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Abstract

be verified in additional sheep breeds.

Maedi-visna, a disease caused by small ruminant lentiviruses (SRLVs), is present in sheep from many countries, also
including Germany. An amino acid substitution (E/K) at position 35 of the transmembrane protein 154 (TMEM154) as
well as a deletion in the chemokine (C-C motif) receptor type 5 gene (CCR5) were reported to be associated with the
serological MV status and/or the SRLV provirus concentration in North American sheep populations. The aim of this
study was to test if those two gene variants might be useful markers for MV susceptibility in Germany. For this pur-
pose, more than 500 sheep from 17 serologically MV positive German sheep flocks with different breed backgrounds
were genotyped applying PCR-based methods. Both, crosstab and non-parametric analyses showed significant
associations of the amino acid substitution at position 35 of TMEM 154 with the serological MV status (cut-off-based
classification) and the median MV ELISA S/P value in all samples and in two of the four analyzed breed subsets. The
deletion in the CCR5 promoter did not show a consistent association with serological MV status or median ELISA

S/P value. It can be concluded that the amino acid substitution at position 35 of TMEM154 is a promising marker for
breeding towards a lower number of serologically MV positive sheep in German flocks, at least in flocks of the Texel
breed, while this remains questionable for the deletion in the CCR5 promoter. The findings of this study still need to

Introduction

Small ruminant lentiviruses (SRLVs) belong to the fam-
ily Retroviridae and cause diseases called maedi-visna
(MV) in sheep and caprine arthritis encephalitis (CAE)
in goats. Maedi-visna is widespread in sheep from many
countries around the world. No European country except
for Iceland can be considered to be free of SRLV infection
[1]. The disease is also substantially spread among sheep
flocks in Germany [2]. There is no cure for the chronic
disease caused by SRLVs, which includes symptoms
such as pneumonia, wasting, mastitis, arthritis and pro-
gressive paralysis [3]. A vaccine preventing SRLV infec-
tion has not been developed yet [4]. Production losses
stem from lamb mortality, lower lamb weights and milk
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production from older infected ewes [5, 6], early culling
[1] and export restrictions [7]. The significant economic
losses have led to the development of control programs
in Europe and elsewhere which commonly include sepa-
ration of lambs from dams at birth to prevent virus trans-
mission and test/cull methods. Although they can be
successful [1], these methods are neither cost-effective
[8] nor sustainable, as SRLV-free flocks are still suscep-
tible to infection if exposed to other infected sheep or
goats [9].

Due to these limitations of conventional strategies
for the control of SRLV infections, a genetically based
approach would be favorable. However, significant evi-
dence for host genetic variation of resistance/susceptibil-
ity is a basic requirement for such a strategy [10]. Indeed,
there is a confirmed genetic predisposition to resist SRLV
infection at different levels among and within breeds
[11-14].
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The apparent differences in MV susceptibility between
sheep breeds led to studies on possibly associated host
genetic variation and finally to the detection of variants
in several genes (e.g. TMEM154, CCRS5, MHC, ZNF389,
TLRs and APOBEC3) showing association with param-
eters of MV susceptibility [15—17]. Specifically, variants
in the genes coding for transmembrane protein type 154
(TMEM154) and chemokine (C-C motif) receptor type
5 (CCRS) have been reported to be associated with the
serological status and/or the provirus concentration of
sheep in MV affected US sheep flocks [18, 19].

After the initial discovery of a possible involvement of
TMEM154 in the genetic control of MV susceptibility
by genome-wide association studies, several polymor-
phic positions were identified in the coding region of this
gene. Two TMEM 154 haplotypes, both carrying a nucle-
otide coding for glutamate (E) at amino acid position 35
of the TMEM154 protein were associated with suscepti-
bility to SRLV infection (as determined by the serological
MV status of sheep), whereas a third haplotype, carry-
ing a nucleotide coding for lysine (K) at position 35 was
not [19]. This association was confirmed in additional
cohorts in the same and in other studies [20, 21], but to
our knowledge until now has not been tested in sheep
populations outside of North America.

Approaching potential genetic factors for MV suscep-
tibility from a different point of view, existing data in
diverse species indicated that CCRS5 could be a candi-
date gene for resistance to various pathogens [16, 22-27].
Even more important in the context of this study is that
humans carrying CCR5 variants seem not to acquire
human immunodeficiency virus (HIV) [28-30], the best-
explored lentivirus. Based on this knowledge, White et al.
[18] analyzed the CCRS variation in sheep and tested a
4-base promoter deletion for association with proviral
levels of SRLV in sheep. Individuals carrying two copies
of the mutant variant (deletion) had significantly reduced
proviral levels [18].

Thus, the amino acid substitution at position 35 of
TMEM154 as well as the CCRS promoter deletion are
promising candidates as selection tools to decrease MV
susceptibility in sheep. However, once a genetic asso-
ciation with pathogen resistance has been detected in a
population and/or country, the practical relevance of the
identified genetic marker(s) cannot be generalized. In
other populations and/or countries, variations in patho-
gen strains, host breeds, and environmental conditions
may impair the effect of the identified variant(s). In this
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respect, the repeated testing in different animal sets is
necessary and can confirm or disprove a proposed can-
didate gene [17]. Therefore, the aim of this study was
to test if the amino acid substitution at position 35 of
TMEM154 as well as the CCR5 promoter deletion could
be useful markers for selection against MV susceptibility
in the German sheep population. We report the results of
the analysis of their association with the serological MV
status and median MV ELISA S/P value of more than 500
sheep from 17 MV positive German sheep flocks with
different breed backgrounds.

