lower Upper
Independent variables Cat. p ratio P Bound Bound
Breed Chios 0.529 1.70 ns 0.68 4.22
Lacaune Ref
Age * 0.356 1.43 <0.001 1.21 1.69
Infection Pattern - - - <0.05 - -
Pairwise comparisons
Uninfected - Infected seropositive -0.374 0.69 ns 0.34 1.40
Uninfected - Infected seronegative -1.102 0.33 <0.05 0.14 0.80
-0.728 0.48 <0.05 0.26 0.91

Infected seropositive - Infected seronegative
Cat: Category of the independent variable; ; 5: Coefficient; Close,: 95% confidence interval; "Continuous variable; Ref: Reference category; ns: not significant
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Table S36. The effects of infection status, breed, age, and BCS on white blood cell count (10°/ul).

Closv,

. Lower Upper

Independent variables Cat. /] SE P Bound Bound
Breed Chios 0.25 0.553 ns -0.84 1.34

Lacaune Ref
Age * -0.28 0.121 <0.05 -0.52 -0.05
BCS * -0.11 0.537 ns -1.17 0.94
Infection Status - - - <0.01 - -
Pairwise comparisons

Uninfected - Infected seropositive 0.89 0.429 <0.05 0.05 1.74
Uninfected - Infected seronegative 1.72 0.505 0.001 0.73 2.72
Infected seropositive - Infected seronegative 0.83 0.358 <0.05 0.13 1.53

BCS: body condition score; Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Close,: 95% confidence interval, *Continuous variable; Ref:
Reference category; ns: not significant

Table S37. The effects of infection status, breed, age, and BCS on granulocyte count (10°/ul).

Clyse,

. Lower Upper

Independent variables Cat. p SE P Bound Bound
Breed Chios 0.34 0.339 ns -0.33 1.00

Lacaune Ref
Age * -0.13 0.071 ns -0.27 0.01
BCS * -0.73 0.311 <0.05 -1.340 -0.12
Infection Status - - - ns - -
Pairwise comparisons

Uninfected - Infected seropositive 0.28 0.248 ns -0.21 0.77
Uninfected - Infected seronegative 0.66 0.292 <0.05 0.08 1.23
Infected seropositive - Infected seronegative 0.38 0.207 ns -0.03 0.78

BCS: body condition score; Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Closo,: 95% confidence interval; *Continuous variable; Ref:
Reference category; ns: not significant
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Table S38. The effects of infection status, breed, age, and BCS on lymphocyte count (10*/ul).

Closv,

. Lower Upper

Independent variables Cat. /] SE P Bound Bound
Breed Chios -0.19 0.300 ns -0.78 0.40

Lacaune Ref
Age * -0.14 0.068 <0.05 -0.27 -0.01
BCS * 0.63 0.307 <0.05 0.02 1.23
Infection Status - - - <0.01 - -
Pairwise comparisons

Uninfected - Infected seropositive 0.54 0.245 <0.05 0.06 1.02
Uninfected - Infected seronegative 0.95 0.288 0.001 0.38 1.51
Infected seropositive - Infected seronegative 0.41 0.204 <0.05 0.01 0.81

BCS: body condition score; Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Close,: 95% confidence interval, *Continuous variable; Ref:
Reference category; ns: not significant

Table S39. The effects of infection status, breed, age, and BCS on monocyte count (10*/ul).

Close,

. Lower Upper

Independent variables Cat. p SE P Bound Bound
Breed Chios 0.08 0.046 ns -0.01 0.17

Lacaune Ref
Age * -0.02 0.009 <0.05 -0.04 -0.01
BCS * -0.01 0.039 ns -0.09 0.07
Infection Status - - - <0.01 - -
Pairwise comparisons

Uninfected - Infected seropositive 0.07 0.031 <0.05 0.01 0.13
Uninfected - Infected seronegative 0.13 0.037 0.001 0.05 0.20
Infected seropositive - Infected seronegative 0.06 0.026 <0.05 0.01 0.11

BCS: body condition score; Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Closo,: 95% confidence interval; *Continuous variable; Ref:
Reference category; ns: not significant
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Table S40. The effects of serological pattern, breed, age, and BCS on white blood cell count (10°/pl).

