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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; ii) 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/MVV 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
st
, 3

rd
, 8

th 
(at pre-

mating), and 13
th

 (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 

SRLV 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
st
 sampling 

occasion) to 75.4% (4
th

 sampling occasion), whereas prevalence ranged from 70.0% (1
st
 

sampling occasion) to 88.3% (5
th

 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.  
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Δπηδωνηηνινγία, εθηίκεζε παξαγόληωλ θηλδύλνπ θαη επηπηώζεηο ηεο πξνϊνύζαο πλεπκνλίαο 

ζηελ παξαγωγηθόηεηα ηωλ εληαηηθά εθηξεθόκελωλ πξνβάηωλ γαιαθηνπαξαγωγηθήο 

θαηεύζπλζεο  

 

Τμήμα Επιστήμης Ζωικής Παραγωγής 

Εργαστήριο Ανατομίας & Φσσιολογίας Αγροτικών Ζώων 

 

 

ΠΔΡΗΛΖΦΖ 

Ζ πξντνύζα πλεπκνλία, επίζεο γλσζηή σο maedi-visna, είλαη έλα ηνγελέο, βξαδείαο εμέιημεο, 

ρξόλην λόζεκα ησλ πξνβάησλ πνπ νδεγεί ζε ηζόβηα ινίκσμε θαη πξνθαιείηαη από ηνπο 

ιεληηηνύο ησλ κηθξώλ κεξπθαζηηθώλ. Σα ρξόληα κνιπζκέλα δώα αλαπηύζζνπλ δηάκεζε 

πλεπκνλία, καζηίηηδα, αξζξίηηδα, θαη εγθεθαιίηηδα θαη εθδειώλνπλ πξννδεπηηθή αδπλακία 

θαηαιήγνληαο έσο θαη ην ζάλαην. Παξά ηελ παγθόζκηα εμάπισζε ησλ ιεληηηώλ ησλ κηθξώλ 

κεξπθαζηηθώλ, ηα δεδνκέλα ζρεηηθά κε ηε ζεκαζία ησλ νδώλ κεηάδνζεο, ησλ δπλεηηθώλ 

παξαγόλησλ θηλδύλνπ, θαζώο θαη ησλ επηπηώζεσλ ησλ κνιύλζεσλ ζηελ πγεία θαη ηελ 

παξαγσγηθόηεηα ησλ πξνβάησλ γαιαθηνπαξαγσγηθήο θαηεύζπλζεο είλαη ειιηπή θαη 

πξνέξρνληαη από ζπγρξνληθέο νξνεπηδεκηνινγηθέο κειέηεο. Δπίζεο, δελ ππάξρεη παγθνζκίσο 

δηαζέζηκε δηαγλσζηηθή δνθηκή αλαθνξάο, ελώ δελ έρεη αλαπηπρζεί έσο ζήκεξα έλα 

δηαγλσζηηθό εξγαιείν κε κε θαζνιηθή εθαξκνγή γηα ηελ πξώηκε θαη αμηόπηζηε δηάγλσζε ησλ 

κνιύλζεσλ από ηνπο ιεληηηνύο.  

Παξόηη έρνπλ αλαθεξζεί θιηληθά πεξηζηαηηθά πξνΐνύζαο πλεπκνλίαο ζε εθηξνθέο πξνβάησλ 

γαιαθηνπαξαγσγηθήο θαηεύζπλζεο ζηελ Διιάδα, ε έιιεηςε επηθαηξνπνηεκέλσλ 

επηδσνηηνινγηθώλ δεδνκέλσλ δελ επηηξέπεη ην ζρεδηαζκό θαη ηελ εθαξκνγή ζηνρεπκέλσλ 

εζληθώλ πξνγξακκάησλ ειέγρνπ. Λακβάλνληαο ππόςηλ ηα παξαπάλσ, νη ζηόρνη ηεο 

παξνύζαο δηδαθηνξηθήο δηαηξηβήο ήηαλ: i) ε αλάπηπμε θαη ε αμηνιόγεζε ελόο δηαγλσζηηθνύ 

πξσηνθόιινπ γηα ηελ πξώηκε θαη αμηόπηζηε δηάγλσζε ησλ κνιύλζεσλ από ηνπο ιεληηηνύο 

ησλ κηθξώλ κεξπθαζηηθώλ κε ην ζπλδπαζκό νξνινγηθώλ θαη κνξηαθώλ δνθηκώλ, ii) ε 

επηδσνηηνινγηθή δηεξεύλεζε ησλ ιεληηηώλ ησλ κηθξώλ κεξπθαζηηθώλ ζηε ρώξα κε έκθαζε 

ζηνλ ππνινγηζκό ησλ δεηθηώλ λνζεξόηεηαο, ηελ εθηίκεζε ηεο ζεκαζίαο ησλ δπλεηηθώλ 

παξαγόλησλ θηλδύλνπ ησλ κνιύλζεσλ, θαη ηελ αμηνιόγεζε ηεο ζεκαζίαο ηεο θάζεηεο θαη 

ηεο νξηδόληηαο κεηάδνζεο ησλ κνιύλζεσλ, θαη iii) ε πνζνηηθνπνίεζε ησλ επηπηώζεσλ ησλ 

κνιύλζεσλ ζηελ πνζόηεηα θαη ηελ πνηόηεηα ηνπ παξαγόκελνπ γάιαθηνο, ηελ πγεία θαη ηελ 

επδσία ησλ εληαηηθά εθηξεθόκελσλ πξνβάησλ γαιαθηνπαξαγσγηθήο θαηεύζπλζεο. 

πλνιηθά 660 ζειπθά πξόβαηα θαη 195 αξληά από ηέζζεξηο αληηπξνζσπεπηηθέο εληαηηθέο 

γαιαθηνπαξαγσγέο εθηξνθέο θαζαξόαηκσλ πξνβάησλ ηεο θπιήο Υίνπ θαη Lacaune 

ζπκπεξηιεθζήθαλ ζηελ έξεπλα. Αξρηθά, γηα ηελ νξνινγηθή δηάγλσζε ησλ κνιύλζεσλ ζηηο 



 
 

εθηξνθέο ηεο κειέηεο  ρξεζηκνπνηήζεθε θαη αμηνινγήζεθε κία έκκεζε εκπνξηθή δνθηκή 

ΔLISA νιόθιεξνπ ηνύ (ELISA, CAEV/MVV Total Ab Test, IDEXX). Δπίζεο, ζηα δείγκαηα 

DNA ησλ δώσλ ηεο έξεπλαο ρξεζηκνπνηήζεθαλ 13 δηαθνξεηηθά δεύγε εθθηλεηώλ ζε πέληε 

πξσηόθνιια επάιιειεο (nested) θαη ηξία πξσηόθνιια ελόο ζηαδίνπ απιήο PCR (αιπζηδσηήο 

αληίδξαζεο πνιπκεξάζεο) ζηε gag, pol, env, θαη LTR πεξηνρή ηνπ ηηθνύ γνληδηώκαηνο. 

Αληηπξνζσπεπηηθά PCR πξντόληα ησλ πξσηνθόιισλ απηώλ αιιεινπρήζεθαλ θαη 

ρξεζηκνπνηήζεθαλ ζε θπινγελεηηθέο αλαιύζεηο. Πξαγκαηνπνηήζεθαλ ζπγθξίζεηο 

αιιεινπρηώλ θαηά δεύγε αλάκεζα ζηηο αιιεινπρίεο ηεο παξνύζαο κειέηεο, ησλ ζηειερώλ 

πνπ έρνπλ ήδε απνκνλσζεί ζηε ρώξα, θαη αληηπξνζσπεπηηθώλ ζηειερώλ πνπ αλήθνπλ ζηνπο 

Α, Β, C, θαη Δ γελνηύπνπο. ηε ζπλέρεηα, θαηαζθεπάζηεθαλ ηα αληίζηνηρα θπινγελεηηθά 

δέληξα ρξεζηκνπνηώληαο ηε κέζνδν ηεο Μέγηζηεο Πηζαλνθάλεηαο (Maximum Likelihood 

method). Σα απνηειέζκαηα ησλ θπινγελεηηθώλ αλαιύζεσλ ρξεζηκνπνηήζεθαλ γηα ην 

ζρεδηαζκό θαη ηελ αλάπηπμε ελόο real-time PCR πξσηνθόιινπ γηα ηελ πξώηκε θαη αμηόπηζηε 

δηάγλσζε ησλ κνιύλζεσλ από ηα δηαδεδνκέλα ζηειέρε ησλ ιεληηηώλ ζηηο εθηξνθέο ηεο 

έξεπλαο. Σν real-time PCR πξσηόθνιιν αμηνινγήζεθε γηα ηελ εηδηθόηεηά ηνπ κεηά από 

αιιεινύρηζε ησλ PCR πξντόλησλ, θαη γηα ηε δηαγλσζηηθή ηνπ ηθαλόηεηα κε ηελ θαηαζθεπή 

ηεο πξόηππεο θακπύιεο θαη ηνλ ππνινγηζκό ηεο απνηειεζκαηηθόηεηαο θαη ηνπ ειάρηζηνπ 

νξίνπ αλίρλεπζεο. 

ηε ζπλέρεηα, πξαγκαηνπνηήζεθε κία πξννπηηθή επηδσνηηνινγηθή κειέηε δηεηνύο δηάξθεηαο 

ζηα ζειπθά πξόβαηα θαη ζηα αξληά ηνπο, ηα νπνία νκαδνπνηήζεθαλ αλά εθηξνθή ζύκθσλα 

κε ην είδνο πξσηνγάιαθηνο (απαζηεξίσην θαη παζηεξησκέλν) θαη ην ζύζηεκα γαινπρίαο 

(θπζηθή ή ηερλεηή). ηα ζειπθά πξόβαηα νη δεηγκαηνιεςίεο αίκαηνο γηα ηελ νξνινγηθή θαη 

κνξηαθή δηάγλσζε ησλ κνιύλζεσλ από ηνπο ιεληηηνύο πξαγκαηνπνηνύληαλ δύν θνξέο ην 

ρξόλν, ηελ πεξίνδν πξηλ από ηηο νρείεο θαη πξηλ από ηνλ ηνθεηό. Οη αληίζηνηρεο 

δεηγκαηνιεςίεο αίκαηνο ζηα αξληά πξαγκαηνπνηήζεθαλ ηέζζεξηο θνξέο θαηά ηε δηάξθεηα ηεο 

έξεπλαο, ηνλ 1
ν
, ηνλ 3

ν
, ηνλ 8

ν
 (πξηλ ηηο νρείεο), θαη ηνλ 13

ν
 κήλα (πξηλ ηνλ ηνθεηό) ηεο δσήο 

ηνπο.  

ε θάζε δεηγκαηνιεςία ηα δώα θαηεγνξηνπνηνύληαλ σο νξνζεηηθά θαη νξναξλεηηθά ζύκθσλα 

κε ηα απνηειέζκαηα ηεο ΔLISA, σο PCR ζεηηθά θαη αξλεηηθά ζύκθσλα κε ηα απνηειέζκαηα 

ηνπ real-time PCR πξσηνθόιινπ, θαη σο κνιπζκέλα θαη κε κνιπζκέλα ζύκθσλα κε ην 

ζπλδπαζκό ησλ απνηειεζκάησλ ηεο ΔLISA θαη ηνπ real-time PCR πξσηνθόιινπ (ζηα αξληά 

κόλν ηα απνηειέζκαηα ηνπ real-time PCR πξσηνθόιινπ ιήθζεθαλ ππόςηλ γηα ηνλ 

πξνζδηνξηζκό ηεο κόιπλζεο). ην ηέινο ηεο κειέηεο ηα δώα θαηεγνξηνπνηήζεθαλ ζύκθσλα 

κε ην νξνινγηθό ηνπο κνηίβν σο ζπλερώο νξνζεηηθά (απνθιεηζηηθά νξνζεηηθά απνηειέζκαηα 



 
 

θαηά ηε δηάξθεηα ηεο έξεπλαο), ζπλερώο νξναξλεηηθά (απνθιεηζηηθά νξναξλεηηθά 

απνηειέζκαηα θαηά ηε δηάξθεηα ηεο έξεπλαο), δώα πνπ έθαλαλ νξνκεηαηξνπή (νξναξλεηηθά 

δώα ζηελ αξρή ηεο έξεπλαο πνπ κεηαηξάπεθαλ ζε νξνζεηηθά θαηά ηε δηάξθεηά ηεο), δώα πνπ 

έθαλαλ νξναληηζηξνθή (νξνζεηηθά δώα ζηελ αξρή ηεο έξεπλαο πνπ κεηαηξάπεθαλ ζε 

νξναξλεηηθά θαηά ηε δηάξθεηά ηεο), θαη δώα κε δηαιείπνπζα παξνπζία αληηζσκάησλ (δώα κε 

ελαιαζζόκελν νξνζεηηθό θαη νξναξλεηηθό απνηέιεζκα θαηά ηε δηάξθεηα ηεο έξεπλαο 

αλεμαξηήησο ηνπ νξνινγηθνύ απνηειέζκαηνο ζηελ αξρή ηεο έξεπλαο). Δπίζεο, ηα ζειπθά 

πξόβαηα θαηεγνξηνπνηήζεθαλ ζύκθσλα κε ην κνηίβν κόιπλζεο πνπ παξνπζίαζαλ θαηά ηε 

δηάξθεηα ηεο έξεπλαο σο κνιπζκέλα νξνζεηηθά (δώα πνπ βξέζεθαλ PCR ζεηηθά θαη ζπλερώο 

νξνζεηηθά ή κε δηαιείπνπζα παξνπζία αληηζσκάησλ ή παξνπζίαζαλ νξνκεηαηξνπή κέρξη ην 

ηέινο ηεο έξεπλαο), κνιπζκέλα νξναξλεηηθά (δώα πνπ βξέζεθαλ PCR ζεηηθά θαη ζπλερώο 

νξναξλεηηθά ή κε νξναληηζηξνθή κέρξη ην ηέινο ηεο έξεπλαο), θαη κε κνιπζκέλα (δώα πνπ 

βξέζεθαλ ζπλερώο PCR αξλεηηθά θαη νξναξλεηηθά θαηά ηε δηάξθεηα ηεο έξεπλαο). Οη 

δείθηεο λνζεξόηεηαο ππνινγίζηεθαλ είηε ιακβάλνλνλαο ππόςηλ ηα απνηειέζκαηα ηεο ELISA 

ή ην ζπλδπαζκό ησλ απνηειεζκάησλ ηεο ELISA θαη ηνπ real-time PCR πξσηνθόιινπ θαη 

πεξηειάκβαλαλ ην ζεκεηαθό (νξν)επηπνιαζκό, ηνλ (νξν)επηπνιαζκό πεξηόδνπ, ηελ επίπησζε 

θαη ηελ αζξνηζηηθή επίπησζε. Ζ εθηίκεζε ησλ δπλεηηθώλ παξαγόλησλ θηλδύλνπ ησλ 

κνιύλζεσλ από ηνπο ιεληηηνύο ζηα ζειπθά πξόβαηα θαη ηα αξληά πξαγκαηνπνηήζεθε κε ηε 

ρξήζε κηθηώλ κνληέισλ δησλπκηθήο ινγηζηηθήο παιηλδξόκεζεο.  

