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Simple Summary: The two non-synonymous g.11685G>A and g.11773T>C SNPs of PRLR(L2) were
significantly associated with milk yield, fat%, and protein%, and mRNA and protein levels of PRL
and PRLR in milk somatic cells. GT-animals had the best milk performance; however, AC-animals
had inferior milk production. Thus, the selection of buffaloes with GT haplotypes may enhance milk
performance in Egyptian buffaloes.

Abstract: Prolactin (PRL) and its receptor (PRLR) were considered as potential genetic markers for
milk production and quality traits in cattle. However, little information is available regarding PRLR
genetic diversity and association studies with milk traits in Egyptian water buffaloes. Therefore, the
present study was conducted to search for mutations in PRLR and determine their associations with
milk performance in these animals. Exon3 (E3) and E10 of PRLR were screened for polymorphisms
using single strand conformation polymorphism (SSCP) and sequencing in 400 buffaloes. The associ-
ations between haplotypes and milk production (fat%, protein%, lactose%, and solid%) traits as well
as mRNA and protein levels of PRL and PRLR were studied. Two single nucleotide polymorphisms
(SNPs) in E10 were detected: g.11685G>A (p.Ala494Thr) and g.11773T>C (p.Val523Aal). The G
and T alleles were wild (ancestral) alleles, while the A and C alleles were mutant alleles. These
SNPs resulted in four haplotypes; AC, AT, GC, and GT. Buffaloes with wild GT haplotypes showed
significantly higher milk yield, fat% and protein%, mRNA and protein levels of PRL and PRLR in
milk somatic cells than other animals. Animals carrying mutant AC haplotype had inferior milk
traits and lowest levels of associated mRNAs and proteins. With these results, we could conclude
that the selection of buffaloes with wild GT haplotypes for g.11685G>A and g.11773T>C SNPs of the
PRLR gene might improve the milk production traits of Egyptian water buffaloes.

Keywords: prolactin receptor; mutations; Egyptian buffalo; milk performance

1. Introduction

High milk production is one of the world’s most important priorities for dairy breed-
ing. Milk composition characteristics are new breeding goals to cope with healthier dietary
demands [1]. The selection of dairy animals with superior milk performance is of a great
importance to breeders and consumers. Prolactin (PRL) is necessary for lactation [2] and
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this lactotrophic potential is facilitated by combining with its receptor, PRLR. During
lactation, PRL/PRLR signaling not only stimulates the abundant synthesis of milk protein,
lactose, and fat, but it also regulates their secretion [3], hence the inhibition of this signaling
reduces milk yield [4].

PRLR belongs to the transmembrane cytokine class-1 receptor superfamily. The PRLR
gene was mapped to chromosome 19 (buffalo), 20 (cattle), and 16 (sheep), and composed of
10 exons, of which exonl (E1) and E2 are non-coding [5,6]. Similar to other bovine species,
buffalo PRLR protein consists of four domains: signal peptide (24 amino acids encoded by
E3 and E4); extracellular domain (encoded by E4-E7); transmembrane domain (encoded by
E7 and E8 and contains PRL binding site); and intracellular (cytoplasmic) domain (encoded
by E9 and E10) [7]. In bovine species, PRLR has two functionally different isoforms, short
and long isoforms, produced mainly by alternative splicing [8], with a length of 296 and
581 amino acids, respectively [7]. The long isoform is responsible for almost all functions
mediated by binding with PRL and plays a crucial role in the regulation of milk protein
genes’ transcription through binding to certain transcription sites at their promoters [2].
However, the short isoform has less distinct function due to the absence of E10 [5].

Single strand conformation polymorphism (SSCP) and sequencing followed by statisti-
cal association analysis were successfully used to detect single nucleotides polymorphisms
(SNPs) associated with production, fertility, growth, and milk traits in animals [9-14]. In ru-
minants, the majority of PRLR SNPs were detected in E3 and E10. Previous studies revealed
significant associations between these SNPs and milk production traits in cattle [5,6,15,16],
goat [17-19], and sheep [20].

Three previous studies screened partial sequences (E3, E7, E10) of PRLR for poly-
morphisms in Indian and Chinese buffalo breeds [21-23]. However, those studies used
different nomenclature for the detected SNPs, probably due to the absence of wide genomic
analysis. Recently, Cosenza et al. (7) screened a larger sequence (from E3 to 3" UTR) for
polymorphisms and found several SNPs. However, they only studied the association of one
selected SNP in E10 (g.11188A>G) with milk fat quality and content in Italian river buffalo
and found that milk of AA-genotype animals had higher contents of odd branched-chain
fatty acids. Therefore, we used the most recent published sequence of Italian buffalo PRLR
(GenBank accession number MF461277.1) as a reference for buffalo PRLR sequence [7]
and accordingly only the names (but not the locations) of the prior detected SNPs were
changed. Based on this nomenclature, two different studies detected g.114T>G SNP in
E3 and g.11188A>G SNP in E10 of PRLR in Indian and Italian buffaloes [7,22]. Another
non-synonymous g.11488A>G SNP was detected in E10 of Indian, but not Italian, river
buffaloes [7,23]. Interestingly, a trans-specific silent mutation (g.11936G>A) was found
in PRLR E10 of buffalo [7] and cattle [24]. Another seven mutations were determined in
Italian buffalo PRLR E10, including four missense mutations (g.11434C>T, g.11577G>A,
g.11580A>C, and g.11683C>T), and three silent mutations (g.11687A>G, g.11768T>C, and
g.11882G>A) [7]; however, their associations with animals phenotypic traits have not been
investigated yet.

As described above, some PRLR polymorphisms have been found in Indian, Chinese,
and Italian buffaloes and their association with milk fat in Italian buffalo breeds has been
examined [7,19,21-23]. However, to date, none of the detected SNPs have been explored in
Egyptian water buffaloes. Moreover, these previous studies did not investigate associations
between SNPs and the gene and protein expression of PRL or PRLR. Given that most
detected SNPs were found in E3 and E10 of PRLR, herein we screened these two exons for
polymorphisms and studied their associations with milk performance and the expression
of PRL and PRLR.

