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ABSTRACT. The aim of this study was to analyze genetic diversity and
population structure among varieties of White (N =40), Red (N =32), and
Black (N = 31) Morada Nova hair sheep from flocks in the northeastern
Brazilian semiarid region. Fifteen nuclear microsatellite markers and two
regions of mitochondrial DNA were used. The intra-population analysis
demonstrated that the White variety had higher diversity, while the Red
variety had the lowest values. The Bayesian analysis to assess the genetic
population structure allowed differentiation between White, Red, and
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Black varieties, and revealed a tendency towards sub-structuring in the
White variety flocks from the States of Ceara and Paraiba. The results of
analyses of molecular variance showed that the greatest genetic structure
was found when comparing flocks rather than varieties (8.59 vs 6.64%
of the total variation, P < 0.001). Based on genetic distance, Dtl, both
the dendrogram analysis and the principal coordinate analysis showed
the formation of two main groups: one composed of White and another
of Black and Red individuals. Five and two haplotypes were found for
the D-loop region and the ND5 gene, respectively. A haplotype unique to
the Red variety was found in the D-loop region and a variety haplotype
unique to the Black variety was found in the ND5 gene; however, these
frequencies were low and therefore require further validation. These
results support the existence of substantial differences between the Red
and White varieties and should be used as separate genetic resources and
to improve conservation programs.

Key words: Ovis aries; mtDNA; Animal genetic resources;
Microsatellites; Genetic management

INTRODUCTION

Brazil has several breeds of domestic animals that developed from those originally in-
troduced by Portuguese colonists. These populations were selected naturally by local climatic
conditions, giving rise to Brazilian breeds, also known as local or creole breeds (Mariante et al.,
2009). The industrial culture created during the twentieth century has led to changes in production
systems and breeds used in local production systems (McManus et al., 2011). Breeds considered
exotic, highly productive, but selected mostly in temperate regions were imported and used in
crossbreeding, causing rapid replacement and genetic erosion of local breeds (Egito et al., 2002).

The Brazilian association of sheep farmers (ARCO) recognizes the existence of two
varieties of the Morada Nova hair sheep breed: Red and White coated. Black-coated Morada
Nova can also be observed in production flocks, although it is currently not recognized by
the Genealogical Registry Service of Sheep Breeds (SRGRO). A study carried out by Paiva
(2005) using the D-loop region and 19 microsatellite markers revealed that the Red and
White Morada Nova sheep varieties have different genetic variations, and could therefore
be considered as distinct genetic groups. However, this study included only a single flock
of each variety, White and Red, and did not include the Black type. Thus, the present study
aimed to validate this differentiation in other flocks and to test whether the black-coated
animals might be considered genetically distinct by using nuclear microsatellite and mito-
chondrial DNA (mtDNA) markers.

MATERIAL AND METHODS
Blood samples were collected from 103 Morada Nova sheep with Red, White, and

Black coat colors (Table 1). DNA was extracted from lymphocytes using standard procedures
(Miller et al., 1988) and was quantitated by spectrophotometry (Nanodrop ND1000®).
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Table 1. Number of samples per farm, geographic position, state where they were collected, breed type, and total
number of animals collected.

Farm Geographic position State OMN R OMN W OMN_B T

A 5°6'20"S CE 4 - - 4
38°222"W

B 5°6'20"S CE 4 - 2 6
38°22"2"W

C 5°6'20"S CE 4 - - 4
38°22"2"W

D* 4°58'41"S CE - 13 - 13
39°1'8"W

E* 3°4729"S CE - 8 - 8
39°15'58"W

F 7°17'53"S PB 20 19 8 47
35°28'41"W

G 5°40'18"S RN - - 14 14
36°36'17"W

H 5°34'38"S RN - - 7 7
36°54'30"W

Total 32 40 31 103

OMN_R =Red variety; OMN_W = White variety; and OMN_B = Black variety; T = total number of animals collected.
*Experimental farm representative of conservation nucleus. CE = Ceara; PB = Paraiba; RN = Rio Grande do Norte.