Δπίζεο, πξαγκαηνπνηήζεθαλ γαιαθηνκεηξήζεηο θαη ιήθζεθαλ αηνκηθά δείγκαηα γάιαθηνο 

από ηα ζειπθά πξόβαηα ηεο έξεπλαο ζηελ αξρή, ηε κέζε, θαη ην ηέινο ηεο αξκεθηηθήο 

πεξηόδνπ. Μεηά ηε ρεκηθή αλάιπζε ησλ δεηγκάησλ γάιαθηνο θαη ηελ κέηξεζε ησλ 

ζσκαηηθώλ θπηηάξσλ, ππνινγίζηεθαλ ε εκεξήζηα πνζόηεηα γάιαθηνο, ιίπνπο, πξσηετλώλ, 

ιαθηόδεο, θαη  νιηθώλ ζηεξεώλ άλεπ ιίπνπο, θαζώο θαη ν ινγάξηζκνο ησλ ζσκαηηθώλ 

θπηηάξσλ. ην ηέινο ηεο έξεπλαο, ππνινγίζηεθαλ ε ζπλνιηθή πνζόηεηα γάιαθηνο, ιίπνπο, 

πξσηετλώλ, ιαθηόδεο, θαη νιηθώλ ζηεξεώλ άλεπ ιίπνπο γηα ηηο πξώηεο 120 ήκεξεο ηεο 

αξκεθηηθήο πεξηόδνπ.  

Καηά ηε δηάξθεηα ηεο δηεηνύο πξννπηηθήο κειέηεο, ζε θάζε δεηγκαηνιεςία ηα πξόβαηα 

ππνβάιινληαλ ζε θιηληθή εμέηαζε θαη 17 αηνκηθνί δείθηεο πγείαο θαη επδσίαο 

αμηνινγνύληαλ. Δπηπιένλ, ζηελ ηειεπηαία δεηγκαηνιεςία ηεο έξεπλαο πξαγκαηνπνηήζεθαλ 

αηκαηνινγηθέο αλαιύζεηο ζηα δείγκαηα αίκαηνο ησλ δώσλ ηεο έξεπλαο πεξηιακβάλνληαο 21 

παξακέηξνπο αμηνιόγεζεο ραξαθηεξηζηηθώλ ησλ ιεπθνθπηηάξσλ, ησλ εξπζξώλ 

αηκνζθαηξίσλ, θαη ησλ αηκνπεηαιίσλ. Οη επηπηώζεηο ησλ κνιύλζεσλ ησλ ιεληηηώλ ζηε 

γαιαθηνπαξαγσγή θαη ζηα πνηνηηθά ραξαθηεξηζηηθά ηνπ γάιαθηνο, θαζώο θαη ζηελ πγεία θαη 



 
 

επδσία ησλ δώσλ ηεο έξεπλαο αμηνινγήζεθαλ κε ηε ρξήζε κηθηώλ κνληέισλ γξακκηθήο θαη 

δησλπκηθήο ινγηζηηθήο παιηλδξόκεζεο.  

Ζ εκπνξηθή δνθηκή ΔLISA αλίρλεπζε κνιπζκέλα δώα ζε όιεο ηηο εθηξνθέο ηεο έξεπλαο θαη ε 

επαηζζεζία, ε εηδηθόηεηα θαη ε ηηκή kappa coefficient (k-value) βξέζεθαλ  82,8%, 93,8%, θαη 

0,620, αληίζηνηρα, ρξεζηκνπνηώληαο σο απνηέιεζκα αλαθνξάο ην ζεηηθό απνηέιεζκα ζε έλα 

ηνπιάρηζηνλ απιό πξσηόθνιιν PCR από απηά πνπ αξρηθά ρξεζηκνπνηήζεθαλ. Ζ 

θπινγελεηηθή αλάιπζε πνπ πξαγκαηνπνηήζεθε ζηα ζηειέρε ησλ εθηξνθώλ πνπ ζπκκεηείραλ 

ζηελ έξεπλα απνθάιπςε ηε δηάδνζε ηηθώλ ζηειερώλ πνπ αλήθνπλ ζηνπο γελνηύπνπο Α θαη Β. 

Oη εθθηλεηέο ζρεδηάζηεθαλ ζε ζπληεξεκέλεο πεξηνρέο ηνπ gag γνληδίνπ, θαη έλα SYBR 

Green real-time PCR πξσηόθνιιν δύν ζηαδίσλ πνπ πνιιαπιαζηάδεη έλα ηκήκα DNA 

κεγέζνπο 126 δεπγώλ βάζεσλ αλαπηύρζεθε θαη αμηνινγήζεθε γηα ηελ αλίρλεπζε ησλ 

κνιύλζεσλ θαη ησλ δύν γελνηύπσλ κε 99,52% απνηειεζκαηηθόηεηα θαη ειάρηζην όξην 

αλίρλεπζεο ηα 178 αληίγξαθα ηνπ ηνύ.  

πλνιηθά ην 15,2% ησλ ζειπθώλ πξνβάησλ ήηαλ ζπλερώο νξναξλεηηθό, ην 46,2% ζπλερώο 

νξνζεηηθό, ελώ ην 20,1% εκθάληζε νξνκεηαηξνπή, ην 8,1% νξναληηζηξνθή, θαη ην 9,8% 

δηαιείπνπζα παξνπζία αληηζσκάησλ. Όζνλ αθνξά ηα κνηίβα κόιπλζεο, κόιηο ην 7,1% ησλ 

ζειπθώλ πξνβάησλ παξέκεηλε κε κνιπζκέλν κέρξη ην ηέινο ηεο έξεπλαο, ελώ ην 76,2% ήηαλ 

κνιπζκέλν νξνζεηηθό θαη ην 16,7% κνιπζκέλν νξναξλεηηθό.  

Ο ζεκεηαθόο νξνεπηπνιαζκόο θπκαηλόηαλ από 57,5% (1
ε
 δεηγκαηνιεςία) έσο 75,4% (4

ε
 

δεηγκαηνιεςία), ελώ ν ζεκεηαθόο επηπνιαζκόο θπκαηλόηαλ από 70,0% (1
ε
 δεηγκαηνιεςία) 

έσο 88,3% (5
ε
 δεηγκαηνιεςία). Ο νξνεπηπνιαζκόο πεξηόδνπ γηα ηε ζπλνιηθή δηάξθεηα ηεο 

έξεπλαο, ε επίπησζε, θαη ε αζξνηζηηθή επίπησζε ήηαλ 84,8% (95% ΓΔ, 80,9–88,0%), 33,6 

λέα πεξηζηαηηθά κνιύλζεσλ αλά 100 πξνβαην-εμάκελα (95% ΓΔ, 27,8–40,3%), θαη 64,2% 

(95% ΓΔ, 56,8–70,9%) ζύκθσλα κε ηα απνηειέζκαηα ηεο ELISA. Οη αληίζηνηρεο ηηκέο 

ζύκθσλα κε ην ζπλδπαζκό ησλ απνηειεζκάησλ ηεο ΔLISA θαη ηεο real-time PCR ήηαλ 

90,7% (95% ΓΔ, 87,4–93,1%), 40,6 λέα πεξηζηαηηθά κνιύλζεσλ αλά 100 πξνβαην-εμάκελα 

(95% ΓΔ, 32,6-50,0), θαη 68,9% (95% ΓΔ, 60,2-76,4%). 

ύκθσλα κε ηελ εθηίκεζε ησλ παξαγόλησλ θηλδύλνπ, ε αύμεζε ηεο ειηθίαο θαηά έλα έηνο 

ζπζρεηίζηεθε κε αύμεζε ηνπ ζρεηηθνύ θηλδύλνπ θαηά 1,78 θνξέο γηα ηελ νξνζεηηθόηεηα 

(95% ΓΔ, 1,41-2,25, p<0,001), 1,69 θνξέο γηα ηελ κόιπλζε (95% ΓΔ, 1,25-2,29, p= 0,001), 

1,60 θνξέο γηα ην ζπλερώο νξνζεηηθό κνηίβν (95% ΓΔ, 1,35-1,91, p<0,001), θαη 1,31 θνξέο 

γηα ην κνιπζκέλν νξνζεηηθό κνηίβν (95% ΓΔ, 1,08-1,60, p<0,01). Από ηελ άιιε πιεπξά, ε 

αύμεζε ηεο ειηθίαο ησλ δώσλ θαηά έλα έηνο ζπζρεηίζηεθε κε πεξίπνπ 30% κεησκέλε 

πηζαλόηεηα γηα ηελ εκθάληζε ζπλερώο νξναξλεηηθώλ θαη κνιπζκέλσλ νξναξλεηηθώλ δώσλ, 



 
 

θαζώο θαη δώσλ πνπ εκθαλίδνπλ νξνκεηαηξνπή ή δηαιείπνπζα παξνπζία αληηζσκάησλ. Σα 

πξόβαηα ηεο θπιήο Lacaune ήηαλ 2,63 θνξέο (95% ΓΔ, 1,35-5,00, p<0,01) πην πηζαλό λα 

είλαη νξνζεηηθά θαηά ηε δηάξθεηα ηεο έξεπλαο, ελώ ηα ζειπθά πξόβαηα ηεο θπιήο Υίνπ ήηαλ 

4,53 θνξέο (95% ΓΔ, 1,61-12,76, p<0,01) πην πηζαλό λα εκθαλίζνπλ δηαιείπνπζα παξνπζία 

αληηζσκάησλ. Δπηπιένλ, ηα ζειπθά πξόβαηα ήηαλ 1,72 θνξέο (95% ΓΔ, 1,28-2,33, p<0,001), 

2,94 θνξέο (95% ΓΔ, 1,82-4,76, p<0,001), θαη 3,23 θνξέο (95% ΓΔ, 1,85-5,53, p<0,001) πην 

πηζαλό λα βξεζνύλ νξνζεηηθά, κνιπζκέλα, ή κε νξνκεηαηξνπή, αληίζηνηρα, ζηε 

δεηγκαηνιεςία πξηλ από ηνλ ηνθεηό ζε ζύγθξηζε κε ηε δεηγκαηνιεςία πξηλ από ηηο νρείεο. 

πλνιηθά 78,1% θαη 43,4% ησλ αξληώλ πνπ θαηαλάισζαλ απαζηεξίσην θαη παζηεξησκέλν 

πξσηόγαια, αληίζηνηρα, βξέζεθαλ κνιπζκέλα θαηά ηε δηάξθεηα ηεο έξεπλαο. Ζ 

νξναληηζηξνθή θαη νξνκεηαηξνπή ζπλέβε κέρξη ηελ ειηθία ησλ 8 κελώλ ζε πεξηζζόηεξα από 

ην 90,0% θαη ην 70,0% ησλ δώσλ πνπ εκθάληζαλ νξναληηζηξνθή θαη νξνκεηαηξνπή, 

αληίζηνηρα, θαηά ηε δηάξθεηα ηεο έξεπλαο. Σα αξληά πνπ θαηαλάισζαλ απαζηεξίσην 

πξσηόγαια ήηαλ 19,29 θνξέο (95% ΓΔ, 2,37-156,85, p<0,01) θαη 6,07 θνξέο (95% ΓΔ, 2,42-

15,21, p<0,001) πην πηζαλό λα βξεζνύλ νξνζεηηθά ή κνιπζκέλα ζε ειηθία 13 κελώλ 

ζπγθξηηηθά κε ηα αξληά πνπ θαηαλάισζαλ παζηεξησκέλν πξσηόγαια. Σέινο, ν ζρεηηθόο 

θίλδπλνο γηα κόιπλζε ησλ αξληώλ ηνπο πξώηνπο 13 κήλεο βξέζεθε απμεκέλνο θαηά 2,07 

θνξέο (95% ΓΔ, 1,22-5,88, p<0,05) γηα ηα αξληά πνπ πξνέξρνληαλ από κνιπζκέλεο κεηέξεο. 

Οη κέζεο εκεξήζηεο πνζόηεηεο γάιαθηνο, ιίπνπο, πξσηετλώλ, ιαθηόδεο θαη νιηθώλ ζηεξεώλ 

άλεπ ιίπνπο βξέζεθαλ ζηαηηζηηθά ζεκαληηθά κεησκέλεο θαηά πεξίπνπ 15,0% ζηα κνιπζκέλα 

νξναξλεηηθά δώα ζε ζύγθξηζε κε ηα κε κνιπζκέλα (p<0,05). Δπηπιένλ, ε κέζε εκεξήζηα 

πνζόηεηα ιηπαξώλ βξέζεθε κεησκέλε θαηά πεξίπνπ 10,0% ζηα κνιπζκέλα νξναξλεηηθά δώα 

ζε ζρέζε κε ηα κνιπζκέλα νξνζεηηθά (p<0,05). Οη απώιεηεο ζηηο ζπλνιηθέο πνζόηεηεο 

γάιαθηνο, ιηπαξώλ, πξσηετλώλ, ιαθηόδεο θαη νιηθώλ ζηεξεώλ άλεπ ιίπνπο γηα ηηο 120 κέξεο 

αξκεθηηθήο πεξηόδνπ άγγημαλ ην 20,0% γηα ηα κνιπζκέλα νξναξλεηηθά δώα ζε ζρέζε ηόζν 

κε ηα κε κνιπζκέλα όζν θαη κε ηα κνιπζκέλα νξνζεηηθά δώα (p<0,05). Σέινο, ε δηάξθεηα 

ηεο γαιαθηηθήο πεξηόδνπ ήηαλ 1,25 θνξέο (95% ΓΔ, 1,10-1,45, p= 0,001) θαη 1,16 (95% ΓΔ, 

1,04-1,30, p<0,01) πην πηζαλό λα είλαη ζπληνκόηεξε ζηα κνιπζκέλα νξναξλεηηθά δώα ζε 

ζρέζε κε ηα κε κνιπζκέλα θαη ηα κνιπζκέλα νξνζεηηθά, αληίζηνηρα. 

