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Simple Summary: The Awassi sheep breed is very resilient in the Mediterranean region but shows
poor meat quality. The callipyge mutation enhances growth and meat characteristics, and as such
we bred Awassi-Rambouillet Callipyge carrier rams with Awassi ewes and compared meat quality
in the first backcross of Awassi-Rambouillet callipyge carriers (CRAW), non carrier Rambouillet
Awassi (RAW), and pure Awassi (AW) ram lambs in a fattening trial for 94 days. CRAW lambs
showed mostly similar growth potential and meat characteristics to RAW lambs. However, CRAW
lambs showed higher growth potential as compared to AW lambs, and better meat characteristics
in the shoulders and legs, but not in tenderness. Fat tail weight did not change in CRAW as
compared to AW lambs. Therefore, the introgression of the callipyge mutation in Awassi lambs
allows for improvement in growth and meat, without impacting the currently desirable traits of the
fat tail. This research allows the improvement of meat production and return on investment in the
local flocks of Awassi sheep.

Abstract: The Awassi breed is desirable due to its resilient traits, but shows poor lean meat content
on the carcass; the callipyge mutation may enhance growth and meat characteristics. The first
backcross of callipyge Awassi-Rambouillet (CRAW) lambs was generated by mating Awassi ewes
with heterozygous F1 (50 % Awassi and 50 % Rambouillet) rams for the callipyge mutation. A
fattening trial with carriers of CLPG (CRAW), non-carriers (RAW), and Awassi (AW) ram lambs
was conducted for 94 days and growth and meat characteristic parameters were recorded. Final
body weight, average daily gain (ADG), feed conversion ratio, and dry matter intake, but not initial
body weight, were greater in CRAW and RAW lambs as compared to AW lambs; hot and cold
carcass, dressing percentage, and shoulder, rack, and loin weights were greater in CRAW vs. AW
but not RAW lambs. Leg cuts were heavier in CRAW vs. both RAW and AW lambs; intermuscular
and subcutaneous fat percentages were greater in CRAW as compared to AW but not RAW lambs.
Non-carcass components showed kidney fat, kidney, liver and testes weights higher in CRAW
lambs as compared to AW lambs, but these parameters were similar to those of RAW lambs. There
were no differences in fat tail weight. Further, CRAW lambs had higher shear force and water
holding capacity than RAW and AW lambs, while cooking loss was the lowest in CRAW lambs. In
conclusion, the callipyge mutation with 25% Rambouillet genes can provide efficient
improvements in growth and meat characteristics, with the exception of tenderness in Awassi
sheep.

Keywords: Awassi sheep; crossbreeding; gene introgression; growth performance; meat
characteristics

Animals 2019, 9, 517; doi:10.3390/ani9080517 www.mdpi.com/journal/animals



Animals 2019, 9, 517 2 of 11

1. Introduction

Awassi, a multi-purpose fat-tailed sheep breed, is the predominant sheep breed in Jordan and
the Middle East due to its adaption to the harsh environmental conditions of the region. Awassi
sheep meat is the favored meat by Jordanian consumers, with high market prices and body and tail
dimensions that are commercially important for trading lambs within local markets. In fact, Awassi
lambs are preferable in Jordan regardless of whether they are pure- or cross-bred as long as they
present a fat tail. However, the Awassi breed suffers from inferior carcass merit and poor leg
muscling [1], and therefore the integration of the CLPG mutation, along with 25% Rambouillet
genes, in breeding strategies has the potential to significantly improve lamb meat quality.

The callipyge phenotype (CLPG) presents generalized muscular hypertrophy, and was first
described in Dorset sheep in Oklahoma [2]. The leg and loin muscle weights were significantly
increased in sheep expressing this condition [3,4], but the expression of CLPG was absent in the
diaphragm and some muscles of the shoulders [3]. The CLPG locus has been mapped to the
telomeric region of ovine chromosome 18 [2], inherited in a non-Mendelian pattern termed polar
overdominance. The callipyge phenotype is only expressed in heterozygous animals that inherit the
mutation from their sire, i.e., the */CLPG” genotype, where the superscripts M and P refer to the
maternal or paternal inheritance of the alleles, respectively, for both homozygous +M/+P and
CLPGM/CLPGP. Animals that inherit the mutation from their mothers (CLPG™*F) show normal
muscle development [5].

