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ABSTRACT. This study aimed to estimate evolutionary distances
and to reconstruct phylogeny trees between different Awassi sheep
populations. Thirty-two sheep individuals from three different
geographical areas of Jordan and the Kingdom of Saudi Arabia (KSA)
were randomly sampled. DNA was extracted from the tissue samples
and sequenced using the T7 promoter universal primer. Different
phylogenetic trees were reconstructed from 0.64-kb DNA sequences
using the MEGA software with the best general time reverse distance
model. Three methods of distance estimation were then used. The
maximum composite likelihood test was considered for reconstructing
maximum likelihood, neighbor-joining and UPGMA trees. The
maximum likelihood tree indicated three major clusters separated
by cytosine (C) and thymine (T). The greatest distance was shown
between the South sheep and North sheep. On the other hand, the KSA
sheep as an outgroup showed shorter evolutionary distance to the North
sheep population than to the others. The neighbor-joining and UPGMA
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trees showed quite reliable clusters of evolutionary differentiation of
Jordan sheep populations from the Saudi population. The overall results
support geographical information and ecological types of the sheep
populations studied. Summing up, the resulting phylogeny trees may
contribute to the limited information about the genetic relatedness and
phylogeny of Awassi sheep in nearby Arab countries.

Key words: Phylogeny; Genetic Distance; Awassi sheep;
DNA sequences

INTRODUCTION

The Awassi sheep is a dominant fat-tailed breed in most Arab countries (Galal et al.,
2008). These sheep have great adaptability to tropical environmental conditions and are often
used as a triple purpose sheep, better for milk production. The world’s sheep were domesti-
cated in the Mediterranean area in the Stone Age (Mason, 1984). At present, sheep breeds of
Arab countries are expected to be most closely related to their ancestors of the Mediterranean
area (Piper and Ruvinsky, 1997). However, there is not enough data published on Awassi
sheep ancestry, phylogeny, biodiversity and/or its relatedness in Arab countries.

The use of advanced molecular DNA sequence technology has provided wide oppor-
tunities to analyze genetic relatedness at the DNA level in animal breeds. On one hand, DNA
sequencing markers are widely used for functional genetics of specific sequences of an organ-
ism’s genome. It has, on the other hand, a successful role in determining biodiversity and ge-
netic relationships between and within sheep populations (Cho et al., 1998). Many conserved
non-coding sequences are far from genes and cannot be assigned to defined functional classes
but for evolutionary studies. Evolutionary studies of many prokaryotes and eukaryotes have
been reported, covering evolutionary distance and phylogeny utilizing a DNA sequencing ap-
proach. The most common sequence technology is the bacteriophage T7 universal promoter
(Dunn and Studier, 1983). The technology using the chain termination method is universally
applicable to any piece of DNA and it has become the method of choice in most sequencing
projects. The determination of genetic evolution based on DNA provides accurate information
for genetic distance analysis allowing the ranking of populations according to the level of phy-
logenetic distinction (May, 1990). The establishment of the genetic phylogeny of populations
and commercial strains is important for identifying common ancestors (Notter, 1999). DNA
sequencing technology is widely used to study evolutionary distances and then to reconstruct
phylogenies between and within different species or/and populations (Roderick and Holmes,
2009). This study aimed to reconstruct reliable molecular phylogenies for Awassi sheep popu-
lations from Jordan with Awassi sheep from the Kingdom of Saudi Arabia (KSA) using DNA
sequencing technology.

MATERIAL AND METHODS
Sheep populations and sample collection

Thirty-two sheep individuals were randomly sampled from three different geographi-
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cal areas of Jordan and KSA. Of the twenty-five Jordan Awassi sheep individuals, ten, nine,
and six unrelated individuals represented sheep populations of the South, Middle, and North
geographical parts of Jordan, respectively. In addition, seven unrelated individuals represented
an outgroup population of Awassi sheep (Naemi) from a central region of KSA. A tissue sam-
ple of approximately 0.1 cm was taken from each individual and then stored in a deep freezer
at -20°C until DNA extraction was performed.

