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ABSTRACT. The signal transducer and activator of transcription (STAT) 
genes are responsive to a wide range of cytokines, growth factors, and 
hormones, and thus control important biological processes. In humans, 
STAT4 mutations have been identified as genetic markers for rheumatoid 
arthritis, systemic lupus erythematosus, and primary Sjögren’s syndrome, 
whereas little research has been conducted on bovine STAT4 mutations 
and their potential effects. Herein, 585 Chinese Holstein cows were used 
to investigate STAT4 mutations and their effects on milk performance 
traits. One haplotype block, containing g.95879G>A, g.96013G>C, was 
identified in intron 20 of the bovine STAT4 gene by restriction fragment 
length polymorphism-polymerase chain reaction and DNA sequencing. 
Two single nucleotide polymorphisms were significantly associated with 
milk yield at 305 days (P < 0.05), and with protein percentage (P < 0.05). 
Chinese Holstein cows with the haplotype GGGG had higher milk yields 
at 305 days and lower protein percentages. These results suggest that the 2 
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single nucleotide polymorphisms of STAT4 could be used as genetic markers 
for milk performance traits in Chinese Holstein cows.
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INTRODUCTION

The Janus kinase/signal transducer and activator of transcription (STAT) pathways, first 
identified in interferon systems, are responsive to a wide range of cytokines, growth factors, and 
hormones, and thus control important biological processes, including cell growth, cell differenti-
ation, apoptosis, and immune responses (Levy and Darnell, 2002). In mammals, 7 distinct STAT 
genes (STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6) have been identified in the 
STAT family (Darnell, 1997). During a mammary developmental cycle, STATs are activated se-
quentially in the order STAT1-STAT4-STAT6-STAT5-STAT3-STAT1, to orchestrate the processes 
of functional differentiation, cell death, and tissue remodeling (Watson and Neoh, 2008).

Many studies have revealed that each STAT shows specific roles in the adult mam-
mary developmental cycle. STAT1, STAT3, and STAT5 are activated in response to prolactin 
and form homo- and heterodimers that bind to γ-interferon-activated sequence elements in 
the promoters of prolactin-induced expression of both milk proteins and interferon-regulatory 
factor-1 genes (Schmitt-Ney et al., 1992; Sims et al., 1993; Gouilleux et al., 1994). Moreover, 
STAT5 plays a critical role in regulating the maximal expression of milk protein genes (Burdon 
et al., 1994; Gouilleux et al., 1994; Wakao et al., 1995; Yamaji et al., 2009).

STAT4 is also known to play an important role in the mammary gland (Watson and 
Neoh, 2008). STAT4 expression is relatively restricted; it has high expression in the testis, 
lymphoid, myeloid tissue, non-epithelial cells, or a subset of undifferentiated epithelial cells, 
and its expression is severely diminished in mammary epithelial cells (Zhong et al., 1994; 
Horvath, 2000). Moreover, STAT4 is expressed in a reciprocal manner to STAT5, becoming 
undetectable by day 10 of gestation (Philp et al., 1996). These observations suggest that STAT4 
needs to be suppressed to allow for STAT6 activity that is required for lineage commitment and 
STAT5 activity (Khaled et al., 2007). 

Among the members of the STAT family, STAT5A has been recently studied as a candi-
date gene for 5 milk production traits (milk yield at 305 days, protein percentage, fat percent-
age, lactose percentage, and dry matter percentage). Polymorphisms in cattle STAT5A and their 
associations with milk performance traits were investigated in Holstein cows (Brym et al., 
2004; Khatib et al., 2008; He et al., 2012), Jersey cows (Dario and Selvaggi, 2011), and Italian 
Brown cattle (Flisikowski et al., 2003; Selvaggi et al., 2009). Many STAT5A polymorphisms 
appear to be a promising indirect marker to improve milk production traits in cattle. To date, 
few polymorphisms within the bovine STAT4 gene have been reported. A recent study dem-
onstrated the contribution of bovine STAT4 polymorphisms to milk production traits, which 
indicated the potential link between STAT4 mutations and milk production traits (Zhang et al., 
2010). Here, we found 2 novel polymorphisms from intron 20 of STAT4 in Chinese Holstein 
cows, and showed their significance for milk performance traits. These results supported the 
hypothesis that the 2 single nucleotide polymorphisms (SNPs) in intron 20 of STAT4 could be 
used as genetic markers for milk performance traits in Chinese Holstein cows.
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MATERIAL AND METHODS