CLPG lambs exhibit a normal muscle phenotype at birth, and the CLPG phenotype becomes
apparent in the lambs at approximately 4 to 6 weeks postpartum [6]. Unlike the prenatally expressed
double muscling gene mutation in cattle, postnatal CLPG development of muscling does not
increase any risk of dystocia in sheep. The advantage of the callipyge phenotype, as described in
several studies [3,4,6], lies in the larger longissimus loin eye areas, superior lean composition, higher
leg scores and dressing percentages, and optimal feed efficiency. Koohmaraie et al. [4] reported that
tenderness of CLPG longissimus muscle is the only trait that seems to be affected negatively by the
CLPG gene.

This study is part of a long program from the Jordan University of Science and Technology to
develop a desirable Awassi phenotype with improved meat characteristics, including feed
efficiency, meat growth, and tenderness by the introgression of the callipyge mutation into Awassi
sheep [7]. To our knowledge, this the first study to investigate the effect of 25% Rambouillet genes
and the CLPG mutation on Awassi growth and meat characteristics. The objectives of this study
were to evaluate the callipyge mutation effect on growth performance, as well as the carcass
characteristics and meat quality of a callipyge Awassi-Rambouillet first back-cross, and compare
them with the Awassi and Rambouillet cross.

2. Materials and Methods

All procedures used in this study were approved by the Animal Care and Use Committee at
Jordan University of Science and Technology (JUST), Jordan (N®16/3/3/534), in line with the
international ethical guidelines of humane treatment of experimental animals (IACUC).

The callipyge mutation was introduced to the local Awassi sheep in 2011 by insemination with
imported frozen semen of four Rambouillet homozygous rams for the CLPG gene from Utah
University, USA. The first-generation callipyge Awassi rams (F1-CA, 50% Callipyge and 50%
Awassi) characterized by Jawasreh et al. [7,8], were used for mating the Awassi ewes to produce the
first backcross of callipyge Awassi-Rambouillet lambs (CRAW), resulting in rams carrying 25%
Rambouillet and 75% Awassi genes. Further, mating Awassi ewes with F1-CA sires heterozygous
for the CLPG gene resulted in a Rambouillet-Awassi ram lambs without the CLPG gene (RAW),
composed of 25% Rambouillet and 75% Awassi genes. Awassi lambs (AW) were found in the same
station and were of the same age and weight. The CRAW ram lambs were further examined to
determine carrier lambs of the CLPG gene by PCR-RFLP technique according to Freking et al. [9],
and were later evaluated phonetically for the existence of the CLPG phenotype at the age four to six
weeks.
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Blood samples were collected from jugular vein of the 110 first backcross lambs (25%
Rambouillet and 75% Awassi, aged 3 weeks) that resulted from mating of the heterozygous
callipyge-Awassi ram (50% Awassi and 50% Rambouillet) with Awassi ewes. Samples were
collected in vacationer tubes containing EDTA and stored at 4 °C.

DNA was isolated from the blood samples using a DNA isolation kit (Omega Bio-Tek Inc.,
Norcross, GA, USA). The quantity and quality of genomic DNA were ascertained by ultraviolet light
and 1.5% Agarose Gel electrophoresis.

The DNA amplification of the CLPG gene was achieved by polymerase chain reaction (PCR).
Two primer pairs (5-TGA AAA CGT GAA CCC AGA AGC-3 (forward) and 5-GTC CTA AAT
AGG TCC TCT CG-3’ (reverse))) that targeted a fragment of 426 bp as described by Freking et al. [9]
were used for the identification of the CLPG gene. The PCR amplification reaction solution was
performed in total volume of 25 pL containing 2 uL (200 ng) DNA, 4.5 uL nuclease free water, 12.5 ul
of GoTaq® (Promega Corporation, Madison, WI, USA) Green Master Mix (2x), 2 uL MgClz, and 2 pL
(0.8 uM) of each primer. The PCR cycling condition was a preliminary denaturizing at 95 °C for 3
min, followed by 1 cycle of denaturing at 95 °C for 30 s, annealing at 59 °C for 30 s, and extension at
72 °C for 40 s, followed by 35 cycles and 10 min at 72 °C as a final extension. The PCR reactions were
performed on a LifePro Thermal Cycler. The PCR products of 426 bp were confirmed by resolving
on 1.5% agarose containing (ethidium bromide) in parallel with a 100-bp DNA ladder. Gel
electrophoresis was carried out at a constant voltage of 120 V for 45 min.

