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Abstract

Background Our previous research identified the Kruppel like factor 6 (KLF6) gene as a prospective candidate for milk
production traits in dairy cattle. The expression of KLF6 in the livers of Holstein cows during the peak of lactation was
significantly higher than that during the dry and early lactation periods. Notably, it plays an essential role in activating
peroxisome proliferator-activated receptor a (PPARa) signaling pathways. The primary aim of this study was to further
substantiate whether the KLF6 gene has significant genetic effects on milk traits in dairy cattle.

Results Through direct sequencing of PCR products with pooled DNA, we totally identified 12 single nucleotide
polymorphisms (SNPs) within the KLF6 gene. The set of SNPs encompasses 7 located in 5’ flanking region, 2 located
in exon 2 and 3 located in 3’ untranslated region (UTR). Of these, the g.44601035G > A is a missense mutation that
resulting in the replacement of arginine (CGG) with glutamine (CAG), consequently leading to alterations in the
secondary structure of the KLF6 protein, as predicted by SOPMA. The remaining 7 regulatory SNPs significantly
impacted the transcriptional activity of KLF6 following mutation (P < 0.005), manifesting as changes in transcription
factor binding sites. Additionally, 4 SNPs located in both the UTR and exons were predicted to influence the secondary
structure of KLF6 mRNA using the RNAfold web server. Furthermore, we performed the genotype-phenotype
association analysis using SAS 9.2 which found all the 12 SNPs were significantly correlated to milk yield, fat yield, fat
percentage, protein yield and protein percentage within both the first and second lactations (P<0.0001 ~0.0441).
Also, with Haploview 4.2 software, we found the 12 SNPs linked closely and formed a haplotype block, which was
strongly associated with five milk traits (P<0.0001 ~0.0203).

Conclusions In summary, our study represented the KLF6 gene has significant impacts on milk yield and
composition traits in dairy cattle. Among the identified SNPs, 7 were implicated in modulating milk traits by impacting
transcriptional activity, 4 by altering mRNA secondary structure, and 1 by affecting the protein secondary structure of
KLF6. These findings provided valuable molecular insights for genomic selection program of dairy cattle.
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Background
In recent years, researchers have implemented mul-
tiple strategies, such as genome-wide association study
(GWAS) [1-5], RNA sequencing (RNA-seq) [6—9], whole
genome bisulfite sequencing (WGBS) [10-14], signature
selection [15-18], to explore the genetic mechanisms
underlying complex traits in human, mouse and domes-
tic animals, and numerous functional genes and genetic
associations have been identified. In our previous RNA-
seq study, we found a significant upregulation of the
Kruppel-like factor 6 (KLF6) gene in the livers of Hol-
stein cows during the peak lactation period in compari-
son to both the dry and early lactation periods [19]. The
KLF6 protein participates in lipid metabolic processes by
activating peroxisome proliferator-activated receptor o
(PPAR«) signaling pathway. Notably, KLF6 was located
near the peak regions of the known quantitative trait loci
(QTL) for milk fat yield (0.09 Mb), milk fat percentage
(0.28 Mb), milk protein yield (0.45 Mb) and protein per-
centage (1.38 Mb) (https://www.animalgenome.org/cgi-
bin/QTLdb/index). Therefore, we considered the KLF6
gene as a promising candidate for milk production traits.
The KLF6 gene is located on bovine chromosome 13
and consists of 2 exons, with a total length of 8460 base
pairs (bp). The KLF6 protein belongs to the specific-
ity proteins/Kriippel-like factor (SP/KLF) transcription
factors family, known for its regulation of various genes
involved in fundamental cellular and biological processes.
These processes encompass vascular remodeling [20], cell
differentiation, proliferation, cycle and apoptosis [21-23],
tissue development and growth [24—27] in humans.
Overexpression of KLF6 has been demonstrated
to increase the number of lipid droplets and elevate
the expression of peroxisome proliferator-activated
receptor-y (PPARy) and CCAAT/enhancer binding pro-
tein o (C/EBP«) in pig adipose-derived stem cells. Con-
versely, treatment with small interfering RNAs (siRNAs)
targeting KLF6 resulted in the opposite consequence
[28]. The knocked-down of KLF6 negatively influences
both adipogenesis and differentiation in primary adi-
pocyte cells [29]. Moreover, polymorphisms associated
with the KLF6 gene have shown significant correlations
with intramuscular fat traits in Qinchuan cattle [30].
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Fig. 1 Agarose gel electrophoresis result of 10 DNA samples extracted
from the blood samples of cows. Lane 1 is ADNA /Hindlll Marker
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Nevertheless, no prior investigations have explored the
influence of the KLF6 gene on milk traits in dairy cattle.
Thus, the primary objective of the present study was to
ascertain the genetic effects of the KLF6 gene on milk
yield and composition traits and to identify potential
functional genetic variations in Chinese Holstein cattle
population.