Closv,

. Lower Upper

Independent variables Cat. /] SE P Bound Bound
Breed Chios 0.36 0.582 ns -0.78 1.51

Lacaune Ref
Age * -0.26 0.126 <0.05 -0.50 -0.01
BCS * -0.09 0.546 ns -1.16 0.99
Serological Pattern - - - ns - -
Pairwise comparisons

Constantly seronegative-Constantly seropositive 0.45 0.421 ns -0.38 1.28
Constantly seronegative-Seroconverted 0.66 0.465 ns -0.26 1.57
Constantly seronegative-Seroreverted 1.33 0.574 <0.05 0.21 2.46
Constantly seronegative-Intermittent presence of antibodies 0.85 0.560 ns -0.26 1.95
Constantly seropositive-Seroconverted 0.21 0.377 ns -0.54 0.95
Constantly seropositive-Seroreverted 0.88 0.508 ns -0.12 1.88
Constantly seropositive-Intermittent presence of antibodies 0.40 0.496 ns -0.58 1.37
Seroconverted-Seroreverted 0.68 0.541 ns -0.39 1.74
Seroconverted-Intermittent presence of antibodies 0.19 0.530 ns -0.85 1.23
Seroreverted-Intermittent presence of antibodies -0.49 0.620 ns -1.71 0.73

BCS: body condition score; Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Closy,: 95% confidence interval, *Continuous variable; Ref:

Reference category; ns: not significant
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Table S41. The effects of serological pattern, breed, age, and BCS on lymphocyte count (10°/pl).

Close

. Lower Upper

Independent variables Cat. p SE P Bound Bound
Breed Chios 0.01 0.341 ns -0.66 0.68

Lacaune Ref
Age * -0.12 0.071 ns -0.26 0.02
BCS * 0.64 0.311 <0.05 0.03 1.26
Serological Pattern - - - ns - -
Pairwise comparisons

Constantly seronegative-Constantly seropositive 0.30 0.240 ns -0.17 0.78
Constantly seronegative-Seroconverted 0.38 0.265 ns -0.14 0.90
Constantly seronegative-Seroreverted 0.72 0.327 <0.05 0.08 1.36
Constantly seronegative-Intermittent presence of antibodies 0.49 0.319 ns -0.14 1.12
Constantly seropositive-Seroconverted 0.07 0.215 ns -0.35 0.50
Constantly seropositive-Seroreverted 0.42 0.289 ns -0.15 0.98
Constantly seropositive-Intermittent presence of antibodies 0.19 0.283 ns -0.37 0.74
Seroconverted-Seroreverted 0.34 0.308 ns -0.27 0.95
Seroconverted-Intermittent presence of antibodies 0.11 0.302 ns -0.48 0.71
Seroreverted-Intermittent presence of antibodies -0.23 0.353 ns -0.93 0.47

BCS: body condition score; Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Closy,: 95% confidence interval, *Continuous variable; Ref:
Reference category; ns: not significant
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Table S42. The effects of serological pattern, breed, age, and BCS on red blood cell count (10%/ul).

Clyse,

. Lower Upper

Independent variables Cat. /] SE P Bound Bound
Breed Chios -0.08  0.300 ns -0.67 0.51

Lacaune Ref
Age * -0.01 0.068 ns -0.14 0.12
BCS * 1.10  0.295 <0.001 0.52 1.68
Serological Pattern - - - ns - -
Pairwise comparisons

Constantly seronegative-Constantly seropositive 0.04  0.228 ns -0.41 0.48
Constantly seronegative-Seroconverted 0.37 0.251 ns -0.13 0.86
Constantly seronegative-Seroreverted -0.28  0.310 ns -0.89 0.33
Constantly seronegative-Intermittent presence of antibodies 0.38 0.302 ns -0.22 0.97
Constantly seropositive-Seroconverted 0.33 0.203 ns -0.07 0.73
Constantly seropositive-Seroreverted -0.31 0.274 ns -0.85 0.23
Constantly seropositive-Intermittent presence of antibodies 0.34  0.268 ns -0.19 0.87
Seroconverted-Seroreverted -0.65  0.292 <0.05 -1.22 -0.07
Seroconverted-Intermittent presence of antibodies 0.01 0.286 ns -0.56 0.57
Seroreverted-Intermittent presence of antibodies 0.65 0.335 ns -0.01 1.31