2. Materials and Methods

Before conducting this study, we received ethical approval from the Animal Ethical
Committee of Kafrelsheikh University with a license number of KFS 127/14.
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2.1. Animals and Sampling

All animals (n = 400) enrolled in this study were randomly chosen from one large
buffalo station in Kafrelsheikh province. The selected animals were daughters of 72 sires
with 2 to 30 daughters per sire. Animals were milked twice daily with an equal interval of
12 h. Milk yield per 305-day lactation was obtained from farm records (from February 2014
till December 2018). Milk samples (n = 10,130 samples, from 1224 lactations) were collected
from the 400 buffaloes. Milk constituents of protein, lactose, fat, and total solid (expressed
in percentages) were determined by a milk analyzer (Funke Gerber, Berlin, Germany).

For the detection of polymorphisms, blood samples were obtained from veins of
the 400 animals (5 mL/animal). For the extraction of mRNA and protein, milk samples
(n = 9/haplotype) were gathered from animals with similar lactation age and stage. Milk
somatic cell pellets were prepared by double centrifugations (1500 x g/30 min followed by
1100x g/15 min) of these milk samples (1 L milk/animal). Milk somatic cells (SCs) are a
group of cells exfoliated mainly from mammary gland epithelial cells (GECs) in addition
to some WBCs and micro-organisms. Unlike GECs, SCs are easily extracted from milk
samples in forms of pellets. They were also effectively utilized to assess the expression of
some milk performance-related genes and proteins in buffalo and goat [14,25,26].

2.2. Polymerase Chain Reaction (PCR)

Genomic DNA was extracted from blood samples using GeneJET genomic DNA
extraction kit following the manufacturer protocol (Thermo Scientific, #K0721, EU). Two
loci of PRLR gene encompassing E3 [PRLR(L1)] and E10 [PRLR(L2)] were amplified by
PCR using specific primers designed based on the published buffalo sequences in Gen-
Bank databases (Table 1). PCR mixture and conditions were performed as previously
detailed [10]. The only difference was the annealing temperature which was set at 56 °C
for 40 s in the present study. Agarose gels (1%) were used to confirm amplicon sizes.

Table 1. Primers used in conventional and qRT-PCR.

Gene Forward Primer Reverse Primer Ta (°C) Localization * Size (bp)  Experiment
PRLR(L]) ATGTGCCTCACCAGACTIT  CCAGGGAGTGAAAAAGAAC 56 E3, partial 212 SNPs
introns2, 3 detection
PRLR(L2) TGGACCAAACAGACCAACAT CAGGATGTTGCTATCTGTCAC (g.115 6]65}§ 11870) 305
PRLR AACCATTGAGACTGGCAGGG AAGGGGGTTTTGTCTTGGGG 60 E10 114 Relative
PRL GCATGCTTGGCTCTAATGGG  TGTCAGTTTCTGCTATTTGTGAC Coding sequences 186 expression by
f3-actin CGACAACGGCTCCGGCATGT  CTCCTCAGGGGCCACACGGA 211 gRT-PCR

* PRLR loci were determined based on the published Italian river buffalo sequence (accession no MF461277.1). The forward primer of
PRLR(L1) precedes the starting nucleotide of MF461277.1 by 25 nt. Ta, annealing temperature. SNPs, single nucleotide polymorphisms.

2.3. SNP Identification by Single-strand Conformation Polymorphism and Sequencing

Single-strand conformation polymorphism (SSCP) was performed for all PCR prod-
ucts as previously described [12,13]. Animal genotypes were identified according to
PCR-SSCP banding patterns. Sixty random purified PCR products: 50 from PRLR(L2)
(10 from each SSCP banding pattern) and 10 from PRLR(L1) were sequenced by outsourc-
ing (Macrogen Company, South Korea) and the obtained sequences were analyzed by
Geneious 4.8.4 software (Biomatters, Ltd, Auckland, New Zealand). PROMO software was
used to predict transcription factor binding sites results from nucleotides substitutions on
PRLR(L1) relative to Italian and Indian buffaloes [27].

2.4. Real-Time PCR

The commercially available kit Gene]JET RNA (Thermo Scientific, # K0731, Waltham,
MA, USA) was used to extract RNA from milk somatic cell pellets as previously de-
tailed [14]. Purity and concentration of RNA samples were assessed by Nanodrop (Q5000,
Quawell, San Jose, CA, USA). The gRT-PCR mixture contained cDNA, primers of candidate
genes (Table 1), and SYBR Green Master Mix (Thermo Scientific, # K0221, Waltham, MA,



Animals 2021, 11, 1237

40f11

USA). Each sample was run in triplicate along with nontemplate control in each plate. The
thermal cycling conditions and determination of gene expression (expressed as fold change
against the internal control (3-actin) were performed as previously detailed [28,29]. Expres-
sion profiles of PRL and PRLR in milk SCs were validated by detecting their expression in
mammary gland tissues as previously described [14].

2.5. Western Blot

The expression of PRL and PRLR in milk SCs was determined by Western blot as
previously described [14]. Full information (type, source, and dilution) about the used
antibodjies is presented in Table S1. 3-actin protein was used as a housekeeping protein
and protein bands were quantified by Image J software.

2.6. Statistical Analysis

Allele, haplotype, genotype, and minor allele frequencies, gene heterozygosity, effec-
tive allele numbers, polymorphism information content, Hardy—Weinberg equilibrium,
and linkage disequilibrium were calculated as previously described [14]. Associations
between PRLR(L2) haplotypes and milk yield and composition were analyzed using a
mixed linear model by SAS V9 (SAS Inst. Inc., Cary, NC, USA) as previously described [14].
In brief, yjjmn = 1 + Sire; + Aj + Pr + Ly + My + Hy + €jjgimy Where Y represents the value of
milk yield and composition traits; p is the overall mean for each trait; Sire; is the random
effects of the i'" sires; A is the fixed effect of the age of the jM animal at calving expressed
in years (6 levels: 1 = <4yrs.,2 =4 yrs.,3=5yrs,,4=6yrs., 5 =7 yrs., 6 = >7 yrs.); Py is the
fixed effect of the parity (3 levels: parity 1, 2 and 3-5); L; is the fixed effect of the I'" stage
of lactation (10 levels of 30 days each); M,; is the fixed effect of the m™ month of calving
(12 levels); H,, is the fixed effect of the n™ PRLR haplotype with 4 levels (n = AC, AT, GC,
and GT); and ejjxjy, is the random residual effect.