A total of 15 microsatellite markers was used to characterize each sample.
Polymerase chain reaction (PCR) was performed in multiplex or single-locus reactions
(Supplementary material A). PCR was performed with the Qiagen Master Mix Kit®,
according to manufacturer recommendations, as follows: 2.5 pL PCR mix, 0.5 pL Q solution,
0.2 uM of each primer, and 0.9 ng DNA, in a final volume of 5 pL. Amplifications were
performed in Veriti® Model 96-well Thermal Cyclers (Applied Biosystems) as follows:
1 cycle of 95°C for 15 min, 36 cycles of 94°C for 30 s, annealing at 57°C for 30 s, and
extension at 72°C for 1 min, followed by a final step of 72°C for 30 min. PCR products
were electrophoresed in an ABI PRISM 3100® instrument, and data were analyzed using
the GeneScan software v.3.1.v and Genotyper 3.7.0.1 (Applied Biosystems). Identification
of allelic classes was performed with the FlexiBin v.2.0 software (Amos et al., 2007).

GenAlex v.6.4 (Peakall and Smouse, 2006) and Molkin 3.0 (Gutiérrez et al., 2005) were
used to estimate the effective number of alleles (V,), the mean number of alleles (,,), the ex-
pected heterozygosity (#,), the observed heterozygosity (), and the polymorphic information
content (PIC). Wright’s F statistics (F, F, and F;) were also calculated (Weir and Cockerham,
1984) using FSTAT v.2.9.3.2 (Goudet, 2002). Hardy-Weinberg equilibrium (HWE) tests within
populations and loci were performed with Genepop v.4.0.10 (Raymond and Rousset, 1995).

For the principal coordinate analysis (PCoA), genetic distance (Dtl; Tomiuk et al., 1998)
was calculated based on genotypic frequencies with Molkin v.3.0 (Gutiérrez et al., 2005) between
each pair of individuals. This distance was inserted into GenAlex (Peakall and Smouse, 2006), sub-
stituting the previously calculated genetic distance, to carry out the PCoA. The matrix obtained from
the distance Dtl was used in the SplitsTree software 4.12.3 (Huson and Bryant, 2006) for construc-
tion of the dendrogram by the unweighted pair group method with arithmetic mean (UPGMA).

Structure v.2.3.4 (Pritchard et al., 2000) was used to estimate the most likely number of
populations in which the genotypes studied could be distributed. Probabilities for the number of
populations (K), ranging from 1 to 18, were estimated. Each K was tested in five replicates con-
sisting of 100,000 burn-in iterations and 400,000 iterations of Markov Chains and Monte Carlo
simulations (MCMC). Data from MAF214, OLADRB, OarAE129, and MAF214 were excluded
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from the analysis as they were not in HWE in one or more of the tested breed types.

Analysis of molecular variance (AMOVA) was performed in Arlequin v.3.1 (Excoffier
et al., 2006). Three different contrasts were performed to test the effects of flock (N = 8), state
of origin (N = 3), and breed type (N = 3).

mtDNA fragments from NDS5 (Tserenbataa et al., 2004) and the D-loop (Meadows et al,
2005) were amplified with previously published primers and conditions: ND5SL (5'-AATAGT
TTATCCAGTTGGTCTTAGG-3"), ND5RI (5'-AAGATTTGTTGGAGATCTCAGGTG-3");
and MTCR-F2 (5'-AACTGCTTGACCGTACATAGTA-3"), MTCR-R1 (5'-AGAAGGGTATA
AAGCACCGCC-3"), respectively. Purified PCR fragments were sequenced with an ABI
PRISM 3730® instrument, with BigDye v3.0 chemistry.

Mitochondrial marker sequences were analyzed and edited with the aid of SeqScape®
version 2.7 (Applied Biosystems) using AF010406 as the reference sequence (Hiendleder et
al., 1998). After editing, MEGA version 5.5 (Tamura et al., 2011) was used for aligning the
sequences with sequences obtained from GenBank (Supplementary material B) and also
for production of the input files for calculating the diversity of the sequences. DNAsp v.5
(Librado and Rozas, 2009) was used to estimate the number of polymorphic sites, haplotype
number, haplotype diversity, and nucleotide diversity. The relationship between the number of
haplotypes generated and found was analyzed by constructing a haplotypic network using the
Network version 4.1.1.2 program (Fluxus Technology Ltd. - www.fluxus-engineering.com)
using median-joining (Bandelt et al., 1999).