Όζνλ αθνξά ηηο επηπηώζεηο ησλ κνιύλζεσλ ησλ ιεληηηώλ ζηελ πγεία θαη ηελ επδσία ησλ 

δώσλ, ηα κνιπζκέλα νξναξλεηηθά ζειπθά πξόβαηα ήηαλ 4,17 θνξέο (95% ΓΔ, 1,25-14,29, 

p<0,05) πην πηζαλό λα αλαπηύμνπλ αξζξίηηδα ηνπιάρηζηνλ κία θνξά θαηά ηε δηάξθεηα ηεο 

έξεπλαο ζε ζρέζε κε ηα κε κνιπζκέλα δώα. Δπίζεο, ηα κνιπζκέλα νξναξλεηηθά δώα ήηαλ  

3,03 θνξέο (95% ΓΔ, 1,25-7,14, p<0,05) θαη 2,08 θνξέο (95% ΓΔ, 1,10-3,85, p<0,05) πην 



 
 

πηζαλό λα εκθαλίζνπλ δηνγθσκέλνπο νπηζζνκαζηηαίνπο ιεκθαδέλεο ηνπιάρηζηνλ κία θνξά 

θαηά ηε δηάξθεηα ηεο έξεπλαο ζε ζρέζε κε ηα κε κνιπζκέλα θαη ηα κνιπζκέλα νξνζεηηθά 

δώα, αληίζηνηρα. Σα κε κνιπζκέλα δώα, επίζεο, παξνπζίαζαλ ζεκαληηθά πςειόηεξεο ηηκέο 

ιεπθνθπηηάξσλ, ιεκθνθπηηάξσλ, θαη κνλνθπηηάξσλ ζπγθξηηηθά κε ηα κνιπζκέλα (p<0,05). 

Ζ παξνύζα δηδαθηνξηθή δηαηξηβή απνηειεί ηελ πξώηε πξννπηηθή επηδσνηηνινγηθή κειέηε 

πνπ δηεξεύλεζε ηνλ επηπνιαζκό ησλ ιεληηηώλ ησλ κηθξώλ κεξπθαζηηθώλ, ηνπο δπλεηηθνύο 

παξάγνληεο θηλδύλνπ ησλ κνιύζεσλ από απηνύο, θαη ηηο επηπηώζεηο απηώλ ζηελ 

παξαγσγηθόηεηα, ηελ πγεία θαη ηελ επδσία ησλ εληαηηθά εθηξεθόκελσλ πξνβάησλ ησλ 

θπιώλ Υίνπ θαη Lacaune, κέζσ ηεο αλάπηπμεο θαη ηεο ρξήζεο ελόο δηαγλσζηηθνύ 

πξσηνθόιινπ γηα ηελ πξώηκε θαη αμηόπηζηε δηάγλσζε ησλ κνιύλζεσλ κε ην ζπλδπαζκό 

νξνινγηθώλ θαη κνξηαθώλ δνθηκώλ. Ζ παξνύζα κειέηε επηβεβαίσζε ηηο ελδείμεηο πνπ 

ππήξραλ ζρεηηθά κε ηνλ απμεκέλν επηπνιαζκό ησλ ιεληηηώλ ζηα εληαηηθά εθηξεθόκελα 

πξόβαηα γαιαθηνπαξαγσγηθήο θαηεύζπλζεο ζηε ρώξα καο θαη επηθαηξνπνίεζε ηα 

επηδσνηηνινγηθά δεδνκέλα, ηα νπνία κπνξνύλ λα ρξεζηκνπνηεζνύλ γηα ην ζρεδηαζκό 

ηεθκεξησκέλσλ πξνγξακκάησλ ειέγρνπ ησλ κνιύλζεσλ. Σα επξήκαηα ηεο έξεπλαο αλέδεημαλ 

ηηο αδπλακίεο ησλ ζπγρξνληθώλ νξνεπηδσνηηνινγηθώλ κειεηώλ ζηελ αλίρλεπζε ησλ 

κνιύλζεσλ θαη ηε δηεξεύλεζε ησλ επηπηώζεώλ ηνπο ζηελ παξαγσγηθόηεηα θαη ηελ πγεία ησλ 

δώσλ. Παξάιιεια, απέδεημαλ ηελ αλαγθαηόηεηα ηεο ζπλδπαζηηθήο ρξήζεο ησλ νξνινγηθώλ 

θαη κνξηαθώλ δηαγλσζηηθώλ δνθηκώλ ζηα πξνγξάκκαηα ειέγρνπ ώζηε λα επηηπγράλεηαη ε 

αλίρλεπζε ησλ κνιπζκέλσλ δώσλ πνπ παξακέλνπλ νξναξλεηηθά θαη ζπλερίδνπλ ηε δηαζπνξά 

ηνπ ηνύ. Δπίζεο, ζύκθσλα κε ηα απνηειέζκαηα ηεο παξνύζαο κειέηεο, ε ρνξήγεζε 

παζηεξησκέλνπ πξσηνγάιαθηνο ζηα αξληά, ν νξνινγηθόο έιεγρνο ησλ δώσλ αληηθαηάζηαζεο 

ζηελ ειηθία ησλ 8 κελώλ, ν νξνινγηθόο έιεγρνο όισλ ησλ ελήιηθσλ δώσλ θαη ν κνξηαθόο 

έιεγρνο ησλ νξναξλεηηθώλ δώσλ ηελ πεξίνδν πξηλ ηνλ ηνθεηό, θαη ε άκεζε απνκάθξπλζε 

ησλ κνιπζκέλσλ νξναξλεηηθώλ δώσλ πξνηείλνληαη σο δηαρεηξηζηηθά κέηξα ζην πιαίζην 

εθαξκνγήο πξνγξακκάησλ ειέγρνπ ησλ κνιύλζεσλ από ηνπο ιεληηηνύο ησλ κηθξώλ 

κεξπθαζηηθώλ.  

 

Δπηζηεκνληθή πεξηνρή: Λνηκώδε λνζήκαηα κηθξώλ κεξπθαζηηθώλ 

 

Λέμεηο-θιεηδηά: πξντνύζα πλεπκνλία, maedi-visna, ιεληηηνί ησλ κηθξώλ κεξπθαζηηθώλ, 

πξόβαηα γαιαθηνπαξαγσγηθήο θαηεύζπλζεο, πξννπηηθή επηδσνηηνινγηθή κειέηε, δηαρξνληθή 

κειέηε θννξηήο, δείθηεο λνζεξόηεηαο, νδνί κεηάδνζεο, παξάγνληεο θηλδύλνπ, νξνινγηθή 

δηάγλσζε, κνξηαθή δηάγλσζε,  επηπηώζεηο, γαιαθηνπαξαγσγή, πνηνηηθά ραξαθηεξηζηηθά ηνπ 

γάιαθηνο, πγεία θαη επδσία 

 



 
 

ΓΖΛΧΖ ΔΡΓΟΤ 

 

Ζ θάησζη ππνγεγξακκέλε Αθξνδίηε Καινγηάλλε ηνπ Ησάλλε, δειώλσ όηη ην θείκελν ηεο 

δηαηξηβήο απνηειεί δηθό κνπ, κε ππνβνεζνύκελν πόλεκα. Τπνβάιιεηαη ζε κεξηθή 

εθπιήξσζε ησλ απαηηήζεσλ γηα ηελ απόθηεζε Γηδαθηνξηθνύ Γηπιώκαηνο ηνπ Γεσπνληθνύ 

Παλεπηζηεκίνπ Αζελώλ. Γελ έρεη ππνβιεζεί πνηέ πξηλ γηα νηνδήπνηε ιόγν ή γηα εμέηαζε ζε 

νπνηνδήπνηε άιιν παλεπηζηήκην ή εθπαηδεπηηθό ίδξπκα ηεο ρώξαο ή ηνπ εμσηεξηθνύ.  

 

Με ηελ άδεηά κνπ, ε παξνύζα εξγαζία ειέγρζεθε από ηελ Δμεηαζηηθή Δπηηξνπή κέζα από 

ινγηζκηθό αλίρλεπζεο ινγνθινπήο πνπ δηαζέηεη ην ΓΠΑ θαη δηαζηαπξώζεθε ε εγθπξόηεηα 

θαη ε πξσηνηππία ηεο. 

 

 

 

Αθξνδίηε Η. Καινγηάλλε                              9/11/2023 
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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: i) develop and evaluate a diagnostic protocol for the 

early and accurate diagnosis of SRLV infections with the combination of serological and 

molecular tests; ii) 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 i) 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: i) 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 iv) 

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 i) 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; Minguijón et al., 2015). 

The impact of SRLV infections on farm sustainability is associated with reduced milk 

production (Leitner et al., 2010; Martínez-Navalón et al., 2013; Echeverría et al., 2020; Juste 

et al., 2020), impaired lamb growth (Pekelder et al., 1994; Keen et al., 1997; Arsenault et 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 MVV-free (but not 

CAEV-free) regions (OIE, 2018). 

II. 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 (Ramírez 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 et 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). 

III. 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 et 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 1a). The envelope is a phospholipid bilayer containing the 

glycoproteins gp135SU 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 p16MA. The RT and the INT are encoded by the pol 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 tat 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). 

 
(a) 

 
(b) 

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 (Ramírez 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 et al., 2008). Monocytes are also infected by the virus, but the 

replication rate is very low until the cells differentiate into macrophages (Blacklaws, 2012; 

Ramírez 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 

(Ramírez 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; Ramírez 

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 

(Ramírez 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 SRLV; 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 (Minguijón 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; Minguijón 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 

(Minguijón 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 



23 

 

nodes are often enlarged (Cutlip et al., 1988; Straub, 2004; Christodoulopoulos, 2006; 

Minguijón 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; Minguijón et al., 2015). 

In the mammary gland, SRLV can cause an indurative non-suppurative interstitial mastitis 

(van der Molen, Vecht and Houwers, 1985; Cutlip et al., 1988; Bolea et 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; Minguijón 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; Minguijón 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 Pálsson, 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 Pálsson, 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; Ramírez 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 et 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; Hüttner, Seelmann and Feldhusen, 2010; Pérez et al., 2010; Preziuso et al., 

2010; Lago et al., 2012; Zhang et al., 2013; Michiels et al., 2018; İnce, 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; 

Araújo 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). 



25 

 

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 et 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 et 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 (Minguijón 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; Minguijón 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 

SRLV 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 et 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; 

Minguijón 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 et 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), CCR5 (Chemokine receptor 5), MHC (Major 

Histocompatability Complex), TLR7, TLR8, 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 

38A) and DLGAP1 (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 (TRIM5) 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 (Echeverría et al., 2020; Juste et al., 2020) and goats (Leitner et al., 

2010; Martínez-Navalón et al., 2013), whereas other studies concluded that SRLV infections 

have not a remarkable adverse effect on it in the same species (Nord and Ådnøy, 1997; 

Legrottaglie et al., 1999; Turin et al., 2005; Kaba et al., 2012; Barquero, Gomez-Lucia, 

Arjona, Toural, Las Heras, Fernández-Garayzábal, 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; Martínez-Navalón et al., 2013; Juste et al., 2020), whereas other studies either have 

not reported any effect of seropositivity on quality traits (Nord and Ådnøy, 1997; Legrottaglie 

et al., 1999; Barquero et al., 2013c) or have reported a favorable effect on milk fat (Turin et 

al., 2005; Echeverría 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 et 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 et 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: i) the increased culling of animals with 

clinical disease, which results in an increased replacement rate and cost; ii) 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, Løken and Orten, 1998; Sihvonen et 

al., 2000; Peterhans et 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 i) 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, p14NC, and p16MA), 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 et al., 2011; Barquero 

et al., 2013a; Barquero et al., 2013b; Adjadj et al., 2019; Potărniche 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: i) 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 p16) 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), ii) 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 et 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 et 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; Echeverría et al., 2020; Ramírez et al., 2021).  