Univariate analyses were used to test the association of the fixed effects and the
dependent variables of interest setting a liberal p-value of (p < 0.25). Then, final significance
for testing the fixed effects in the multivariable model was established at p < 0.05. The
results of the multiple comparisons were corrected using Bonferroni correction, and the
differences were considered significant at p < 0.05. Data were expressed as least squares
means =+ standard error of mean (SEM). Difference in expression levels of candidate genes
and proteins among different haplotypes were plotted using GraphPad Prism 8 (GraphPad
Software, Inc., San Diego, CA, USA).

3. Results and Discussion
3.1. Analysis of the Detected SNPs

The PRLR(L1) (Figure S1) and PRLR(L2) (Figure 1A) were genotyped in all animals
using PCR-SSCP. The PRLR(L2) showed five different SSCP banding patterns (P1-P5,
Figure 1B), suggesting the presence of polymorphisms, while PRLR(L1) showed only one
pattern (Figure S2), implying the absence of polymorphisms in this locus. Indeed, data
obtained from sequencing revealed no polymorphisms in PRLR(L1) (Figure S3) among the
Egyptian buffaloes. In contrast, analysis of PRLR(L2) sequences (which were submitted
to GenBank with an accession number of JQQ045623.1) revealed the presence of two non-
synonymous SNPs; g.11685G>A (at nucleotide (nt) 625 of E10 that changed alanine to
threonine amino acid (aa), (p.Ala494Thr)) (Figure 1C,D) and g.11773T>C (at nt 713 of
E10 that changed valine to alanine aa, (p.Val523Aal) (Figure 1C,E). The sequences of the
different 5 SCCP patterns are shown in the supplementary file (Figure S4).
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Figure 1. Identification of SNPs in buffalo PRLR(L2). (A) Agarose gel of PRLR(L2) amplified fragments (305 bp) from
six different samples (lanes 1-6). (B) PCR-SSCP banding patterns show five different patterns (P1-P5) in five different
samples. (C) A representative sequence chromatogram from one sample shows the sites of the two SNPs (two orange boxes),
primers (forward (F) and reverse (R), the two green arrows), and amino acid sequences (colored letters). (D,E) Sequences

chromatogram spanning the site of g.11685G>A (D) and g.11773T>C (E) SNPs (arrowheads) and the altered amino acids
(p-Ala494Thr and p.Val523Ala). Ala, alanine; M; 1Kb ladder; Thr, threonine; Val, valine.

Comparing nucleotide sequences of PRLR(L2) with the published sequences of various
ruminant species (buffalo, cattle, sheep, goat, and camel) revealed the presence of g.11685G
and g.11773T alleles in all ruminants. Therefore, these two alleles were considered as wild
(ancestral) type alleles. However, the other two alleles (g.11685A and g.11773C) were found
only in Egyptian buffalo sequences (except the C allele, which was also found in camel) and
could be mutant alleles (Table S2). Among different buffalo breeds (Table 2), seven SNPs
were detected at PRLR(L2): two unique SNPs (g.11685G>A and g.11773T>C) in Egyptian
buffaloes (this study); three unique SNPs (g.11577G>A, g.11683C>T, and g.11768T>C) in
Italian buffalo; and two shared SNPs (g.11580A>C and g.11687A>G) in Italian and Indian
buffaloes [7,22,23]. Surprisingly, Egyptian buffaloes had only the C (mutant) allele of
the shared (g.11580A>C) SNP, which could argue for the presence of the latter SNP if a
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large population of Egyptian buffaloes was examined. This higher level of nucleotide
polymorphisms in PRLR(L2), as a part of E10, could be mainly due to alternative splicing
characteristics for other regions of the PRLR as compared to E10 [8]. As compared to
sequences of other ruminants (Table S2), none of the Egyptian buffaloes PRLR(L2) SNPs
were found in other ruminant species studied thus far [5,18,20]. At the protein level, the
wild p.Ala494 residue of g.11685G>A SNP was conserved in most studied species (Italian
and Indian buffaloes, sheep and goat), while the mutant p.Thr494 residue was not detected
in all studied animals thus far (Table S2). This high degree of Ala conservation implies
that amino acid replacements at this codon may influence PRLR function. On the other
hand, the wild p.Val523 residue of g.11773T>C SNP was conserved in Italian and Indian
buffaloes, and cattle, while, interestingly, the buffalo mutant p.Aal523 residue was found
in sheep, goat, and camel but as a wild residue.

Table 2. Genotypic and allelic frequencies, value of x test, diversity parameter, and LD of g.11685G>A and g.11773T>C

SNPs of buffalo PRLR(L2).

SNP Genotype Frequency (Number) Allele Frequency  x2 (p-Value)  He Ne D’ MAF PIC
GA AA G A
g 11685G>A 040 (160)  028(112) 052 048 70001 049 199 Lo 048 037
TC cC T C '
g117731>C 0455(182)  0.225(90) 055 045 1420212 049 198 045 037

D, linkage disequilibrium (LD) coefficient; He, gene heterozygosity; MAF, minor allelic frequency, Ne, effective allele numbers; PIC,
polymorphism information content; X2, Chi-Square value.

A comparison between nucleotide sequences of PRLR(L1) and both Indian (accession
no GQ339914) and Italian (accession no MF461277.1) river buffaloes showed an insertion
of C nucleotide in the non-coding sequence of E3 in Egyptian buffalo PRLR(L1) (Figure S5).
Mutation in this site of the promoter region could change the transcription factors binding
sites (TFBS) that regulate gene expression. Therefore, we applied in silico prediction
analysis for TFBS and found a new TFBS in PRLR(L1) for the cancer-suppressor p53 gene
due to this insertion, suggesting a possible effect on PRLR expression and function. In
support, we previously found two SNPs in the noncoding sequences of E1 and E4 of IGF1
and reported their association with growth traits in Egyptian buffaloes [30]. We also found
g.1268G>T (p. Val19Phe) SNP among Egyptian and foreign buffaloes (Figure S5).