DNA extraction and quantification

DNA extraction was performed using a commercially available kit/protocol of
E.Z.N.A® MicroElute Genomic DNA extraction kit from OMEGA Bio-Tek; www.omega-
biotek.com. Concentrations of DNA were estimated with a Nano-DNA spectrophotometer
from AlphaSpec, www.alphainnotech.com, in which the quality of DNA was evaluated using
the A260/A280 ratio. Each sample was diluted to give a DNA concentration of 10ng/uL.

DNA Sequencing

DNA sequencing service was provided by Macrogen® (www.macrogen.com) incor-
porating the universal primer T7promoter (5'-TAATACGACTCACTATAGGG-3') into a poly-
merase chain reaction (PCR) product using a high-throughput Applied Biosystems 3730XL
sequencer.

Analysis of DNA sequences

Resulting DNA sequences were edited and assembled into contiguous sequences of
640 bp by using the MEGA program, version 5 (Tamura et al., 2011). The resulting DNA se-
quence information was analyzed for basic evolutionary analyses as detailed by Saitou and Nei
(1987). Common analyses were evolutionary distances and phylogenetic reconstructions rec-
ommended by Kumar and Gadagkar (2001), Nei and Kumar (2000), and Tamura et al. (2011).

RESULTS AND DISCUSSION
Basic evolutionary analyses

Evolutionary statistics were performed to find the best model for evolutionary dis-
tances and phylogeny (Table 1). The best DNA model for estimating evolutionary distances is
believed to be the nucleotide substitution model in which evolutionary distance between a pair
of sequences is computed as the number of nucleotide substitutions occurring between them
in a nucleotide-by-nucleotide comparison (Nei and Kumar, 2000). The results showed that
the general time reversible (GTR) distance method was the best followed by the Hasegawa-
Kishino-Yano (HKY) method (Table 1). The GTR model had the lowest Bayesian information
criterion (BIC) score which was considered to be the best substitution pattern. Nei and Kumar
(2000) stated that the best DNA nucleotide substitution model for estimating evolutionary
distances must have the lowest BIC score. The Akaike information criterion corrected value
(AICc) and estimated values of transition/transversion bias (R) are shown for each model in
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Table 1. The GTR model was then considered for calculating the nucleotide frequency, substi-
tutions, and further evolutionary analyses.

Table 1. Maximum likelihood fits of 24 different nucleotide substitution models.

Model BIC AlCc R
GTR 34962 34445 0.78
HKY 34967 344380 0.78
GTR+G 34970 34446 0.8
GTR+I 34971 34447 0.78
HKY+G 34974 34479 0.8
TN93 34976 34482 0.78
HKY+I 34976 34482 0.78
TN93+G 34979 34478 0.81
GTR+G+I 34979 34448 0.8
HKY~+G+I 34983 34481 0.8
TN93+I 34985 34484 0.78
TN93+G+I 34989 34430 0.81
T92 35035 34563 0.8
T92+G 35038 34559 0.82
T92+1 35045 34565 0.8
T92+G+I 35047 34561 0.82
K2 35082 34618 0.8
K2+G 35084 34612 0.82
K2+1 35091 34620 0.8
K2+G+I 35093 34614 0.82
Jc 35152 34695 0.5
JC+G 35161 34697 0.5
JC+HI 35161 34697 0.5
JC+G+I 35170 34699 0.5

GTR = general time reversible; HKY = Hasegawa-Kishino-Yano; TN93 = Tamura-Nei; T92 = Tamura 3-parameter;
K2 = Kimura 2-parameter; JC = Jukes-Cantor; G = means using a discrete gamma distribution; [ = means using
a certain fraction of sites that are evolutionarily invariable. BIC = Bayesian information criterion; AICc = Akaike
information criterion corrected value; R = assumed or estimated value of transition/transversion rate for each
model.