 

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

Commercial Kit Product Name 
ELISA 

Format 
Antigen 

Sample/ 

Diagnostic 

matrix 

Se/Sp Reference Test Ref 

LSIVet
TM 

Ruminant Maedi-

Visna/CAEV serum ELISA kit (LSI, 

Thermo Fisher Scientific, Waltham, 

MA, USA) 

Competitive 
gp135 TM protein/A and B 

genotypes 
Serum 

90.2%
a
/92.8%

a 

100.0%
b
/85.7%

b
 

qPCR (Michiels et al., 2018) 

ID screen
®
 MVV/CAEV indirect (IDvet 

Innovative Diagnostics, Grabels, 

France) 

Indirect 

peptides from the MVV/CAEV, 

gp135 and p25 proteins/A, B 

and E genotypes 

Serum, plasma 

and milk 

100.0%
a
/97.8%

a 

91.7%
-
100.0%

b
/97.6-

98.9%
b 

 

qPCR, 

ELISA
A,B

 

 

(Nowicka et al., 2014; 

Michiels et al., 2018) 

Eradikit™ SRLV screening test (IN3 

diagnostic, Italia) 
Indirect 

gag and env peptides/A, B and 

E genotypes 

Serum, plasma 

and milk 

96.1%
a
/99.4%

a 

100.0%
b
/94.6%

b
 

qPCR (Michiels et al., 2018)  

Elitest MVV/CAEV (Hyphen BioMed, 

Neuville-sur-Oise, France) or Innotest 

MVV (Innogenetics, Gent, Belgium) 

Indirect 
MVV capsid rp25 and gp46 TM 

protein/EV-1 strain, A genotype 
Serum 

98.0, 96.9, 97.8, 

99.3%
a
/94.7, 99.2, 98.2, 

99.4%
a 

95.8%
b
/99.7%

b
 

qPCR, 

Bayesian 

analysis, AGID 

and WB 

(Saman et al., 1999; Varea 

et al., 2001; Toft et al., 

2007; Michiels et al., 

2018) 

MVV/CAEV p28 Ab Screening Test 

(Idexx, Westbrook, ME, USA) 
Indirect 

peptide of TM protein (env 

gene) and of the recombinant 

p28 capsid protein/A genotype 

Serum and 

plasma 

84.3%
 a
/99.6%

a 

91.7%
b
/100.0%

b
 

qPCR
 

(Michiels et al., 2018) 

ELISA MAEDI 

VISNA/CAEV (Institut Pourquier, 

Montpellier, France)* 

Indirect 

recombinant p28 gag protein 

and peptide of the env protein 

(gp135)/A genotype 

Serum 98%
a
/97.4%

a
 

Bayesian 

analysis 
(Toft et al., 2007) 

CAEV/MVV Total Ab Test (Idexx, 

Westbrook, ME, USA) or Checkit 

CAEV/MVV (Dr. Bommeli 

AG, Bern, Switzerland) 

Indirect 
Whole virus/strain OLV, A 

gentoype 

Serum, plasma 

and milk 

98.6%
b
/99.3%

b 

91.4%
c
/98.9%

c
 

GAG-GST 

ELISA** 
(Zanoni et al., 1994) 

Small Ruminant Lentivirus Antibody 

Test Kit, cELISA (VMRD, Pullman, 

WA) 

Competitive 
SU Antigen of gp135/B 

genotype 
Serum 

98.6%
a
/96.9%

a 

100%
b
/96.4%

b
 

RIPA 
( Herrmann et al., 2003a; 

Herrmann et al., 2003b) 

INgezim 

Maedi screening
TM 

(Ingenasa, Eurofins 

Technologies, Spain) 

Indirect 
synthetic peptides from the env 

protein/ A and B genotypes 
Serum No published data  na 

Enferplex Goat/Sheep Multi-Disease 

5D (Enfer Scientific, Co. Kildare, 

Ireland) 

Indirect 
recombinant p25 core protein, 

TM1 gp46 synthetic peptide 

Serum, plasma 

and milk 
No published data  na 

ΔLISA: Enzyme-linked Immunosorbent Assay ; Se: sensitivity; Sp: specificity; 
a
Sensitivity and specificity values for sheep; 

b
Sensitivity and specificity values for goats; 

c
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; 
A
: Checkit CAEV/MVV 

monophasic Dr. Bommeli AG, Bern, Switzerland; 
B
: ELISA MAEDI VISNA/CAEV Institut Pourquier, Montpellier, France. 
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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 
35

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 et 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 et 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; Potărniche 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 (Ramírez 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 (Minguijón 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 i) sequencing, phylogenetic analyses, and 

genotyping of the relevant strains; ii) designation of specific and widely applicable primers; 

and iii) 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 et 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 

SRLV 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, Andrésdóttir and Fevereiro, 2005; Singh, McConnell and Blacklaws, 2006; 

Cardinaux et al., 2013; Colitti et 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; 

Torsteinsdóttir et al., 2007; De Andrés et al., 2009)(Cheevers et al., 1994; Pétursson et al., 

2005; Torsteinsdóttir 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 
ν
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 et al., 2002; Karanikolaou et al., 2005; Brinkhof et al., 2008; 

De Regge and Cay, 2013; Michiels et al., 2018; De Martin et al., 2019; Echeverría et al., 

2020; Ramírez 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: i) the utilization and evaluation of 

an existed ELISA for serology-based diagnosis of SRLV infections, and ii) 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 × 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 NaHCO3, and 0.37 g EDTA per litre, 

pH 7.2-7.4) in a Falcon
TM

 15 ml conical centrifuge tube. After 15 minutes of incubation at 

room temperature, the mixtures were centrifuged at 450 × 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 × 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 × 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 A260/A280 and A260/A230 ratios. DNA samples were stored at -20 

ν
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 κl and contained 2.5 κl DNA sample (100-200 ng), 0.6 κl of 10 κM 

forward and 0.6 κl of 10 κM reverse primer (240 nM of each primer), 12.5 κl of OneTaq 2X 

Master Mix (New England, Biolabs Inc., Hitchin, UK), and 8.8 κl DNase-free water. Nested 

amplifications were carried out with the same components and 1.5 κl 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 1× 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 

set 
Primers Sequence (5’→3′) 

Targeted 

Region 

Amplicon 

Size  

Strain/ 

Genotype 
Reference 

LTR 
F: TGACACAGCAAATGTAACCGCAAG 

R: CCACGTTGGGCGCCAGCTGCGAGA 
LTR 291bp K1514/A 

(Sonigo et al., 1985; 

Rosati, Kwang and Keen, 

1995) 

LTR 

nested_1 

 

 

LTR 

nested_2 

Round 1 

F: ACTGTCAGGRCAGAGAACARATGCC 

R: CTCTCTTACCTTACTTCAGG 

Round 2 

F: AAGTCATGTAKCAGCTGATGCTT 

R: 5TTGCACGGAATTAGTAACG 

 

 

LTR 

Round 1: 

635bp 

 

Round 2: 

203bp 

EV1/A (Ryan et al., 2000) 

Gag 
F: TTCCAGCAACTGCAAACAGT 

R: TCCTTCTGATCCTACATCTC 

gag gene 

 
600bp 

EV1/A 

K1514/A 

SA-OMVV/A 

CAEVCork/B 

(Grego et al., 2002) 

Gag 

nested_1 

 

 

Gag 

nested_2 

Round 1 

F: CAAGCAGCAGGAGGGAGAAGCTG 

R: TCCTACCCCCATAATTTGATCCAC 

Round 2 

F: GTTCCAGCAACTGCAAACAGTAGCAATG 

R: ACCTTTCTGCTTCTTCATTTAATTTCCC 

gag gene 

 

 

Round 1: 

297bp 

 

Round 2: 

185bp 

CAEVCork/B (Barlough et al., 1994) 

Pol 
F: ATAGTAAATGGCATCAAGATGC 

R: TCCCGAATTTGTTTCTACCC 

pol gene 

 
218bp 

EV1/A 

K1514/A 

SA-OMVV/A 

CAEVCork/B 

(Grego et al., 2002) 

Pol 

nested_1 

 

Pol 

nested_2 

Round 1 

F: ARGGAGGAATMAAGAYICAGGATATCARGG 

R: CCYGAATWGTTTCTAYCCA 

Round 2 

F: CAGGGAGGAATMATAGAYGCAGGATAT 

R: TCATAATGGGTRTARTCYACYTGCCAATG 

pol gene 

 

Round 1: 

455bp 

 

 

Round 2: 

416bp 

all pol gene 

sequences available 

in 

GenBank 

(Chassalevris et al., 2020) 
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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 

Region 
Amplicon Size  

Strain/ 

Genotype 
Reference 

Gag-pol 

nested_1 

 

 

 

Gag-pol 

nested_2 

Round 1 

F: TGGTGARKCTAGMTAGAGACATG 

R: CATAGGRGGHGCGGACGGCASCA 

Round 2 

F: CAAACWGTRGCAATGCAGCATGG 

R: GCGGACGGCASCACACG 

Gag & pol 

gene 

 

Round 1: 

1300bp 

 

 

Round 2: 

800bp 

EV1/A 

K1514/A 

SA-OMVV/A 

CAEVCork/B 

(Grego et al., 2007) 

Env nested_1 

 

Env nested_2 

Round 1 

F: AGGTAAGTATAAACCCCAGGTAAG 

R: TTCAGACTTTCTGGAATTATTTCTGCTCC 

Round 2 

F: TTGCAAAATGGGGATGTCAACC 

R: GGCATCTTTTCTGTACAGGAGACTGCT 

env gene 

 

 

 

 

Round 2: 

394bp 

CAEVCork/B 
(Germain and Valas, 

2006) 

PCR: Polymerase chain reaction; SRLV: Small ruminant lentiviruses; F: Forward primer; R: Reverse primer; LTR: long terminal repeat  

 

 

 

 

 

 

 

 



45 
 

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
ν
C/5' 94

ν
C/30'' 60

ν
C/30'' 72

ν
C/40'' 72

ν
C/10' 38 

LTR nested 
LTR nested_1 95

ν
C/5' 94

ν
C/30'' 52

ν
C/40'' 72

ν
C/40'' 72

ν
C/10' 38 

LTR nested_2 95
ν
C/5' 94

ν
C/30'' 52

ν
C/30'' 72

ν
C/40'' 72

ν
C/10' 38 

Gag simple Gag 95
ν
C/5' 94

ν
C/30'' 51

ν
C/30'' 72

ν
C/40'' 72

ν
C/10' 38 

Gag nested 
Gag nested_1 94

ν
C/5' 94

ν
C/1' 56

ν
C/1' 72

ν
C/45'' 72

ν
C/7' 35 

Gag nested_2 94
ν
C/5' 94

ν
C/1' 56

ν
C/1' 72

ν
C/45'' 72

ν
C/7' 35 

Pol simple Pol 95
ν
C/5' 94

ν
C/30'' 51

ν
C/30'' 72

 ν
C/40'' 72

ν
C/10' 38 

Pol nested 
Pol nested_1 95

ν
C/15' 94

ν
C/20'' 54

ν
C/30'' 72

ν
C/40'' - 32 

Pol nested_2 95
ν
C/2' 94

ν
C/30'' 65

ν
C/30'' 72

ν
C/40'' - 28 

Gag-pol nested 
Gag-pol nested_1 94

ν
C/5' 95

ν
C/30'' 55

ν
C/30'' 72

ν
C/1.5' 72

ν
C/5' 40 

Gag-pol nested_2 94
ν
C/5' 95

ν
C/20'' 60

ν
C/30'' 72

ν
C/1.5' 72

ν
C/5' 40 

Env nested 
Env nested_1 95

ν
C/5' 92

ν
C/40'' 57

ν
C/50'' 72

ν
C/1' 72

ν
C/4' 35 

Env nested_2 95
ν
C/5' 92

ν
C/40'' 55

ν
C/50'' 75

ν
C/50'' 72

ν
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 3730xl 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 

9M 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 

8M 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 iii) 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 qPCR 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/κl according to manufacturer‟s instruction and the number of copies was calculated using 

the formula below:  

(C) × (M) × (1 x 10
–15

 mol/fmol) × (Avogadro‟s number) = copies/µl 

where, C = the current concentration of the gBlock gene fragment in ng/µl 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 (R
2
) was estimated, and the efficiency values were calculated as 

following:  

Efficiency = 10
(-1/s)

-1  

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. 

III. 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.  

 

 
(a) 

 
(b) 

 
(c) 

 
(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. 

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 

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 

protocol) 

65.0% 85.0% 90.0% 80.0% 80.0% 

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% 
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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 

 LTR 

21FL  

LTR 

31SX 

LTR 

40SX 

LTR 

56SX 

LTR 

35S 

LTR 

21FL LTR 15.2 - - - - - 

31SX LTR 9.1 13.9 - - - - 

40SX LTR 12.7 17.6 12.1 - - - 

56SX LTR 6.1 12.7 5.5 10.9 - - 

35S LTR 9.1 13.9 3.6 13.5 5.5 - 

83S LTR 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 

SRLV 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 i) 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 

LTR 

21FL 

LTR 

31SX 

LTR 

40SX 

LTR 

56SX 

LTR 

35S 

LTR 

83S 

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-OMVV (A1/SA) 63.8 62.2 57.8 62.4 63.4 60.6 60.6 

KV1772 (A1/IC) 63.8 64.1 58.4 62.9 63.4 60.6 60.6 

OvLv 85/34 (A2/USA) 22.3 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 

Ov496 (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 13.3 13.7 

sh235 (A/IT) 14.6 8.6 16.3 16.4 12.7 12.2 13.1 

TR-2007-Eco2-35 (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 env 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 

(SRLV001) 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 11SX env 16SX env 18SX env 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-OMVV (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/IT) 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 8M 

21FL 10.0 - - - - - - - - - - 

42FL 9.7 5.5 - - - - - - - - - 

11S 4.5 10.6 10.4 - - - - - - - - 

14S 4.4 9.5 9.9 5.1 - - - - - - - 

35S 4.5 10.2 9.7 4.5 5.1 - - - - - - 

83S 4.0 9.7 9.1 2.8 3.8 3.6 - - - - - 

16SX 19.1 22.2 21.8 18.0 18.9 18.9 17.2 - - - - 

56SX 5.3 9.7 9.9 5.5 4.6 5.5 4.6 20.6 - - - 

40SX 20.1 22.9 22.2 19.3 19.7 19.7 18.9 4.4 21.4 - - 

8M 18.8 22.2 20.5 17.8 19.3 18.8 17.4 4.7 19.5 4.9 - 

98M 18.8 21.8 20.3 17.6 19.3 18.6 17.2 4.7 19.8 4.9 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, 11S, 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 (SRLV001, SRLV042, lt-Pi1, 

and lt-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 11S 14S 35S 83S 16SX 56SX 40SX 8M 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 21.4 

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-OMVV (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 

OvLv 85/34 (A2/USA) 13.8 15.7 15.6 14.4 14.4 14.8 13.4 16.1 15.1 18.6 17.6 18.2 

CAEV-Co (B1/USA) 19.3 21.0 19.7 19.3 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 19.9 19.9 18.9 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 23.4 23.0 23.2 22.8 22.8 21.9 18.1 23.8 18.6 15.6 16.0 

Roccaverano (E1/IT) 28.0 29.0 28.1 28.6 27.8 29.4 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 9.3 9.7 10.2 8.5 19.3 11.5 21.2 19.7 18.9 

SRLV0 (A19/IT) 13.3 15.5 15.0 14.0 14.0 14.6 14.4 18.8 15.5 20.5 18.8 18.9 

It-561 (A/IT) 13.8 16.7 15.2 14.8 15.9 14.4 14.0 21.4 14.7 21.6 19.7 20.5 

sh301 (A/J) 12.1 15.3 14.2 12.7 12.7 13.3 11.9 19.7 14.3 20.5 18.2 18.2 

sh248 (A22/LB) 18.9 21.4 19.7 20.5 18.9 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-Pi1 (B2/IT) 19.3 22.7 21.6 19.5 20.1 19.5 18.6 6.4 20.6 7.2 5.3 5.7 

lt-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 

DQ084448) 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 MEGA11 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 ([+I], 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 (AY842738, 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 MEGA11 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.  
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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, 11S, 14S, 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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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. 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 MEGA11 

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 ([+I], 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 i) 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 Tm, 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′) Tm (
ν
C) Positions in genome Targeted Region Amplicon Size (bp) 

F2-R 

F2: AAACWGTRGCAATGCAGCATG 64.0 
1018-1039*

1
 

1010-1031*
2
 gag 

gene of all genotypes 
125 

R: GCYCTRTTYCCWGGCATCAT 63.3 
1123-1142*

1
 

1115-1134*
2
 

F2-Ra 
F2: AAACWGTRGCAATGCAGCATG 64.0 

1018-1039*
1
 

1010-1031*
2
 

gag 

gene of A genotype 
209 

Ra: GTAAGGACRTTTGGCCCYG 62.6         1208-1226*
1
 

F2-Rb 
F2: AAACWGTRGCAATGCAGCATG 64.0 

1018-1039*
1
 

1010-1031*
2
 

gag 

gene of B genotype 
214 

Rb: TTAAYCCTCCTCCTRCYKGAG 62.5 1203-1223*
2
 

PCR: Polymerase chain reaction; SRLV: Small ruminant lentiviruses; bp: base pair; Tm: primer melting temperature; F2: forward primer; R, Ra, Rb: reverse primer; *
1
 

Numbering according to nucleotide sequence of reference SRLV strain SA-OMMV (GenBank accession number: NC_001511); *
2
 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.  