3.2. Analysis of Genotype Frequencies, Genetic Indices and LD

The genotyping of 400 buffalo showed higher frequencies of the wild alleles (g.11685G:
0.52 and g.11773T: 0.55) and their homozygous genotypes (g.11685GG: 0.32 and g.11773TT:
0.32) than the mutant alleles (g.11685A: 0.48 and g.11773C: 0.45) and their homozygous
genotypes (g.11685AA: 0.28 and g.11773CC: 0.225) (Table 2). The heterozygous genotypes
showed higher frequencies (g.11685GA: 0.40 and g.11773TC: 0.455) than the homozygous
genotypes in both SNPs. The three genotypes of the g.11685G>A SNP deviated from HWE
(p < 0.05), while those of the g.11773T>C SNP fit HWE (p > 0.05) (Table 2). Deviation of
HWE indicates the presence of either natural or artificial selection for g.11685G>A SNP in
Egyptian buffaloes.

Both g.11685G>A and g.11773T>C SNPs had closest MAF value (0.48 and 0.45, re-
spectively), high Ne values (1.99 and 1.98, respectively), similar medium PIC value (0.37),
and similar high heterozygosity (the difference between expected and observed He = 0.49),
indicating higher mutation frequencies of these SNPs (Table 2). Expectedly, as the two SNPs
were close to each other in the same locus, the pairwise LD analysis revealed a very strong
linkage disequilibrium (D’ = 1) between the two SNPs (Table 2 and Figure S6), suggesting
their coinheritance.
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3.3. Association of PRLR Haplotypes with Milk Yield and Composition

The inheritance of haplotype is better than that of individual SNPs [31]. In the present
study, g.11685G>A and g.11773T>C SNPs resulted in four different haplotypes with the
following frequencies: AC (0.225), AT (0.230), GC (0.225), and GT (0.320). This indicates
higher frequencies in animals with the two wild alleles (GT). Since these two SNPs were
completely linked, the effect of their four haplotypes (AC, AT, GC, and GT), rather than
individual SNPs, on milk production traits was studied (Table 3). The four haplotypes were
significantly (p < 0.05) associated with milk yield, fat%, and protein%, but no significance
association was found with lactose% and total solid%. The animals with wild GT alleles
showed significantly higher milk yield and fat%, and protein% than the other haplotypes.
Moreover, the AC-haplotype animals had significantly lower milk yield and milk quality
than the GC-and AT-haplotype animals, suggesting that the mutant AC alleles could be
non-beneficial alleles for the studied milk traits. Overall, the GT haplotype was a favorable
one for higher milk performance. These interesting findings indicate that the two detected
mutations, especially g.11685G>A SNP, could be unwanted mutations for the animals.

Table 3. Association between PRLR(L2) four haplotypes (AC, AT, GC, GT) and milk yield and quality traits.

Traits AC AT GC GT
(n =90) (n=92) (n =90) (n =128)
Milk yield at 305 day (kg) 1856.56 + 43 ¢ 2026.24 + 41° 2058.33 + 40 PP 2310.48 + 39 2A
Fat percentage 6.02 + 0.10 ¢ 6.54 +0.10° 6.468 + 0.12 B 7.15 +£0.14 34
Protein percentage 4.00 £ 0.07 <€ 4.39 +0.06 *B 4.35+0.08" 4.85+0.102A
Lactose percentage 517 £0.19 535+ 0.21 52140.18 5441+ 0.16
Total solid percentage 16.62 + 0.30 17.24 +0.38 17.05 + 0.34 17.19 £+ 0.36

Data are expressed as least squares means + SEM. Different lowercase letters indicate significant differences between haplotypes (p < 0.05).
Different uppercase letters indicate significant differences between haplotypes (p < 0.01).

A similar association, but for another SNP in E10 of PRLR (g.11188A>G, p.His328Arg),
with milk fat quality and content was reported in Italian river buffalo with AA-genotype
animals. This SNP was significantly associated with higher contents of milk odd branched-
chain fatty acids [7]. Another study also reported a significant association between other
non-synonymous SNPs in E10 of bovine PRLR (g.9206G>A and g.9681C>T) and milk yield
and fat %, with superior performance for animals with the GGCC haplotype [5]. Similarly,
Zhang et al. (15) also reported a significant association between PRLR polymorphisms
and milk yield and fat% in cattle. However, these two previous studies did not find
a significant association with protein%. Moreover, two other non-synonymous SNPs
in E3 of bovine PRLR (g.1267 G>A and g.1268 T>C) were significantly associated with
protein% and fat% [15,16]. In pigs, a non-synonymous c.1528A>T SNP in the PRLR gene
was significantly associated with fat % and lactose %, with a superior performance in
AA-genotype animals [32].

3.4. Association of SNP Haplotypes with mRNA and Protein Levels

One of the possible ways by which the non-synonymous SNPs of a gene could exert
their influence on phenotypic traits is the alteration of gene expression and subsequently
protein levels [33]. Both qRT-PCR and WB were used to detect mRNA /protein levels of
PRL and PRLR in milk SCs. The obtained data revealed a significant (p < 0.05) upregulation
in the mRNA and protein levels of PRL and PRLR in SCs of animals carrying wild GT
alleles as compared to the other three haplotypes (Figures 2 and 3). Again, the mutant
AC-haplotype animals exhibited significantly lower levels of PRL and PRLR mRNA and
protein in SCs than heterogenous GC- and AT-haplotype animals. Collectively, animals
carrying wild GT alleles showed superior milk performance accompanied by upregulated
levels of PRL and PRLR mRNAs and proteins.