Experimental animals

Genomic DNA from 585 randomly chosen Chinese Holstein cows was used to 
determine the allele frequencies of the STAT4 sequence polymorphisms and their associa-
tions with milk performance traits in the first 3 lactations. Data of milk performance traits 
[milk yield at 305 days (kg), fat percentage, and protein percentage] were collected from 
the laboratory of dairy herd improvement. Cows used in the experiment came from the 
same Qingdao commercial farm in the Shandong Province (China) to minimize potential 
environmental factors that could interfere with the effects of SNPs. Because the milk re-
cords were collected during a complete 305-day lactation, the effect of season was also 
minimized. The effect of origin (especially the effect of the sire) could also be ignored 
since the cows were the daughters of many different sires that were randomly distributed 
in the SNP genotype cow groups.

Primers, PCR amplification, genotyping, sequencing, and analysis of mutations 

One pair of primers was designed according to the bovine STAT4 sequence (GenBank 
accession No. AC_000159.1) to detect SNPs by PCR-restriction fragment length polymor-
phism (RFLP) methods. Primers, restriction enzymes selected (MBI Fermentas, St. Leon-Rot, 
Germany), and fragment sizes are given in Table 1.

For analysis of mutation locations in STAT4, the genomic sequence of the STAT4 gene 
(AC_000159.1) and the mRNA sequence (NW_003103844.1) were used to identify the exons 
of STAT4 through Spidey, an mRNA-to-genomic alignment program of the National Center for 
Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/IEB/Research/Ostell/Spidey).

PCR was carried out in a 25-μL volume containing approximately 2.5 μL 10X PCR 
buffer (Mg2+), 200 μM of each dNTP, 10 pM of each primer, 2 U TransTaq HiFi DNA poly-
merase (Transgene, Beijing, China), and 50 ng Chinese Holstein cow genomic DNA as a 
template. Amplification conditions were as follows: initial denaturation at 94°C for 3 min 
followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 61°C for 30 s, extension 
at 72°C for 30 s with extension at 72°C for 10 min, and then holding at 4°C on a Mastercycler 
5333 (Eppendorf AG, Hamburg, Germany).

Aliquots of 20-μL PCR products of STAT4 were digested with 10 U SduI (MBI Fer-
mentas) for 4 h at 37°C following manufacturer instructions. The digested products were 
detected by electrophoresis on 2% agarose gel stained with ethidium bromide. Finally, 15 
PCR products, 5 representatives for 3 electrophoresis patterns, were purified for sequencing in 
both directions. All DNA variants were located by Mutation SurveyorTM v4.0.4 (SoftGenetics, 
LLC, State College, PA).

Statistical analysis 

Gene frequencies were determined for each locus by direct counting. Allele frequen-
cies and polymorphism information content (PIC) were derived using the population genetic 
analysis package POPGENE, version 1.31 (Molecular Biology and Biotechnology Centre, 
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University of Alberta, Edmonton, Canada) (Krawczak et al., 2006). Analyses of haplotype and 
linkage disequilibrium (LD) blocks were performed using HaploView, version 4.2 (Whitehead 
Institute for Biomedical Research, Cambridge, MA, USA). The haplotype block definition 
was followed according to that of Gabriel et al. (2002). They defined pairs to be in “strong 
LD” if the 1-sided upper 95% confidence bound of Dꞌ is >0.98 (that is, consistent with no his-
torical recombination) and the lower bound is above 0.7. 

The haplotype block was tested for deviations from Hardy-Weinberg equilibrium by 
means of a standard chi-squared test. The additive effect of SNPs was estimated as the difference 
between the mean of the 2 homozygotes divided by 2, and dominance was estimated as the de-
viation of the heterozygote from the mean of the 2 homozygotes (Falconer and Mackay, 1996).