 
(a) 

 
(b) 

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-OMVV 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-OMVV 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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(a) 

 

(b) 

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-OMVV strain of genotype A, whereas dashes indicate deletions. 

The region of reverse primer R is boxed [positions 1123-1142 in SA-OMVV 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-

OMVV 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.  

 
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. 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 κl and contained 0.5 κl PCR product from the first round of the conventional 

Gag-pol nested protocol, 0.5 κl of 10 κM forward and 0.5 κl of 10 κM reverse primer (200 

nM of each primer), 10 κl Luna universal qPCR Master Mix (New England, Biolabs Inc., 

Hitchin, UK), and 8.5 κl 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 (Tm) 

analysis from 50 
ν
C to 95 

ν
C at 0.5 

o
C increments was conducted to determine Tm 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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(a) 

 
(b) 

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 
ν
C).  
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(a) 

 
(b) 

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 
ν
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 
ν
C and 80.7-80.9 

ν
C in protocol F2-R and F2-Rb, respectively. Non-

template controls and negative controls produced primer dimers with low Tm (~70 
ν
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
2 

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). 

 

(a) 

 
(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
2
) 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 et 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; Ramírez et al., 2012; 

Fras et al., 2013) or to the circulation of a recombinant strain due to the animal co-infection 

with multiple strains (Ramírez et al., 2011; L‟Homme et al., 2015; Olech and Kuźmak, 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 TaqMan 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
2
 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. 
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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 et al., 2003; Shuaib et al., 2010; Hüttner, 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 (Minguijón 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 i) being representative of the intensive system (Gelasakis et al., 2012), ii) 

applying similar management schemes (Table 14), iii) 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 
Aetolia-

Acarnania 

Breed Chios/Lacaune Chios Chios Lacaune 

Years of operation 7 7 4 9 

Animals per employee 

(n) 
118 100 224 115 

Total animal number 

(n) 
241 208 925 230 

Milking ewes (n) 156 160 615 148 

Replacement rate (%) 30 25 40 25 

Shed area/ewe (m
2
) 1.42 2.70 1.53 1.50 

Shed volume/ewe (m
3
) 7.10 13.50 12.24 5.20 

Type of ventilation Natural Natural 
Natural and 

mechanical 

Natural and 

mechanical 

Ventilation conditions Poor Good Very good Medium 

Type of bedding Straw Straw Straw Straw 

Frequency of manure 

removal (times/year) 
1 3 6 1 

Feeder space/sheep 

(cm) 
20.7 31.3 35.9 34.4 

Exercise paddock No Yes No Yes 

Method of mating Natural/groups 
Natural/single 

sire groups 
Natural/groups 

Natural/single 

sire groups 

Ewes:rams ratio 20 20 24 24 

Milk 

yield/ewe/lactation 210 

days (kg) 

300 400 250 450 

Prolificacy (lambs/ewe) 1.4 2 1.9 1.6 

Method of lamb rearing Natural Artificial Artificial Artificial 

Colostrum 
Unpasteurized 

ewe colostrum 

Unpasteurized 

ewe colostrum 

Pasteurized ewe 

colostrum 

Pasteurized ewe 

colostrum 

Weaning age (days) 40 45 50 35 

Method/frequency of 

milking (times/day) 
Mechanical/2 Mechanical/3-2 Mechanical/3-2 Mechanical/2 

Vaccinations—treatments:    

Enterotoxemia ✓ ✓ ✓ ✓ 

Pasteurellosis  − − ✓ − 

Contagious agalactia ✓ ✓ ✓ ✓ 

Enzootic abortion ✓ ✓ ✓ ✓ 

Anthelmintic treatment ✓ ✓ ✓ ✓ 

Dry-off treatment − ✓ ✓ ✓ 

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 

clinical cases 
No No No No 
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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 
ν
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), and 5 (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: 

Point (sero)prevalencen = 
                                        

                                                
 

Period (sero)prevalence = 
                                                            

                                      
 

Incidence rate = 
                                           

                                               
 

         Cumulative incidence = 
                                           

                                                          
 

 

For the calculation of the above-mentioned measures, the following assumptions were 

followed: i) 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
st
, 2

nd
, 3

rd
; 

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 i) 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). 

III. 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. 

 
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 2.0 ± 1.28 / 2.9 ± 1.38* / 2.7 ± 1.38**  

Seroreverted 2.2 ± 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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(a) 

 
(b) 

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 (3 < x ≤ 4), and 5 (x > 4). 
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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. 

 
(a) 
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(b) 

 
(c) 

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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(a) 

 
(b) 

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.  

 
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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(a) 

 

(b) 

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, 1 (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. 

 
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 S1a, S1b, S1c, 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. 

 
(a) 

 
(b) 

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), and 5 (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). 

 
(a) 

 
(b) 

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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(a)

 
(b) 

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  

Measure 
ELISA ELISA and PCR 

 12 months 24 months 12 months 24 months 

Period prevalence (%) 
73.1 

 (66.9–78.5) 

84.6 

 (79.4–88.8) 

87.2 

(82.3-90.9) 

94.4 

(90.7-96.7) 

Incidence rate 

(new cases per 100 sheep-semesters) 

37.8  

(27.9–50.1) 

32.8 

(25.4–41.7) 

35.2 

(23.3-51.1) 

37.6 

(27.0-51.1) 

Cumulative incidence (%) 
45.9  

(36.4–55.8) 

64.3 

 (54.4–73.1) 

45.5 

(33.0-58.5) 

74.5 

(61.1-84.5) 

CI: confidence interval. 

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

ewes. 

Morbidity Frequency  

Measure 
ELISA ELISA and PCR 

 12 months 24 months 12 months 24 months 

Period prevalence (%) 
81.5  

(75.0–86.9) 

84.4 

 (78.2–89.2) 

83.8  

(77.6–88.6) 

90.8 

(85.5-94.2) 

Incidence rate 

(new cases per 100 sheep-semesters) 

51.2  

(37.4–68.5) 

34.8  

(26.0–45.7) 

56.5 

(40.8–76.4) 

48.1 

(36.2-62.7) 

Cumulative incidence (%) 
56.0  

(44.7–66.7) 

64.0  

(52.7–73.9) 

58.2 

(46.3–69.3) 

76.1 

(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 i) 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 β Relative risk CI95% P 

 

SS during 

the study 

Age * 0.579 1.78 1.41-2.25 <0.001 

Breed 
Chios -0.964 0.38 0.20-0.74 <0.01 

Lacaune Ref 

BCS * 0.142 1.15 0.46-2.92 ns 

 

Year of the study 

 

1 0.560 1.75 0.81-3.77 ns 

2 1.032 2.81 1.64-4.80 <0.001 

3 Ref 

Production stage 
Pre-mating -0.552

 
0.58 0.43-0.78 <0.001 

 Pre-lambing Ref 

SS in ewes 

with an 

intermittent 

presence of 

antibodies 

Age * -0.134 0.87 0.70-1.09 ns 

Breed 
Chios -0.101 0.90 0.40-2.02 ns 

Lacaune Ref 

BCS * -0.630 0.53 0.10-2.88 ns 

Year of the study 

1 1.383 3.99 1.19-13.33 <0.05 

2 1.701 5.48 1.35-22.24 <0.05 

3 Ref 

Production stage 
Pre-mating -1.011 0.36 0.20-0.68 0.001 

Pre-lambing Ref 
SS: Seropositive status; β: Coefficient; CI95%: 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 
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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 β Relative risk CI95% P 

Seroconversion 

incident 

Age * -0.135 0.87 0.74-1.03 ns 

Breed 
Chios -0.296 0.74 0.49-1.14 ns 

Lacaune Ref 

BCS * 0.299 1.35 0.48-3.78 ns 

Year of the study 

1 0.260 1.30 0.47-3.61 ns 

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 

Seroreversion 

incident 

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 

 

Year of the study 

 

 

1 -3.569 0.03 0.01-0.13 <0.001 

2 -2.941 0.05 0.01-0.26 <0.001 

3 Ref 

Production stage 
Pre-mating -0.937 0.39 0.12-1.33 ns 

Pre-lambing Ref 
β: Coefficient; CI95%: 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 β Relative risk CI95% P 

Constantly 

seropositive 

Age * 0.473 1.60 1.35-1.91 <0.001 

Breed 
Chios 0.236 1.27 0.52-3.10 ns 

 Lacaune Ref 

Constantly 

seronegative 

Age  * -0.272 0.76 0.60-0.97 <0.05 

Breed 
Chios -0.253 0.78 0.28-2.19 ns 

 Lacaune Ref 

Seroconverted 
Age  * -0.252 0.78 0.63-0.97 <0.05 

Breed 
Chios -0.372 0.69 0.30-1.57 ns 

 Lacaune Ref 

Seroreverted 

Age  * -0.173 0.84 0.64-1.11 ns 

Breed 
Chios 0.469 1.60 0.55-4.63 ns 

Lacaune Ref 

Intermittent presence 

of antibodies 

Age  * -0.279 0.76 0.58-0.99 <0.05 

Breed 
Chios 1.510 4.53 1.61-12.76 <0.01 

Lacaune Ref 
β: Coefficient; CI95%: 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 i) 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 

variable 
Risk factor Categories β 

Relative 

risk 
CI95% P 

PCR +  

(total of ewes) 

Age * 0.135 1.15 0.96-1.37 ns 

Breed 
Chios 0.690 1.99 1.19-3.34 <0.01 

Lacaune Ref 

BCS * -0.411 0.66 0.36-1.21 ns 

Year of the 

study 

 

1 -1.701 0.18 0.11-0.31 <0.001 

2 -0.421 0.66 0.44-0.99 <0.05 

3 Ref 

Production 

stage 

Pre-mating -0.126 0.89 0.69-1.12 ns 

Pre-lambing Ref 

PCR + of 

seroreverted 

ewes  

Age * -0.099 0.91 0.50-1.66 ns 

Breed 
Chios 1.589 4.90 0.76-31.45 ns 

Lacaune Ref 

BCS * -0.414 0.66 0.02-18.89 ns 

Year of the 

study 

 

1 -1.103 0.33 0.04-3.10 ns 

2 0.347 1.42 0.15-13.16 ns 

3 Ref 

Production 

stage 

Pre-mating -0.565 0.57 0.16-1.97 ns 

Pre-lambing Ref 

PCR + of ewes 

with an 

intermittent 

presence of 

antibodies 

during the study 

Age * 0.148 1.16 0.64-2.01 ns 

Breed 
Chios 2.080 8.00 1.47-43.66 <0.05 

Lacaune Ref 

BCS * -3.084 0.05 0.01-0.40 <0.01 

Year of the 

study 

 

1 -2.188 0.11 0.02-0.69 <0.05 

2 -1.654 0.19 0.04-0.86 <0.05 

3 Ref 

Production 

stage 

Pre-mating -0.277 0.76 0.35-1.63 ns 

Pre-lambing Ref 

PCR + in 

seroconverted 

ewes
†
 

Age * -0.025 0.98 0.76-1.26 ns 

Breed 
Chios -0.282 0.75 0.4-1.42 ns 

Lacaune Ref 

BCS * -0.261 0.77 0.19-3.11 ns 

Year of the 

study 

 

1 1.308 3.70 0.71-19.21 ns 

2 1.925 6.86 1.49-31.61 <0.05 

3 Ref 

Production 

stage 

Pre-mating -0.295 0.36 0.74-1.40 ns 

Pre-lambing Ref 
β: Coefficient; PCR +: PCR positive status; CI95%: 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 

variable 
Risk factor Categories β 

Relative 

risk 
CI95% P 

 

Infected status 

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 

Year of the study 

 

1 -3.014 0.05 0.02-0.16 <0.001 

2 -1.204 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 
β: Coefficient; CI95%: 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 β Relative risk CI95% P 

Infected seronegative  

Age * -0.257 0.77 0.62-0.97 <0.05 

Breed 
Chios -0.039 0.96 0.34-2.75 ns 

Lacaune Ref 

Infected seropositive 

Age  * 0.273 1.31 1.08-1.60 <0.01 

Breed 
Chios -0.018 0.98 0.43-2.27 ns 

Lacaune Ref 

Uninfected 

Age  * -0.225 0.80 0.56-1.14 ns 

Breed 
Chios -0.316 0.73 0.05-11.86 ns 

Lacaune Ref 
β: Coefficient; CI95%: 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.  

 

 
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.  

 
(a) 



108 
 

 
(b) 

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. 

 
(a) 
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(b) 

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
st
 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.  