In GTR distance model, the analysis involved 4 nucleotide sequences and codon po-
sitions, including 1st, 2nd, 3rd, and noncoding. The frequency of each nucleotide of adenine
(A), cytosine (C), guanine (G), and thymine (T), was 0.28, 0.255, 0.2, and 0.265, respectively.
Whereas the rate of nucleotide substitution ranged from 0.039 (GC) to 0.125 (GT) (Figure
1). As a consequence, the substitution pattern tests of homogeneity between sequences were
performed to choose the best test to compute evolutionary distances between the sheep popu-
lations studied. The tests performed were pattern disparity index, maximum likelihood esti-
mate of substitution matrix, and maximum composite likelihood method, as recommended by
Kumar and Gadagkar (2001). Table 2 shows the values of the base composition bias disparity
between and within sequence pairs in all populations studied. The disparity index per site is
shown for all sequence pairs. Values greater than zero indicated the larger differences in base
composition biases than expected on the basis of evolutionary divergence between sequences
and by chance alone. The highest value was between KSA sheep group (outgroup) with the
Jordan South sheep group, indicating the largest differences in base composition of the se-
quence pairs. However, the lowest value was found between the KSA Awassi sheep outgroup
with Jordan Middle sheep population group. On the other hand, values of base composition
bias disparity within sequences in all populations were the lowest in the Middle sheep popula-
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tion and the largest in the North sheep population. This might be a result of high heterogeneous
substitution patterns found within North sheep populations.
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Figure 1. Nucleotide base substitutions rates for each nucleotide pair.

Table 2. Estimates of base composition bias disparity between and within sequences in all population groups.

Middle JO sheep North JO sheep KSA sheep South JO sheep
Middle JO sheep 0.029
North JO sheep 1.311 1.052
KSA sheep 0.102 1.631 0.014
South JO sheep 1.621 0.528 1.845 0.304

JO = Jordan; KSA = Kingdom of Saudi Arabia. Values below diagonal represent the disparity index between
populations, and diagonal bold values represent disparity index within each population.

The second test, maximum likelihood estimate of substitution method, was also per-
formed in which the probability of substitution from one base to another was considered (Ta-
ble 3). Rates of different transitional substitutions and those of transversion substitutions are
shown in the Table 3. Each entry represents the probability of substitution from one base (row)
to another base (column). Substitution pattern and rates were estimated under the GTR model
using a discrete gamma distribution and evolutionarily in variable sites (GTR+G+I). Rates of
different transitional substitutions are shown in bold, where the highest value was 12.64 for
substitution A with G. Those of transversion substitutions are shown in italics with the highest
value for substitution G with T (9.69) (Table 3).

Table 3. Maximum likelihood estimate of substitution matrix.

A T C G
A - 7.41 5.02 11.96
T 8.16 - 8.66 9.69
C 7.05 11.03 - 5.19
G 12.64 9.30 3.91 -

(-) Each entry is the probability of substitution from one base (row) to another base (column). (-) Rates of different
transition substitutions are shown in bold and those of transversion substitutions are shown in italics.
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The last test, maximum composite likelihood method that is defined as a sum of related
log-likelihoods (Tamura et al., 2004), was also computed. Since all pairwise distances in a
distance matrix have correlations due to the phylogenetic relationships between the sequences,
the sum of their log-likelihoods is a composite likelihood (Table 4). As in the previous tests,
each entry in Table 4 shows the probability of substitution from one base to another base. Rates
of different transition substitutions are shown in bold and those of transversion substitutions are
shown in italics. In this test, the nucleotide frequencies were 26.83,26.37,26.78, and 20.01% for
A, T, C, and G, respectively. The transition/transversion rate ratios were higher (k, = 1.542) for
purines (A and G) than for pyrimidines (T and C) (k, = 1.46). The overall transition/transversion
bias was R = 0.756, giving the probability of substitution from one base to another. Results from
the selection test based on Tajima’s neutrality test reported that the number of segregation sites
were 416 with nucleotide diversity of 0.724. In general, recent ovine breeds showed signs of
selection. In fact, the recent interrogation of 50,000 genetic loci provided unprecedented insight
into the phylogeographic structure of sheep populations and the results of centuries of breeding
practices of combining a global sheep sample (Kijas et al., 2012).