Results

SNPs identification

We extracted genomic DNA from 1123 blood samples of
Chinese Holstein cows (Fig. 1). By sequencing the PCR
products of the KLF6 gene for the entire coding sequence
and 2000 bp of the 5" and 3’ flanking regions, we iden-
tified a total of 12 SNPs, including seven in 5’ flank-
ing region, two in exon 2 and three in 3" UTR. Among
these, the g.44601035G > A was a missense mutation that
changed from arginine to glutamine of the amino acid.
The genotype and allele frequencies of the identified
SNPs were presented in Table 1.

Associations between SNPs and the five milk production
traits

Using SAS 9.2, we assessed the genetic associations
between the 12 identified SNPs and five milk traits in
Holstein cows, including milk yield, fat yield, protein
yield, fat percentage and protein percentage (Table 2).

In the first lactation, we observed all the 12 SNPs
in KLF6 showed significant associations with milk
protein yield (P<0.0001~0.0084), ten with milk fat
yield (P<0.0001~0.0383), nine with milk protein per-
cent (P<0.0001~0.0441), seven with milk fat per-
cent (P<0.0001~0.0335) and six with milk yield
(P<0.0001~0.0221). In the second lactation, all the
12 SNPs in KLF6 were significantly associated with
milk yield (P<0.0001~0.0183) and protein yield
(P<0.0001 ~0.0221), ten with fat yield (P<0.0001 ~0.096),
nine with fat percent (P<0.0001~0.0003) and seven with
protein percent (P<0.0001~0.0021).

In addition, as the results showed in Table S1, the addi-
tive, dominant, and substitution effects of the 12 SNPs on
milk traits were significant as well (P<0.05). The pheno-
typic variance ratios explained by these SNPs of five milk
traits ranged from less than 0.0001-2.1301%, and the
principal explanations were milk yield and protein yield
(Table S2).

Associations between haplotype and the five milk traits

We estimated the degree of linkage disequilibrium (LD)
among the 12 SNPs in KLF6 and inferred one haplo-
type block using Haploview4.2 (D’ = 0.829-1.0; Fig. 2).
Regarding the block, the frequencies of the haplotype
Hl (AGGCACACGCGG), H2 (GAACATGTATGA),
H3 (GAATCCGCGCGA), H4 (GAATCCGCGCTA),
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Table 1 Detailed information of 12 SNPs identified in the KLF6 gene
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SNP Location GenBank accession No. Genotype (No.) Allele Allelic Frequency

944,595,327 A>G 5’ flanking region rs41692335 AA (165) A 0.3894
AG (540) G 0.6106
GG (412)

9.44595580G > A 5’ flanking region rs110464810 AA (412) A 06115
AG (542) G 0.3885
GG (163)

g.44595695G > A 5’ flanking region rs110289079 AA (411) A 0.6096
AG (541) G 0.3904
GG (166)

944,595,808 C>T 5’ flanking region rs208019372 CC(615) C 0.7449
CT (434) T 0.2551
TT (68)

944,596,221 A>C 5’ flanking region rs211266130 AA (614) A 0.7457
AC (432) C 0.2543
CC(67)

944,596,271 C>T 5’ flanking region 1s29024529 CC (526) C 0.6889
CT (487) T 0311
TT(104)

944,596,874 A>G 5" flanking region rs41692337 AA (169) A 0.3885
AG (502) G 06115
GG (410)

944,600,440 C>T Exon-2 rs209109676 CC(653) C 0.7675
CT (407) T 0.2325
TT (56)

g.44601035G>A Exon-2 rs211273884 AA (58) A 0.2297
AG (394) G 0.7703
GG (658)

944,601,887 C>T 3'UTR rs41692344 CC (468) C 0.6464
CT (521) T 0.3536
TT(138)

g.44602809G >T 3'UTR rs208700974 GG (856) G 0.8790
GT (250) T 0.1210
TT(10)

g.44603687G> A 3'UTR rs41692345 AA (419) A 0.6145
AG (536) G 0.3855
GG (163)

H5 (GAACATGCGTGA) and H6 (GAACACGC- £.44,595,808 C>T, g.44,596,221 A>C, g.44,596,271 C>T

GTGA) were 38.5%, 23%, 13.5%, 12.1%, 7.9% and 3.1%,
respectively.

Similarly, the haplotype-based association analy-
sis revealed that the haplotypes of KLF6 were signifi-
cantly associated with milk yield (P=<0.0001), fat yield
(P=0.0203), protein yield (P=<0.0001) and protein
percent (P=0.003) in the first lactation, and all the five
milk traits in the second lactation (P=<0.0001~0.009)
(Table 3).