The amplified fragment of CLPG (426 bp) was digested by the restriction endonuclease BsmFI
(Fermentas, Waltham, MA, USA). Digestion was conducted at 37 °C for 13 h and in a 25-pL reaction
solution including 2 pL of nuclease free water, 6 uL of buffer, 1 uL Bovine Serum Albumin, 1 pL of
BsmFI, and 15 puL of PCR product. The digested fragments were separated by electrophoresis on 3%
agarose gel stained with ethidium bromide and the gel was analyzed in the UV rays.

The fattening trial for the ram lambs was conducted at Jordan University of Science and
Technology Center for Extension and Research using 24 randomly selected unrelated ram lambs
(weaned at 60 + 2 days old). In order to avoid weaning stress, the lambs underwent two weeks of
adaptation and reared in 1.5 x 1.75 m? individual pens. The three genotype groups were evaluated in
this trial with eight callipyge Awassi-Rambouillet ram (CRAW) lambs, eight non-CLPG
Rambouillet-Awassi ram (RAW) lambs, and eight Awassi ram (AW) lambs. All lambs were
introduced slowly to ad libitum access to water and a diet containing 16% crude protein (CP) and 2.0
Mcal metabolizable energy/kg for a period of 94 days [10]. The total mixed ration contained 15%
soybean, 61.4% barley, 21% wheat straw, 1.5% salt, 0.1% limestone, 0.1% minerals, and 0.1%
vitamins. Feed and orts were weighed daily for the calculation of feed intake and efficiency, while
lamb live weights were recorded weekly.

For the purpose of carcass evaluation and meat quality measurements, all ram lambs were
slaughtered at the same time at the end of the fattening period, after 12 h of fasting with free access
to water. The lambs were slaughtered using a standard slaughter procedure as described by
Abdullah et al. [11]. Briefly, carcasses were divided into five parts namely shoulder, rack, loin and
leg cuts, and fat tail [12], and their weights recorded. The rib-eye area, fat depths, tissue depth (GR),
rib fat depth (J), eye muscle width (A), depth (B), eye muscle area, fat depth (C), shoulder fat depth
(S2), and leg fat depth (L3) in addition to longissimus muscles weight were measured on chilled (at 5
°C for 24 h) cuts [11]. Each major cut was separated into right and left sides using an electrical saw.
The right side of each cut was sealed in a plastic bag and frozen at -20 °C for later analysis while the
left leg was dissected to determine its muscle, bone, subcutaneous fat, and inter muscular fat
components as indicators of muscularity of the whole carcass. Longissimus muscles were excised
from the right side of loin cuts, cleaned from the subcutaneous fat, vacuum-packaged, and frozen at
-20 °C for later analysis. Meat quality measurements were conducted on cooked meat samples as
described by Abdullah and Qudsieh [13], including Warner-Bratzler shear force values, water
holding capacity, cooking loss, and color coordinates (L*, a* and b*).

Data were analyzed using the mixed general linear model ANCOVA using the mixed
procedure of SAS (SAS Institute, Cary, NC, USA). The genotype of the animals was inserted as fixed
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effect in the model. The initial weight was inserted as a covariate for the final body weight, fasting
live weight, hot carcass weight, cold carcass weight, dressing percentage and average daily gain.
Dry matter intake, feed conversion ratio, carcass cut, dissected leg, non-carcass components, and
meat quality were also analyzed using the mixed procedure of SAS without including covariate
factors in the model. The sires of the animals were inserted as Random effect for all studied traits.
Differences among means were tested using the LSD-test procedure by the inclusion of the PDIFF
option in the LSMEANS statement and values presented as least square means (LSMeans) + SE of the
mean (SEM).

3. Results

One hundred and ten newborn first backcross lambs that resulted from mating of the
heterozygous callipyge Awassi ram (50% Awassi and 50% Rambouillet) with Awassi ewes were
examined to determine carrier lambs of CLPG gene by the polymerase chain reaction followed by
restriction fragment length polymorphisms (PCR-RFLP) technique.