Table 4. Maximum composite likelihood estimate of nucleotide substitution.

A T C G
A - 7.53 5.71 11.79
T 7.66 - 8.34 7.64
C 7.66 10.99 - 7.64
G 11.81 7.53 5.71 -

(-) Each entry shows the probability of substitution from one base (row) to another base (column). (-) Rates of
different transition substitutions are shown in bold and those of transversion substitutions are shown in italics.

It seems that both methods assume nearly the same transition substitution rate for T
and C nucleotides and different rates for A and G nucleotides. On the other hand, the trans-
version substitution rates were higher in the maximum likelihood estimate for all nucleotides
except nucleotide A. Generally, the sums of nucleotide substitution pattern and substitution
rates among sites in the two methods were different. In summing up, the maximum composite
likelihood model was found to be more reliable for performing evolutionary analyses in this
study. This summation is in agreement with Tamura et al. (2004), who reported that pair-
wise distances and related substitution parameters are accurately estimated by maximizing the
composite likelihood than with other methods. Moreover, Tamura et al. (2004) found that, un-
like cases of ordinary independent estimation of each pairwise distance, a complicated model
had virtually no disadvantage in the composite likelihood method for phylogenetic analyses.
Therefore, estimation of evolutionary distances and phylogeny reconstruction in the following
section were conducted using the maximum composite likelihood model as implemented by
Tamura et al. (2011).

Estimating evolutionary distances
Evolutionary distances are fundamental in molecular evolution study, phylogenetic

reconstructions and the estimation of divergence times (Nei and Kumar, 2000). Most of widely
used methods for distance between pair of sequences are usually measured by the number of
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nucleotide substitutions occurring between them. The number of base substitutions per site be-
tween sequences is shown in Table 5. Analyses were conducted using the maximum composite
likelihood model (Tamura et al., 2004). The number of base substitutions per site between se-
quences revealed reliable differences between the strains studied (Table 5). The results showed
that the lowest number of base substitutions per site and the shortest genetic distance was
between the North sheep population and KSA sheep population (outgroup) (0.545). This re-
vealed that the two were much more closely related to each other than to the other groups. On
the other hand, the North sheep showed closer evolutionary distance to the South sheep popu-
lation (0.619) than to the Middle sheep population (0.643). Quite reliable differences were
found between the KSA sheep outgroup population with the Middle sheep population (0.580),
where the greatest distance was between the KSA sheep and South sheep (0.901). It could be
assumed that the substitution rate of bases per site between the North sheep and KSA sheep
was low for the DNA sequences studied. Furthermore, it should be noted that there was a pos-
sibility of closer ancestry and low selection sites in the sequence studied between those two
populations in comparison with others. This is in agreement with the geographical information
about these two populations and their common origin of the junction of north-east parts of Jor-
dan and KSA (FAO, 1985). The possibility of common ancestry could go back centuries where
the nomadic system of sheep production was dominant when nomads moved with their flocks
all the year round looking for water and range for their animals in both parts of the countries
in the Syrian desert. Currently, the transhumant system is still widely used across borders fol-
lowing certain routes of migration of residential tribes in region countries towards the east and
the west sides (Valle Zerate et al., 2006). In addition, it is well know that Awassi lamb sheep
from Jordan and Syria are exported to KSA for fattening and meat marketing, accounting for
recent gene flow (Bourn, 2003). Gene flow was most commonly noted in sheep. In particular,
Meadows et al. (2005) reported that mitochondrial sequences revealed high levels of gene
flow between breeds of domestic sheep from Asia and Europe.

Table 5. Estimates of evolutionary divergence between sequences.

