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Abstract: This study evaluated associations of TERB2 and LRP6 polymorphisms with economically important
traits in 1 181 Liaoning Cashmere goats (Capra hircus). Two exonic single nucleotide polymorphisms (SNPs),
G841C in TERB2 and C98161A in LRP6, were identified by polymerase chain reaction (PCR) and bidirectional
sequencing. Genotype—trait associations for cashmere production, body size, lactation, reproductive, slaughter,
and meat-quality traits were analysed separately by sex where appropriate, with Benjamini—Hochberg false dis-
covery rate correction applied to overall genotype effects. The G841C locus showed low polymorphism, with
polymorphism information content values of 0.17 and 0.19 in bucks and does, respectively, whereas C98161A
showed moderate polymorphism (0.37 in both sexes). Significant genotype effects on several cashmere traits
remained after false discovery rate correction (Q < 0.05). In does, the LRP6 CA genotype had finer cashmere than
the CC genotype (16.5 vs 16.8 um; P < 0.05) and a higher cashmere yield rate (75.8% vs 72.7%; P < 0.01). The AA
genotype showed greater cashmere yield (1 879 vs 1 804 g; P < 0.01) and fibre length (110 vs 86.6 mm; P < 0.01)
than CC. Combined-genotype analysis also detected significant overall effects on all seven cashmere traits after
false discovery rate correction (Q < 0.05). Cashmere yield rate was the principal predictor of fibre fineness; the final
regression models explained 83.9% and 87.2% of the variation in bucks and does, respectively (adjusted R? = 0.832
and 0.871). These polymorphisms may provide preliminary marker information for cashmere-related traits, but
independent population validation and functional studies are required before breeding application.
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Goat skin contains two major types of hair fol-
licles: primary follicles that produce coarse guard
hairs and secondary follicles that produce fine cash-
mere fibres (Zhu et al. 2013). Cashmere fibre for-
mation depends largely on secondary hair follicles,
whose development and cyclic activity are regulated
by coordinated molecular and environmental pro-
cesses (Geng et al. 2013; Li et al. 2023). Cashmere
quality and economic value are strongly influenced
by fibre fineness, which has a substantial genetic
basis and varies among breeds and populations (Jin
et al. 2020; Wu et al. 2022a; Rong et al. 2024).

The Liaoning Cashmere goat (LCG; Capra
hircus), a representative Chinese cashmere breed,
is characterised by large body size and favourable
cashmere production performance (Qiao et al.
2023). Despite its favourable production perfor-
mance, further improvement in fibre fineness re-
mains an important breeding objective in LCGs
(Wang et al. 2020; Zhang et al. 2022; Xu et al. 2023).

SNP-based association analyses have been widely
applied to identify candidate markers for economi-
cally important traits in goats, including cashmere
production, body conformation, and lactation-re-
lated traits (Wu et al. 2022b; Qiao et al. 2023; Song
et al. 2023; Rong et al. 2024).

Telomere repeat binding bundle-forming pro-
tein 2 (TERB2) is a meiosis-related component of the
TERB1-TERB2-MAJIN complex, which mediates
telomere attachment to the inner nuclear mem-
brane during meiosis (Shibuya et al. 2015; Dunce
etal. 2018; Wang et al. 2019). This attachment con-
tributes to chromosome anchoring, homologous
chromosome pairing, and crossover formation dur-
ing meiotic progression (Dunce et al. 2018; Wang
et al. 2019). Therefore, TERB2 has mainly been
studied in relation to meiotic progression, telomere
biology, and fertility-related processes. At present,
direct functional evidence showing that TERB2
regulates hair follicle development or cashmere
fibre formation is lacking. However, reproductive
performance and production traits are important
components of selection programmes in cashmere
goats. Polymorphisms located in or near meiosis-
related genes may therefore still provide useful as-
sociation signals for breeding-related traits, even
when their direct functional role in cashmere fibre
development has not been confirmed. For this rea-
son, the TERB2 locus was included in the present
study as an exploratory genetic marker rather than
a functionally validated cashmere-fibre gene.
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Low-density lipoprotein receptor-related pro-
tein 6 (LRP6) is a transmembrane member of the
low-density lipoprotein receptor family and an im-
portant co-receptor in canonical Wnt/p-catenin
signalling (Wang et al. 2018; Ren et al. 2021). The
Wnt/B-catenin pathway participates broadly in cell
proliferation, development, and tissue regulation
(Kim et al. 2016; Xue et al. 2024). In cashmere-
goat hair-follicle studies, Wnt-related signalling
has been implicated in follicle development, and
ligand—-receptor interactions involving RSPO1-
LRP6 have been proposed to participate in hair-
growth-related intercellular communication (Geng
etal. 2013; Ma et al. 2023). Other molecular studies
have also implicated PI3K-AKT-related signalling
in the regulation of different hair types in cash-
mere goats (Gong et al. 2022). Therefore, compared
with TERB2, LRP6 has a more plausible biological
connection with hair follicle biology and cashmere
fibre traits. Nevertheless, the specific role of LRP6
polymorphisms in cashmere fibre fineness and oth-
er production traits in Liaoning Cashmere goats
remains unclear.