Materials and methods

Collection of animal samples

A total of 656 sheep from 23 German sheep flocks were
sampled between 2014 and 2016 to evaluate the serologi-
cal MV status. From the oldest ewes (minimum age was
4 years) of each flock whole blood samples were drawn
from the jugular vein into 9 mL EDTA monovettes. In
order to get a higher number of samples, in one flock
(which was of special interest because it contained two
pure breeds), samples were collected from all ewes with a
minimum age of 3 years (few samples from even younger
ewes) and also from rams older than 4 years. The sam-
pled sheep flocks were located in the German states
Schleswig-Holstein, Nordrhein-Westfalen, Mecklenburg-
Vorpommern, Hessen and Baden-Wiirttemberg. Only
samples from flocks with serologically MV positive sheep
were genotyped and included into association analyses,
and divided into four sample sets (breed subsets) accord-
ing to their breed background.

Serological testing for MV status

The plasma was separated by centrifugation at 3000 g
for 10 min and stored at —20 °C. Plasma samples were
shipped to the laboratory of the Animal Health Service
of Thiringen (Jena, Germany) for serological testing
with an enzyme-linked immunosorbent assay (ELISA)
(IDEXX CAEV-MVV Total Ab ELISA, IDEXX GmbH,
Ludwigsburg, Germany), according to the manufacturer’s
instructions. This ELISA is one of three ELISA tests offi-
cially approved for SRLV diagnosis in sheep and goats by
the German licensing authority [Friedrich-Loeftler-Insti-
tute (FLI), Federal Research Institute for Animal Health,
Island of Riems, Germany].

According to the guidelines of the used ELISA kit, the
cut-off value is defined based on the corrected optical
density (OD) at a wavelength of 450 nm ratio of sample to
positive control (S/P):

mean OD 450 value of the sample — mean OD 450 value of the negative controls

S/P =100x

mean OD 450 value of the positive controls — mean OD 450 value of the negative controls
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Samples were considered as serologically MV nega-
tive with an S/P value <110% and recorded as positive
with an S/P value > 120%. Suspicious results were in the
range between 110 and 120% and excluded from further
analyses.

Genotyping of TMEM154 and CCR5 variants

After plasma separation, residual blood was stored at
—20 °C until extraction of genomic DNA using a modi-
fied salting out method [31].

The KASP technology (LGC, Hoddesdon, UK) was
used for genotyping a nucleotide substitution in the
coding region of TMEMI154 (Ovis aries chromosome
17, Oar_v4.0, NC_019474.2:g.4860407G>A), result-
ing in the substitution of the ancestral glutamic acid (E)
with lysine (K) at position 35 of the mature protein. For
this purpose, a common forward primer and two allele-
specific primers were designed and synthesized by LGC
(primer details are given in Additional file 1). Polymer-
ase chain reactions (PCR) including the respective prim-
ers, the KASP master mix and 50 ng DNA were set up
as recommended by LGC. PCR amplification was done in
a Bio-Rad CFX96 thermal cycler (Bio-Rad Laboratories,
Miinchen, Germany) under the following conditions:
initial denaturation at 94 °C for 15 min, 10 touchdown
cycles at 94 °C for 20 s, 61-55 °C (decreasing 0.6 °C per
cycle) for 1 min, and 26 cycles at 94 °C for 20 s and 50 °C
for 1 min, followed by a final cycle at 37 °C for 1 min.
Fluorescence measurement and end point allelic discrim-
ination were done in the same instrument and with the
included software (CFX Manager 3.1).

Fragment-length analysis was used for determination
of the presence or absence of a deletion in the promoter
region of CCRS (Ovis aries chromosome 19, Oar_v4.0,
NC_019476.2:2.52961717_52961714del AATG, minus
strand). The reverse primer of the selected primer pair
was fluorescence-labeled (primer details are given in
Additional file 1). PCR reactions were performed in a
final volume of 15 pL containing 20-70 ng of template
DNA, 10 pmol of each primer, 2 mM dNTPs, 1x Go Taq
Flexi PCR buffer and 0.5 units Go Taq Polymerase (Pro-
mega, Mannheim, Germany). The following PCR condi-
tions were used: initial denaturation at 95 °C for 1.5 min,
followed by 30 cycles at 95 °C for 15 s, 52 °C for 15 s and
72 °C for 15 s, and a final extension at 72 °C for 5 min.
Fragment-length analysis of denaturated PCR products
was done with an ABI 3130 automated sequencer and
the software GeneMapper version 4.0 as recommended
by the manufacturer (Applied Biosystems, Darmstadt,
Germany).

Both genotyping methods were tested for their accu-
racy by a comparison of assay-derived genotypes with
the results of direct Sanger sequencing. For this purpose,
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PCR products including the genotyped variants were
amplified and sequenced (primer details are given in
Additional file 1).

Statistical analyses
The SPSS program (version 23.0) for Windows (IBM
SPSS Statistics, Armonk, NY: IBM Corp) was used for
statistical analyses.

The independent segregation of alleles was assessed
for Hardy—Weinberg equilibrium (HWE) by using Fish-
er’s exact test. Differences in the distribution of allele
and genotype frequencies between groups of serologi-
cally MV negative and positive samples were tested by
Fisher’s exact test (when expected values were < 5) or x>
test. Consistent with a dominant effect of the risk allele
and a recessive effect of the protective allele, frequencies
of genotypes with one or two copies of the putative risk
allele (TMEM154 E, or the wild type variant of the CCR5
promoter) were combined.

The Shapiro—Wilk’s test [32] was used to check whether
ELISA S/P values were normally distributed. ELISA S/P
values were described using median and interquartile
range (IQR). Independent sample nonparametric analysis
using median test was performed to compare ELISA S/P
values of groups. For multiple comparisons, the thresh-
old for significance was corrected using Bonferroni’s
correction.

The relative risk (RR) to be serologically MV positive
(in a MV affected flock) was estimated for animals car-
rying one and/or two copies of the putative susceptible
allele (risk factor) with the method of Altman [33] using
the following equation:

_a/@ +b)
- c/(c+d)

where a is the number of serologically MV positive indi-
viduals carrying the risk factor, b is the number of sero-
logically MV negative individuals carrying the risk factor,
¢ is the number of serologically MV positive individuals
carrying no risk factor, and d is the number of serologi-
cally MV negative individuals carrying no risk factor.