RESULTS

All loci tested were polymorphic (Table 2). The number of observed alleles per locus
ranged from 2 to 8, and N, ranged from 2 (MAF214) to 6.667 (OLADRB and OarHH35),
with an average of 4.622. The average PIC observed was 58.64% and MAF214 (36.41%) and
OLADRB (78.21%) had the lowest and highest values, respectively.

Table 2. Estimation of genetic diversity per locus for the 15 microsatellite loci studied in three varieties of
Morada Nova sheep.

Loci N, N, N, H, H, PIC (%) Fy Fy Fy HWE
D382 3 2333 1955 043 0.483 40.46 0.130  -0.004 0.131 1
OLADRB 8 6.667 4282 0688 0752 78.21 0175 0.073 0.154%* 3
OarAE129 4 4 2116 0263 0498 5273 0.602 0245 0.567%* 3
OarFCB304 7 5333 3297 0686  0.691 66.66 0.043  0.000 0.043 -
SPS113 7 6333 3662 0.663 0723 72.08 0.140  0.044 0.127%* -
INRAOS 6 4.667 1926 0381 0.411 45.57 0225 0158 0.182%* -
INRABERNI72 6 5 1827 0394 0427 40.48 0.118  0.021 0.112 1
MAF65 5 4333 3575 0703 0.698 70.67 0.088  0.067 0.068 1
INRA35 5 5 2617 0646 0618 60.46 0.000  0.031 -0.01 -
ILSTS11 4 4 2577 0.52 0.588 58.58 0206  0.073 0.186** 1
MAF214 2 2 1823 0266 0446 36.41 0443 0.104 0.423%* 2
INRAG63 7 4.667 3.048 0616 0.659 63.04 0116 0.035 0.105% -
OarHH35 7 6.667 3395 0.74 0.702 74.22 0.095  0.123 0.057 -
SRCRSPS 3 3 2164 0351 0.521 48.44 0375 0.027 0.369%* 2
MCM527 7 5333 3.65 0.646 0722 71.54 0153 0.039 0.142% 1
Total 54 4622 2794 0533 0.59 58.64 0.185  0.070 0.166**

N, = total number of alleles; N,, = average number of alleles; N, = effective number of alleles; H = observed
heterozygosity; H = expected heterozygosity; PIC = polymorphic information content; F,; = fixation index within
populations; F = fixationon index of the global population; F = coefficient of relatedness between individuals
from different populations; HWE = number of studied varieties that deviated from Hardy-Weinberg equilibrium (P

<0.05); *P < 0.05; **P < 0.01.
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Of'the 15 loci analyzed, 12 presented H, values that were smaller than the H values. The
lowest H was 0.263 for OarAE129 and the highest was 0.740 for OarH{H35, with an average of
0.533. The White variety had the highest calculated genetic diversity indices, followed by Black
(Table 3). The imbalance between H_ and H, was caused by a significant deficiency of heterozy-
gotes at each locus, as confirmed by the significance test for F; (Supplementary material C).
Mean values for £, F, and F; were 18.5, 7.0, and 12.4%, respectively.

Table 3. Estimate of genetic diversity of the varieties of Morada Nova sheep through the 15 microsatellite loci.

Variety N N, N, H, H, PIC (%) HWE
OMN_R 32 4.467 2.637 0.5 0.588 40.55 5
OMN_W 40 438 2.995 0.568 0.617 46.13 7
OMN_B 31 4.6 2.751 0.53 0.583 40.34 3
Mean 4.622 2.794 0.533 0.596 4234

N = number of samples used in the analysis; N,, = average number of alleles; N, = effective number of alleles; H =
observed heterozygosity; H, = expected heterozygosity; PIC = polymorphic information content; HWE = number
of loci that deviated from the Hardy-Weinberg equilibrium (P < 0.05); OMN_R = Red variety; OMN_W = White
variety, and OMN_B = Black variety.

For the inter-population analysis, the first of three components (Figure 1) from the
PCoA explained 62.67% of the observed variation among the Morada Nova varieties. The
first, second, and third components explained 27.93, 18.86, and 15.88% of the total variation,
respectively. There were two well-defined groups, one corresponding to the White variety and
the other corresponding to the Red variety. Individuals representing the Black variety were
dispersed among individuals of the two former groups.