The amplification of the targeted BsmFI CLPG gene show fragments of size 426 bp (Figure 1).
Genotyping of CLPG gene was conducted by the digesting the PCR product by restriction BsmFI
enzyme. The digestion of the PCR products produced segments of 395 bp and 31 bp for mutant allele
c and 278 bp, 117 bp, and 31 bp for wild type allele C (Figure 2). As expected and according to
Mendelian inheritance, half of the lambs (55 lambs) were carriers for the CLPG mutation since the
rams were of the heterozygous genotype.

Figure 1. PCR product of the CLPG mutation (426 bp) visualized using 1.5% agarose.

At the beginning of the fattening trial, there was no significant difference in the initial body
weight among all genotypes. The CRAW lambs did not differ (p > 0.05) in final body weight from
RAW lambs but were heavier (p < 0.05) than AW lambs. Furthermore, the callipyge mutation and
25% Rambouillet genes had a positive effect on the average daily gain (ADG) of the lambs for the
whole trial period. The CRAW lambs had higher (p < 0.05) ADG than AW lambs (0.326 vs. 0.177
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kg/d), whereas the ADG of CRAW lambs was comparable to that of RAW lambs (0.326 vs. 0.298
kg/d; p > 0.05). CRAW and RAW consumed significantly more feed than AW during the fattening
period, resulting in lower (p < 0.05) feed conversion ratio in CRAW as compared to AW lambs, but
not RAW lambs, as shown in Table 1.

ECRCCRECCC

117 bp

31 bp

L100

Figure 2. PCR-RFLP results for CLPG gene by BsmFI restriction enzyme on 2% agarose gel. PCR
products produced segments of 395 bp and 31 bp for mutant allele c and 278 bp, 117 bp, and 31 bp for
wild type allele C.

Table 1. Growth performance of first backcross callipyge Awassi-Rambouillet (CRAW),
Rambouillet-Awassi (RAW), and Awassi (AW) lambs.

. Genotype * .
T ¥
rait CR R Covariate
Initial weight (kg) 22.80+1.43 20.90 +1.43 19.30 +1.43

Final body weight (kg) 50.802+1.72  48202+176 37.10*+1.73 0.0005
Dry matter intake (kg) 115.702+5.27 109.502+5.27 83.60°+5.27
ADG (kg) 0.332+0.02 0.302+0.02  0.18°+0.02 0.762

FCR (kg feed/kg gain) ~ 3.902+0.25  4.10°+0.25  540°+0.25
* Values presented as least square means + SEM. ADG: average daily gain, FCR: feed conversion
ratio. > Means within the same row with different superscripts differ according to the indicated
level of significance (p < 0.05). ** Significant covariate included in the model. Initial weight was
inserted as covariate to account for initial weight differences and adjust subsequent weights and
measurements. p < 0.05 was considered significant.

Hot and cold carcass weights were heavier (p < 0.05) for the CRAW lambs when compared to
AW lambs but similar to RAW lambs (Table 2). Carcasses from CRAW were higher (p < 0.05) by 4%
in dressing percentage than AW carcasses but similar to RAW lambs (p > 0.05). The legs weight was
heavier for the CRAW lambs when compared to RAW or AW lambs (10.1 vs. 8.3 and 6.3 kg
respectively; p < 0.05). The weight of shoulders racks and loins were higher (p < 0.05) in CRAW than
AW, but not RAW (Table 2), with no difference (p > 0.05) in fat tail weight between all lambs.

Weights of non-carcass components are presented in Table 2. Some non-carcass component
weights, including liver, kidney, kidney fat, and testes weight were similar between RAW and
CRAW but higher (p < 0.05) in CRAW compared to AW lambs, while there were no significant
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differences (p > 0.05) in heart, spleen, mesenteric fat, lungs, and trachea weights among the three
genotypes.

Table 2. Carcass and non-carcass components of the first backcross callipyge Awassi-Rambouillet
(CRAW), Rambouillet-Awassi (RAW), and Awassi (AW) lambs.