Animals 2021, 11, 1237

8of 11

*kkk

41 *dkk
%

Relative expression of PRLR gene
*
Relative expression of PRL gene

0- T ¥
© F & & © d & &

Figure 2. Real-time PCR graphical presentation showing expression of PRLR and PRL genes in
milk SCs in animals carrying AC, AT, GC, and GT haplotypes. Data are expressed as fold change
mean £ SEM. Number of samples per each haplotype was nine. The mutant AC haplotype was
considered as the control. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

(A)

AC AT GC GT
PRLR — — R 28KDa

PRL e conme e @GP 22.7KDa
B-actin «e—— . S S 43.3KDa

(B)

c €
K3 £ 54
g 6+ ° Fokodek
a
: = g =
« = dekk K
s 4 *hk %3 Hokek
§
g $
- g 2
2 2
* g 1.
o ©
2 2
'_‘E 0- . Z 0 T
@ ¢ v & & - ¢ v & &

Figure 3. (A) Western blot bands showing expression of PRL and PRLR proteins in milk SCs in
animals carrying AC, AT, GC, and GT haplotypes. (B) Band quantification of PRL and PRLR. Data
are expressed as fold change mean + SEM. Number of samples per each haplotype was nine. The
mutant AC haplotype considered as the control. * p < 0.05, *** p < 0.001, and **** p < 0.0001.

PRLR plays an essential role in lactation. PRLR upregulation is positively correlated
with milk yield [34], while its inhibition reduces milk yield [4]. This could explain the
association between higher milk yield and upregulated mRNA and protein levels of PRLR
in GT-haplotype animals. Therefore, the question now is how SNPs in the PRLR gene
would affect PRL protein expression. One of the probable answers is the disruption of the
PRL-PRLR-JAK2/STAT signaling pathway by PRLR SNPs. PRL plays an important role in
initiation and maintenance of lactation. PRL’s effect is mainly mediated through binding
with the highly conserved extracellular domain of the PRLR, which further binds to and
activates the intracytoplasmic targets of the JAK2/STAT signaling pathway [2], such as f3-
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casein [35]. Although the two SNPs in E10 of the PRLR gene are located in the intracellular
domain away from PRL binding site, it is likely that amino acid substitution as a result
of these SNPs (p.Ala494Thr and p.Val523Aal) may change the functional structure of the
PRLR intracellular domain in a way that inhibits its binding with JAK2/STAT downstream
targets. Therefore, SNPs-induced downregulation of PRLR (similar to p.Ala494Thr and
p-Val523Aal) could negatively affect PRL function and {3-casein secretion. This notion
could be further verified by proteins’ structural-functional interaction experiments. This
also may explain why these two mutations are unfavorable for milk production traits.

The change in milk yield and protein% associated with g.11685G>A and g.11773T>C
SNPs could be attributed to change in PRL and/or PRLR expression. However, the change
of fat% could be indirect through linkage with other causative variants that might alter
the expression of fat synthesis-related genes and proteins. PPARy and DGAT1 induce
the induction of triacylglycerol synthesis in GECs and thus they participate in milk fat
synthesis and production [36,37]. To date, no study proves that PPARy and DGAT1
could be downstream targets for the PRL-PRLR-JAK2/STAT signaling pathway. However,
some clues indicate a close relationship between PPARy and DGAT1, and the PRL-PRLR-
JAK2/STAT pathway during lactogenesis and adipogenesis. Both PPARy and PRLR are
upregulated in GECs following the addition of PRL [19]. DGAT1 is downregulated in
PPARy-knockdown GECs and subsequently, the content of triacylglycerol decreases in
the milk [36]. PRL can trigger upregulation of PPARy expression in the multipotential
mesenchymal stem cells NIH 3T3 [38]. PRLR-deficient preadipocytes lose their ability to
express PPAR7y [39]. Mice lacking PRLR have lower abdominal fat [40].

Although this study showed an association between two SNPs in PRLR(L2) and milk
performance in buffaloes, we cannot assume that this is a causative polymorphism, as milk
production is a complex trait which involves many genetic markers, loci, and quantitative
trait loci (QTL). Therefore, further investigations using next-generation sequencing (NGS)
to screen the whole genome in Egyptian buffaloes are required.

4. Conclusions

To the best of our knowledge, this is the first study to report the presence of two
non-synonymous SNPs (g.11685G>A and g.11773T>C) in exon 10 of the PRLR gene of
Egyptian buffaloes. These two SNPs resulted in four haplotypes (AC, AT, GC, and GT),
which were significantly associated with milk yield, fat%, protein%, and expression of PRL
and PRLR. The animals with wild GT haplotypes had better milk performance (higher
milk yield, fat% and protein%) accompanied with higher expression of PRL and PRLR than
animals with mutant AC haplotypes. Therefore, selection of GT-haplotype animals may
improve milk production traits in Egyptian buffaloes.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ani11051237/s1, Figure S1: Agarose gel shows ampilified PRLR(L1) fragments (212bp)
in 7 different buffaloes, Figure 52: PCR-SSCP bands of the PRLR(L1) in 5 buffaloes show similar
pattern, Figure S3: Sequence chromatogram of PRLR(L1) shows exon 3, partial sequence of intron 2
and 3, coding sequences (CDS), amino acid sequences (colored letters above the yellow bar), and
forward and reverse primers, Figure S4: The sequences of the different 5 SSCP patterns (P1-P5) and
the combined genotypes of PRLR(L2) in Egyptian river buffalo, Figure S5: A comparison between
sequence of PRLR(L1) in Egyptian river buffalo (this study) and both Indian river buffalo (GenBank
accession number GQ339914) and Italian river buffalo (GenBank accession number MF461277.1)
showed an insertion mutation (the first gap in the green bar) in non-coding sequence of E3 and
8.1268G>T (p. Val19Phe) SNP (the second gap) among Egyptian and foreign buffaloes, Figure.Sé:
Pair-wise linkage disequilibrium (LD) analysis revealed a very strong linkage disequilibrium (D’=1,
as indicated by red diamond one block) between g.11685G>A (c.1480 G>A) and 1.98 in g.11773T>C
(c.1568 T>C) SNP, Table S1: Dilutions and sources of antibodies used in western blot, Table S2:
Comparative analysis of SNPs detected in E10 of PRLR(L2) between Egyptian water buffalo (this
study) and the GenBank published sequences of various ruminant species.