 
(a) 
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(b) 

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
nd

 sampling occasion), whereas 20.7% (6/29) were found seroconverted at the 

age of 8 months old (3
rd

 sampling occasion), and 27.6% (8/29) at the age of 13 months old 

(4
th

 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. 

 
(a) 
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(b) 

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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(a) 

  
(b) 

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.  

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. 

 
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 β Relative risk CI95% P 

SS at the 

age of 13 

months  

Breed Chios -1.664 0.19 0.02-1.59 ns 

 Lacaune Ref 

Infection status of 

dam 

 

Uninfected -0.737 0.48 0.19-1.24 ns 

Infected Ref 

Colostrum 
Unpasteurized 2.960

 
19.29 2.37-156.85 <0.01 

Pasteurized Ref 
SS: Seropositive status; β: Coefficient; CI95%: 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%CI, 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, 8, and 13 

months old. 

Infected status Risk factor Categories β 
Relative 

risk 
CI95% P 

1 month old 

Breed 
Chios -0.373 0.69 0.21-2.32 ns 

Lacaune Ref 

Infection status 

of dam 

Uninfected -0.662 0.52 0.15-1.82 ns 

Infected Ref 

Colostrum 
Unpasteurized 1.232 3.43 1.01-11.60 <0.05 

Pasteurized Ref 

3 months old 

Breed 
Chios 0.265 1.30 0.49-3.49 ns 

Lacaune Ref 

Infection status 

of dam 

Uninfected -0.873 0.42 0.17-1.05 ns 

Infected Ref 

Colostrum 
Unpasteurized 1.854 6.39 2.38-17.16 <0.001 

Pasteurized Ref 

8 months old 

Breed 
Chios -0.703 0.50 0.19-1.27 ns  

Lacaune Ref 

Infection status 

of dam 

Uninfected -1.088 0.34 0.15-0.77 0.01 

Infected Ref 

Colostrum 
Unpasteurized 2.079 8.00 3.04-21.02 <0.001 

Pasteurized Ref 
β: Coefficient; CI95%: 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, 8, and 13 

months old. (Continued) 

Infected status Risk factor Categories β 
Relative 

risk 
CI95% P 

13 months old 

Breed 
Chios -0.115 0.89 0.37-2.14 ns 

Lacaune Ref 

Infection status 

of dam 

Uninfected -0.997 0.37 0.17-0.82 <0.05 

Infected Ref 

Colostrum 
Unpasteurized 1.803 6.07 2.42-15.21 <0.001 

Pasteurized Ref 
β: Coefficient; CI95%: 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; İnce, 

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) (Hüttner, 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 et 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 et 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 

ii) 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 et 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 et al., 2013a; Dolfini et 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 Lühken, 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% 
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(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; Ramírez 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 et al., 2012). In our study, it 

was the first time that age was evaluated as a potential risk factor for i) 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 (Hüttner, 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 et 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 (Álvarez et al., 2005, 2006; Araújo 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 

(Álvarez 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 Álvarez 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 et 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 

Álvarez 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 et 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 

SRLV 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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Figure 39. Flow chart describing the management practices for the control of small ruminant 

lentiviruses infection in intensive dairy sheep farms
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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 (Echeverría 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 et al., 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 et 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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SRLV infections on i) 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
st
, 2

nd
, 3

rd
, or ≥4

th
 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: 

Yijklm = κ + Pi + Sj + Bk + a1× age + a2 × BCS + El + Fm + δlj + eijklm  

where Yijklm = dependent variables (DMY, DFY, DPY, DLY, DSNFY, and LogSCC); κ = 

intercept; Pi = 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); Sj = fixed effect of the sampling occasion (j = 3 levels; 1
st
 to 3

rd
 

sampling occasion); Bk = fixed effect of the breed (k = 2 levels, Chios and Lacaune breed); a1 

= fixed effect of the regression coefficient of age; a2 = fixed effect of the regression 

coefficient of BCS; El = random variation of the l
th

 ewe; Fm = random variation of the m
th

 

farm; δlj = repeated variation of the l
th

 ewe in the j
th

 sampling occasion; and eijklm = 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: 

 

Yijk = κ + Pi + Bj + a1 × age+ Fk + eijk  

where Yijk = dependent variables (TMY, TFY, TPY, TLY, and TSNFY); κ= intercept; Pi = 

fixed effect of either the serological pattern (i = 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); Bj = fixed effect of the breed (j = 2 levels, Chios and Lacaune breed); a1 = 

fixed effect of the regression coefficient of age; Fk = random variation of the k
th

 farm; and eijk 

= 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
st
, 2

nd
, 3

rd
; 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 

SRLV 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. 

III. 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
st
 sampling occasion 2

nd
 sampling occasion 3

rd
 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
st
 sampling occasion 2

nd
 sampling occasion 3

rd
 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
st
 sampling occasion 2

nd
 sampling occasion 3

rd
 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
st
 sampling occasion 2

nd
 sampling occasion 3

rd
 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
st
 sampling occasion 2

nd
 sampling occasion 3

rd
 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 284.9 (116.29) 217.5 (80.11) 160.0 (65.91) 227.2 (105.75) 

Seroconverted           298.4 (98.16) 222.8 (83.62) 159.1 (75.26) 232.4 (103.52) 

Seroreverted 222.5 (123.74) 166.3 (72.09) 139.2 (60.88)     181.3 (98.79) 

Intermittent presence of antibodies 250.4 (116.97) 196.1 (69.67) 143.5 (79.68)     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
st
 sampling occasion 2

nd
 sampling occasion 3

rd
 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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(e) 

 
(f) 

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 i) 

uninfected ewes, ii) 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. 

 

 



144 
 

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% 

CI, 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% CI, 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% CI, 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 

Α 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). 

 
(a) 

 
(b) 

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 of health disorders in ewes of different serological and infection 

patterns during the study.  

 

Serological pattern 

BCS Lameness Arthritis Respiratory 

Disease 

Nasal 

Discharge 

Poor wool 

quality 

Body 

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(±0.24) 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(±0.23) 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(±0.21) 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 

antibodies 
2.9(±0.22) 7.5% (3/40) 45.0% (18/40) 5.0% (2/40) 20.0% (8/40) 5.0% (2/40) 5.0% (2/40) 

Infection pattern        

Uninfected 3.0(±0.20) 0.0% 9.1% (4/44) 0.0% 13.6% (6/44) 2.3% (1/44) 9.1% (4/44) 

Infected seropositive 3.0(±0.25) 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(±0.21) 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.  

Serological pattern Mastitis Abscesses 
Skin 

lesions 

Wart-like 

lesions 

Mammary 

cyst 
Fibrosis Asymmetry 

Swollen 

supramammary lymph 

nodes 

Constantly seronegative 
1.6% 

 (1/62) 

30.6% 

(19/62) 

24.2% 

(15/62) 

3.2% 

(2/62) 

9.7% 

(6/62) 

16.1% 

(10/62) 

45.2% 

(28/62) 

33.9% 

(21/62) 

Constantly seropositive 
3.7% 

(7/188) 

33.0% 

(62/188) 

29.8% 

(56/188) 

8.0% 

(15/188) 

20.7% 

(39/188) 

25.5% 

(48/188) 

47.3% 

(89/188) 

46.0% 

(88/188) 

Seroconverted 
4.9% 

(4/82) 

28.0% 

(23/82) 

17.1% 

(14/82) 

7.3% 

(6/82) 

12.2% 

(10/82) 

12.2% 

(10/82) 

43.9% 

(36/82) 

36.6% 

(30/82) 

Seroreverted 0.0% 
25.7% 

(9/35) 

37.1% 

(13/35) 

2.9% 

(1/35) 

20.0% 

(7/35) 

25.7% 

(9/35) 

51.4% 

(18/35) 

68.6% 

(24/35) 

Intermittent presence of 

antibodies 

2.5% 

(1/40) 

35.0 

(14/40) 

30.0% 

(12/40) 

7.5% 

(3/40) 

15.0% 

(6/40) 

20.0% 

(8/40) 

57.5% 

(23/40) 

45.0% 

(18/40) 

Infection pattern         

Uninfected 
2.3% 

(1/44) 

27.3% 

(12/44) 

18.2% 

(8/44) 

2.3% 

(1/44) 

6.8% 

(3/44) 

9.1% 

(4/44) 

47.7% 

(21/44) 

29.5% 

(13/44) 

Infected seropositive 
3.9% 

(12/311) 

31.8% 

(99/311) 

26.7% 

(83/311) 

7.7% 

(24/311) 

20.6% 

(64/311) 

21.2% 

(66/311) 

47.6% 

(148/311) 

44.1% 

(137/311) 

Infected seronegative 0.0% 
30.8% 

(16/52) 

36.5% 

(19/52) 

3.8% 

(2/52) 

25.0% 

(13/52) 

28.8% 

(15/52) 

48.1% 

(25/52) 

59.6% 

(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).   

 
Figure 42. Mean values of body condition score during the study in constantly seronegative 

and constantly seropositive ewes. 

 
(a) 
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(b) 

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 (± 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
3
/κl) GC (10

3
/κl) LC (10

3
/κl) MC (10

3
/κl) GP (%) LP (%) MP (%) 

Seronegative 7.8 (2.71)
 

3.5 (1.51) 3.8 (1.46) 0.5 (0.19) 44.7 (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
3
/κl, GC: 1.3-7.6 10

3
/κl, LC: 2.0-7.8 10

3
/κl, MC: 0.0-1.3 10

3
/κl, 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 (10
6
/κl) HGB (g/dl) HCT (%) MCV (fL) MCH (pg) MCHC (g/dl) RDW-CV (%) RDW-SD (fL) 

Seronegative 8.6 (1.30)
 

9.8 (1.46) 30.3 (4.63) 35.5 (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) 35.9 (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
6
/κl, 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 (10
9
/l) MPV (fL) PDW PCT (ml/l) P-LCC (10

9
/l) 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
9
/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 10

9/
l, 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
3
/κl) GC (10

3
/κl) LC (10

3
/κl) MC (10

3
/κl) 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) 44.8 (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
3
/κl, GC: 1.3-7.6 10

3
/κl, LC: 2.0-7.8 10

3
/κl, MC: 0.0-1.3 10

3
/κl, 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) 

Serological Pattern RBC (10
6
/κl) HGB (g/dl) HCT (%) MCV (fL) MCH (pg) MCHC (g/dl) RDW-CV (%) 

RDW-SD 

(fL) 

Constantly seronegative 8.6 (0.98) 9.9 (1.27) 30.4 (4.35) 35.2 (2.32) 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) 30.4 (4.62) 35.8 (3.15) 11.5 (1.07) 32.2 (2.41) 16.8 (2.28) 23.9 (4.93) 

Seroconverted 8.2 (1.49) 9.3 (1.38) 28.8 (4.96) 35.5 (3.21) 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 (5.21) 35.0 (2.58) 11.1 (0.78) 32.3 (2.05) 16.4 (1.06) 22.2 (2.12) 

Intermittent presence of 

antibodies 
8.3 (1.48) 9.5 (1.57) 29.3 (4.20) 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 (2.43) 11.4 (0.76) 32.5 (2.02) 16.4 (1.20) 22.4 (2.41) 

Infected seropositive 8.4 (1.38) 9.6 (1.40) 29.8 (4.70) 35.8 (3.47) 11.5 (1.13) 32.4 (2.39) 16.8 (2.24) 23.7 (4.68) 

Infected seronegative 8.9 (1.28) 10.0 (1.47) 31.3 (4.66) 35.3 (2.40) 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
6
/κl, 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
9
/L) MPV (fL) PDW PCT (mL/L) P-LCC (10

9
/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 10
9
/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 10

9
/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; Martínez-Navalón et al., 2013; Juste et al., 2020), whereas in other studies 

no effect of seropositivity was reported on milk yield (Nord and Ådnøy, 1997; Legrottaglie et 

al., 1999; Turin et al., 2005; Kaba et al., 2012; Barquero et al., 2013c) and quality traits 

(Nord and Ådnøy, 1997; Legrottaglie et al., 1999; Barquero et al., 2013c), or a favorable 

effect was reported on milk fat (Turin et al., 2005; Echeverría 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 (Echeverría 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 Ådnøy, 1997; Turin et al., 

2005) or infected (Echeverría 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 (Martínez-Navalón 

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; Torsteinsdóttir 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 (Hüttner, 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. 

 

ΓΔΛΣΗΟ ΔΡΔΤΝΑ ΔΚΣΡΟΦΖ* 

 

                                                       Ζκεξνκελία: ..../…./…….. 

ΣΟΗΥΔΗΑ ΔΚΣΡΟΦΖ 

Ολνκαηεπώλπκν ηδηνθηήηε  

Ζιηθία ηδηνθηήηε  

Πεξηνρή εθηξνθήο  

Κύξηα δξαζηεξηόηεηα  

Υξόληα άζθεζεο επαγγέικαηνο  

ύζηεκα εθηξνθήο  

Μέιε νηθνγέλεηαο πνπ εξγάδνληαη  

Ξέλνη εξγάηεο  
 

ΚΣΗΡΗΑΚΔ ΔΓΚΑΣΑΣΑΔΗ 

Κηίξην Αξηζκόο Γηαζηάζεηο 

Κπξίσο ζηάβινο   

Βνεζεηηθόο ζηάβινο   

Απνζήθε ρνλδξνεηδώλ δσνηξνθώλ    

Απνζήθε ζπκππθλσκέλσλ δσνηξνθώλ    

Παξαζθεπαζηήξην δσνηξνθώλ    

Καηάιπκα πξνζσπηθνύ-γξαθείν   
 

ΜΖΥΑΝΗΚΟ ΔΞΟΠΛΗΜΟ 

Μεράλεκα Αξηζκόο Υαξαθηεξηζηηθά 

θπξόκπινο θπιηλδξόκπινο   
Αλακηθηήξαο δσνηξνθώλ   

πζθεπή ηερλεηήο γαινπρίαο   

ύζηεκα παγίδεπζεο   
Άιινο εμνπιηζκόο   

Αξκερηηθό ζπγθξόηεκα   
 

ΕΧΗΚΟ ΚΔΦΑΛΑΗΟ - ΑΠΟΓΟΔΗ 

Οκάδα Αξηζκόο 

Πξώηκεο πξνβαηίλεο αξκεγόκελεο  

Όςηκεο πξνβαηίλεο αξκεγόκελεο  

Πξώηκεο αξλάδεο αληηθαηάζηαζεο  

Όςηκεο αξλάδεο αληηθαηάζηαζεο  

Δλήιηθα θξηάξηα  

Αξζεληθά δπγνύξηα αληηθαηάζηαζεο  

Αξζεληθά αξληά αληηθαηάζηαζεο  

ηέξθα  

 

Φπιή/έο πξνβάησλ: ..................................………………………………….………………… 

Άιια παξαγσγηθά δώα (πξόβαηα/αγειάδεο θ.α.):  …………………………………….……  

Άιια δώα (ζθύινη/γάηεο):  ….................................................................................................. 