Functional variation prediction and verification caused by

SNPs

We used Jaspar software to predict the transcription
factor binding sites (TFBSs) change of the seven SNPs
(g.44,595,327 A>G, g.44595580G>A, g.44595695G> A,

and g.44,596,874 A>@) in the 5’ flanking region of KLF6,
and found that all the SNPs changed TFBSs (Table 4).
Further, we performed the luciferase assay to vali-
date the above prediction results (Fig. 3). The lucifer-
ase activities of the construct G of g.44,595,327 A>G,
A of g44595580G>A, A of g.44595695G>A, T of
g.44,595,808 C>T, C of g.44,596,221 A>C, T of
g.44,596,271 C>T, G of g.44,596,874 A >G were observed
significantly higher than those of the blank control
(P<0.0001), empty vector pGL4.14 (P<0.0001), and the
construct A of g.44,595,327 A>@, G of g.44595580G > A,
G of g.44595695G>A, C of g.44,595808 C>T, A
of g.44,596,221 A>C, C of g.44,596,271 C>T, A of
g.44,596,874 A>G, respectively (P<0.0001~0.0015).
These results indicated the seven SNPs in the 5’ flanking
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Table 2 Associations of the SNPs in KLF6 gene with milk production traits in two lactations in Chinese Holstein (LSM + SE).
SNP Lactation Geno- Milk yield, kg Fat yield, kg Fat percent-  Proteinyield, Protein per-
type age, % kg centage, %
(No.)
044,595,327 A>G 1 AA(165)  692835+25538  263.82+10364° 3799+0102° 219845025  3.165+0.037°
AG(540)  691551+254.56  2594+1034° 3736+0.102°  21469+5027°  3.125+0.037°
GG(412)  680859+25437  2543+10333°  3722+0102° 2126+5025°  3.131+0037°
Pvalue 00509 0.0009** 0.0155* <0.0001** 0.0001**
2 AA(107)  9686.93+142.82°  37234+5951°  3833+0058° 303.62+4339° 3.147+0.02
AG(B307)  944231+12956°  3524+5462° 3.758+0053"  29301+3981° 3.129+0018
GG(200)  9460.75+132.74°  34951+5568°  3.696+0054° 29697+4059° 3.151+0018
Pvalue  0.0052* <0.0001** 0.0001** <0.0001** 0.04*
9.44595580G > A 1 AA412)  662968+25039  24998+10.157° 3775+0.1° 203.9+4905°  3.119+0.036°
AG(542) 672268425081  25581+10.176° 3.806+0.1 20496+4.918°  3.117+0036°
GG(163)  6754.22+25228  260.12+1023%  3.861+0.101° 20969+4937%  3.155+0.036"
Pvalue 0074 0.0002** 0.0055** <0.0001** 0.0002%*
2 AA(200)  9566.8+133.86°  34442+5611°  3616+0054°  304.7+4.09° 3.177+0.019
AG(307) 96145+130.15°  349.3+5488° 3.67+0053°  303.73+4° 3.162+0018
GG(107)  98316+14134° 3683945895  375+00572  31334+4298° 3.181+002
Pvalue  0.0042* <0.0001** 0.0002** <0.0001** 0.1567
9.44595695G > A 1 AA@411)  6830.13+249.78  247.71+10.116°  3.662+0.1 20846+4.868°  3.116+0.036°
AG(541)  690641+25041  25404+10.14°  3.702+0.1 2101844877  3.117+0.036°
GG(166) 68989+ 25168 25342410194 372240101  21235+4911°  3.155+0.036°
Pvalue 0252 0.0029** 0.0335* 0.0075%* <0.0001**
2 AA(199)  947129+132.89°  34954+5575°  3692+0054° 29744+4064° 3.154+0018
AG(307) 9432.68+129.56° 351.85+5461°  3757+0053° 29256+3981° 3.127+0018°
GG(108)  967843+14238 37225459337  3835+0058° 30348+4326° 3.149+002
Pvalue  0.0059** <0.0001** <0.0001** <0.0001** 0.0096**
944,595,808 C>T 1 CC(615)  6951.08+250 25845+10.158  3.723+0.1 21474+494° 311740036
CT(434)  691247+25139 25752410217  3.73+0.10] 21344+4975°  3.109+0.036°
TT(68) 700887426167  26058+10617  3709+0.105  22201+5146°  3.144+0038°
Pvalue 04903 06825 0.8303 <0.0001** 0.0341*
2 CC(357)  9501.42+129.08°  353.3+5443 372540052  296.64+3967° 3.14+0018
CT(223)  946648+132.05% 3542245547 376640054  29486+4.044* 3.137+0018
TT(34) 9127.73+17165°  345.14+7.009 380440069  2844+5112° 31240024
Pvalue  0.0096** 0.1787 0.0854 0.0021%* 0.5218
944,596,221 A>C 1 AAB14)  664376+25253 26394410247  3943+0101  2032+4991°  3.123+0036
AC(432)  654753+25424  26041+10324  3948+0.102  20021+5044° 31240037
CC67)  6702.38+26448 26841410725  3963+0.106  206.73+5217°  3.14+0.038
Pvalue 0056 0.0383* 08526 <0.0001%* 0.3585
2 AA(355)  9551.93+130.72*  352.35+5517 367740053  308.12+4.021° 322+0018
AC(222)  946489+134.17%  351.19+5.642 371740054  30382+4.112°  3.209+0019
CC(32)  9150.13+177.15°  344.95+7.229 377440071  29513+5272° 32+0025
Pvalue  0.0041% 0312 0.0557 0.0002%* 0.2886