https://www.mdpi.com/article/10.3390/ani11051237/s1
https://www.mdpi.com/article/10.3390/ani11051237/s1

Animals 2021, 11, 1237 10 of 11

Author Contributions: Conceptualization, M.A.E.-M. and K.A.K.; data curation, M.A.E.-M. and
A.IE.S,; formal analysis, M.A.E.-M., A.E,, ALE.S. and SM.E.-K,; funding acquisition, M.A.E.-M.,
A.AS.and S.A.-S; investigation, M.A.E.-M., AF, A.AS. and S.M.E.-K,; methodology, M.A.E.-M., A.F.
and S.ML.E.-K; project administration, M.A.E.-M., K.A K. and S.A.-S,; resources, A.A.S. and S.A.-S.;
software, A.A.S.; supervision, M.A.E.-M. and K.A K,; visualization, A.LE.S.; writing—original draft,
M.A.E.-M. and SM.E.-K,; writing—review and editing, M.A.E.-M. All authors have read and agreed
to the published version of the manuscript.

Funding: This study was funded by Science Technology Development Fund (STDF), Egypt (ID: 2585,
principal investigator: Mohammed A El-Magd).

Institutional Review Board Statement: The experimental method was approved by Animal Ethical
Committee of Kafrelsheikh University with a license number of KFS 127 /14.

Data Availability Statement: The data supporting the present findings are contained within the
manuscript.

Conflicts of Interest: The authors declare that there is no conflict of interest.

References

1.  Krovvidi, S.; Panneerselvam, S.; Thiruvenkadan, A.K.; Abraham, J.; Vinodkumar, G. Factors effecting milk composition of
crossbred dairy cattle in southern india. Int. J. Food Agric. Vet. Sci. 2013, 3, 229-232.

2. Bole-Feysot, C.; Goffin, V.; Edery, M.; Binart, N.; Kelly, P.A. Prolactin (prl) and its receptor: Actions, signal transduction pathways
and phenotypes observed in prl receptor knockout mice. Endocr. Rev. 1998, 19, 225-268. [CrossRef] [PubMed]

3. Rudolph, M.C,; Russell, T.D.; Webb, P.; Neville, M.C.; Anderson, S.M. Prolactin-mediated regulation of lipid biosynthesis genes
in vivo in the lactating mammary epithelial cell. Am. J. Physiol. Endocrinol. Metab. 2011, 300, E1059-E1068. [CrossRef]

4. Lacasse, P; Lollivier, V.; Dessauge, F.; Bruckmaier, R.M.; Ollier, S.; Boutinaud, M. New developments on the galactopoietic role of
prolactin in dairy ruminants. Domest. Anim. Endocrinol. 2012, 43, 154-160. [CrossRef] [PubMed]

5. Lu, A,; Hu, X,; Chen, H.; Dong, Y.; Zhang, Y.; Wang, X. Novel snps of the bovine prlr gene associated with milk production traits.
Biochem. Genet. 2011, 49, 177-189. [CrossRef] [PubMed]

6. Hu, X,; L, A,; Chen, H.; Gao, X.; Xu, H.; Zhang, C.; Xingtang, F.; Lei, C. Preliminary evidence for association of prolactin and
prolactin receptor genes with milk production traits in chinese holsteins. J. Appl. Anim. Res. 2009, 36, 213-217. [CrossRef]

7. Cosenza, G.; lannaccone, M.; Auzino, B.; Macciotta, N.P.P; Kovitvadhi, A.; Nicolae, L; Pauciullo, A. Remarkable genetic diversity
detected at river buffalo prolactin receptor (prlr) gene and association studies with milk fatty acid composition. Anim. Genet.
2018, 49, 159-168. [CrossRef]

8.  Trott, J.F; Schennink, A.; Hovey, R.C. Cloning and expression of a unique short form of the porcine prolactin receptor. J. Mol.
Endocrinol. 2011, 46, 51-62. [CrossRef]

9.  Abo-Al-Ela, H.G,; El-Magd, M.A.; El-Nahas, A.F,; Mansour, A.A. Association of a novel snp in exon 10 of the igf2 gene with
growth traits in egyptian water buffalo (bubalus bubalis). Trop. Anim. Health Prod. 2014, 46, 947-952. [CrossRef]

10. El-Bayomi, K.M,; Saleh, A.A.; Awad, A.; El-Tarabany, M.S.; El-Qaliouby, H.S.; Afifi, M.; El-Komy, S.; Essawi, W.M.; Almadaly,
E.A.; El-Magd, M.A. Association of cyp19al gene polymorphisms with anoestrus in water buffaloes. Reprod. Fertil. Dev. 2018, 30,
487-497. [CrossRef]

11. El-Magd, M.A_; Abbas, H.E.; El-kattawy, A.M.; Mokhbatly, A. Novel polymorphisms of the igflr gene and their association with
average daily gain in egyptian buffalo (bubalus bubalis). Domest. Anim. Endocrinol. 2013, 45, 105-110. [CrossRef]

12.  El-Magd, M.A.; Abo-Al-Ela, H.G.; El-Nahas, A.; Saleh, A.A.; Mansour, A.A. Effects of a novel snp of igf2r gene on growth traits
and expression rate of igf2r and igf2 genes in gluteus medius muscle of egyptian buffalo. Gene 2014, 540, 133-139. [CrossRef]

13. El-Magd, M.A ; Saleh, A.A.; Abdel-Hamid, T.M.; Saleh, R.M.; Afifi, M.A. Is really endogenous ghrelin a hunger signal in chickens?:
Association of ghsr snps with increase appetite, growth traits, expression and serum level of ghrl, and gh. Gen. Comp. Endocrinol.
2016, 237, 131-139. [CrossRef]