This study aimed to evaluate the associations be-
tween polymorphisms in TERB2 and LRP6 and eco-
nomically important traits in Liaoning Cashmere
goats. Specifically, we analysed genetic diversity and
genotype—trait associations for cashmere produc-
tion, body size, lactation, reproductive, slaughter,
and meat quality traits. Given the currently limited
biological evidence linking TERB2 directly to cash-
mere fibre formation, associations involving this
gene were interpreted cautiously as preliminary
marker—trait associations. By contrast, LRP6 was
considered a biologically more plausible candidate
marker for cashmere-related traits because of its
role in Wnt/B-catenin signalling and reported in-
volvement in hair-growth-related cellular commu-
nication (Ren et al. 2021; Ma et al. 2023). These
results may provide useful information for further
validation studies and for the identification of po-
tential genetic markers related to economically
important traits in LCGs.

MATERIAL AND METHODS

Ethical approval. All procedures involving ani-
mals were reviewed and approved by the Laboratory
Animal Management Committee of Shenyang
Agricultural University (Animal Welfare Ethics
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Certificate No. 2013101601). Animal handling and
blood sampling were performed under veterinary
supervision to minimise stress and discomfort.

Animals, experimental design, phenotypic
data collection, and DNA extraction. A total
of 1 181 Liaoning Cashmere goats (LCGs), includ-
ing 85 bucks and 1 096 does, were obtained from
the Liaoning Cashmere Goat Breeding Centre and
managed according to NY/T 2893-2016. All goats
were clinically healthy adults aged 3 to 3.5 years
at the time of phenotypic recording, with no history
of severe disease or reproductive disorders. Animals
were grouped according to sex and physiological
stage. Feed was offered twice daily, at approximate-
ly 07:00 and 16:00, with roughage provided before
concentrate and clean water available ad libitum.
Roughage consisted mainly of Leymus chinensis
hay and corn stover, with the proportion adjusted
according to physiological stage; peanut vine hay
was supplemented for late-gestation and lactating
does to elevate dietary protein intake. All rough-
age sources complied with the feeding standards
for cashmere goats specified in NY/T 2893-2016.
Non-breeding bucks and non-pregnant or early-
gestation does grazed for approximately 4—6 h/
day and 6-8 h/day, respectively, whereas breed-
ing bucks, late-gestation does, and lactating does
were housed. Depending on breeding status, bucks
received approximately 2.5-3.2 kg roughage dry
matter and 0.8—1.5 kg concentrate per animal dai-
ly, with crude protein concentrations of at least
14—18%. Does received approximately 1.8-2.5 kg
roughage dry matter and 0.3-1.0 kg concentrate
per animal daily, with crude protein concentrations
of atleast 12—16% depending on reproductive stage.
Does nursing multiple kids received an additional
0.2-0.3 kg concentrate when required.

Health management included vaccination, para-
site control, housing sanitation, and regular health
monitoring. Animals with obvious disease, severe
parasitic infection, abnormal growth status, or in-
complete phenotypic records were excluded from
the corresponding analyses. Because not all traits
were available for every animal, sample sizes dif-
fered among analyses and are reported in the cor-
responding tables.

Phenotypic traits included cashmere production,
body size, lactation, reproductive, slaughter, and
meat-quality traits. Measurements were performed
by the same fixed team of trained technicians where
applicable to minimise inter-observer variation.