A
.
© o
535 +OMN_R
S8 « OMN_W
o= < OMN_B
Coord. 1
27.93%
B
N
.32 a
B & N + OMN_R
e} % a .
3 . OMN_W
. < OMN_B

Coord. 1
2793%

Figure 1. Dimensional representation of principal coordinate analysis of three varieties of the Morada Nova sheep
breed. OMN_R = Red variety, OMN_W = White variety, and OMN _B = Black variety. A. First and third principal
coordinates. B. First and second principal coordinates.
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A dendrogram containing all analyzed individuals (Supplementary material D) was
constructed based on the UPGMA method using the estimated distance Dtl. Two main groups
were formed, one comprised mostly of White individuals and another was formed by individu-
als of the Red and Black varieties, with some exceptions, corroborating the results obtained in
the PCoA. AMOVA results (Table 4) revealed significant (P < 0.001) F . values when the data
were grouped by flock (8.59%), state (3.19%), and variety (6.64%). Structure analyses showed
the existence of four populations (K) in the analyzed samples (Supplementary material E).
When using K = 2, a group formed by the White variety and another for the Red and Black
varieties were revealed (Figure 2). The Red, White, and Black varieties of Morada Nova were
grouped into different clusters when K = 3 was used, showing that only a small proportion
of individuals of each variety is mixed, since the three varieties share alleles. Sub-structuring
within the White variety, representing animals from the states of Ceara and Paraiba, was ob-

served with K = 4 (Supplementary material F).

Table 4. Analysis of molecular variance (AMOVA) at different levels of structure for three varities of Morada
Nova hair sheep.

Structure Source of variation d.f. SS CcvV % Variation Fo

1 Between flocks 7 83.289 0.36685 8.59 0.08586*
Within flocks 198 773.391 3.90601 91.41
Total 205 856.680 4.27287

11 Between states 2 25.798 0.13469 3.19 0.03186*
Within states 203 830.882 4.09301 96.81
Total 205 856.680 4.22771

111 Between varieties 2 46.671 0.28368 6.64 0.06638*
Within varieties 203 810.008 3.99019 93.36
Total 205 856.680 4.27387

d.f. = degrees of freedom; SS = sum of squares; CV = coefficient of variation; F = fixation index. *P < 0.001.

Figure 2. Distribution of proportions of each individual in each cluster inferred by Structure with K =2, 3, 4. Black
vertical lines separate the varieties. OMN_R = Red variety, OMN W = White variety, and OMN_B = Black variety.
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A total of five haplotypes, composed of eight single nucleotide polymorphisms (SNPs),
were identified within the analyzed 524-bp D-loop fragment when sequences were compared
with the ovine reference mtDNA (GenBank AF010406) sequence (Supplementary material G).
The most frequent haplotype was H2, whereas H2 and H4 were found to be unique to the Morada
Nova breed (Table 5). Haplotype diversity (/,) and nucleotide diversity (rr) were estimated to
be 0.721 (* 0.025) and 0.00349 (= 0.00012), respectively. Among the varieties studied, /, and ©
varied from 0.782 (£ 0.042; Red breed) to 0.66 (£ 0.057; Black) and from 0.00436 (+ 0.00028;
Black) to 0.00395 (+ 0.00017; White) (Table 6). In order to compare these haplotypes with the
ones published by Paiva et al. (2011), a 460-bp fragment of D-loop region was analyzed in con-
junction with the Brazilian Somali hair sheep breed sequences available in GenBank (Figure 3).
Three haplotypes identified in Morada Nova (H4, H10 and H12) corresponded with haplotypes
H3, H9, and H11 identified by Paiva et al. (2011), respectively. When we compared these haplo-
types with Table 5, the H4 (Figure 3) is the merging of H2 and H4 (Table 5), H10 is the merging
of H1 and HS5, and H12 corresponds to H3.

Table 5. Haplotype frequencies of the D-loop and ND5 mtDNA regions within the three varieties of Morada
Nova sheep studied.

Variety D-loop ND5

H1 H2 H3 H4 HS5 H1 H2
Red 0.054 0.098 0.022 0.076 0.033 0.337
White 0.174 0.141 0.011 0.065 - 0.373 -
Black 0.087 0.163 0.065 0.011 - 0.277 0.012
Total 0.315 0.402 0.098 0.152 0.033 0.987 0.012

Table 6. Variability parameters for the D-loop region and the mtDNA NDS5 gene within the varieties of Morada
Nova sheep.