14. El-Komy, S.M.; Saleh, A.A.; Abdel-Hamid, T.M.; El-Magd, M.A. Association of ghr polymorphisms with milk production in
buffaloes. Animals 2020, 10, 1203. [CrossRef] [PubMed]

15. Zhang, J.; Zan, L.; Fang, P; Zhang, F.; Shen, G.; Tian, W. Genetic variation of prlr gene and association with milk performance
traits in dairy cattle. Can. J. Anim. Sci. 2008, 88, 33-39. [CrossRef]

16. Viitala, S.; Szyda, J.; Blott, S.; Schulman, N.; Lidauer, M.; Maki-Tanila, A.; Georges, M.; Vilkki, J. The role of the bovine growth
hormone receptor and prolactin receptor genes in milk, fat and protein production in finnish ayrshire dairy cattle. Genetics 2006,
173, 2151-2164. [CrossRef] [PubMed]

17. Zidi, A.; Serradilla, J.M.; Jordana, J.; Carrizosa, J.; Urrutia, B.; Polvillo, O.; Gonzalez-Redondo, P.; Gallardo, D.; Amills, M.;
Fernandez-Cabanas, V.M. Pleiotropic effects of the goat prolactin receptor genotype on milk fatty acid composition. Domest.
Anim. Endocrinol. 2010, 39, 85-89. [CrossRef]

18. Hou, ].X,; An, X.P; Song, Y.X.; Wang, ].G.; Ma, T.; Han, P,; Fang, F.; Cao, B.Y. Combined effects of four snps within goat prlr gene

on milk production traits. Gene 2013, 529, 276-281. [CrossRef]


http://doi.org/10.1210/edrv.19.3.0334
http://www.ncbi.nlm.nih.gov/pubmed/9626554
http://doi.org/10.1152/ajpendo.00083.2011
http://doi.org/10.1016/j.domaniend.2011.12.007
http://www.ncbi.nlm.nih.gov/pubmed/22281117
http://doi.org/10.1007/s10528-010-9397-1
http://www.ncbi.nlm.nih.gov/pubmed/21165768
http://doi.org/10.1080/09712119.2009.9707062
http://doi.org/10.1111/age.12645
http://doi.org/10.1677/JME-10-0101
http://doi.org/10.1007/s11250-014-0588-3
http://doi.org/10.1071/RD16528
http://doi.org/10.1016/j.domaniend.2013.06.004
http://doi.org/10.1016/j.gene.2014.02.059
http://doi.org/10.1016/j.ygcen.2016.08.016
http://doi.org/10.3390/ani10071203
http://www.ncbi.nlm.nih.gov/pubmed/32679878
http://doi.org/10.4141/CJAS07052
http://doi.org/10.1534/genetics.105.046730
http://www.ncbi.nlm.nih.gov/pubmed/16751675
http://doi.org/10.1016/j.domaniend.2010.02.005
http://doi.org/10.1016/j.gene.2013.07.057

Animals 2021, 11, 1237 11 of 11

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Shi, H.; Zhang, T.; Yi, Y.; Wang, H.; Luo, J. Long form prlr (Iprlr) regulates genes involved in the triacylglycerol synthesis in goat
mammary gland epithelial cells. Small Rumin. Res. 2016, 139, 7-14. [CrossRef]

Marques, M.d.R.; Ribeiro, D.; Gomes, S.; Belo, A.T.; Ribeiro, J.; Martins, A.P.L.; Belo, C. Associations of snps in the ovine prolactin
and prolactin receptor genes with milk traits in assaf dairy sheep. In Proceedings of the 37th International Society for Animal
Genetics Conference, Lleida, Spain, 7-12 July 2019. [CrossRef]

Shi, D.S.; Wang, J.; Yang, Y.; Lu, EH.; Li, X.P; Liu, Q.Y. Dgatl, gh, ghr, prl and prlr polymorphism in water buffalo (bubalus bubalis).
Reprod. Domest. Anim. Zuchthyg. 2012, 47, 328-334. [CrossRef]

Javed, R.; Gautam, S.; Vijh, R.; Tantia, M. Six novel pcr-rflp loci in milk quality candidate genes in Bubalus bubalis. Int. ]. Livest.
Prod. 2011, 2, 79-83.

Javed, R.; Gautam, S.K,; Vijh, R.K,; Tantia, M.S. Characterization of prlr and ppargcla genes in buffalo (bubalus bubalis). Genet.
Mol. Biol 2011, 34, 592-594. [CrossRef] [PubMed]

Iso-Touru, T.; Kantanen, J.; Li, M.H.; Gizejewski, Z.; Vilkki, J. Divergent evolution in the cytoplasmic domains of prlr and ghr
genes in artiodactyla. BMC Ewvol. Biol. 2009, 9, 172. [CrossRef] [PubMed]

Boutinaud, M.; Rulquin, H.; Keisler, D.H.; Djiane, J.; Jammes, H. Use of somatic cells from goat milk for dynamic studies of gene
expression in the mammary gland1. J. Anim. Sci. 2002, 80, 1258-1269. [CrossRef] [PubMed]

Yakan, A.; Ozkan, H.; Eraslan, A.; Unal, N,; Ozbeyaz, C. Gene expression levels in some candidate genes for mastitis resistance,
milk yield, and milk quality of goats reared under different feeding systems. Turk. . Vet. Anim. Sci. 2018, 42, 18-28. [CrossRef]
Messeguer, X.; Escudero, R.; Farre, D.; Nunez, O.; Martinez, J.; Alba, M.M. Promo: Detection of known transcription regulatory
elements using species-tailored searches. Bioinformatics (Oxf. UK) 2002, 18, 333-334. [CrossRef]

El-Adawy, M.; El-Aziz, M.A; El-Shazly, K.; Ali, N.G.; El-Magd, M.A. Dietary propionic acid enhances antibacterial and
immunomodulatory effects of oxytetracycline on nile tilapia, oreochromis niloticus. Environ. Sci. Pollut. Res. 2018, 25, 34200-
34211. [CrossRef]