Population North JO sheep Middle JO sheep KSA sheep
North JO sheep - - -
Middle JO sheep 0.643 - -
KSA sheep 0.545 0.580 -
South JO sheep 0.619 0.673 0.901

JO = Jordan; KSA = Kingdom of Saudi Arabia.
Phylogeny tree reconstruction

Reconstruction of the evolutionary history of populations is currently one of the most
important subjects in molecular evolution. The reliable phylogenies shed light on the sequence
of'evolutionary events that generated the present day diversity and help to understand the mech-
anisms and history of evolution. Phylogenetic relationships of the sheep populations under
investigation were described in a treelike form with a root utilizing three methods for construct-
ing phylogenetic trees from molecular sequencing data. They are maximum likelihood (Li,
1997), neighbor-joining (Roderick and Holmes, 2009), and UPGMA (Nei and Kumar, 2000).

The phylogenetic trees in Figures 2, 3, and 4 revealed a considerable degree of differ-
entiation of populations, supporting the results of evolutionary distances presented in Table 5.
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The evolutionary history was inferred by using the maximum likelihood method based on the
GTR model (Figure 2). The tree with the highest log likelihood (-17122.32) is shown in Fig-
ure 2. A discrete gamma distribution was used to model evolutionary rate differences between
sites (+G, parameter = 36.95). The tree was drawn to scale, with branch lengths measured in
the number of substitutions per site. Figure 2 shows the maximum likelihood tree construction
of four major clusters (clades). The KSA sheep population considered in one cluster clearly
separated from the North sheep population, which was in the second closer cluster. The KSA
sheep population was clustered together with one root with the North sheep population, where
the C nucleotide was a common nucleotide ancestor. Shorter topology from the root was seen
within the KSA population with the most probable ancestors of T and C nucleotides. This max-
imum likelihood phylogenetic tree agreed with the previous results of evolutionary distances
(Table 5). The results of maximum likelihood tree also indicated the most probable nucleotide
ancestor for both populations with both Middle and South populations as indicated in Figure
2. A common rooted nucleotide was T, which separated the study population into two major
groups, each of two clusters, whereas the G nucleotide was mostly within the Middle popula-
tion. Finally, the South sheep population group was rooted with all individuals studied by the
most probable A nucleotide ancestor.

T KSA3
C KSAS
T KSA7
Sheep of
KSA2 Cut-group

G KSAG
T KSA1

C KSA4

,7 C Mafrag3
C G Mafragd

10-Sheep of
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Figure 2. Molecular phylogenetic analysis by the maximum likelihood method with most probable ancestor of
nucleotides (A, T, C, G) among the sheep populations studied.
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The evolutionary history was also inferred using the neighbor-joining method. The
optimal tree with the sum of branch length (28.36) is shown in Figure 3. The tree was drawn to
scale, with branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree. Figure 3 shows the neighbor-joining tree construction of many branches
representing closer distances of clusters considering separated branches from the South population
that were divided into two branches. The first branch stated that there was more evolutionary
relationship to each other than the other populations of Al-Karak, Altafilah, Maan, Al-Showbk
and Alhimadeh, and Qaatranah that clustered in the second group. The Middle population was
branched halfway to the other end of the tree where KSA sheep individuals clustered in a few
branches. In general, the populations assorted into the same cluster have similar features. Such
situation was likely due to sharing common sequences with less substitution rates from previous
ancestors. For example, Al-Atiyat et al. (2012) reported that Jordan fat-tailed Awassi sheep
populations of southern parts were genetically closer to each other according to the neighbor-
joining method. Furthermore, it was shown that the neighbor-joining method was the best to
infer evolutionary history of many species, such as clustering horseshoe crabs into seven clades
(Ismail and Sarijan, 2011). Genetic subdivision of 57 European and Middle-Eastern sheep breeds
revealed distinct groups of Middle-Eastern fat-tailed sheep, south-eastern European sheep and
north-western/western European sheep (Peter et al., 2007).