Cashmere traits were measured using an OFDA-
2000 portable fibre fineness and length analyser
(BSC Electronics, Ardross, Australia). Body
measurements were obtained automatically using
an intelligent body measurement system (VITUS
Smart, Human Solutions GmbH, Kaiserslautern,
Germany); the evaluated body size traits are list-
ed in Electronic Supplementary Material (ESM)
Table S4. Reproductive data were derived from
lambing records collected for individual does dur-
ing the lambing period. Lactation traits, including
milk fat, crude protein, lactose, urea, urea nitro-
gen, solids-not-fat, total solids, conductivity, and
Hunziker index, were measured using a MilkoScan
FT120 milk analyser (Foss Electric A/S, Hillerad,
Denmark).

Slaughter traits were obtained by weighing and
calculation in accordance with GB/T 43562-2023,
whereas meat-quality traits were evaluated according
to T/CAAA 102-2023. The evaluated slaughter and
meat-quality traits, sample sizes, and corresponding
units are provided in ESM Tables S5 and Sé.

Blood samples were collected into EDTA-
anticoagulated tubes and stored at —20 °C. Genomic
DNA was extracted from 200 pl whole blood us-
ing the SanPrep Column Blood Genomic DNA
Extraction Kit (Sangon Biotech Co., Ltd., Shanghai,
P.R. China). Samples were lysed with Proteinase K
and Buffer DL at 56 °C, treated with RNase A to re-
move RNA contamination, purified using an ad-
sorption column, and eluted in 50 pl of elution
buffer. DNA concentration and purity were as-
sessed using a Labcute Nanol spectrophotometer
(Sangon Biotech Co., Ltd., Shanghai, P.R. China),
and samples with A260/A280 ratios of 1.8—2.0 were
used for PCR amplification.

Primer design. Primer pairs were designed using
Primer Premier 5.0 based on the reference sequenc-
es of TERB2 (NC_030817) and LRP6 (NC_030812).
For TERB2, the forward and reverse primers
were 5'-GAAATGACCTAAAGCCACCG-3' and
5-CACTCCTCAAGTCTTCCCGA-3', respectively,
generating a 668-bp amplicon. For LRP6, the cor-
responding primers were 5'-GGATGACTTCCT-
CCACTC-3'and5-ATGTAAATCTTTCCACGG-3,
generating a 618-bp amplicon. Primers were syn-
thesised by Sangon Biotech Co., Ltd. (Shanghai,
P.R. China).

PCR amplification was performed in a total vol-
ume of 20 pl containing 2 pl of genomic DNA,
0.5 pl of each primer (10 pm working solution),
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10 pl of 2x Taq PCR Master Mix (Sangon Biotech
Co., Ltd., Shanghai, P.R. China), and nuclease-free
water to adjust the final volume. The cycling pro-
gramme consisted of initial denaturation at 95 °C
for 3 min, followed by 35 cycles of denaturation
at 95 °C for 30 s, annealing at 58 °C for 30 s, and
extension at 72 °C for 30 s, with a final extension
at 72 °C for 5 minutes.

PCR product verification, Sanger sequencing,
genotyping, and quality control. PCR products
were separated on 1.5% agarose gels in 1x TAE
buffer and visualised using GelRed nucleic acid
stain (Biotium Inc., Fremont, CA, USA). Amplicons
showing a single band of the expected size were
purified using the SanPrep Column PCR Product
Purification Kit (Sangon Biotech Co., Ltd., Shanghai,
P.R. China) and subjected to bidirectional Sanger
sequencing. Chromatograms were inspected and
trimmed using Chromas v2.6.6 (Technelysium Pty
Ltd., Brisbane, Australia), and aligned with the cor-
responding reference sequences. Genotypes were
assigned according to nucleotide peaks at each poly-
morphic site; samples with unclear chromatograms
were excluded or re-examined before analysis.

Statistical analysis. Genotype and allele fre-
quencies, polymorphism information content
(PIC), effective number of alleles (Ne), expected
heterozygosity (He), and Hardy—Weinberg equilib-
rium were evaluated for each locus. Genotype—trait
associations were analysed separately by sex where
appropriate using the general linear model:

Yy‘:li‘"Gt"'eij (1)

where:

Y; - the trait value of the j individual with the /"
genotype;

n — the overall mean;
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— the fixed genotype effect;
€ — the random residual error.

Least significant difference (LSD) tests were
used for post hoc comparisons. Overall gen-
otype-effect P-values were adjusted using the
Benjamini—Hochberg false discovery rate (FDR)
procedure within each gene, sex, and trait category,
with Q < 0.05 considered significant. Combined-
genotype analyses were corrected separately by sex
and trait category.