Sharawy, Z.Z.; Thiele, R.; Abbas, E.M.; El-Magd, M.A.; Hassaan, M.S.; Peter, C.; Schmidt, J.; Saborowski, R.; Goda, AM.A.-S.;
Slater, M.]. Antioxidant response, body composition of whiteleg shrimp litopenaeus vannamei co-cultured with nile tilapia
oreochromis niloticus in recirculating aquaculture. Aquac. Environ. Interact. 2017, 9, 257-268. [CrossRef]

EL-Magd, M.A; Saleh, A.A.; Nafeaa, A.A.; EL-Komy, S.M.; Afifi, M.A. Polymorphisms of the igfl gene and their association with
growth traits, serum concentration and expression rate of igf1 and igflr in buffalo. J. Zhejiang Univ. Sci. B 2017, 18, 1064-1074.
[CrossRef]

Fallin, D.; Cohen, A.; Essioux, L.; Chumakov, I.; Blumenfeld, M.; Cohen, D.; Schork, N.J. Genetic analysis of case/control data
using estimated haplotype frequencies: Application to apoe locus variation and alzheimer’s disease. Genome Res. 2001, 11,
143-151. [CrossRef]

Skrzypczak, E.; Babicz, M.; Pastwa, M. Effect of prolactin receptor (prlr) and beta-casein (csn2) gene polymorphism on the
chemical composition of milk sows. Folia Biol. 2015, 63, 135-144. [CrossRef] [PubMed]

Wyszynska-Koko, J.; Pierzchala, M.; Flisikowski, K.; Kamyczek, M.; Rozycki, M.; Kuryl, J. Polymorphisms in coding and
regulatory regions of the porcine myf6 and myog genes and expression of the myf6 gene in m. Longissimus dorsi versus
productive traits in pigs. J. Appl. Genet. 2006, 47, 131-138. [CrossRef] [PubMed]

Sakai, S.; Kohmoto, K.; Shoda, Y. Correlation between mammary prolactin receptors of lactating mice and litter weight. J. Dairy
Sci. 1985, 68, 2565-2570. [CrossRef]

Lee, S.-M.; Kim, H.-M.; Moon, S.-].; Kang, M.-]. Cloning and molecular characterization of porcine 3-casein gene (cns2). Asian
Australas. |. Anim. Sci. 2012, 25, 421-427. [CrossRef]

Shi, H.; Luo, J.; Zhu, J.; Li, J.; Sun, Y,; Lin, X.; Zhang, L.; Yao, D.; Shi, H. PparyRegulates genes involved in triacylglycerol synthesis
and secretion in mammary gland epithelial cells of dairy goats. PPAR Res. 2013, 2013, 10. [CrossRef]

Gu, M.; Cosenza, G.; Nicolae, I; Bota, A.; Guo, Y.; Di Stasio, L.; Pauciullo, A. Transcript analysis at dgatl reveals different mrna
profiles in river buffaloes with extreme phenotypes for milk fat. J. Dairy Sci. 2017, 100, 8265-8276. [CrossRef]

Nanbu-Wakao, R.; Fujitani, Y.; Masuho, Y.; Muramatu, M.; Wakao, H. Prolactin enhances ccaat enhancer-binding protein-beta
(c/ebp beta) and peroxisome proliferator-activated receptor gamma (ppar gamma) messenger rna expression and stimulates
adipogenic conversion of nih-3t3 cells. Mol. Endocrinol. (Baltim. MD USA) 2000, 14, 307-316.

Viengchareun, S.; Servel, N.; Feve, B.; Freemark, M.; Lombes, M.; Binart, N. Prolactin receptor signaling is essential for perinatal
brown adipocyte function: A role for insulin-like growth factor-2. PLoS ONE 2008, 3, e1535. [CrossRef]

Flint, D.J.; Binart, N.; Boumard, S.; Kopchick, J.J.; Kelly, P. Developmental aspects of adipose tissue in gh receptor and prolactin
receptor gene disrupted mice: Site-specific effects upon proliferation, differentiation and hormone sensitivity. J. Endocrinol. 2006,
191, 101-111. [CrossRef] [PubMed]


http://doi.org/10.1016/j.smallrumres.2016.04.008
http://doi.org/10.13140/RG.2.2.31948.16004
http://doi.org/10.1111/j.1439-0531.2011.01876.x
http://doi.org/10.1590/S1415-47572011005000037
http://www.ncbi.nlm.nih.gov/pubmed/22215963
http://doi.org/10.1186/1471-2148-9-172
http://www.ncbi.nlm.nih.gov/pubmed/19622175
http://doi.org/10.2527/2002.8051258x
http://www.ncbi.nlm.nih.gov/pubmed/12019613
http://doi.org/10.3906/vet-1704-7
http://doi.org/10.1093/bioinformatics/18.2.333
http://doi.org/10.1007/s11356-018-3206-5
http://doi.org/10.3354/aei00229
http://doi.org/10.1631/jzus.B1600573
http://doi.org/10.1101/gr.148401
http://doi.org/10.3409/fb63_2.135
http://www.ncbi.nlm.nih.gov/pubmed/26255464
http://doi.org/10.1007/BF03194612
http://www.ncbi.nlm.nih.gov/pubmed/16682754
http://doi.org/10.3168/jds.S0022-0302(85)81138-3
http://doi.org/10.5713/ajas.2011.11240
http://doi.org/10.1155/2013/310948
http://doi.org/10.3168/jds.2017-12771
http://doi.org/10.1371/journal.pone.0001535
http://doi.org/10.1677/joe.1.06939
http://www.ncbi.nlm.nih.gov/pubmed/17065393

	Introduction 
	Materials and Methods 
	Animals and Sampling 
	Polymerase Chain Reaction (PCR) 
	SNP Identification by Single-strand Conformation Polymorphism and Sequencing 
	Real-Time PCR 
	Western Blot 
	Statistical Analysis 

	Results and Discussion 
	Analysis of the Detected SNPs 
	Analysis of Genotype Frequencies, Genetic Indices and LD 
	Association of PRLR Haplotypes with Milk Yield and Composition 
	Association of SNP Haplotypes with mRNA and Protein Levels 

	Conclusions 
	References