The relationship between the different haplotypes and milk performance traits was 
evaluated using a single-marker-lined model association analysis. Data were analyzed by fit-
ting a general linear model using the restricted maximum likelihood method in the Statistical 
Package for the Social Sciences (SPSS; version 13.0; SPSS Inc., Chicago, IL, USA). The 
statistical analysis model included the fixed effects of haplotype and milk performance traits. 
The following 2 fixed-effect models were employed for analysis of milk performance traits in 
the Chinese Holstein cow, and least squares means were used for multiple comparisons of milk 
performance traits among different genotypes. The general model used for milk performance 
traits was as Equations 1 and 2:

Yijk = µi + Aj + Dk + eijk

(Equation 1)

(Equation 2)

Yij = µi + Mj + eij

where Yij or Yijk is the phenotypic value of milk performance traits observed; µi is the least 
square mean; Mj is the fixed effect of the jth genotype (3 levels); Aj is the fixed effect of the jth 
additive effect (3 levels); Dk is the fixed effect of the kth dominant effect (2 levels); eij or eijk is 
the random residual effect of each observation. Aj = -0.5, 0, or 0.5 if individual j had genotype 
AA, AB, or BB, respectively, and Dk = 1 (or -0.5) if individual i had genotype AB (or others). 

RESULTS

PCR-RFLP analysis and genetic polymorphism of the Chinese Holstein cow STAT4 gene

To detect polymorphisms of Chinese Holstein cow STAT4, one primer pair (Table 1) 
was designed from the bovine STAT4 sequence (GenBank accession No. AC_000159.1 and 
NW_003103844.1) for PCR-RFLP analysis. Three PCR-RFLP patterns of STAT4 were ob-
served and are shown in Figure 1. PCR products of different genotypes were sequenced and 
the sequences were analyzed with Mutation SurveyorTM (SoftGenetics). Results showed that 2 
novel polymorphisms, a G→A mutation located at 95879 (the first nucleotide of AC_000159. 
is defined as 1) and a G→C mutation located at 96013, were apparent in the Chinese Hol-
stein cow STAT4 gene (Table 2). Based on the Spidey analysis of bovine STAT4 sequences 
(AC_000159.1 and XM_002685461), both mutations were located in intron 20 of the STAT4 
gene. Moreover, the mutation G→C at position 96013 formed an SduI endonuclease restric-
tion site. A 375-bp PCR product digestion with SduI endonuclease produced different banding 
patterns, which were defined as GGGG, GAGC, and AACC genotypes.
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Figure 1. Representative restriction pattern observed for the 375-bp STAT4 gene intron 20 fragment of Chinese 
Holstein cow on 2% agarose gel. Lane 1 = haplotype GGGG: 375-bp fragment; lane 2 = haplotype AACC: 108- and 
267-bp fragments; lane M = molecular size marker (DL2000 plus); lanes 3, 5, 8, 9, 11, 12 = haplotype GAGC; lanes 
6, 10 = haplotype GGGG; lanes 4, 7 = haplotype AACC. 

Genotypes	 Nucleotide sequence	 Location of mutation	 Change of nucleotide

AA	 gaaagaagaagtaatGattagaaagctgtta;	 95879	 G→A
	 ctttgccagggagggGacaagggggtcttta
BB	 gaaagaagaagtaatAattagaaagctgtta;	 96013	 G→C
	 ctttgccagggagggCacaagggggtcttta

Table 2. Sequence comparison among different genotypes.

Intra-STAT4 LD

To understand the intra-STAT4 LD of the 2 SNPs, Dꞌ, r2, and log odds scores were 
estimated for each pair of SNPs in HaploView. Results are shown in Figure 2, where the red 
diamond indicates strong LD between 2 SNPs (Dꞌ >0.8) with statistical significance [log odds 
score >2.0 (Barrett et al., 2005)]. The r2 value between the g.95879G>A and g.96013G>C in 
the haplotype block was 1, which showed that the 2 SNPs were completely linked with one 
another.