944,596,271 C>T 1 CC(526) 67887+24929°  25062+10096° 3.727+0.1° 20853+4.86°  3.139+0.036°
CT(487)  698321+24935  25375+10.101° 3665+0.1° 21359+4.864%  3.123+0.036°
TT(104)  670652+2573°  24232+10412° 3664+0.103  20246+5001°  3.104+0.037°
Pvalue  <0.0001** 0.0008** 0.0019** <0.0001** 0.0022%*
2 CC(304)  9397.7+13062°  364.89+55° 391740053 299.72+4009° 319440018
CT(258)  9372.63+131.9°  349.18+5549°  3769+0054° 29857+4045° 3.194+0018
TT(51)  972282+15738°  3546+6482° 364+0063°  31457+4727° 322740022
Pvalue  0.0032* <0.0001%* <0.0001%* <0.0001%* 0.0841
944,596,874 A>G 1 AA(169)  662156+260.53 25131410558  3796+0.104  20809+5123*  3.157+0.038
AG(502)  6742.08+259.51%  256.1+1052° 379740104  207.99+5112°  3.125+0038°
GG(410)  6621.14259.41°  24833+10521° 3754+0.104  20489+5118° 3.125+0037°
Pvalue  00227* 0.0003** 00618 0.0014** 0.0016**
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Table 2 (continued)
SNP Lactation Geno- Milk yield, kg Fatyield, kg Fat percent-  Proteinyield, Protein per-
type age, % kg centage, %
(No.)
2 AA(105)  9626.84+144.15%  34938+6022°  367+0058°  309.84+439%  3216+0.02
AG(287)  936344+13421°  33033+5656°  3.603+0054° 2989+4.123°  3202+0018°
GG(198)  942469+1382° 3272545804  3524+0056° 30446+4231° 3227+0019°
Pvalue  0.0039* <0.0001%* <0.0001%% <0.0001%* 0.0339*
944,600,440 C>T 1 CC(653)  6990.22+250.02*  256.28+10.152°  3.686+0.1° 216.18+4.927°  3.116+0.036
CT(407)  7065.68+250.65% 256.04+10.18°  364+0.1° 217.15+4.949°  3.105+0.036
TT(56) 657548+265.06°  24503+10.757° 3.72+0.106 202514523° 311240038
Pvalue  <0.0001** 0.0189* 0017* <0.0001%* 0.2944
2 CC(368)  9467.17+129.76° 36443+5474°  3888+0053° 30043+399°  3.182+0.018
CTQ15)  9266.39+133.32°  347.15+5594°  3775+0054° 29732+4078° 3211+0018°
TT(30) 971185+17473*  353.83+7.13 3656+£007°  31767+5201%  3.266+0025°
Pvalue  0.0002** <0.0001** <0.0001** <0.0001** <0.0001**
9.44601035G > A 1 AA(S8)  6457.58+264.57°  25054+10.739° 3.82+0.106 200214521 3.136+0.038
AG(394)  6921.12+251.62° 26273+10226° 3771+0.101  21176+4976° 3.113+0.036
GG(658)  6803.97+2504°  259.4+10.176 3.795+0.1 20891+4.949°  3.123+0.036
Pvalue  <0.0001** 0.0057** 0.2895 <0.0001** 0.174
2 AA(32)  10135+17373°  35067+7.09 3554+007°  327.74+5172°  3242+0025°
AG(207)  9654.12+133.79°  350.06+5.63" 3.653+0054°  307.73+4.103°  3.198+0.018°
GG(372)  980693+131.91°  365.22+5.56° 3766+0.054°  309.28+4053° 3.172+0018°
Pvalue  0.0004* <0.0001** <0.0001** <0.0001** <0.0001**
944,601,887 C>T 1 CC(468)  6862.52+249.21%  25295+10093° 3.722+0.1° 210.89+4.859°  3.141+0.036°
CT(521)  6954.1424961°  25242+10.109° 3.662+0.1° 2124+4866°  3.123+0.036°
TT(138)  665556+25464°  24009+10309°  3.66+0.102 20042+4.958°  3.102+0.037°
Pvalue  <0.0001** <0.0001** 0.0028** <0.0001%* 0.0003**
2 CCQ72)  9466.9+13253 366.55+5573%  3.904+0054° 302.28+4062° 319740018
CTQ71)  934691+130.18"  352.85+5484°  3.816+0053° 29769+3997° 3.193+0018°
TT(70) 05997415037  34849+6221° 36340061  310.03+4536° 3.226+0.021
Pvalue  00113% <0.0001%* <0.0001%* <0.0001%* 0.0441%
9.44602809G>T 1 GG(856)  6866.89+25249°  25752+10247 374140101  21545+4972° 3.135+0036°
GT(250)  6723+255.19° 252.72+10362  3.76+0.102 211.65+5035°  3.155+0.037°
TT(10) 6949.16+32885 25812413253  3758+0131  22038+6286  3.187+0.048
Pvalue  00206* 00735 06532 0.0003** 0.0138*
2 GG464)  954027+12829°  350.12+5416°  3.78+0.052 20836+3947%  3.15+0018°
GT(140)  947407+136.04° 35636456887  3789+0055  29369+4.146° 3.12+0019°
TT(9) 8906.48+259.78°  33256+10358° 3773+0.104 2715147559  3.074+0.038
Pvalue  00172% 0.0096** 0.9404 <0.0001%* 0.0016%*
9.44603687G > A 1 AA@419)  68266+249.82 24754+10117°  366+0.1° 208.66+4.867°  3.118+0.036°
AG(536)  6899.47+25036  253.51+10.138% 37+0.1 20967+4876  3.114+0.036°
GG(163)  6906.15+251.7 25389410195  3725+0.101%  21259+4912°  3.155+0.036°
Pvalue 0249 0.0035** 0.0226* 0.0084** <0.0001**
2 AA(203)  945337+13273° 351.16+5568°  3715+0054° 29645+4059° 3.15+0018
AG(306)  9450.28+129.55°  351.05+5461°  3742+0053° 29346+3981° 3.13+0018
GG(105)  9660.5+142.9° 37247+5954°  3844+0058° 302.66+434°  3.147+002
Pvalue  00183% <0.0001%* 0.0003** 0.0002%* 0.073