Parameters D-loop ND5

OMN_R OMN_W OMN_B OMN_R OMN W OMN B
No. of individuals 26 36 30 28 31 24
No. of haplotypes 5 4 5 1 1 2
No. of polymorphic sites 6 5 5 0 0 1
Haplotype diversity (/) 0.782 (0.042) 0.662 (0.041) 0.660 (0.057) 0 0 0.083 (0.075)
Nucleotide diversity (r) 0.00432 (0.00044) 0.00395 (0.00017) 0.00436 (0.00028) 0 0 0.00019 (0.00017)

OMN_R = Red variety; OMN_W = White variety; OMN_B = Black variety.

For the fragment corresponding to the ND5 region, 435 bp were obtained after edit-
ing, and the region was located between positions 11846 and 12281 of the complete mtDNA
sequence of O. aries (GenBank: AF010406) (Hiendleder et al., 1998). Only two haplotypes
were identified, which differed by only a SNP (transition T/C at position 11883). Most of the
sequences in that region were grouped in the same H1 haplotype as the O. aries sequence
(AF010406). Only one individual of the Black variety from farm G-RN was clustered in
the H2 haplotype (Supplementary material H). /7, and n for the ND5 region were, respec-
tively, 0.024 (£ 0.023) and 0.00006 (= 0.00005). For the Red and White varieties, values of
H and  were equal to zero, and for Black were 0.083 (& 0.075) and 0.00019 (+ 0.00017),
respectively (Table 6).

Genetics and Molecular Research 13 (2): 2480-2490 (2014) ©FUNPEC-RP www.funpecrp.com.br


http://www.geneticsmr.com/year2014/vol13-2/pdf/gmr2908_supplementary.pdf
http://www.geneticsmr.com/year2014/vol13-2/pdf/gmr2908_supplementary.pdf

Population structure of Morada Nova hair sheep 2487

H_2@
H_150 pd
i 16430
16129
16130
B
16#9?'9’55
" / 16429
16247 _9.
H_1 et '
16‘3'*6 'E‘j"cﬁ
16130 ;
i i @ Somali
H 16337 mvi@—— 8217 =
ot A i e O OMN N
[ 16129 Hs® VN
16130 [ 16129 ‘. () ‘—p,
: [ | ©® oMN B
1620 ™2&gi30 © Reference [AF010406]
| A o4y
| 16336 ~
| " | To442
H_8@ 16337430 o149
Te450
H_12@_
10446
78445
H_16@._
,\3.\‘1'3‘29,
\ Yo43g_
L

16159

'w\?G

H_17@
Figure 3. Median-joining network generated from 460 bp in the control region (D-loop) of mitochondrial DNA
using the Network program. The sizes of the circles of haplotypes are proportional to their frequencies, and numbers

in red indicate the position of the mutations that differentiate each haplotype. OMN_R = Red variety, OMN_W =
White variety, and OMN_B = Black variety.

DISCUSSION

Efforts to conserve rare breeds and to maintain maximum genetic variability of their
varieties is of great strategic importance to ensure the long-term sustainability of animal pro-
duction activities in both subsistence and commercial farms, especially when considering ma-
jor global climate change forecasts (McManus et al., 2011; Fiore et al., 2012). Genetic studies
with molecular tools from different locally adapted sheep breeds from different regions of the
world have been used as guidance for decision making in conservation programs, training, as
well as inclusion and/or exclusion of genetic groups in gene banks (Dalvit et el., 2009; Paiva
etal.,2011; Qwabe et al., 2013). Different classes of molecular markers have been used across
studies related to the conservation and improvement of genetic resources (Cinkulov et al.,
2008; Pariset et al., 2011). Each marker conveys a different type of genetic information. Ac-
cording to Paiva et al. (2011), the use of only one class of marker (typically microsatellites)
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to inform maintenance and management policies is not desirable because one marker cannot
provide all of the necessary genetic information. Studies involving Morada Nova sheep have
been developed using RAPD (Paiva et al., 2005a), PCR-RFLP (Paiva et al., 2005b), micro-
satellites, and mtDNA (Paiva, 2005; McManus et al., 2010) markers. Paiva (2005) analyzed
microsatellite genetic divergence between two herds of White and Red varieties and identified
significant differences between them. This result was expanded and confirmed in the present
study, thereby justifying the creation and maintenance of germplasm banks for both varieties.