*
Weight (kg) CRAW Ge;(:};\l;e AW Covariate **
Carcass evaluation
Fasting body 48.52+1.96 4502+1.63  359b+1.68 0.0008
Hot carcass 26.42+1.00 24.02+0.97 18.0%+1.00 0.0001
Cold carcass 25.62+0.98  2332x0.95 17.5°+0.98 0.0001
Legs 10.12+0.64 8.3°+0.59 6.3°+0.94
Loins 2.82+0.18 252+0.17 1.5°+0.27
Shoulders 1042+0.61 9.32+0.56 722 +0.95
Racks 2.62+0.17 232+0.17 1.4°+0.17
Fat tail 12+0.27 1.1+0.25 1.5+0.39
Dressing percent (%) 54.82+1.01 53524090 50.7°+1.45 0.0029
Organ weight (kg)
Heart 0.270 +0.03 0.260 + 0.02 0.205 +0.03
Liver 0.7202+0.04 0.6602*+0.04 0.550"+0.04
Spleen 0.080 + 0.01 0.082 +0.01 0.060 +0.01
Kidney 01262+0.01 0.1242+0.01 0.090®+0.01
Kidney fat 0.2602+0.04 0.2382+0.04 0.107>x0.06
Mesenteric fat 0.470 £ 0.06 0.481 +0.06 0.460+0.10
Lungs and trachea 0.583+0.04  0.608 +0.04 0.526 +0.04
Testes 0.2702+0.02 0.2512+0.02 0.149°+0.03

* Values presented as least square means + SEM. b Means within the same row with different
superscripts differ according to the indicated level of significance (p < 0.05). ** Significant covariate
included in the model (initial weight was inserted as covariate to account for initial weight
differences and adjust subsequent weights and measurements), p < 0.05 considered significant.

The effects of genotype on muscle fat and bone weights are shown in Table 3. The longissimus
muscle weight was 36% heavier (p < 0.001) in CRAW than RAW and 85% heavier than AW.
Furthermore, total lean weight was 66% heavier in CRAW than AW and 29% heavier than RAW.
Intermuscular fat, subcutaneous fat and total bone in leg muscle were higher in CRAW than in AW,
while there were no differences (p > 0.05) in intermuscular fat, subcutaneous fat, and total bone
between the CRAW and RAW lambs.

The effect of the CLPG and Rambouillet phenotypes on longissimus muscle linear dimensions
and fat measurements is presented in Table 3. The eye muscle area of CRAW was significantly larger
(p < 0.05) than RAW and AW (25.5 vs. 19.1, 15.1 cm?, respectively). Similarly, longissimus muscle
width and depth were larger (p < 0.05) for CRAW compared to RAW or AW lambs. Some linear fat
measurements such as tissue depth (GR), leg fat thickness (L3), and shoulder fat thickness (S2) were
also higher (p <0.05) in CRAW compared to AW but similar to RAW lambs. Finally, no differences (p
> 0.05) were observed in rib fat depth in all genotypes, while fat depth in longissimus dorsi was not
different (p > 0.05) between RAW and AW.

Meat quality characteristics are shown in Table 4, where shear force measurements of CRAW
were higher (p < 0.05) than both RAW and AW (7.2 vs. 4.2, 3.2 kg, respectively). Cooking loss for
CRAW was lower (p > 0.05) than AW, but similar (p > 0.10) to RAW lambs, and the water holding
capacity was higher (p > 0.05) in CRAW compared to RAW and AW meats (26.6 vs. 22.0, 19.5%,
respectively). Furthermore, no differences (p > 0.05) in meat pH or color coordinates (L*, a* and b¥)
were observed in all evaluated meat cuts.

In a nutshell, CRAW and RAW were generally superior to AW in meat performance, but similar
amongst each other except for leg weight, water holding capacity, shear force measurement and fat
content. Altogether our results show a slight advantage to the introgression of the callipyge gene
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than just Rambouillet genotype in our rearing system, where leaner meat is becoming more
desirable for human consumption in Jordan and the Mediterranean region.