Note: LSM*SE: least squares meanztstandard deviation; the number in the bracket represents the number of cows for the corresponding genotype; P shows the
significance level for the genetic effects of SNPs; Different superscript corresponding to the genotypes indicate significant differences between the genotypes; *
indicates £<0.05; ** indicates P<0.01
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Fig. 2 Linkage disequilibrium estimated among the 12 SNPs in KLF6 (D’=0.829 ~ 1.0). The text above the horizontal numbers is the SNP names. The values

within boxes are pairwise SNP correlations (D’), while bright red boxes without numbers indicate complete LD

Table 3 Associations of haplotypes with milk production traits in two lactations in Chinese Holstein (LSM + SE).

Lactation Genotype (No.)  Milkyield, kg Fat yield, kg Fat percentage, % Protein yield, kg Protein per-
centage, %
1 H1H1(143) 8174.01+97.282° 301.99+4.12 3.747+0.039 256.71 +2.986° 3.163+0.014%
H1H2(184) 8270.28+92.42° 302.13+3.904° 3.683+0.037 257.19+2.843° 3.137+0013
H1H3(108) 8114.28+101.52° 301.1+4.245 3.726+0.041 2515443093 3.113+0.014°
H2H2(55) 7648.66+12592° 288.37+5.198° 3.765+0.051 239.77 +£3.789° 3.155+0018
Pvalue <0.0001%* 0.0203* 0.1261 <0.0001** 0.003**
2 H1H1(91) 9989.7+116.78° 381.12+4.945 3.815+0.047 314.53+3.603%® 3.153+0.016%
H1H2(103) 9683.65+112.73° 356.15 +4.804° 3.704+0.046% 30536+35% 3.169+0016
H1H3(55) 10,179+13048° 3833845486 3.796+0.053° 32267+3.998"8 3.19+0018
H2H2(30) 10,259+162.51° 362.23+6.738° 3.502+0.065° 330.86+4.9124 3.227+0.023°
P value <0.0001%* <0.0001%* <0.0001%* <0.0001** 0.009**

Note: LSM+SE: least squares mean+standard deviation; the number in the bracket represents the number of cows for the corresponding genotype; P shows the
significance level for the genetic effects of SNPs; Different superscript corresponding to the haplotypes indicate significant differences between the haplotypes; *

indicates P<0.05; ** indicates P<0.01
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Table 4 Changes of TFBSs caused by the SNPs in the 5'flanking region of KLF6.

SNP Allele Transcription factor Transcript relative score (=0.85) Predicted binding site sequence
944,595,327 A>G A SOX18 0.89 cagAatag
G GATA2 0.99 gGata
GATA1 0.95 gGatag
GATA3 091 gGatag
g.44595580G> A G EVX2 091 tctcattaaG
EMX2 091 tctcattaaG
EVX1 0.90 tctcattaaG
A NR1I3 091 ttaaActct
944595695G > A G FOXC1 0.86 atggtGta
A FOXL1 0.85 atggtAta
944,595,808 C>T C NPAS4 0.87 cttCgtgaggg
T SOX15 0.86 tcttTgtgag
944,596,221 A>C A KLF4 0.86 gAaggcaagg
C ATF1 091 gttacgCa
944,596,271 C>T C HIC2 091 gtgcCctgt
T SOX10 0.86 clctgt
944,596,874 A>G A ERG 0.89 gggcAggaagggca
G KLF12 0.89 ggggcGgga

Note: the upper-case letters in the sequence are the SNP loci
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Fig. 3 Luciferase assay result of the recombinant plasmids in HEK293
cells. Blank: blank cells. pGL4.14+pRL-TK: empty vector. The nucleotides
in red highlight referred to the mutation compared to the first plasmids.
** P<0.01

region regulated the transcriptional activity of KLF6
gene.