Results

Serological MV status of sampled flocks and breed
composition of MV positive flocks

A total of 656 samples from 23 flocks, originating from
five German states, were sampled and serologically tested
for MV status. Samples from 11 sheep with MV ELISA
S/P values between 110 and 120% were excluded from all
analyses. Details on state of origin, breed composition,
sample numbers and percentage of serologically MV pos-
itive samples for each flock are given in Additional file 2.
In six of these flocks, all tested samples (n=115) were
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serologically negative. The ELISA S/P values of samples
from these six flocks, which were not included in further
analyses, ranged from 0.43 to 72.73% with a median of
9.69% and interquartile range from 6.23 to 16.32%.

In contrast, in the other 17 sampled sheep flocks,
a minimum of 10% up to 100% of the collected sam-
ples showed ELISA S/P values higher than 120%. These
flocks were considered to be MV affected and assigned
to four breed subsets according to the breed composition
(details in Additional file 2). Subset 1 (TEX-x) included
samples from 15 different flocks which all consisted of
purebred and/or crossbred German Texel sheep (flocks
1-12 and 14-16a). Subsets 2—4 included samples from
single flocks each, with purebred German Blackheaded
Mutton (GBM) in subset 2, purebred and crossbred
Merinoland sheep (MLS-x) in subset 3, and East Friesian
milk and Lacaune sheep and the respective cross-breeds
(EFM-LAC) in subset 4 (flocks 16b, 22, 23, respectively).
The Texel and German Blackheaded Mutton sheep from
flocks 16a (part of subset 1) and 16b (subset 2) were kept
together.

In all 17 MV affected flocks, ELISA S/P values ranged
from —6.34 to 109.65% in the group of serologically
negative samples (#=207) and from 121.89 to 328.63%
in the group of serologically positive samples (n=323).
More descriptive MV-ELISA S/P data, including each
breed subset, are given in Additional file 3. The Shap-
iro—Wilks test for normality showed a significant devia-
tion of the ELISA S/P values from normal distribution in
serologically negative and positive sheep in all samples
and within breed subsets, except for the small group of
serologically positive GBM (subset 2). In positive samples
it was right-skewed (medians higher than means) and in
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negative samples it was left-skewed (medians lower than
means).

Frequencies of putative risk/protective alleles
and genotypes of TMEM154 and CCR5 in serologically MV
positive and negative sheep
In all genotyped samples from 17 MV affected flocks,
the putative protective allele (K) and the risk allele (E) at
amino acid position 35 of TMEM154 were observed at
frequencies of 48 and 52%, respectively. Deviation from
the Hardy—Weinberg equilibrium was only observed
for breed subset 3 (MLS-x). In the breed subsets GMB,
MLS-x and EFM-LAC the K allele was more frequent
(63, 80 and 68%, respectively), whereas in the subset
TEX-x it was less frequent (33%) than the E allele.

Comparing groups of serologically MV negative and
positive sheep for the TMEM 154 variation, in all samples
and in all four breed subsets, frequencies of the protective
allele (K) and genotype (KK) were higher in serologically
MV negative sheep than in serologically MV positive
sheep (Table 1). Vice versa, frequencies of the risk allele
(E) and the risk genotypes (EK and EE) were higher in
MYV positive sheep. These differences between groups of
MV negative and positive sheep, either for comparison
of the putative protective allele against the risk allele, or
the protective genotype against the risk genotypes, were
statistically significant in all samples. Concerning breed
subsets, this association was significant in TEX-x and
EFM-LAC, narrowly missed the significance threshold in
MLS-x, and was not significant at all in the GMB subset
(Table 1).

In all genotyped samples from 17 MV affected flocks,
the putative protective CCR5 promoter deletion was

Table 1 TMEM154 E/K allele and genotype frequencies in serologically MV positive and negative sheep

Breed subset MV status TMEM154 allele frequency Pvalue TMEM154 genotype frequency Pvalue
(n chromosomes)
(n sheep) (n sheep) (n sheep) (n sheep)
K E KK EK, EE
All (527) Negative (206) 0.65 (268) 0.35(144) <0.001 0.48 (100) 0.52 (106) <0.001
Positive (321) 0.36 (233) 0.64 (409) 0.15 (47) 0.85 (274)
TEX-x (341) Negative (95) 048 (92) 0.52 (98) <0.001 0.30 (29) 0.70 (66) <0.001
Positive (246) 0.26 (130) 0.74 (362) 0.04 (9) 0.96 (237)
GBM (39) Negative (35) 0.66 (46) 0.34 (24 0.140 040 (14) 0.60 (21) 0.277
Positive (4) 037 (3) 063 (5 0.00 (0) 1.00 (4)
MLS-x (125) Negative (62) 0.85 (105) 0.15(1 0.067 0.74 (46) 0.26 (16) 0.067
Positive (63) 0.75 (95) 0.25 (31) 0.59 (37) 041 (26)
EFM-LAC (22) Negative (14) 0.89 (25) 0113 0.001 0.79(11) 021(3) 0.006
Positive (8) 0.31(5) 0.69(11) 0.13 (1) 0.87 (7)

TEX-x: purebred and crossbred German Texel sheep, GBM: purebred German Blackheaded Mutton sheep, MLS-x: purebred and crossbred Merinoland sheep, EFM-LAC:

East Friesian milk and Lacaune sheep and crosses of both breeds.
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observed at a relatively low frequency of about 16%. Its
frequency was even lower in the breed subsets EFM—
LAC (10%) and TEX-x (11%), whereas it was higher in
MLS-x (21%) and GBM (40%). No deviation from the
Hardy—Weinberg equilibrium was found for CCRS geno-
type frequencies in all samples and in breed subsets.