Table 3. Means (+SEM) dissected leg, loin cuts, longissimus muscle, and fat measurements of the first
backcross callipyge Awassi-Rambouillet (CRAW), Rambouillet-Awassi (RAW), and Awassi (AW)

lambs.
. Genotype *
Traits CRAW RAW AW
Carcass weight (kg)
Longissimus muscle 0.3632+0.02 0.267°+0.02 0.196°+0.04
Leg 5.0512+0.32 4.102°+0.30 3.075°+0.48
Intermuscular fat 0.1402+0.02 0.1142+0.02 0.079°>+0.02
Subcutaneous fat 0.6882+0.07 0.5612+0.07 0.349°+0.07
Total lean 3.0212+0.19 2336°+0.18 1.821<+0.30
Total bone 0.8612+0.04 0.7652*+0.04 0.664"°+0.04
Eye muscle
Width (A) (mm) 7342+£154  674b+154  59.9c+154
Depth (B) (mm) 39.72+146  32.2"+1.39 26.0<+1.99
Area (cm?) 2552+1.34 19.1°+1.24 15.1<+2.01
Fat
Depth (C) (mm) 492+0.72 4.022+0.72 21%2+0.72
Thickness (L3) (mm) 10324117  1032+1.17  64b+1.17
Thickness (52) (mm) 6.382+0.75 6.292+0.75 3.752+0.75

Tissue depth (GR) (mm) 203°+144  194°+144 13.7°+1.44
Rib fat depth (J) (mm) 8.62 +0.90 753+0.87  648+1.12

* Values presented as least square means + SEM. < Means within the same row with different

superscripts differ according to the indicated level of significance (p < 0.05).

Table 4. Means (xSEM) meat quality characteristics of the first backcross callipyge
Awassi-Rambouillet (CRAW), Rambouillet-Awassi (RAW), and Awassi (AW) lambs.

. Genotype *
Traits CRAW RAW AW

Cooking loss (%) 41.32+048 42220+048 43.1>+0.48
Water holding capacity (%) 26.62+231 22.0°+210 19.5>+3.66
Shear force (kg/cm?®) 7282+051 4.25*+051 3.22b+0.51
pH 5.87+0.38 5.80 +0.38 5.80 +0.38
Color

a* (redness) 2.99+19.7 2.72+19.7 3.14+19.7

b* (yellowness) 17.9 +68.9 181+63.1 17.5+106.4

L* (lightness) 35.5+1.04 35.7 +1.04 35.3+1.04

* Values presented as least square means + SEM. < Means within the same row with different
superscripts differ according to the indicated level of significance (p < 0.05).

4. Discussion

In this study, we expanded the findings from our previous work [7,8,14], where we introduced
the CLPG in Awassi flocks and evaluated the effects of this CLPG in F1 (callipyge
Awassi-Rambouillet lambs) to highlight the specific combined performance and meat characteristics
traits of CLPG and 25% Rambouillet as compared to Awassi.

The body weight increase in CRAW lambs was in accordance with the results of Srinivasan [15]
where slaughter weights of the Callipyge lambs were higher (p < 0.05) than normal lambs (59 vs. 55
kg). No differences between the CRAW and RAW groups were observed in growth performance,
that were in agreement with previous reports where little or no effect of the CLPG on lamb growth
was induced when compared to their normal siblings [3,16-18]. Jackson et al. [6] and Al-Dabeeb [19]
both found that lambs expressing the callipyge muscle phenotype consumed less feed per kg of live
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weight than normal half-sibling lambs. In contrast, callipyge Awassi lambs had a lower feed
conversion ratio compared to normal half-siblings [6]. Further, CLPG lambs showed heavier hot and
cold carcass weights when compared to non-carrier lambs [6,9,20,21] where the dressing percentage
ranged from 2% [4] to 5% [22], and contradictory findings regarding the increase in dressing percent
due to an increase in muscle mass were reported by Jackson et al. [22] but not Koohmaraie et al. [4].
Previous reports also showed that the dressing percent was also influenced by fat content [4], gut-fill
or lower intestinal weight [4,22], and wool as compared with non-carrier lambs.