We utilized the RNAfold web server to predict the sec-
ondary structures of mRNA for the 5 SNPs in UTR and
exon regions of KLF6 gene (Table 5). When T replaced
C in g.44,600,440 and A replaced G in g.44,603,687, the
minimum free energy (MFE) of mRNA secondary struc-
tures decreased, and KLF6 got more stable. Conversely,
when T replaced C in g.44,601,887 and G in g.44,602,809,

Table 5 The minimum free energy (MFE) values of optimal
secondary structure of KLF6 mRNA.

SNP Allele MFE (kcal/mol)
9.44,600440 C>T C -1982.3
T -1983.3
g.44601035G> A G -1982.3
A -1982.3
944,601,887 C>T @ -1982.3
T -1980.1
9.44602809G >T G -1982.3
T -1980.7
9.44603687G> A G -1982.3
A -1983.0

Note: MFE: minimum free energy

the MFE of mRNA secondary structures increased, and
KLF6 got more unstable. These observations suggested
that the 4 SNPs might change the KLF6 mRNA second-
ary structure to affect the KLF6 expression.

Furthermore, we employed the SOPMA software to
predict the protein secondary structure for the missense
mutation (g.44601035G > A) in exon 2 of the KLF6 gene.
The analysis revealed that the beta turn was changed
from 6.47 to 5.83% and the random coil from 60.84 to
61.49%. However, according to the prediction result from
PROVEAN, there was no observed change in the protein
function (score = -0.038).

Discussion

Our previous liver transcriptome study of Holstein cows
identified KLF6 gene as a promising candidate affecting
milk production traits. Not only did it exhibit differential
expression across various lactation periods, but it was
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also found to be intricately linked to the PPAR« signaling
pathway and located near the known QTLs for milk yield
and composition traits. In this study, through single locus
and haplotype-based association analysis, we confirmed
the significant genetic effects of KLF6 gene on milk yield,
milk fat and protein traits in dairy cattle.

The KLF6 gene was highly expressed in various tis-
sues and played a critical role in adipocyte differentia-
tion by activating PPAR«a that regulated hepatic steatosis,
lipoprotein synthesis, hepatic gluconeogenesis and fatty
acid transport proteins in mouse [31-33]. KLF6 also
promoted preadipocyte differentiation by suppressing a
factor named delta-likel (DLK1), which acted by main-
taining the preadipocyte state and preventing adipocyte
differentiation in mouse preadipocytes [34, 35]. These
studies demonstrated the involvement of KLF6 gene in
lipid metabolism, and were consistent with the results
in this study that KLF6 gene has significant effects on
milk fat traits. In addition, we found KLF6 gene was sig-
nificantly associated with milk protein traits as well. This
is probably due to the high genetic correlation between
milk fat and protein traits in dairy cattle [36—38].

Transcription factors, which belong to the family of
sequence-specific DNA-binding proteins, regulate gene
expression across diverse organisms [39, 40]. Specifi-
cally, SNPs located within transcription factor binding
sites (TFBSs) can contribute to the allele-specific binding
of transcription factors. In the present study, we identi-
fied 7 SNPs within 5’ regulatory region of the KLF6 gene
that altered TFBSs, subsequently activating the KLF
expression. These TFBS modifications corresponded to
transcription factors GATA2, GATA1, GATA3, NR1I3,
FOXL1, SOX15, ATF1, SOX10 and KLF12 which have
been shown to promote the expression of target genes
in human and mouse in several prior studies [41-48].
Conversely, transcription factors SOX18, EVX2, EMX2,
EVX1, FOXC1, NPAS4, KLF4, HIC2 and ERG have been
reported to inhibit the expression of their target genes
[49-56]. In this study, for the g.44,595,808 C>T and
2.44,596,221 A>C, the positive genetic effects of alleles T
and C on milk protein may be due to the activated KLF6
expression induced by transcription factors NR1I3 and
ATF1, respectively. The regulatory roles of these SNPs
on KLF6 expression thereby impacting milk traits need
more in-depth investigations to be validate.

Furthermore, in our study, the missense mutation in
exon 2, g.44601035G>A, was predicted to impact the
secondary structure of the KLF6 protein. As the back-
bone of advanced RNA function, the secondary struc-
ture of mRNA plays a pivotal role in various biological
processes, including protein folding and transport,
initiation and extension of translation process, regula-
tion of translation rate, and directly affects the stabil-
ity of mRNA itself [57, 58]. In addition, the secondary
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structures of KLF6 mRNA corresponding to allele T of
g.44,600,440 C>T, allele C of g.44,601,887 C>T, allele
G of g.44602809G>T and allele A of g.44603687G>A
exhibited increased stability in comparison to the alleles
C, T, T and G, respectively. The enhanced stability of
the mRNA secondary structure associated with allele C
of g.44,601,887 C>T may provide insight into its active
genetic effects on milk yield, fat yield, and protein traits.

Studies have shown that the incorporation of func-
tional gene information associated with substantial
genetic effects on target breeding traits can improve the
accuracy of genomic evaluation [59, 60]. These significant
SNPs identified in this study could be used as molecular
markers for genetic improvement programs of dairy cat-
tle through genomic selection.