The occurrence of two groups within the White variety, from the States of Ceara and
Paraiba (Figure 2, K = 4), draws attention to possible inclusion of animals from farm F (Parai-
ba State) in conservation nuclei (in situ conservation program), since the individuals from
farms D and E from Ceara originated from existing conservation nuclei for the breed. With
respect to the Black variety, the structure results, principal coordinates, and phylogenetic tree
by the UPGMA analyses all validated the hypothesis that this is a subgroup of the Red variety.
Nonetheless, this subgroup presents unique genetic combinations in microsatellite markers.
Therefore, further studies are needed with these animals, since there is strong selection against
this phenotype, as they are not recognized by the Breeder’s Association and Brazilian Ministry
of Agriculture, Livestock and Supplies.

Among farmers, the black color in Morada Nova is recognized as a recessive trait,
since despite intense selection against it, the color reappears in the population as a result of
matings between individuals of the Red variety. Variation in coat coloration is due to the pres-
ence, distribution, and activity of melanocytes that produce two kinds of pigments, eumelanin,
and pheomelanin, leading to the colors black/tan and red/yellow, respectively (Searle, 1968).
The production of these pigments is controlled by the extension (E) locus, which corresponds
to the MCIR gene, and agouti (A), which corresponds to the ASIP gene. In some mammals,
the extension locus shows an epistatic effect on the agouti locus. Dominant alleles at this locus
are responsible for the black coat phenotype. Norris and Whan (2008) noted that a tandem
duplication of a 190-kb sequence, including coding regions of the ASIP gene of sheep, the
AHCY coding region, and the ITCH promoter region, is the cause of the dominant white color
of sheep. Mutations in another gene (TYRP!) have also been associated with color variation
in a number of mammals, including domestic cattle (Berryere et al., 2003) and sheep (Gratten
et al., 2007). Therefore, studies on Morada Nova sheep, including individuals with black hair,
can contribute to the worldwide effort to elucidate the inheritance of coat color in sheep.

Two specific haplotypes of the two D-loop region (H2 and H4) were identified in the
present analysis of Morada Nova sheep. This information can aid in monitoring families within
flocks so that maximal genetic diversity is maintained. The H5 haplotype was identified only in
the Red variety and all three individuals identified were from the same farm (F), which could
mean that they were closely related. As haplotype frequency was low, more studies are needed
to test if this is specific to the Red variety. Pedrosa et al. (2007) observed the same haplotype in
Bordaleira, Alcarrefia eand Lacaune breeds. This family should be monitored and included in
conservation programs to maximize genetic diversity of the flock. The ND5 region analyzed in
this study was not efficient in the analysis of genetic diversity among the varieties of Morada
Nova considered here. However, by analyzing a 460-bp fragment from D-loop region in con-
junction with the Brazilian Somali hair sheep breed sequences published by Paiva et al. (2011)
(Figure 3) Paiva et al (2011) (Figure 3) it was identified that the observed haplotypes in Morada
Nova breed are present in another Brazilian hair sheep breeds. This result further supports the
hypothesis of a common origin of Brazilian hair sheep (McManus et al., 2010).
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The results of this study will be used to validate the effective inclusion of germplasm
of Black and White Morada Nova in the National Animal Germplasm Bank of the EMBRAPA
Conservation Network as well as validate the use of mtDNA and microsattelite panel used in
this study as a tool to aid in the management of Morada Nova breeding program.

CONCLUSION

Genetic differentiation among Red and White Morada Nova hair sheep was signifi-
cant. Therefore, these varieties can be considered to be distinct genetic groups. The Black
variety is a subgroup of the Red variety and should be included in Morada Nova conserva-
tion programs. The White variety shows a sub-structuring into two groups: one consisting of
individuals from the State of Ceara and the other from Paraiba. The two haplotypes unique to
the Morada Nova sheep found in the D-loop region can be used in monitoring families within
flocks. The region of the NDJ5 gene sequenced in this study was not effective for determining
diversity among varieties of Morada Nova sheep.
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