The UPGMA method was also used to infer evolutionary history of the optimal tree
with the sum of branch length around 28.35 (Figure 4). The tree was drawn to scale, with
branch lengths (next to the branches) in the same units as those of the evolutionary distances
used to infer the previous phylogenetic tree. Figure 4 shows the UPGMA tree for the sheep
populations studied with three clusters and two roots. The tree clustered the populations as in
the neighbor-joining tree regardless of topology length. The South sheep population consid-
ered in one cluster separated from the closer cluster. The third cluster consisted of the KSA
population and North population indicating greater evolutionary relation to each other. These
results support the results aforementioned of the maximum likelihood tree (Figure 2) and
evolutionary distances (Table 5). In general, they were in contrast to the neighbor-joining tree
and UPGMA, in which the KSA population and Middle population grouped in a closer cluster.
This different result was most likely attributable to the different models used for estimation of
evolutionary distances.

Overall, it could be concluded that on the basis of the results of the three phylogenetic
methods, there is high evolutionary differentiation in Awassi sheep populations and between
Jordan populations and the KSA outgroup population. Similar results were reported earlier in
which the genetic phylogeny of Awassi sheep population was high when compared to differ-
ent world sheep (Arranz et al., 2001). Furthermore, an example of a phylogenetic tree study
among some geographical Awassi sheep ecotypes was also reported (Al-Atiyat et al., 2012).
On the basis of microsatellite data, considerable genetic differentiation was recently reported
in Saudi sheep (Musthafa et al., 2012).

The reconstruction of three major phylogentic trees indicated that the most interesting
population was the KSA sheep as the sheep outgroup that shared close phylogeny with the
North sheep (Figure 2) and Middle sheep (Figures 3 and 4). It was most probable that the KSA
population had common ancestral breeds as well as gene flow with those two populations in
the past. On the other hand, the North and Middle populations were in a close group of clusters
compared to the others. Ozdemir et al. (2011) reported similar results of using various cluster-
ing methods for exhibiting two large clusters of different sheep populations in a phylogenetic
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tree, where Awassi sheep was clearly separated from the other distinctive breeds. Furthermore,
sequence comparisons showed that Awassi as one Asian sheep and European domestic sheep
differed by 4.43% as separate lineages (Hiendleder et al., 1998). The Awassi sheep sequence
diverged from Mouflon sheep by 4.52%, supporting the hypothesis that some modern domes-
tic sheep and European Mouflon derive from a common ancestor, thus, providing evidence
of an additional wild ancestor from Asia. Another study suggested that some mitochondrial
lineage sheep arrived in northern Europe from the Near East fat-tailed sheep across Russia
(Tapio et al., 2006).

CONCLUSION

Different phylogenetic trees reconstructed from 0.64-kb sequences provided reliable
evidence for a close phylogenetic relatedness among Awassi sheep populations. The genetic
relatedness between the three Awassi sheep populations from Jordan was evolutionarily sepa-
rated from the KSA Awassi sheep that were considered as the outgroup. There was no dis-
tinctive phylogenetic branching of population clustering topology considering the different
models applied. The maximum composite likelihood method was considered to be the best
substitution pattern test of homogeneity between sequences to compute evolutionary distances
between the populations studied. Quite reliable differences were found between the Jordan
sheep population and Saudi population as a separate cluster. The evolutionary distances within
individuals of the South sheep population showed the greatest distance with the North sheep
population, revealing their closer relation compared with individuals of the other Jordanian
sheep population. On the other hand, KSA sheep showed a closer relation and shorter evolu-
tionary distance with the North sheep population compared with others. This different pattern
was most likely attributable to the different models used for estimating distances and recon-
structing phylogenies. The overall results support geographical information and ecological
types of sheep populations from the countries of the study. It also shed light on the sequence
of evolutionary events that generated the present day Awassi sheep populations studied. Sum-
ming up, the resulting phylogeny trees, on one hand, may help confirm historical and geo-
graphical information of common ancestors and genetic resource of Awassi sheep in the two
countries. On the other hand, the overall results may contribute to the limited information of
genetic diversity and relatedness of Awassi sheep populations in Arab countries.
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