Conclusion

Based on our preceding RNA-seq investigation that
identified KLF6 genes as a promising candidate for milk
traits in dairy cattle, this study first demonstrated the sig-
nificant genetic effects of KLF6 gene on milk yield and
composition traits. A total of 12 SNPs were identified,
7 of them altered the transcriptional activity of KLF6,
4 changed the KLF6 mRNA secondary structures, and
1 missense mutation changed KLF6 protein secondary
structure. These SNPs could be used as valuable genetic
markers for molecular breeding program by incorporat-
ing them into genomic selection chips in dairy cattle.

Materials and methods

Animals and phenotypic data

We gathered the blood samples of 1123 Chinese Hol-
stein cows from 80 sire families from Qingyuanlvze and
Shuangfeng dairy farms (Baoding, Hebei, China) in Hebei
province. The pedigree and phenotypic data of five milk
traits, containing milk yield, milk fat yield, milk fat per-
centage, milk protein yield, and milk protein percentage
were provided by the Hebei Province Animal Husbandry
and Fine Breeds Work Station (Shijiazhuang, Hebei,
China). Descriptive statistics of the phenotypic values
for milk traits in the first and second lactations were pre-
sented in Table 6.

SNP identification and genotyping

We extracted genomic DNA from whole blood samples
of 1123 cows using the TIANamp Blood DNA Kit (Tian-
gen, Beijing, China) and measured the quantity and
quality of DNA samples with NanoDrop 2000 spectro-
photometer (Thermo Scientific, Hudson, NH, USA) and
agarose gel electrophoresis (1.5%), respectively. Eighteen
pairs of primers were designed with Primer3web ver-
sion 4.1.0 (https://bioinfo.ut.ee/primer3/) and synthe-
sized by the Beijing Genomics Institute (Beijing, China)
to amplify the entire coding sequence and 2000 bp of
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Table 6 Descriptive statistics of the phenotypic values for milk production traits

Mean Standard deviation Maximum Minimum Coefficient of
variation
Lactation 1 2 1 2 1 2 1 2 1 2
Milk yield, kg 8140.13 9735.07 1467.72 1750.93 12536.44 15016.28 372148 4335.76 0.18 0.18
Fatyield, kg 304.08 367.27 7229 97.83 56243 676.50 98.57 153.94 0.24 027
Fat percentage, % 3.77 3.79 0.76 0.84 6.97 6.61 2.00 201 0.20 0.22
Protein yield, kg 257.06 309.70 46.03 55.87 398.19 466.83 114.16 154.87 0.18 0.18
Protein percentage, % 3.17 3.20 0.26 0.29 4.01 4.06 2.34 233 0.08 0.09

the 5" and 3’ flanking regions for the bovine KLF6 gene
in accordance with its genomic sequence (GenBank IDs:
NC 037340.1) (Table S3).

We randomly selected 111 blood DNA samples from
the 80 sire families to construct five DNA pools at the
same concentration of 50 ng/pL, including one DNA
pool with 23 samples and four pools with 22 samples
in each. Based on the DNA pools as templates for PCR
amplification (Table S4), the PCR products were bi-
directionally sequenced on ABI3730XL DNA analyser
(Applied Biosystems, Foster City, CA, USA) and aligned
to the bovine reference sequences (ARS-UCD1.2) with
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to iden-
tify potential SNPs. The matrix-assisted laser desorp-
tion/ionization-time of flight mass spectrometry assay
(MALDI-TOF MS, Sequenom MassARRAY, Agena, San
Diego, USA) was performed for subsequent individual
genotyping of the identified SNPs for the 1123 Holstein
cows.

Linkage disequilibrium (LD) estimation

We calculated the extent of LD among the 12 identified
SNPs in KLF6 with Haploview 4.2 (Broad Institute, Cam-
bridge, MA, USA). The D’ or r? value was used to mea-
sure the degree of LD. The Haplotypes with frequencies
of less than 0.05 were discarded.

Association analyses between SNPs/ haplotypes on milk
production traits

The pedigrees of 1123 individuals were traced back three
generations for the association studies between the
detected SNPs or haplotypes and five milk traits. SAS
9.2 mixed procedure was performed with the follow-
ing model: Y=p+hys+b X M+G+a+e, where Y is the
phenotypic value of five milk traits of each cow; p is the
overall mean; hys is the fixed effect of farm (1-2 for the
two farms, respectively), calving year (1-7 for the years of
2013-2019, respectively), and calving season (1 for April
to May; 2 for June to August; 3 for September to Novem-
ber, and 4 for December to March); b is the regression
coefficient of covariant M; M is calving age as a covariant;
G is the genotype or haplotype combination effect; a is
the individual random additive genetic effect, distributed
as N(0,A¢2), with the additive genetic variance J2; and

e is the random residual effect, distributed as N (O, 1(53)
, with identity matrix I and residual error variance 42
. Multiple tests were implemented by Bonferroni cor-
rection, with the significance level equal to the original
P value divided by the number of genotype or haplotype
combinations.