Ρπζκόο αληηθαηάζηαζεο θξηώλ:……………………………………….………………………. 

Αξλάδεο αληηθαηάζηαζεο: …………………………………………………..………………… 
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ΠΑΡΑΓΧΓΗΚΑ ΥΑΡΑΚΣΖΡΗΣΗΚΑ 

Υαξαθηεξηζηηθό Δπίδνζε 

πλνιηθή εηήζηα γαιαθηνπαξαγσγή πνηκλίνπ  

Αξηζκόο αξληώλ πνπ γελλήζεθαλ ζε έλα έηνο  

Γαιαθηνπαξαγσγή/ πξνβαηίλα/ γαιαθηηθή πεξίνδν  

Μέζε πνιπδπκία  

Αξληά πνπ πσιήζεθαλ γηα ζθαγή  

Μέζν βάξνο ζθάγηνπ αξληώλ  

Πξνβαηίλεο πνπ πσιήζεθαλ γηα ζθαγή  

Μέζν βάξνο ζθάγηνπ πξνβαηίλσλ  

Κξηάξηα πνπ πσιήζεθαλ γηα ζθαγή  

Μέζν βάξνο ζθάγηνπ θξηαξηώλ  

 

ΠΟΗΟΣΗΚΑ ΥΑΡΑΚΣΖΡΗΣΗΚΑ ΓΑΛΑΣΟ: 

ηάδην γαιαθηηθήο πεξηόδνπ Λίπε Πξσηεΐλεο σκαηηθά 

θύηηαξα 

Μηθξνβηαθό 

θνξηίν 

Αξρή                               

Μέζε     

Σέινο     

 

ΣΗΜΔ ΠΡΟΨΟΝΣΧΝ (/ριγ): 

Γάια  

θάγην αξληνύ  

θάγην πξνβαηίλαο  

θάγην θξηαξηνύ  

Μαιιί  

Κνπξηά  

Γέξκα  

 

ΕΧΟΣΡΟΦΔ 

ΗΓΗΟΠΑΡΑΓΟΜΔΝΔ ΕΧΟΣΡΟΦΔ: 

Γηα Βόζθεζε 

ΔΗΓΟ ΔΚΣΑΖ Βνζθή (Άζθεζε) - Πξόγξακκα 

  ...........................................................................................................

...........................................................................................................

........................................................... 
  

  

Γηα πγθνκηδή 

Υνλδξνεηδείο πκππθλσκέλεο 

Δίδνο Έθηαζε Πνζόηεηα Δίδνο Έθηαζε Πνζόηεηα 

αλόο κεδηθήο   Καιακπόθη   

Lollium   Κξηζάξη   

Κηελνηξνθηθό 

κπηδέιη 

  ηηάξη   

Κηελνηξνθηθό 

θνπθί 

  Βξώκε   

Άιιν:   Άιιν:   
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ΑΓΟΡΑΕΟΜΔΝΔ ΕΧΟΣΡΟΦΔ: 

Υνλδξνεηδείο πκππθλσκέλεο 

Δίδνο Πνζόηεηα Σηκή Δίδνο Πνζόηεηα Σηκή 

αλόο 

κεδηθήο 

  Καιακπόθη   

Άρπξν   Κξηζάξη   

Δλζ. κεδηθήο   Πίηπξα   

Δλζ. 

αξαβνζίη 

  όγηα   

Άιιν ζαλό   Βακβαθόπηηα   

   Βακβαθόζπνξνο   

   Ζιηόπηηα   

   Εαραξόπηηα   

 

Ηζζνξνπηζηήο:   Ναη                    Όρη       Πνζόηεηα 

Αλαιύζεηο δσνηξνθώλ:    Ναη                    Όρη    

Αγνξά ζπκππθλσκέλσλ δσνηξνθώλ:     ηαδηαθή                         Μαδηθή    

Τπεύζπλνο θαηαξηηζκνύ ζηηεξεζίσλ: .............................................................................. 

Πξνέιεπζε ύδαηνο:   Γίθηπν θνηλόηεηαο                                   Γεώηξεζε        

 

 

ΓΑΛΟΤΥΗΑ ΑΡΝΗΧΝ 

Φπζηθή γαινπρία:   Ναη                    Όρη        

Σύπνο θπζηθήο γαινπρίαο:    Διεύζεξε          Πεξηνξηζκέλε     

Γηάξθεηα γαινπρίαο:......................................εβδνκάδεο 

Άξκεγκα θαηά ηελ πεξίνδν ηεο γαινπρίαο:      .. Ναη                             Όρη     

 

Σερλεηή γαινπρία: Ναη                    Όρη    

ΥΟΡΖΓΖΖ-ΛΖΦΖ ΠΡΧΣΟΓΑΛΑΣΟ:  Ζκέξεο ......... Γεύκαηα ......... 

Πνζόηεηα................ 

θέπε: Μπνπθάιη κε ζειή                 Κνπβάο κε ζειή                 Απηόκαηε ζπζθεπή    

Γεύκαηα: Αξηζκόο/εκέξα.............     Πνζόηεηα/ γεύκα:................ 

Γηάξθεηα γαινπρίαο: ........................................................................................................ 

 

Παξάζεζε: 

1) Νεξνύ: Ζκέξα ........... 

2) Μίγκαηνο ζπκπ. δσνηξνθώλ:    Δβδνκάδα  .........   Δίδνο  ........…………….......... 

3) Υνλδξνεηδώλ δσνηξνθώλ:    Δβδνκάδα  .........   Δίδνο  ..…………………………… 

 

ΗΣΖΡΔΗΑ 

ΟΜΑΓΑ Α: Αξκεγόκελεο πξνβαηίλεο 

 1
νο

 

κήλαο 

2
νο

 

κήλαο 

3
νο

 

κήλαο 

4
νο

 

κήλαο 

5
νο

 

κήλαο 

6
νο

 

κήλαο 

7
νο

 

κήλαο 

8
νο

 

κήλαο 

Φύξακα         

αλό         

Άρπξν         

Ώξεο 

βόζθεζεο 
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Παξαηεξήζεηο : ...................................................................................................................... 

 

OΜΑΓΑ Β: Πξνβαηίλεο ζηελ μεξά πεξίνδν 

 Ξεξά πεξίνδνο Έλα κήλα πξηλ ηνλ ηνθεηό 

Φύξακα   

αλό   

Άρπξν   

Ώξεο βόζθεζεο   

 

Παξαηεξήζεηο : ...................................................................................................................... 

 

ΟΜΑΓΑ Γ: Αξλάδεο – Επγνύξεο 

 2
νο

 

κήλαο 

3
νο

 

κήλαο 

4
νο

 

κήλαο 

5
νο

 

κήλαο 

6
νο

 

κήλαο 

7
νο

 

κήλαο 

8
νο

 

κήλαο 

9
νο

 

κήλαο 

10
νο

 

κήλαο 

          

Φύξακα          

αλό          

Άρπξν          

Ώξεο 

βόζθεζεο 

         

 

Παξαηεξήζεηο : ...................................................................................................................... 

 

ΟΜΑΓΑ Γ: Κξηάξηα 

 πληήξεζεο Πξνεηνηκαζίαο Ορείεο 

Φύξακα    

αλό    

Άρπξν    

Ώξεο βόζθεζεο    

Παξαηεξήζεηο : ............................................................................................. 

ύλζεζε θπξακάησλ: 

 Οκάδεο  

Εσνηξνθέο Αξκεγόκελεο Ξεξά πεξίνδνο Αξλάδεο-δπγνύξεο Κξηάξηα 

Καιακπόθη     

Κξηζάξη     

ηηάξη     

Βξώκε     

Πίηπξα ζηηαξηνύ     

νγηάιεπξν     

Βακβαθόπηηα     

Βακβαθόζπνξνο     

Πνύιπα δαραξνη.     

Μεδηθάιεπξν     
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Ώξεο βόζθεζεο θαη ζύλζεζε βνζθόηνπνπ 

Μήλαο 1
νο

  2
νο

  3
νο

  4
νο

  5
νο

  6
νο

  7
νο

  8
νο

  9
νο

  10
νο

  11
νο

  12
νο

  

Ώξεο 

βόζθεζεο 

            

Απόζηαζε 

πνπ 

δηαλύνπλ 

εκεξεζίσο 

            

 

ΑΝΑΠΑΡΑΓΧΓΖ 

Μέζνδνο γνληκνπνίεζεο:      Σερλεηή ζπεξκαηέγρπζε                       Ορεία     

πγρξνληζκόο νίζηξσλ: Ναη    (.........%. Οκάδεο…………..……….…….)   Όρη    

Πξνέιεπζε θξηώλ:   Μνλάδα     Αγνξά          Αλαινγία …../…..  Δπίδξαζε αξζεληθνύ   

 

ΤΣΖΜΑ ΟΥΔΗΧΝ : 

Α. Διεύζεξεο νρείεο ζηελ 

ηύρε 

Β. Πξνθαζνξηζκέλεο νρείεο 

θαηά νκάδεο 

Γ. Σειείσο ειεγρόκελεο 

νρείεο 

   

 

ΑΝΑΠΑΡΑΓΧΓΗΚΖ ΠΔΡΗΟΓΟ: 

 Έλαξμε αλαπαξαγσγηθήο 

πεξηόδνπ (κήλαο) 

Λήμε αλαπαξαγσγηθήο 

πεξηόδνπ (κήλαο) 

Πξώηκα   

Όςηκα   

 

Ζιηθία ζηελ έλαξμε ηνπ αλαπαξαγσγηθνύ ηνπο βίνπ: 

Επγνύξηα:.....................................................    

Κξηάξηα:……………….................................. 

 

πζηεκαηηθή ηήξεζε αλαπαξαγσγηθώλ ζηνηρείσλ: Ναη                        Όρη    

Απνβνιέο ην ηειεπηαίν έηνο:………………… 

Θλεζηγελή:................................................... 

 

ΣΑΒΛΗΜΟ 

Τπννκάδεο:..........................................................................................................   

Μέγεζνο ππννκάδσλ:......……………………………………………………………… 

πζηέγαζε:…………………………………………………………………………….. 

 

Σαΐζηξεο – πνηίζηξεο: 

Δμσηεξηθέο                                   Δζσηεξηθέο     

ηεγαζκέλεο                                    Αθάιππηεο      

Απόζηαζε από ρώξν αλάπαπζεο:…………………………………………………….. 

Πνηίζηξα: θαθνεηδήο   κε θινηέξ              θαθνεηδήο ρσξίο θινηέξ             Άιιν                                      

Δθκεράληζε ηξνθνδνζίαο:       Ναη                                   Όρη      

Κηίξην Κηίζκα:       Αλνηθηό                          Κιεηζηό     

Γάπεδν:       Υσκάηηλν                        Σζηκεληέλην                        ραξσηό     

Γηαζηξσκάησζε δαπέδνπ: ......................................................................................... 

ηξσκλή:       Ναη         (Δίδνο: ......................... Δπαξθήο     Αλεπαξθήο   )            Όρη     

πρλόηεηα αλαλέσζεο ζηξσκλήο: .................................................................................. 
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Πξναύιην:              Ναη                                            Όρη     

Γάπεδν πξναπιίνπ:          Υσκάηηλν                                    Σζηκεληέλην      

Δπηθάλεηα θηηξίνπ:       Δπαξθήο                                  Αλεπαξθήο      

Όγθνο θηηξίνπ:  Δπαξθήο                                    Αλεπαξθήο      

Αεξηζκόο θηηξίνπ:       Καιόο                         Μέηξηνο                          Καθόο       

Σύπνο αεξηζκνύ:      Φπζηθόο                         Σερλεηόο       

Τιηθό νξνθήο: Λακαξίλα             Κεξακίδη              Πιάθα           Φεπδνξνθή     

 

ΑΡΜΔΓΜΑ 

1.Με ηα ρέξηα 

Αξηζκόο αξκερηώλ:...................................................    

Αξκέγκαηα αλά εκέξα:............................................. 

Γηάξθεηα αξκέγκαηνο:............................................... 

Πξόβαηα αλά ώξα:……………………………………………………………………. 

θεύνο:     Πιαζηηθό                        Μεηαιιηθό                        Αλνμείδσην       

Παγνιεθάλε:    Ναη           (ην ζηάβιν          ην ζπίηη  )                Όρη      

πρλόηεηα παξαιαβήο ηνπ γάιαθηνο: ............................................................................ 

 

2.Με κεραλή 

Καηαζθεπαζηήο:............................................    

Παιαηόηεηα:................................................. 

Αξηζκόο αξκερηώλ:...................    

Αξηζκόο αξκεθηηθώλ κνλάδσλ: ........................ 

Παικνί:……………………...........        

Ύςνο θελνύ:.........................…………………… 

Αξκέγκαηα αλά εκέξα:..........................   

Γηάξθεηα αξκέγκαηνο:............................. 

Παγνιεθάλε: Ναη     Όρη    Υσξεηηθόηεηα (ιίηξα) ............................................... 

πρλόηεηα θαζαξηζκνύ αξκεθηηθνύ ζπγθξνηήκαηνο: ............................................... 

πρλόηεηα αιιαγήο ζειάζηξσλ:………………………………………………………. 

πρλόηεηα ζπληήξεζεο:...……………………………………………………………… 

Δθεδξηθή πεγή ελέξγεηαο:             Ναη                                      Όρη       

πρλόηεηα παξαιαβήο ηνπ γάιαθηνο: ............................................................................. 