Genetic polymorphism of the Chinese Holstein cow STAT4 gene

Allele frequencies, genotype frequencies, and PIC of the haplotype block are presented 
in Table 3. Allele G at the locus 95879 and allele G at the locus 96013 were the predominant 

No.	 Position	 Primer sequences	 Size (bp)	 Restriction enzyme	 RE size (bp/allele)	 Tm (°C)

1	 intron 20	 F: 5ꞌ-CAGTAGCTAGACTTCCCCATG-3ꞌ	 375	 SduI	 108 (267/g.96013C)	 61
	 (according to the	 R: 5ꞌ- TGTCCAGGTATCGTTTTCAGC-3ꞌ
	 Spidey analysis of
	 AC_000159.1 and
	 XM_002685461)

Table 1. PCR and PCR-RFLP tests used for genotyping single nucleotide polymorphisms detected in the 
bovine STAT4 gene.

RE = restriction enzyme; Tm = melting temperature.

Capital letters in bold represent mutations in the sequence.
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alleles. The results of PIC of the haplotype block indicated that the 2 SNPs should be considered 
as moderate polymorphisms (Table 3). Moreover, the genotype frequencies of STAT4 in Chinese 
Holsteins were not in accordance with Hardy-Weinberg equilibrium (P < 0.01).

Polymorphism	 Genotypes	 Genotypic frequencies	 Alleles	 Allelic frequencies	 PIC

g.95879G>A	   GGGG (129)	 0.2205	 GG	 0.5513	 0.3724
g.96013G>C	   GAGC (387)	 0.6615
	 AACC (69)	 0.1180	 AC	 0.4487

Table 3. Frequencies of genotypes and alleles of the Chinese Holstein cow STAT4 gene.

PIC = polymorphism information content.

Figure 2. Linkage disequilibrium pattern among 2 single nucleotide polymorphisms at the STAT4 gene intron 20 
by Haploview analysis.

Least-squares means and standard errors for milk performance traits of the SduI 
polymorphism of Chinese Holstein cow STAT4 

The least-squares means and standard errors for milk performance traits of the SduI 
polymorphism of the Chinese Holstein cow STAT4 gene were calculated with a general linear 
model (Table 4). Significant statistical relationships were found between milk performance 
traits and different genotypes (P < 0.05; Table 4). Cows with the GGGG haplotype showed 
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higher milk yield at 305 days (8055 ± 105 kg) in comparison to the cows with the AACC 
(7897 ± 165 kg) or GAGC (7700 ± 74 kg) haplotypes (P < 0.05; Table 4), and lower protein 
percentage (2.941 ± 0.022) in comparison to the cow with the AACC (3.042 ± 0.034) or 
GAGC (2.945 ± 0.015) haplotypes (P < 0.05; Table 4); however, the fat percentage among 
the 3 haplotypes showed no significant difference (P > 0.05). These results indicate that cows 
with the GGGG haplotype had a tendency to achieve greater milk yield at 305 days and to 
lose a greater protein percentage than cows with AACC or GAGC haplotypes. In other words, 
95879G and 96013G were the beneficial alleles for milk yield at 305 days, and 95879A and 
96013C were the beneficial alleles for protein percentage. 

	 SNP		  Genotype means ± SE		  Overall	 Additive	 Dominant
					     P value	 effect ± SE	 effect ± SE

	 g.95879G>A	 GGGG	 GAGC	 AACC
	 g.96013G>C

Milk yield at 305 days (kg)		  8055 ± 105	 7700 ± 74	 7897 ± 165	 0.020	    64 ± 102	   -40 ± 128
Fat percentage (%)		    4.123 ± 0.074  	    4.229 ± 0.052	  4.228 ± 0.117	 0.488	 -0.053 ± 0.069 	  0.054 ± 0.087
Protein percentage (%)		    2.941 ± 0.022	     2.945 ± 0.015	  3.042 ± 0.034	 0.028	   -0.050 ± 0.020*	 -0.046 ± 0.020

Table 4. Milk performance traits of different STAT4 genotypes in Chinese Holstein cows.