In addition, the additive (a), dominant (d), and substi_télé
tion («) effects were also computed as follows: & = =~
,d=AB— %,a =a+d(q—p), where AA, AB, and
BB were represented the least square means of milk traits
attributes matching to genotypes, while p was the allele
frequency of A and q was the allele frequency of B.

The phenotypic variance ratio of five milk traits
explained by SNPs was calculated as follow: phenotypic
variance ratio = 2pqa’ / O'Z, where p and q were the allele
frequencies of A and B, a was substitution effects and 0'5
was the phenotypic variance of the target trait.

Biological function prediction

Using the Jaspar software (http://jaspar.genereg.net/)
to determine whether SNPs in 5’ flanking region of the
KLF6 gene altered transcription factor binding sites
(TFBSs) (relative score>0.85).

To predict changes in mRNA secondary structures for
SNPs in UTR and exon regions, RNAfold Web Server
(http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/
RNAfold.cgi) was used. The minimum free energy (MFE)
of the optimal secondary structure reflects the stability
of mRNA structure. A lower MFE value indicates greater
stability in the mRNA structure.

To predict the changes in protein secondary struc-
ture caused by missense mutation in the coding regions
of genes, we applied SOPMA (https://npsa-prabi.ibcp.
fr/cgi-bin/npsa automat.pl?page=/NPSA/npsa sopma.
html) with the following parameters: similarity threshold:
8; number of states: 4-Helix, sheet, Turn, Coil; output
width: 70.

Subsequently, we implemented PROVEAN software
(http://sift.jcvi.org/index.php) to confirm whether the
missense mutation changed protein function. The thresh-
old value for PROVEAN is set at -2.5, below which altera-
tions in protein function are considered.
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KLF6 5' flanking region

-1913A -1660G -1545G -1432C _ -1019A -969C -366A
KLF6 5' flanking region

-1913G -1660G _-1545G -1432C _ -1019A -969C -366A
KLF6 5' flanking region

-1913A -1660A -1545G -1432C  -1019A -969C -366A
KLF6 5' flanking region

-1913A -1660G _-1545A -1432C  -1019A -969C -366A
KLFG6 5' flanking region

-1913A -1660G -1545G -1432T -1019A -969C -366A
KLF6 5' flanking region

-1913A -1660G -1545G -1432C _ -1019C -969C -366A
KLF6 5' flanking region

-1913A -1660G _-1545G -1432C _ -1019A -969T -366A
KLF6 5' flanking region

-1913A -1660G _-1545G -1432C _ -1019A -969C -366G

Fig. 4 Sketches of recombinant plasmids. The nucleotides in red highlight referred to the mutation compared to the first plasmids

Construction of recombinant plasmid, cell culture and
luciferase assay

To examine the effects of the SNPs that were predicted
to alter the transcription factor binding sites in the 5’
flanking region of KLF6, a total of 8 luciferase reporter
gene fragments (Fig. 4) were designed and synthesized
in Hitrobio (Beijing, China). These fragments contained
2000 bp of the 5’ flanking sequences of KLF6, with Xhol
and HindIII restriction sites at the 5" and 3’ termini, and
were cloned into the pGL4.14 Luciferase Assay Vector
(Promega, Madison, USA). These plasmids were subse-
quently purified using the EndoFree Mini Plasmid Kit II
(Tiangen, Beijing, China), and their integrity of each con-
struct’s insertions were sequenced to verify.

Human Embryonic Kidney (HEK)-293 T cells (Procell,
Wuhan, China) were cultured at 37 °C and 5% CO, with
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum
(Biosun, Shanghai, China). Approximately 1x10° cells
were seeded into 48-well plates and co-transfected using
Lipofectamine 3000 (Invitrogen, CA, USA) with 200 ng
of the constructed plasmid DNA and 20 ng of pRL-TK
renilla luciferase reporter vector (Promega, WI, USA) per
well. Three replicates were conducted for each construct.

After 36 h, the 293T cells were collected and then the
activities of firefly and renilla luciferases were mea-
sured using the DualLuciferase Reporter Assay System
(Promega, WI, USA) with a multifunctional microplate
detection system (BioTek, NY, USA). The average of three
replicates was then calculated to obtain the normalized
luciferase data (firefly/renilla).

Abbreviations

a Additive effect
CDS Coding sequence
C/EBPa CCAAT enhancer-binding proteins alpha

C/EBPB/y  CCAAT enhancer-binding proteins beta/gamma

d Dominant effect

DLK1 Delta-like 1

KLF6 Kruppel Like Factor 6

LD Linkage disequilibrium

MFE Minimum free energy

PCR Polymerase chain reaction

PPARa Peroxisome proliferator-activated receptor alpha
PPARy Peroxisome proliferator-activated receptor-gamma
PPARy2 Peroxisome proliferator-activated receptor-gamma 2
QTL Quantitative trait loci

SNP Single nucleotide polymorphism

SP/KLF Specificity proteins/Krippel-like factor

SREBP1 Sterol regulatory element-binding protein 1

TF Transcription factor

TFBS Transcription factor binding site

UTR Untranslated region
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