BCS: body condition score; Cat: Category of the independent variable; f: Coefficient; SE:
Reference category; ns: not significant

Standard error; Closy,: 95% confidence interval; Continuous variable; Ref:
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Table S43. The effects of serological pattern, breed, age, and BCS on hemoglobin concentration (g/dl).

Close

. Lower Upper

Independent variables Cat. p SE P Bound Bound
Breed Chios 0.34 0.293 ns -0.23 0.92

Lacaune Ref
Age * 0.05 0.067 ns -0.08 0.18
BCS * 2.03 0.294 <0.001 1.45 2.61
Serological Pattern - - - ns - -
Pairwise comparisons

Constantly seronegative-Constantly seropositive 0.10 0.227 ns -0.35 0.54
Constantly seronegative-Seroconverted 0.48 0.251 ns -0.02 0.97
Constantly seronegative-Seroreverted -0.15 0.309 ns -0.76 0.46
Constantly seronegative-Intermittent presence of antibodies 0.37 0.302 ns -0.22 0.97
Constantly seropositive-Seroconverted 0.38 0.203 ns -0.02 0.78
Constantly seropositive-Seroreverted -0.25 0.273 ns -0.78 0.29
Constantly seropositive-Intermittent presence of antibodies 0.28 0.267 ns -0.25 0.80
Seroconverted-Seroreverted -0.63 0.291 <0.05 -1.20 -0.05
Seroconverted-Intermittent presence of antibodies -0.10 0.286 ns -0.67 0.46
Seroreverted-Intermittent presence of antibodies 0.52 0.334 ns -0.14 1.18

BCS: body condition score; Cat: Category of the independent variable; f: Coefficient; SE:
Reference category; ns: not significant

Standard error; Clyse;: 95% confidence interval, Continuous variable; Ref:
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Table S44. The effects of serological pattern, breed, age, and BCS on red cell distribution standard deviation (fL).

Close

. Lower Upper

Independent variables Cat. p SE P Bound Bound
Chios 1.79 0.638 <0.01 0.54 3.05

Breed
Lacaune Ref
Age * -0.16 0.220 ns -0.59 0.28
BCS * 0.54 1.045 ns -1.52 2.60
Serological Pattern - - - ns - -
Pairwise comparisons
Constantly seronegative-Constantly seropositive -0.83 0.811 ns -2.43 0.77
Constantly seronegative-Seroconverted 0.32 0.896 ns -1.44 2.09
Constantly seronegative-Seroreverted 1.20 1.106 ns -0.98 3.37
Constantly seronegative-Intermittent presence of antibodies -1.23 1.082 ns -3.36 0.90
Constantly seropositive-Seroconverted 1.15 0.721 ns -0.27 2.57
Constantly seropositive-Seroreverted 2.03 0.972 <0.05 0.11 3.94
Constantly seropositive-Intermittent presence of antibodies -0.40 0.953 ns -2.27 1.48
Seroconverted-Seroreverted 0.87 1.044 ns -1.18 2.93
Seroconverted-Intermittent presence of antibodies -1.55 1.024 ns -3.56 0.47
Seroreverted-Intermittent presence of antibodies -2.42 1.198 <0.05 -4.78 -0.06

fL: femtoliter; BCS: body condition score; Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Clgsy,: 95% confidence interval; *Continuous
variable; Ref: Reference category; ns: not significant
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Table S45. The effects of serological pattern, breed, age, and BCS on platelet distribution width.