In all sheep as well as in the breed subsets TEX-x and
EFM-LAC, the putative protective allele (del), as well as
the putative protective genotype (del/del) of the CCRS5
promoter occurred at higher frequencies in the MV neg-
ative compared to the MV positive sheep (Table 2). How-
ever, the opposite situation was observed in the breed
subsets GBM and MLS-x, where this allele and geno-
type were observed more frequently in MV positive than
MV negative sheep. The differences in allele frequencies
between MV negative and positive samples were statisti-
cally significant in all samples, but not in any of the breed
subsets. In all samples and in all breed subsets, no sig-
nificant association with the serological MV status was
found for the putative protective and risk genotypes of
the CCRS5 promoter (Table 2).

Median MV ELISA S/P values of sheep with and

without putative risk alleles of TMEM154 and CCR5

For TMEM154, in all sheep and in all breed subsets,
except for GBM, the median ELISA S/P values of sheep
with risk allele (TMEM154 genotypes EE and EK) were
higher than the cut-off value (Figure 1, solid red line)
and varied around 190%. In contrast, in all sheep and in
all breed subsets, the median ELISA S/P values of sheep
without risk allele (carrying the genotype KK) were
lower than the cut-off value (Figure 1). In all sheep and
in subsets TEX-x and EFM-LAC, the median ELISA S/
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Ps of sheep with the protective genotype (KK) were lower
compared to the putative risk genotypes (EE or EK). In
detail, in all samples and in TEX-x and EFM-LAC breed
subsets, the median of S/P values from sheep with the
protective genotype (KK) were 13.76, 21.69 and 25.11
fold lower than those of sheep with risk genotypes (EK or
EE). These differences were not significant for the breed
subsets GBM and only approached statistical significance
(P=0.077) in MLS-x.

The median ELISA S/P value of sheep from the 6 MV
negative flocks is indicated in Figure 1 (black dotted line).
Interestingly, this median ELISA S/P value was not signif-
icantly different (pairwise comparisons revealed P> 0.05)
from those of sheep from the subsets GBM, EFM-LAC
and TEX-x, carrying no TMEM1I154 risk allele. In con-
trast, a noticeably high median ELISA S/P value (84.67%)
was observed in sheep from the subset MLX-x with this
genotype (KK). It differed significantly (P values of pair-
wise comparisons ranged from 0.023 to <0.001) from
those of sheep with the same genotype from other sub-
sets as well as from those of sheep from negative flocks.

Concerning sheep with and without CCR5 risk allele
(promoter deletion), the differences in median ELISA S/P
values in all sheep and in breed subsets did not reach sta-
tistical significance in any group (Additional file 4).

Relative risk to be serologically positive for sheep with and
without putative risk alleles of TMEM154 and CCR5

The relative risk to be serologically MV positive was cal-
culated for sheep carrying one or two copies of the puta-
tive risk allele (TMEM154: E at position 35, CCRS5: wild
type promoter sequence), and compared to that of sheep
carrying no risk allele. In the breed subgroups GBM and

Table 2 CCR5 promoter variant (wild type/deletion) allele and genotype frequencies in serologically MV positive and

negative sheep

Breed subset MV status CCR5 allele frequency Pvalue CCR5 genotype frequency Pvalue
(n chromosomes)
(n sheep) (n sheep) (n sheep) (n sheep)
del wt del/del del/wt, wt/wt
All (521) Negative (206) 0.19(77) 0.81(335) 0.021 0.04 (8) 0.96 (198) 0519
Positive (315) 0.13 (85) 0.87 (545) 0.03(9) 0.97 (306)
TEX-x (337) Negative (96) 0.14 (26) 0.86 (166) 0.177 0.02(2) 0.98 (94) 0.321
Positive (241) 0.10 (49) 0.90 (433) 001 (2) 0.99 (239)
GBM (39) Negative (35) 0.37 (26) 0.63 (44) 0.253 1(4) 0.89(31) 0.321
Positive (4) 063 (5) 037(3) 025 (1) 0.75(3)
MLS-x (125) Negative (62) 0.17 (21) 0.83 (103) 0.135 0.02 (1) 098 (61) 0.114
Positive (63) 0.25(31) 0.75(95) 0(6) 0.90 (57)
EFM-LAC (20) Negative (13) 0.15 (4) 0.85(22) 0278 0.08 (1) 092(12) 1.000
positive (7) 0.00 (0) 1.00 (14) 0.00 (0) 1.00 (7)

del: deletion, wt: wild type, TEX-x: purebred and crossbred German Texel sheep, GBM: purebred German Blackheaded Mutton sheep, MLS-x: purebred and crossbred
Merinoland sheep, EFM-LAC: East Friesian milk and Lacaune sheep and crosses of both breeds.
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TMEM154 risk allele (E), in all sheep and in breed subsets. P values are resulting from nonparametric analyses comparing median MV ELISA
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Texel sheep, GBM purebred German Blackheaded Mutton sheep, MLS-x: purebred and crossbred Merinoland sheep, EFM-LAC: East Friesian milk and
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Table 3 Relative risk of infection in sheep with one or two
copies of the TMEM154E allele

Breed subset Parameters TMEM154 genotypes
EE, EK vs. KK
All Relative risk 2.255
95% Cl 1.767-2.878
Pvalue <0.001
TEX-x Relative risk 3.302
95% Cl 1.860-5.862
Pvalue <0.001
MLS-x Relative risk 1.389
95% Cl 0.991-1.945
Pvalue 0.056

Cl: confidence interval, TEX-x: purebred and crossbred German Texel sheep, MLS-
x: purebred and crossbred Merinoland sheep.

EFM-LAC, zero observations in serologically MV posi-
tive or negative groups produced large confidence inter-
vals. Therefore, this analysis was only done in all sheep
and for the two larger breed subsets, TEX-x and MLS-x
(Table 3). In all samples and in the breed subgroup TEX-
x, sheep carrying at least a single copy of the TMEM154
risk allele had a significantly higher risk to be sero-
logically MV positive than sheep with the KK genotype

(relative risk of 2.26 and 3.30, respectively). Within the
breed subset MLS-x, the relative risk to be serologically
MV positive for sheep carrying one or two copies of the
TMEM154 risk allele was only 1.38. Moreover, the P
value narrowly missed the significance threshold in this
breed subset (Table 3).