Similar to our findings for the CLPG for Rambouillet crosses, higher shoulder, leg, rack, and
loin cut weights in CLPG carcasses compared to non-carrier lamb carcasses were reported by
Jawasreh et al. [8], Abdulkhaliq et al. [16,17], Goodson et al. [23], and Field et al. [21]. It is important
to note that the lambs in this study resulted from the first backcross of callipyge Awassi with Awassi
lambs, carrying 25% Rambouillet and 75% Awassi genes. As a result, a possible reversion of the
Awassi fat tail phenotype closer to that of Awassi sheep, a desirable characteristic by farmers and
consumers, was observed in this study. This was in contrast to greater fat tail weight in F1 Awassi
callipyge rams as reported by Jawasreh et al. [8] using the F1 callipyge/Rambouillet-Awassi cross
(50% Awassi and 50% Rambouillet). Perhaps the 25% meat-type Rambouillet genes, in addition to
the CLPG gene, may be responsible for such an increase in growth performance, and this appears in
the comparisons made between CRAW and RAW lambs, where these two groups did not differ in
the majority of enhanced traits.

The muscle fat and bone weights in CRAW lambs were higher than in AW lambs, but not in
RAW lambs, in agreement with previous work where callipyge rams were heavier compared to the
Awassi lambs or non-carriers lambs [17,20,21,23,24]. Specifically, greater longissimus muscle
weights were reported to be 27% [25], 32% [26], 39% [23], 42% [27], and even 51% [22] greater in
CLPG gene-carrying vs. non-carrying rams. Earlier, our lab (unpublished data) found that total leg
muscle weight was significantly higher in the callipyge Awassi (50% Rambouillet) compared to the
Awassi lambs, in agreement with our results. Published results [3,4,17,23,25,28,29] indicated that
individual muscle weights in the hind limbs were increased in lambs carrying the CLPG gene
compared to non-carrier animals. However, opposite to our findings, Jawasreh et al. [8] reported
lower intermuscular fat and subcutaneous fat in leg muscle in callipyge Awassi (50% Rambouillet)
compared to AW lambs. This lower fat concentration in callipyge lambs appears to be due to less
intramuscular fat in this study. Jackson et al. [22] reported that the difference in total carcass fat
between the two phenotypes was mainly due to a lower amount of intermuscular and intramuscular
fat in the carcasses. Goodson et al. [23] indicated that lambs expressing the callipyge mutation had
total fat as a percentage compared to carcass side weight than lambs not expressing the callipyge
mutation (19.7 vs. 29.0%). Furthermore, Jawasreh et al. [8] found a non-significant difference in total
bone weight between callipyge Awassi (50% Rambouillet) and Awassi lambs, and Goodson et al.
[23] found that the percentage of bone was similar between the two phenotypes. However, Jackson
et al. [22] found that Callipyge lambs had lower percentage of bone as compared to normal lambs.

Differences in muscle weights in CLPG lambs observed in the leg and loin cuts in our study
may result from an increased expression of the callipyge mutation [6]. Stockdale [30] linked the
increased muscle mass to the increased satellite cell proliferation and a capacity to synthesize protein
and reduce protein degradation in callipyge muscles. Carpenter et al. [24] concluded that the large
increase in muscle mass (semitendinosus, longissimus, and gluteus medius) in CLPG lambs was
strongly associated with changes in the fast twitch glycolytic (FG) fibers, and that the enlargement of
muscles in callipyge-expressing animals was primarily due to myofiber hypertrophy. Carpenter et
al. [24] also found that hypertrophy-responsive muscles from callipyge lambs were of larger average
diameters in FG and fast oxidative glycolytic (FOG) muscle fibers, but smaller average diameter in
slow twitch oxidative (SO) fibers when compared to normal lambs. Lorenzen et al. [31] reported the
increase in protein mass and the reduction in degraded protein in callipyge muscles (longissimus
and biceps femoris) being predominantly due to an absolute increase in tissue weight.

Similar to previous reports, some non-carcass components were higher in this study in
callipyge Awassi (25% Rambouillet) lambs as compared to Awassi lambs, while spleen weight was



Animals 2019, 9, 517 9 of 11

not different [4]. Jackson et al. [22] reported no differences in internal organ weights like spleen,
lungs and mesentery fat between lambs expressing or not the callipyge phenotype, while
Koohmaraie et al. [4] found that CLPG lambs had lighter internal organ weights in terms of lungs,
liver, and kidney than normal lambs. Abdulkhaliq et al. [16,17], Goodson et al. [23], Freking et al.
(1998b) [18], and Srinivasan [15] all reported that callipyge lambs had lower liver, kidney and pelvic
fat weights than normal lambs. Further, the correlation between testicular weight and body weight
was described to be significantly high and positive in Awassi sheep [32,33], with no indication on
this correlation in CLPG gene carrying lambs.