 

Δξγαζίεο αξκέγκαηνο 

Έιεγρνο γάιαθηνο: Ναη      (κέζνδνο.................................................)                Όρη   

Έιεγρνο καζηνύ (καζηίηηδα): Ναη                                           Όρη   

Υνξήγεζε ηξνθήο:     Ναη              Όρη             Πνζόηεηα : ....................................... 

Απάξκεγκα:  Ναη              Όρη              

Δκβάπηηζε ζειώλ  ζε αληηζεπηηθό:           Ναη                         Όρη      

 

ΓΔΝΗΚΔ ΠΡΑΚΣΗΚΔ 

Πεξηπνίεζε νκθάιηνπ ιώξνπ: Βξάρπλζε             Γέζηκν              Απνιύκαλζε                                                      

Κόςηκν ςεπδνζειώλ:     Ναη         (Ζιηθία....................)                         Όρη      

Πεξηπνίεζε ρειώλ:           Ναη                                                                    Όρη      

ηείξεπζε γαιαθηνπαξαγσγήο: Μείσζε ηξνθήο............. Μείσζε λεξνύ................... 

Γηαθνπή αξκέγκαηνο:            Απόηνκε                                     ηαδηαθή          
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ΠΡΟΛΖΠΣΗΚΖ ΚΣΖΝΗΑΣΡΗΚΖ 

πζηεκαηηθή πξνιεπηηθή ρνξήγεζε ζηα αξληά: 

Βηηακίλεο: ............................................................................................................... 

Αλζεικηλζηθά: ................................................................................................................. 

Άιιν : .......................................................................................................................... 

 

πζηεκαηηθή πξνιεπηηθή ρνξήγεζε ζηηο πξνβαηίλεο:  

Βηηακίλεο : .............................................................................................................. 

Αλζεικηλζηθά : ............................................................................................................ 

Άιιν : ......................................................................................................................... 

 

ΔΜΒΟΛΗΑΜΟΗ 

Δκβόιην/πξνιεπηηθή αγσγή Δθαξκνγή Λεπηνκέξεηεο 

Δληεξνηνμηλαηκία   

Λνηκώδεο αγαιαμία   

Δλδσνηηθή απνβνιή   

Μαζηίηηδεο   

Λνηκώδεο έθζπκα   

Άιιν εκβόιην   

Δλδνκαζηηθά μεξάο πεξηόδνπ   

 

ΚΣΖΝΗΑΣΡΗΚΑ 

ΑΡΝΗΑ 

Πάζεζε Ζιηθία Ννζεξόηεηα Θλεζηκόηεηα 

Γηάξξνηα    

Πλεπκνλία    

 

Πξνβιήκαηα πγείαο ην ηειεπηαίν έηνο (αξηζκόο δώσλ):  

Απνβνιέο……………………………………………………………………………… 

Μαζηίηηδα……………………………………………………………………………… 

Λνηκώδεο αγαιαμία………………………………………………………….  

Πνδνδεξκαηίηηδα……………………………………………………………….. 

Πξντνύζα πλεπκνλία……..……………………………………………………... 

Άιιν…………………………………………………………………………… 

 

Δθαξκνγή ζεξαπείαο:        Κηελνηξόθνο                         Τπάιιεινο         

Αλαξξσηήξην:                                           Ναη                                      Όρη        

Σήξεζε αξρείνπ ζεξαπείαο:              Ναη                                      Όρη        

ήκαλζε δώσλ ζηα νπνία ρνξεγήζεθαλ αληηβηνηηθά:    Ναη                 Όρη        
  

* Gelasakis A.I. (2011) „Investigation of the relationship between lameness, milk production 

and rearing methods of Chios dairy sheep.‟, Doctoral dissertation. Aristotle University of 

Thessaloniki. 
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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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(a) 

 
(b) 
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(c) 

 
(d) 

Figure S1. Point seroprevalence and prevalence in ewes from farms A (a), B (b), C (c), and D 

(d) in each sampling occasion during the study. 
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(a) 

 
(b) 

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 

(x > 4). 
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(a) 

 
(b) 

Figure S3. Period seroprevalence (a) and prevalence (b) for each farm during the study.           
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(a) 

 

(b) 

Figure S4. Incidence rate according to ELISA results (a) and the combination of ELISA and 

PCR results (b) for each farm during the study. 

 



197 
 

 
(a) 

 
(b) 

Figure S5. Cumulative incidence according to ELISA results (a) and the combination of 

ELISA and PCR results (b) for each farm 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. 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios -0.73     0.07 <0.001 -0.87 -0.58 

Lacaune Ref 

Sampling occasion 

1  1.27 0.425 <0.001 1.19 1.36 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios -38.50 3.429 <0.001 -45.23 -31.77 

Lacaune Ref 

Sampling occasion 

1  35.05 2.728 <0.001  29.69  40.40 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

Bound 

Breed Chios -38.54 3.608 <0.001 -45.62 -31.47 

 Lacaune Ref 

Sampling occasion 

1  61.41 2.196 <0.001  57.10  65.72 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

Bound 

Breed Chios -36.58 3.422 <0.001 -43.29 -29.86 

 Lacaune Ref 

Sampling occasion 

1  58.24 2.083 <0.001  54.16  62.33 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

Bound 

Breed Chios -80.76  7.636 <0.001 -95.74 -65.78 

 Lacaune Ref 

Sampling occasion 

1 130.03  4.634 <0.001 120.94 139.12 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

Bound 

Breed Chios 0.16 0.044 <0.001  0.07  0.24 

 Lacaune Ref 

Sampling occasion 

1 -0.32 0.037 <0.001 -0.39 -0.25 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios -0.70 0.071 <0.001 -0.84 -0.56 

Lacaune Ref 

Sampling occasion 

1  1.26 0.043 <0.001  1.18  1.35 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios -37.72 3.352 <0.001 -44.30 -31.15 

Lacaune Ref 

Sampling occasion 

1  34.82 2.736 <0.001  29.45  40.19 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios -37.33 3.505 <0.001 -44.20 -30.45 

Lacaune Ref 

Sampling occasion 

1  60.98 2.204 <0.001  56.66  65.31 

2  24.76 1.538 <0.001  21.75  27.78 

3 Ref 

Age *   2.41 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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios -35.42 3.325 <0.001 -41.95 -28.90 

Lacaune Ref 

Sampling occasion 

1  57.83 2.090 <0.001  53.73  61.94 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios -78.17  7.418 <0.001 -92.73 -63.62 

Lacaune Ref 

Sampling occasion 

1 129.12  4.650 <0.001 119.99 138.24 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios  0.16 0.045 <0.001  0.07  0.25 

Lacaune Ref 

Sampling occasion 

1 -0.32 0.037 <0.001 -0.39 -0.24 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios -40.02 22.665 ns -84.55 4.52 

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; β: Coefficient; SE: Standard error; CI95%: 95% confidence interval; 

*
Continuous variable; Ref: Reference category; ns: not 

significant 
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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. 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios -3.83 1.30 <0.01 -6.38 -1.27 

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; β: Coefficient; SE: Standard error; CI95%: 95% confidence interval; 

*
Continuous variable; Ref: Reference category; ns: not 

significant 
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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. 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

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  5.42 

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 2.418 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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios -42.82 22.364 ns -86.76  1.13 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios -3.92 1.263 <0.01 -6.41 -1.44 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios -3.86 2.484 ns -8.74 1.02 

Lacaune Ref 

Age *  0.66 0.330 <0.05  0.01 1.31 

Infection Pattern - - - <0.05 - - 

Pairwise comparisons 

Uninfected - Infected seropositive  0.61 1.324 ns -1.99 3.21 

Uninfected - Infected seronegative  4.47 1.819 <0.05  0.90 8.05 

Infected seropositive - Infected seronegative  3.86 1.474 <0.01  0.96 6.76 
Cat: Category of the independent variable; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β Odds ratio Ρ 
Lower 

Bound 

Upper 

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; β: Coefficient; CI95%: 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. 

     CI95% 

Independent variables Cat. β Odds ratio Ρ 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios 0.086 1.09 ns 0.95 1.24 

Lacaune Ref 

Age * -0.019 0.98 ns 0.96 1.01 

Ηnfection 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; β: Coefficient; CI95%: 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.  

 

 
    CI95% 

Independent variables Cat. β Odds ratio Ρ 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios 1.421 4.14 <0.001 1.97 8.72 

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-mating 0.701 2.02 <0.05 1.16 3.49 

Pre-lambing Ref 

Year of the study 

1 -0.421 0.66 ns 0.21 2.03 

2 0.670 1.95 ns 0.77 4.95 

3 Ref 

Serological Status 
Seronegative -0.885 0.41 <0.05 0.18 0.94 

Seropositive Ref 
Cat: Category of the independent variable; ; β: Coefficient; CI95%: 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. 

 

 
    CI95% 

Independent variables Cat. β Odds ratio Ρ 
Lower 

Bound 

Upper 

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 

Year of the study 

1  3.396 29.86 <0.05 2.25 396.93 

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; ; β: Coefficient; CI95%: 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. 

     CI95% 

Independent variables Cat. β Odds ratio Ρ 
Lower 

Bound 

Upper 

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 

Year of the study 

1 -0.305 0.74 ns 0.27 2.00 

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; ; β: Coefficient; CI95%: 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. 

     CI95% 

Independent variables Cat. β 
Odds 

ratio 
Ρ 

Lower 

Bound 

Upper 

Bound 

Breed 
Chios 2.737 15.44 <0.001 7.17 33.23 

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-mating 1.792 6.00 <0.001 3.52 10.22 

Pre-lambing Ref 

Year of the study 

1 1.187 3.28 <0.01 1.48 7.26 

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; ; β: Coefficient; CI95%: 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. 

     CI95% 

Independent variables Cat. β Odds ratio Ρ 
Lower 

Bound 

Upper 

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 

Year of the study 

1 -0.809 0.45 ns 0.07 3.07 

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; ; β: Coefficient; CI95%: 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. 

     CI95% 

Independent variables Cat. β 
Odds 

ratio 
Ρ 

Lower 

Bound 

Upper 

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; ; β: Coefficient; CI95%: 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. 

     CI95% 

Independent variables Cat. β 
Odds 

ratio 
Ρ 

Lower 

Bound 

Upper 

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; ; β: Coefficient; CI95%: 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. 

     CI95% 

Independent variables Cat. β 
Odds 

ratio 
Ρ 

Lower 

Bound 

Upper 

Bound 

Breed 
Chios -0.472 0.62 ns 0.20 1.94 

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 

Infected seropositive - Infected seronegative -0.626 0.53 ns 0.28 1.03 
Cat: Category of the independent variable; ; β: Coefficient; CI95%: 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. 

     CI95% 

Independent variables Cat. β 
Odds 

ratio 
Ρ 

Lower 

Bound 

Upper 

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 

Infected seropositive - Infected seronegative  -0.728 0.48 <0.05 0.26 0.91 
Cat: Category of the independent variable; ; β: Coefficient; CI95%: 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
3
/κl). 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

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; β: Coefficient; SE: Standard error; CI95%: 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
3
/κl). 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

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; β: Coefficient; SE: Standard error; CI95%: 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
3
/κl). 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

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; β: Coefficient; SE: Standard error; CI95%: 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
3
/κl). 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

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; β: Coefficient; SE: Standard error; CI95%: 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
3
/κl). 

     CI95% 

Independent variables Cat. β SE Ρ 
Lower 

Bound 

Upper 

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; β: Coefficient; SE: Standard error; CI95%: 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
3
/κl). 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

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; β: Coefficient; SE: Standard error; CI95%: 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
6
/κl). 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

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; β: Coefficient; SE: Standard error; CI95%: 95% confidence interval; 

*
Continuous variable; Ref: 

Reference category; ns: not significant 
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Table S43. The effects of serological pattern, breed, age, and BCS on hemoglobin concentration (g/dl). 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

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; β: Coefficient; SE: Standard error; CI95%: 95% confidence interval; 

*
Continuous variable; Ref: 

Reference category; ns: not significant 
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Table S44. The effects of serological pattern, breed, age, and BCS on red cell distribution standard deviation (fL). 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios  1.79 0.638 <0.01  0.54 3.05 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

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; β: Coefficient; SE: Standard error; CI95%: 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/l). 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios -0.38 0.226 ns -0.82  0.07 

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; β: Coefficient; SE: Standard error; CI95%: 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
9
/l). 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios -20.37 17.223 ns -54.28 13.53 

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; β: Coefficient; SE: Standard error; CI95%: 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
3
/κl). 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

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; β: Coefficient; SE: Standard error; CI95%: 95% confidence interval; 

*
Continuous variable; Ref: 

Reference category; ns: not significant 

 

 

 

 

 

 

 

 

 

 

 

 



239 
 

Table S49. The effects of infection patterns, breed, age, and BCS on hemoglobin concentration (g/dl). 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

Bound 

Breed 
Chios  0.39 0.290 ns -0.18  0.96 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

     CI95% 

Independent variables Cat. β SE P 
Lower 

Bound 

Upper 

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; β: Coefficient; SE: Standard error; CI95%: 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. 

 
Photo 1. The studied animals on farm D. 

 
Photo 2. The studied animals on farm C. 
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Photo 3. The studied animals on farm B. 

 
Photo 4. Physical examination of the studied animals on farm A. 
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Photo 5. The shed for artificial lamb rearing on farm C. 

 
Photo 6. The milk machine for artificially lamb rearing on farm C. 
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Photo 7. Milk measurement and milk sampling on farm C. 
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Photo 8. The shed for artificial lamb rearing on farm B. 

 
Photo 9. Equipment used for the pasteurization 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 11.Physical examination of the studied animals on Farm B. 

 
Photo 12. Milk measurement and milk sampling on farm B. 
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(a) 

 
(b) 

Photo 13. Blood sampling (a) and blood samples stored and transferred under refrigeration 

(b) on farm A.  
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Photo 14. Chemical milk analysis in milk samples from the studied animals. 

 
Photo 15. Measurement of somatic cell counts in milk samples from the studied 

animals. 
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Photo 16. Occurrence of arthritis in a SRLV infected ewe of the study. 

 
Photo 17. The “hard udder” syndrome in a SRLV 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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(a) 

 
(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. 