A significant difference in the relative risk to be sero-
logically MV positive for sheep with one or two copies of
the CCRS5 promoter wild type allele, compared to sheep
without this putative risk factor, was only observed for
the breed subset MLS-x. However, in this subset, the
risk for sheep to be serologically positive with one or two
copies of the putative risk allele was about half (0.56-fold)
of that of sheep without this allele (Additional file 5).

Discussion

This study aimed at evaluating the association of
sequence variants in two candidate genes for MV sus-
ceptibility (TMEM154 and CCRS) with serological MV
infection status (cut-off-based classification) as well as
with ELISA values (S/P ratio) in German sheep flocks.
For this purpose, samples were collected from sheep
flocks already known, or suspected to be MV affected,
without considering their breed background. It was
remarkable but not unexpected that the great major-
ity (15 out of 17) of the MV positive flocks contained
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purebred and/or crossbred sheep of the breed Texel
(TEX-x), allowing clustering of these samples into the
largest breed subset for following analyses. This high
proportion of MV positive TEX-x flocks among the sam-
pled flocks may be explained on the one hand by the fact
that Texel is the dominating breed in commercial sheep
flocks in Northern Germany, where most flocks for this
study were sampled. On the other hand, it should also be
taken into consideration that the Texel breed is known
for high MV susceptibility, based on both seroconversion
rates and number of sheep showing clinical signs in an
infected flock [13]. In the past it was suspected that this
cosmopolitan breed might be responsible for the intro-
duction of MV into some previously MV-free countries,
e.g. Great Britain [11, 13]. One of the other breed subsets
of this study included sheep from two milk sheep breeds,
East Friesian milk and Lacaune, and their crosses (EFM—
LAC). In Germany, the breeds Texel and East Friesian
milk are targeted in regional or federal MV monitoring
and eradication programs (e.g., via serological testing
and culling). Also in other countries, East Friesian milk
sheep were observed to be higher susceptible to MV than
other breeds [12]. In a German study on MV seropositive
sheep of the breeds Texel, Finnsheep, Ile the France and
Merinoland, sheep of all breeds except for Merinoland
developed clinical signs of disease [13].

In all samples from 17 MV affected German sheep
flocks, both crosstab and non-parametric analyses
showed a significant association between the amino
acid substitution at position 35 of TMEM154 and both
the serological MV status (cut-off-based classification)
and the median ELISA S/P value. More precisely, the
TMEM154 genotype KK was associated with a lower
number of serologically MV positive sheep and with
a lower median ELISA S/P value, whereas for sheep
with one or two copies of the E allele, the situation was
reversed. The same was observed for the breed subsets,
partly with an even more explicit effect of the genotype
KK. However, this was not statistically significant in
the breed subsets GBM and MLS-x. For the GBM sub-
set, the missing significant association can be explained
by the very low number of serologically positive sheep
(four out of 39 sheep). It is of interest that these pure-
bred GBM sheep were kept together with purebred TEX
sheep (Additional file 2, flocks 16b and 16a, respectively).
Among the TEX sheep of this flock, a noticeably higher
proportion (65%) was serologically MV positive. As sheep
of similar ages were compared and kept in the same, rela-
tively small flock, different environmental factors can be
neglected. Hence, the different genetics of the two breeds,
e.g., different frequencies of protective or risk alleles, is
the most likely reason for the observed difference in the
proportion of serologically MV positive sheep. In fact,
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the frequency of sheep carrying the TMEM154 genotype
KK was 40% among the GBM and 0% among the TEX
sheep of this flock.

In the breed subset MLS-x, the association of
TMEMI154 E/K with serological MV status and
median ELISA S/P value was not significant either
but approached the significance threshold. A remark-
ably high frequency of MV seropositive sheep with the
genotype KK was observed in this breed subset (47%),
compared to 24% in TEX-x, 8% in EFM-LAC and 0%
in GBM. This was also illustrated by a notably higher
median ELISA S/P value in sheep with the KK genotype
of this subset compared with the other breed subsets
as well as with the median ELISA value of MV nega-
tive flocks (Figure 1). It has been shown in other studies
that the KK genotype is not fully protective. In a previ-
ous study [19], about 26% of sheep carrying two K alleles
were seropositive. Several factors may influence the pro-
portion of seropositive sheep with this genotype in a
MYV positive flock, such as viral dose, route of infection,
additional host risk factors (e.g., animal crowding, other
breed-specific genetic factors), presence of a distinct and/
or more than one SRLV strain(s) or subtype(s), and coin-
fection with another disease at the same time [19, 20, 34].
Sider et al. [34] reported different odds of infection for
sheep carrying the same TMEM 154 E35K genotypes, but
infected with different SRLV genotypes, postulating that
not only the host but also the SRLV genotype affects the
relative risk of infection in sheep. Hence, an (additional)
infection with an SRLV strain or subtype that is different
from the virus strain(s) or subtype(s) circulating in the
other analyzed flocks could be the reason for the higher
percentage of seropositive sheep with the KK genotype
in the MLS-x flock compared to the other subsets. Until
now, no information has been available on virus subtypes
or strains circulating in the German sheep population.
In a follow-up study, the samples collected in this study,
together with additional samples from other German
regions, should be used for genotyping and characteriza-
tion of virus strains. On the one hand, this would make
it possible to test for a virus subtype-dependent associa-
tion of host gene variants with susceptibility or resistance
to infection. On the other hand, this is a prerequisite to
establish more precise tools for phenotyping the MV
infection status of the German sheep population.

In all samples, sheep with one or two copies of the E
allele of TMEM154 had a relative risk of 2.26 to be sero-
logically MV positive. This is comparable to another
study [19] in which the relative risk of infection for sheep
carrying one or two copies of the TMEM154 risk haplo-
types (haplotypes including E at position 35) varied from
1.27 to 5.30 between cohorts (populations with different
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breed background, age at sampling and seroprevalence)
with an overall relative risk of 2.85.