The effect of the CLPG phenotype combined with 25% of Rambouillet genes on longissimus
muscle linear dimensions and fat measurements were apparent in this study. These were in
agreement with Jawasreh et al. [8] where loin muscle area was larger in callipyge Awassi (50%
Awassi and 50% Rambouillet) compared to Awassi lambs (30.97 vs. 16.77 cm?). Further, an increase
in the longissimus muscle area of the callipyge lambs when compared to non-carriers lamb were
reported [4,5,17,20,21,23,24] to be larger in width and depth than in AW lambs. Interestingly, all
linear fat measurements (higher in CRAW than AW) in this study were opposite to previous reports
[4,16,18,20-23] where CLPG lambs showed less fat thickness compared to the normal lambs. It is
crucial to note that these effects may be affected by both the 25% Rambouillet genes in addition to
the CLPG gene.

The higher shear force measurements in the muscles of the CLPG by Rambouillet cross are in
consistence with previous reports [4,8,17,20,21,23,34]. The increased toughness of CLPG meat has
been attributed to higher calpastatin activity, resulting in decreased protein degradation [4,23,34].
Goodson et al. [23] indicated that the increased toughness of the longissimus thoracis et lumborum
in the CLPG lambs was apparently due to lower myofibrillar component rather than the connective
tissue component of the muscle. Koohmaraie et al. [4] suggested that the reduction rate of protein
degradation and a higher capacity for protein synthesis are consequences of the callipyge condition,
which in turn are associated with lower meat tenderness resulting from reduced rate and extent of
postmortem meat proteolysis. Abdulkhaliq et al. [17] also suggested that the method of cooking may
play a major role in the gene effect on meat tenderness.

Cooking loss in this study was lower in CRAW than AW, in accordance to some previous
reports [12,35]. Higher water holding capacities in CRAW indicate a higher moisture content of
uncooked loin muscle for CLPG lambs [17]. Jawasreh et al. [8] found no difference in water holding
capacity between CLPG lambs (50% Rambouillet and 50% Awassi) and normal lambs. Similar to our
results, no difference was reported between all genotypes in the meat pH [4], although changes in
the proportion and size of muscle fibers were noted with an increase in the proportion of the
glycolytic fibers associated with CLPG [4]. However, these results are in contrast to those of
Jawasreh et al. [8] and Goodson et al. [23] who found meat pH to be lower in CLPG lambs than
normal lambs. Color coordinates (L, a* and b*) did not significantly differ between all meats in this
study, similar to the results of Koohmaraie et al. [4].

It is crucial to point out that although most of our results are consistent with the findings of
several studies that report the stated effects of CLPG gene introgression in the Awassi breed, the
influence of Rambouillet genes introduced from the first backcross of callipyge Awassi—-Rambouillet
lambs should not go unnoticed; this observation is extrapolated from the similarities of results
between the CRAW and RAW groups, where the latter did exhibit some exclusively favorable
improvements. It would be interesting to conduct further future investigations using Rambouillet
breeds as additional controls alongside the Awassi breed. Nonetheless, our study significantly
points out the superior qualities of the newly generated genetic group following both
manipulations.

5. Conclusions

The growth performance of the Awassi sheep has been improved through the introgression of
25% Rambouillet sheep and the callipyge mutation in Awassi sheep. The CLPG gene effects
observed in the F1 backcross of this study improved growth characteristics and meat type, with the
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exception of tenderness, which was better than that of the first filial Rambouillet callipyge Awassi
sheep, while safeguarding the desirable Awassi traits. Further research on the implementation of
successful breeding strategies for the maintenance of the new backcross with the introgression of the
new qualities requires further investigation, namely in order to determine the appropriate mix of
Rambouillet/Awassi breeds in the presence or absence of the CLPG mutation to improve meat
tenderness in addition to the other growth and meat characteristics. The synergetic effects of the
CLPG and Rambouillet genes can be used in structured mating systems to make dramatic
improvements in total lean, feed efficiency, and carcass composition of Awassi sheep.
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