P value for the overall genotype effect; additive effect is estimated as the difference between the 2 homozygous 
means divided by 2; dominant effect is estimated as the non-additive genetic effects or the deviation of the 
heterozygote from the mean of the 2 homozygotes. **P < 0.01 and *P < 0.05

Based on the definition presented by Falconer and Mackay (1996), the genetic ef-
fects of different SduI polymorphism genotypes analyzed by a general linear model in Equa-
tion 2 are summarized in Table 4. The results indicate a significant additive effect of SduI 
polymorphism genotypes on milk protein percentage but not on milk yield at 305 days or on 
milk protein percentage. Compared with genotypes g.95879GA/g.96013GC or g.95879AA/
g.96013CC, genotype g.95879GG/g.96013GG was associated with increased milk yield at 
305 days and decreased milk protein percentage (Table 4). The additive and dominant effects 
of the STAT4 SduI polymorphism at intron 20 for milk yield at 305 days (kg), fat percentage, 
and protein percentage are presented in Table 4. The 2 SNPs in STAT4 intron 20 had opposite 
dominant effects on milk yield and milk fat percentage. Furthermore, the dominant gene effect 
on milk yield at 305 days and on milk protein percentage was negative, which indicated nega-
tive heterosis. The homozygous wild-type alleles, 95879G and 96013G, were significantly 
associated with the decrease in protein percentage. The absolute values of the additive effect 
on milk yield at 305 days and on protein percentage were higher than those of the dominant 
effect. These results indicate that the genetic locus characteristics agreed with the additive-
dominant model, and the additive gene effect played a more important role than the dominant 
gene effect.

DISCUSSION

As a member of the STAT family of molecules, STAT4 is seen as an important player 
that transduces interleukin-12 and -23, and type I interferon cytokine signals in T cells and 
monocytes, leading to T-helper type 1 and type 17 differentiation, monocyte activation, and 
production of interferon-γ (Watford et al., 2004; Korman et al., 2008). A common haplotype 
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of the human STAT4 gene was reported to be associated with susceptibility to rheumatoid ar-
thritis, systemic lupus erythematosus, and primary Sjögren’s syndrome (Korman et al., 2008; 
Su et al., 2010). Zhang et al. (2010) identified 4 SNPs from the Chinese Holstein cow STAT4, 
and found that the SNP (g.60330A>G) markedly affected the 305-day matured equivalency 
(P < 0.05) and fat content (P < 0.05), which indicates the association between STAT4 and milk 
production traits in cattle. In the present study, using PCR-RFLP and DNA sequencing, we 
characterized intron 20 mutations of the STAT4 gene in Chinese Holstein cow and showed that 
the mutations were associated with milk production traits, which is the first report on STAT4 
mutations identified from intron 20.

STAT4 is a mediator of type 1 cytokine signaling, and recognized as an important 
player in mammary glands (Watson and Neoh, 2008). The results reported here and in a paper 
by Zhang et al. (2010) revealed that mutations of STAT4 were associated with milk performance 
traits of Chinese Holstein cows, which provides further evidence supporting that STAT4 plays 
important roles in adult mammary development. However, the exact mechanism of SNPs in 
STAT4 that result in alterations of its function and lead to changes in milk performance traits 
in animals remains unknown. 

Understanding the phenotypic influences caused by intronic SNPs is still a challenge 
at present. Many SNPs in introns are thought to be non-functional (Crawford et al., 2005; 
Buchanan et al., 2012). Meanwhile, increasing research is revealing that polymorphisms 
located in  introns could influence gene expression by altering splice sites, disrupting a 
transcription factor-binding site, or a binding site for modified histone proteins (Aklillu et al., 
2003; von Ahsen and Oellerich, 2004; Skarratt et al., 2005; Warnecke et al., 2005; Bu et al., 
2006; Szafranski et al., 2007; Wang et al., 2011). It is unclear how intronic SNPs in STAT4 
cause differences in milk performance traits in Chinese Holstein cows; however, it is possible 
that they have the potential to influence STAT4 expression or protein activity, and further 
studies are needed for this mechanism to be uncovered and well understood.

It is also quite possible that there are more milk performance-associated SNPs in 
introns or exons of STAT4. Identifying more functional variants that influence phenotypes can 
immensely contribute toward a better understanding of the associations between genotypic, 
cellular, and organismal phenotypes. In order to clarify the comprehensive function of STAT4 in 
adult mammary development, future studies should focus on identifying other SNPs at the whole 
STAT4 gene level and examining their contribution to milk production traits.
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