Clysv,

. Lower Upper

Independent variables Cat. p SE P Bound Bound
Breed Chios 0.12 0.106 ns -0.08 0.33

Lacaune Ref
Age * 0.04 0.021 <0.05 0.00 0.08
BCS * 0.06 0.090 ns -0.12 0.23
Serological Pattern - - - ns - -
Pairwise comparisons

Constantly seronegative-Constantly seropositive -0.09  0.069 ns -0.22 0.05
Constantly seronegative-Seroconverted -0.05 0.076 ns -0.20 0.10
Constantly seronegative-Seroreverted 0.12  0.094 ns -0.06 0.31
Constantly seronegative-Intermittent presence of antibodies -0.04  0.092 ns -0.22 0.14
Constantly seropositive-Seroconverted 0.04  0.062 ns -0.09 0.16
Constantly seropositive-Seroreverted 0.21 0.083 <0.05 0.05 0.37
Constantly seropositive-Intermittent presence of antibodies 0.04 0.082 ns -0.12 0.21
Seroconverted-Seroreverted 0.17 0.089 ns 0.00 0.35
Seroconverted-Intermittent presence of antibodies 0.01 0.087 ns -0.16 0.18
Seroreverted-Intermittent presence of antibodies -0.17  0.102 ns -0.37 0.03

BCS: body condition score; Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Closy,: 95% confidence interval, *Continuous variable; Ref:

Reference category; ns: not significant
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Table S46. The effects of serological pattern, breed, age, and BCS on platelecrit (ml/1).

Clyse,

. Lower Upper

Independent variables Cat. p SE P Bound Bound
Chios -0.38  0.226 ns -0.82 0.07

Breed
Lacaune Ref
Age * -0.12  0.046 <0.01 -0.22 -0.03
BCS * -0.31 0.198 ns -0.70 0.08
Serological Pattern - - - ns - -
Pairwise comparisons

Constantly seronegative-Constantly seropositive 0.14  0.153 ns -0.162 0.44
Constantly seronegative-Seroconverted 0.31 0.169 ns -0.025 0.64
Constantly seronegative-Seroreverted 0.09  0.208 ns -0.321 0.50
Constantly seronegative-Intermittent presence of antibodies 0.41 0.203 <0.05 0.010 0.81
Constantly seropositive-Seroconverted 0.17  0.137 ns -0.102 0.44
Constantly seropositive-Seroreverted -0.05 0.184 ns -0.414 0.31
Constantly seropositive-Intermittent presence of antibodies 0.27 0.181 ns -0.085 0.63
Seroconverted-Seroreverted -0.22  0.196 ns -0.605 0.17
Seroconverted-Intermittent presence of antibodies 0.10 0.192 ns -0.276 0.48
Seroreverted-Intermittent presence of antibodies 0.32 0.225 ns -0.121 0.77

BCS: body condition score; Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Closy,: 95% confidence interval, *Continuous variable; Ref:

Reference category; ns: not significant
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Table S47. The effects of serological pattern, breed, age, and BCS on platelet large cell count (10°/1).

Clyse

. Lower Upper

Independent variables Cat. p SE P Bound Bound
Chios -20.37 17.223 ns -54.28 13.53

Breed
Lacaune Ref
Age * -8.92 3.462 0.01 -15.74 -2.11
BCS * -15.42 15.003 ns -44.96 14.12
Serological Pattern - - - ns - -
Pairwise comparisons

Constantly seronegative-Constantly seropositive 8.86 11.581 ns -13.95 31.65
Constantly seronegative-Seroconverted 23.63 12.773 ns -1.52 48.77
Constantly seronegative-Seroreverted 5.44 15.736 ns -25.54 36.42
Constantly seronegative-Intermittent presence of antibodies 31.45 15.361 <0.05 1.21 61.69
Constantly seropositive-Seroconverted 14.77 10.368 ns -5.64 35.18
Constantly seropositive-Seroreverted -3.42 13.934 ns -30.85 24.01
Constantly seropositive-Intermittent presence of antibodies 22.60 13.660 ns -4.30 49.49
Seroconverted-Seroreverted -18.19 14.838 ns -47.40 11.02
Seroconverted-Intermittent presence of antibodies 7.83 14.547 ns -20.81 36.46
Seroreverted-Intermittent presence of antibodies 26.01 17.018 ns -7.49 59.52

BCS: body condition score; Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Closy,: 95% confidence interval, *Continuous variable; Ref:

Reference category; ns: not significant
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Table S48. The effects of infection pattern, breed, age, and BCS on monocyte count (10°/ul).