In this study, the deletion in the CCRS promotor did
not show a consistent association with serological MV
status or median ELISA S/P values. The main reason
might be the low number of sheep carrying two copies
of the CCRS promoter deletion (only 17 out of 521 geno-
typed sheep). For sheep carrying one or two copies or the
CCRS promoter wild type, a significant difference in the
relative risk to be serologically MV positive compared to
sheep with the promoter deletion was only found in the
breed subgroup MLS-x. Unexpectedly, in this subset, the
relative risk was higher for sheep carrying two copies of
the putative protective allele (deletion) than for sheep
carrying one or two copies of the putative risk allele
(wild type). Hence, the direction of the association was
opposed to that observed in a US sheep flock originating
from Idaho [18], but consistent with results in a US sheep
flock from Iowa [20]. It should be reconsidered that in
the study of White et al. [18], a different phenotype was
used for association analysis with CCRS (proviral load). It
is possible that different susceptibility phenotypes (here
antibody response and provirus load) are controlled in
part or completely by different host genes. At this point
it should be mentioned that, up to our knowledge, the
amino acid mutation at position 35 of TMEM154 is the
only genetic marker displaying association with both the
serological status as well as the proviral level regarding
MYV infection in sheep [19, 20].

It is also possible that the deletion in the CCRS
promoter is not directly influencing the analyzed
phenotype(s), but is linked with an unknown causal
genetic variant. In such a case, the allele which is linked
with the causal protective or risk allele can vary between
breeds and populations.

The present study was based on the collection of
samples in commercial German sheep flocks which
were tested for MV infection status by a common and
approved serological method. The median ELISA S/P
value of samples from 6 MV negative flocks was 9.69%
with a non-conservative approximate 95% confidence
interval (95% CI) of 1.78-52.30%. Hence, the recom-
mended cut-off value for the used ELISA (<110 negative,
> 120 positive) is approximately twofold the upper limit
of the confidence interval of the negative flocks. There-
fore, it is possible that some sheep which were classified
as serologically MV negative or doubtful in fact were
infected.
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A further limitation of this study may be the well-
known high genetic variability of the small ruminant
lentivirus, which is promoted by high mutation and
recombination rates during viral replication [35]. There-
fore, the diagnostic power of a MV ELISA can be limited
by the virus subtype(s) or strain(s) present in a flock.
The MV ELISA used in the present study is one of three
ELISAs which are approved for determination of SRLV
infection in sheep and goats by the German licensing
authority. In a comparison test including these three and
also other ELISAs used in other countries, the propor-
tion of samples from sheep with clinical MV symptoms
detected as serologically positive varied between the dif-
ferent ELISAs (Guinter Kotterba, German Friedrich-Loef-
fler-Institut (FLI), Federal Research Institute for Animal
Health, Island of Riems, Germany, personal communi-
cation). This may be due to differences in the sensitiv-
ity of ELISAs for certain virus strains or genotypes. For
instance, correct identification of SRLV strain E, which
is present in Italy and highly divergent from other SRLV
strains, strain-specific antigens had to be developed and
tested [36]. In a study on SRLVs in Jordan, where no
information on present SRLV genotypes was available,
the maximum of positive samples was found using three
different ELISA Kkits [37].

It can be concluded that the amino acid substitution
at position 35 of TMEM154 is a promising marker for
breeding towards a lower MV susceptibility (in terms of
a lower number of serologically positive sheep) in Ger-
many, at least in flocks based on the Texel breed, while
this remains questionable for the deletion in the CCR5
promoter. The presence of the protective TMEM 154 var-
iant in diverse sheep breeds all over the world indicates
that it is an old mutation and carried in a most likely quite
short haplotype. Therefore, the risk of associated negative
effects on other selection traits will be low. However, this
has to be monitored carefully during selection.

In consecutive analyses, the findings of this study
should be verified and possibly enlarged by including a
higher number of MV affected flocks of other breeds and
employing additional phenotyping tools, e.g., other MV
ELISA kits and methods for the measurement of provirus
load. In particular, a follow-up study employing genome-
wide association analysis in a higher number of samples
from MV affected Merinoland sheep might be able to
identify additional genetic variants with a breed-specific
impact on MV susceptibility.
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Additional files

Additional file 1. Primers used for genotyping and sequencing.

Additional file 2. Origin (German state), breed composition,
percentage of serologically MV-positive samples and classification
into breed subset for each sampled sheep flock.

Additional file 3. Numbers of serologically MV negative and posi-
tive sheep and description of MV ELISA S/P values (%) in all 177 MV
affected flocks and within breed subsets.

Additional file 4. Box plots depicting MV ELISA S/P values in sheep
carrying genotypes with (blue) and without (yellow) the putative
CCR5 promoter risk allele (wt), in all sheep and in breed subsets. P
values are resulting from nonparametric analyses comparing median MV
ELISA S/P values of groups. ns: not significant (P> 0.05). The black dotted
line indicates the median ELISA S/P value of sheep from six serologically
MV negative flocks (about 9%). Sheep with ELISA S/P values below 110%
(green dashed horizontal line) were considered serologically MV negative.
Sheep with ELISA S/P values over 120% (red solid line) were considered
serologically MV positive. wt: wild type; del: deletion; TEX-x: purebred and

crossbred German Texel sheep; GBM: purebred German Blackheaded Mut-

ton sheep; MLS-x: purebred and crossbred Merinoland sheep; EFM-LAC:
East Friesian Milk and Lacaune sheep and crosses of both breeds.

Additional file 5. Relative risk of infection in sheep with one or two

copies of the CCR5 promoter deletion.
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enzyme-linked immunosorbent assay; GBM: German Blackheaded Mutton

sheep; LAC: Lacaune sheep; MLS: Merinoland sheep; MV: maedi-visna; OD:
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of sample and mean OD of positive control; SRLV: small ruminant lentiviruses;

TEX: German Texel sheep; TMEM154: transmembrane protein 154.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

VM: contributed to genotyping of samples, carried out the statistical analyses

and wrote significant parts of the manuscript. ME: contributed to establish-
ment of genotyping methods, genotyping of samples and contributed to

data analysis. GL: designed the experiment, contributed samples, contributed

to establishment of genotyping methods, contributed to data analysis and

wrote significant parts of the manuscript. All authors read and approved the

final manuscript.

Acknowledgements

We thank Carina Crispens and Stephanie Steitz for their excellent technical
assistance. We are grateful to sheep farmers and veterinarians for getting
access to sheep samples and data.

Availability of data and materials

The datasets supporting the conclusions of this article are included within the

article and its Additional files.

Ethics approval and consent to participate
Collection of blood samples from sheep was done by trained veterinarians

(mostly from animal health services). The purpose of sampling was to test the
serological MV status of MV suspected flocks in order to decide on subsequent

veterinary measures and not for the purpose of this study. According to the

German animal protection law, this approach obviated the need for an explicit

ethics committee approval.

Funding

No funding has been received for the conduct of this study and preparation of

this manuscript.

Page 9 of 10

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 30 December 2017 Accepted: 3 April 2018
Published online: 19 April 2018

References

1.

20.

Peterhans E, Greenland T, Badiola J, Harkiss G, Bertoni G, Amorena

B, Eliaszewicz M, Juste RA, Krassnig R, Lafont JP, Lenihan P, Petursson

G, Pritchard G, Thorley J, Vitu C, Mornex JF, Pepin M (2004) Routes of
transmission and consequences of small ruminant lentiviruses (SRLVs)
infection and eradication schemes. Vet Res 35:257-274

Huttner K, Seelmann M, Feldhusen F (2010) Prevalence and risk factors
for Maedi-Visna in sheep farms in Mecklenburg-Western-Pomerania. Berl
Munch Tierarztl Wochenschr 123:463-467

Leroux C, Cruz JC, Mornex JF (2010) SRLVs: a genetic continuum of lentivi-
ral species in sheep and goats with cumulative evidence of cross species
transmission. Curr HIV Res 8:94-100

Blacklaws BA (2012) Small ruminant lentiviruses: immunopathogenesis of
visna-maedi and caprine arthritis and encephalitis virus. Comp Immunol
Microbiol Infect Dis 35:259-269

Keen JE, Hungerford LL, Littledike ET, Wittum TE, Kwang J (1997) Effect
of ewe ovine lentivirus infection on ewe and lamb productivity. Prev Vet
Med 30:155-169

Arsenault J, Dubreuil P, Girard C, Simard C, Belanger D (2003) Maedi-visna
impact on productivity in Quebec sheep flocks (Canada). Prev Vet Med
59:125-137

Reina R, Berriatua E, Lujan L, Juste R, Sanchez A, de Andres D, Amorena

B (2009) Prevention strategies against small ruminant lentiviruses: an
update. Vet J 182:31-37

Houwers DJ (1990) Economic importance, epidemiology and control. In:
Petursson G, Hoff-Jorgensen R (eds) Maedi-visna and related diseases.
Kluwer Academic Press, Boston, pp 83-117

Gjerset B, Rimstad E, Teige J, Soetaert K, Jonassen CM (2009) Impact

of natural sheep-goat transmission on detection and control of small
ruminant lentivirus group C infections. Vet Microbiol 135:231-238

Davies G, Genini S, Bishop SC, Giuffra E (2009) An assessment of opportu-
nities to dissect host genetic variation in resistance to infectious diseases
in livestock. Animal 3:415-436

. Keen JE, Hungerford LL, Wittum TE, Kwang J, Littledike ET (1997) Risk

factors for seroprevalence of ovine lentivirus in breeding ewe flocks in
Nebraska, USA. Prev Vet Med 30:81-94

. Schaller P, Vogt HR, Strasser M, Nettleton PF, Peterhans E, Zanoni R (2000)

Seroprevalence of maedi-visna and border disease in Switzerland. Sch-
weiz Arch Tierheilkd 142:145-153 (in German)

. Straub OC (2004) Maedi-Visna virus infection in sheep. History and pre-

sent knowledge. Comp Immunol Microbiol Infect Dis 27:1-5

. Herrmann-Hoesing LM, White SN, Mousel MR, Lewis GS, Knowles DP

(2008) Ovine progressive pneumonia provirus levels associate with breed
and Ovar-DRB1. Immunogenetics 60:749-758

. Stonos N, Wootton SK, Karrow N (2014) Immunogenetics of small rumi-

nant lentiviral infections. Viruses 6:3311-3333

. Larruskain A, Jugo BM (2013) Retroviral infections in sheep and goats:

small ruminant lentiviruses and host interaction. Viruses 5:2043-2061

. White SN, Knowles DP (2013) Expanding possibilities for intervention

against small ruminant lentiviruses through genetic marker-assisted
selective breeding. Viruses 5:1466-1499

. White SN, Mousel MR, Reynolds JO, Lewis GS, Herrmann-Hoesing LM

(2009) Common promoter deletion is associated with 3.9-fold differential
transcription of ovine CCR5 and reduced proviral level of ovine progres-
sive pneumonia virus. Anim Genet 40:583-589

. Heaton MP, Clawson ML, Chitko-Mckown CG, Leymaster KA, Smith TP,

Harhay GP, White SN, Herrmann-Hoesing LM, Mousel MR, Lewis GS, Kalb-
fleisch TS, Keen JE, Laegreid WW (2012) Reduced lentivirus susceptibility
in sheep with TMEM 154 mutations. PLoS Genet 8:21002467

Alshanbari FA, Mousel MR, Reynolds JO, Herrmann-Hoesing LM, Highland
MA, Lewis GS, White SN (2014) Mutations in Ovis aries TMEM 154 are


https://doi.org/10.1186/s13567-018-0533-y
https://doi.org/10.1186/s13567-018-0533-y
https://doi.org/10.1186/s13567-018-0533-y
https://doi.org/10.1186/s13567-018-0533-y
https://doi.org/10.1186/s13567-018-0533-y

Molaee et al. Vet Res (2018) 49:36

21

22.