Closv,

. Lower Upper

Independent variables Cat. /] SE P Bound Bound
Breed Chios 0.08 0.047 ns -0.01 0.18

Lacaune Ref
Age * -0.02 0.009 ns -0.03 0.01
BCS * -0.01 0.039 ns -0.08 0.08
Infection Pattern - - - ns - -
Pairwise comparisons

Uninfected - Infected seropositive 0.07 0.034 <0.05 0.01 0.14
Uninfected - Infected seronegative 0.10 0.042 <0.05 0.02 0.18
Infected seropositive - Infected seronegative 0.03 0.029 ns -0.03 0.09

BCS: body condition score; Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Close,: 95% confidence interval, *Continuous variable; Ref:

Reference category; ns: not significant
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Table S49. The effects of infection patterns, breed, age, and BCS on hemoglobin concentration (g/dl).

Closv,
. Lower Upper
Independent variables Cat. p SE P Bound Bound
Chios 0.39 0.290 ns -0.18 0.96
Breed
Lacaune Ref
Age * 0.09 0.064 ns -0.04 0.22
BCS * 2.08 0.293 <0.001 1.50 2.66
Infection Pattern - - - ns - -
Pairwise comparisons
Uninfected - Infected seropositive 0.11 0.254 ns -0.39 0.61
Uninfected - Infected seronegative -0.35 0.311 ns -0.96 0.27
Infected seropositive - Infected seronegative -0.46 0.216 <0.05 -0.89 -0.03

BCS: body condition score; Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Close,: 95% confidence interval, *Continuous variable; Ref:

Reference category; ns: not significant

Table S50. The effects of infection patterns, breed, age, and BCS on platelet distribution width.

Clyse,

. Lower Upper

Independent variables Cat. p SE P Bound Bound
Breed Chios 0.12 0.105 ns -0.09 0.33

Lacaune Ref
Age * 0.04 0.020 <0.05 0.01 0.08
BCS * 0.06 0.089 ns -0.11 0.24
Infection Pattern - - - <0.05 - -
Pairwise comparisons

Uninfected - Infected seropositive -0.04 0.077 ns -0.19 0.11
Uninfected - Infected seronegative 0.13 0.095 ns -0.06 0.32
Infected seropositive - Infected seronegative 0.17 0.066 <0.05 0.04 0.30

BCS: body condition score; Cat: Category of the independent variable; f: Coefficient; SE: Standard error; Closo,: 95% confidence interval; *Continuous variable; Ref:

Reference category; ns: not significant
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Appendix D: Photos from the field and the laboratory research.

Poo 2. The stdied mal o arm C.
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Photo 4. Physical examination of the studied animals on farm A.
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Phofo 5. The shed for artificial lamb rearing on farm C.

Photo 6. The milk machin for artificially lamb reaing on farm C.
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Photo 7. Milk measurement and milk sampling on farm C.
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he shed for artificial lamb rearing farm B.

Photo 8.

gt

Photo 9. Equipment used for the pasteuization of bulk milk colostrum on farm C.
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Photo 10. Individual colostrum pasteurization from ewes with known infection status on
farm D.
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Photo 12. Milk measurement and milk sampling on farm B.
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(b)
Photo 13. Blood sampling (a) and blood samples stored and transferred under refrigeration
(b) on farm A.

247



|
Photo 14. Chemical milk analysis in milk samples from the studied animals.
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Photo 15. Measurement of somatic cell counts in milk samples from the studied
animals.
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infected ewe of the study.
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Photo 18. Hematological analysis in blood samples from the studied animals.

Photo 19. Serum extraction for ELISA testing‘in blood samples.
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Photo 20. Serological diagnosis with ELISA test in serum samples from the studied animals.
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(b)
Photo 21. Molecular diagnosis of the studied animals with conventional PCR assays (a) and
gel electropheresis of PCR products (b).
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Photo 22. The real-time PCR workstation for the processing and preparation of real-time
PCR reactions in the DNA samples from the studied animals.
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