23.

24,

25.

26.

27.

28.

associated with lower small ruminant lentivirus proviral concentration in
one sheep flock. Anim Genet 45:565-571

Leymaster KA, Chitko-McKown CG, Clawson ML, Harhay GP, Heaton MP
(2013) Effects of TMEM154 haplotypes 1 and 3 on susceptibility to ovine
progressive pneumonia virus following natural exposure in sheep. J Anim
Sci91:5114-5121

Connor RI, Sheridan KE, Ceradini D, Choe S, Landau NR (1997) Change

in coreceptor use correlates with disease progression in HIV-1-infected
individuals. J Exp Med 185:621-628

Dawson TC, Beck MA, Kuziel WA, Henderson F, Maeda N (2000) Contrast-
ing effects of CCR5 and CCR2 deficiency in the pulmonary inflammatory
response to influenza A virus. Am J Pathol 156:1951-1959

Hull J, Rowlands K, Lockhart E, Moore C, Sharland M, Kwiatkowski D
(2003) Variants of the chemokine receptor CCR5 are associated with
severe bronchiolitis caused by respiratory syncytial virus. J Infect Dis
188:904-907

Kaslow RA, Dorak T, Tang JJ (2005) Influence of host genetic variation on
susceptibility to HIV type 1 infection. J Infect Dis 191(Suppl 1):568-S77
Thio CL, Astemborski J, Bashirova A, Mosbruger T, Greer S, Witt MD,
Goedert JJ, Hilgartner M, Majeske A, O'Brien SJ, Thomas DL, Carrington
M (2007) Genetic protection against hepatitis B virus conferred by
CCR5Delta32: evidence that CCR5 contributes to viral persistence. J Virol
81:441-445

Lim JK, Louie CY, Glaser C, Jean C, Johnson B, Johnson H, McDermott DH,
Murphy PM (2008) Genetic deficiency of chemokine receptor CCR5 is a
strong risk factor for symptomatic West Nile virus infection: a meta-analy-
sis of 4 cohorts in the US epidemic. J Infect Dis 197:262-265

Dean M, Carrington M, Winkler C, Huttley GA, Smith MW, Allikmets R,
Goedert JJ, Buchbinder SP, Vittinghoff E, Gomperts E, Donfield S, Vlahov
D, Kaslow R, Saah A, Rinaldo C, Detels R, O'Brien SJ (1996) Genetic restric-
tion of HIV-1 infection and progression to AIDS by a deletion allele of the
CKR5 structural gene. Science 273:1856-1862

29.

30.

32.

33

34.

35.

36.

37.

Page 10 of 10

Liu R, Paxton WA, Choe S, Ceradini D, Martin SR, Horuk R, MacDonald ME,
Stuhlmann H, Koup RA, Landau NR (1996) Homozygous defect in HIV-1
coreceptor accounts for resistance of some multiply-exposed individuals
to HIV-1 infection. Cell 86:367-377

Samson M, Libert F, Doranz BJ, Rucker J, Liesnard C, Farber CM, Saragosti
S, Lapoumeroulie C, Cognaux J, Forceille C, Muyldermans G, Verhofstede
C, Burtonboy G, Georges M, Imai T, Rana S, Yi'Y, Smyth RJ, Collman RG,
Doms RW, Vassart G, Parmentier M (1996) Resistance to HIV-1 infection

in caucasian individuals bearing mutant alleles of the CCR-5 chemokine
receptor gene. Nature 382:722-725

. Montgomery GW, Sise JA (1990) Extraction of DNA from sheep white

blood-cells. N Z J Agric Res 33:437-441

Shapiro SS, Wilk MB (1965) An analysis of variance test for normality
(complete samples). Biometrika 52:591-611

Altman DG (1990) Practical statistics for medical research. Chapman and
Hall, London

Sider LH, Heaton MP, Chitko-McKown CG, Harhay GP, Smith TP, Leymaster
KA, Laegreid WW, Clawson ML (2013) Small ruminant lentivirus genetic
subgroups associate with sheep TMEM154 genotypes. Vet Res 44:64
Minardi da Cruz JC, Singh DK, Lamara A, Chebloune Y (2013) Small rumi-
nant lentiviruses (SRLVs) break the species barrier to acquire new host
range. Viruses 5:1867-1884

Grego E, Bertolotti L, Quasso A, Profiti M, Lacerenza D, Muz D, Rosati S
(2007) Genetic characterization of small ruminant lentivirus in Italian
mixed flocks: evidence for a novel genotype circulating in a local goat
population. J Gen Virol 88:3423-3427

Tolari F, Al-Ramadneh W, Mazzei M, Carrozza ML, Forzan M, Bandecchi P,
Grego E, Rosati S (2013) Small ruminant lentiviruses in Jordan: evaluation
of sheep and goat serological response using recombinant and peptide
antigens. Trop Anim Health Prod 45:1335-1340

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	First survey on association of TMEM154 and CCR5 variants with serological maedi-visna status of sheep in German flocks
	Abstract 
	Introduction
	Materials and methods
	Collection of animal samples
	Serological testing for MV status
	Genotyping of TMEM154 and CCR5 variants
	Statistical analyses

	Results
	Serological MV status of sampled flocks and breed composition of MV positive flocks
	Frequencies of putative riskprotective alleles and genotypes of TMEM154 and CCR5 in serologically MV positive and negative sheep
	Median MV ELISA SP values of sheep with and without putative risk alleles of TMEM154 and CCR5
	Relative risk to be serologically positive for sheep with and without putative risk alleles of TMEM154 and CCR5

	Discussion
	Competing interests
	References