Correlation and regression analyses were evalu-
ated using nominal P < 0.05, whereas path analysis
was interpreted descriptively. Multicollinearity was
assessed using tolerance and variance inflation fac-
tor statistics, influential observations using Cook’s
distance, and heteroscedasticity using the Breusch—
Pagan test. Internal stability of the final regression
models was assessed using repeated 5-fold cross-
validation with 20 repeats. Combined-genotype
analysis was performed using the SHEsis online
platform. Statistical analyses were conducted us-
ing IBM SPSS Statistics v27.0 and Microsoft Excel.

RESULTS

Verification of PCR amplification products.
Agarose gel electrophoresis showed that the tar-
get fragments of TERB2 and LRP6 were success-
fully amplified in Liaoning Cashmere goats. The
representative PCR products produced clear sin-
gle bands with sizes consistent with the expected
amplicon lengths of 668-bp for TERB2 and 618-bp
for LRP6 (Figure 1). No obvious non-specific am-
plification was observed. These PCR products were
therefore suitable for subsequent Sanger sequenc-
ing and genotype identification.

1500 bp

1000 bp
700 bp
500 bp

250 bp
100 bp

LRP6

Figure 1. Agarose gel electrophoresis of PCR amplification products of the target fragments of the TERB2 and

LRP6 genes
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Identification of SNP loci by Sanger sequenc-
ing. The purified PCR products were subjected
to bidirectional Sanger sequencing, and the ob-
tained sequences were aligned with the corre-
sponding reference sequences of TERB2 and LRP6.
Two SNP loci were identified in the amplified frag-

TERB2
Chromosome 10
Gene ID: 102168835

GG
LRP6

Chromosome 5
Gene ID: 102177417

CcC

ments: G841C in TERB2 and C98161A in LRP6.
Representative sequencing chromatograms showed
clear nucleotide peaks at the polymorphic sites,
confirming the genotypes of the two loci (Figure 2).
Both SNP loci were located in exonic regions
of their respective genes. The genomic context,

GC

AA CA

Figure 2. Representative Sanger sequencing chromatograms of single nucleotide polymorphism (SNP) loci in the

TERB2 and LRP6 genes
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amplicon information, variant type, and putative
functional interpretation of the two SNP loci are
summarised in ESM Table S1.

Genetic diversity of TERB2 and LRP6 poly-
morphisms. Alleles with frequencies greater than
0.5 were considered predominant alleles. At the
G841C locus of TERB2, the G allele was predomi-
nant in both bucks and does, with frequencies
of 0.90 and 0.88, respectively. The PIC values for
this locus were 0.17 in bucks and 0.19 in does, in-
dicating a low level of polymorphism. The expected
heterozygosity (He) and effective number of alleles
(Ne) were also relatively low, suggesting limited
genetic variation at this locus.

At the C98161A locus of LRP6, the C allele was
predominant in both bucks and does, with frequen-
cies of 0.57 and 0.52, respectively. The PIC values
were 0.37 in both sex groups, indicating moderate
polymorphism. Compared with the G841C locus
of TERB2, the C98161A locus of LRP6 showed high-
er He and Ne values, suggesting relatively greater
genetic diversity in the LCG population (Table 1).

The Hardy—Weinberg equilibrium test showed
that both loci conformed to Hardy—Weinberg
equilibrium in bucks, whereas significant devia-
tions were observed in does. These deviations may
be related to the breeding history, artificial selec-
tion, population structure, non-random mating,
or unequal genotype distribution in the studied nu-
cleus population. Therefore, the association results
involving these loci were interpreted cautiously and
require validation in independent populations.

Allele substitution effects. The additive, domi-
nance, and average allele substitution effects es-

https://doi.org/10.17221/167/2025-CJAS

timated for the G841C locus of TERB2 and the
C98161A locus of LRP6 are provided in the supple-
mentary materials. Briefly, negative average substi-
tution effects were observed for both loci in bucks
and does, although the magnitude of these effects
differed between loci and sex groups. At the same
time, these results indicate that the direction and
magnitude of allele substitution effects may be sex
dependent (ESM Table S2).

Association between SNP genotypes and cash-
mere production traits. After FDR correction,
TERB2 showed significant overall genotype ef-
fects for all seven cashmere production traits. LSD
comparisons with the reference GG genotype were
significant for fibre length and length variation co-
efficient in bucks, and for fibre length, length varia-
tion coefficient, crimp number, and short fibre rate
in does. For LRP6, significant FDR-adjusted effects
were detected for cashmere yield and fibre length
in bucks, and for cashmere yield, fibre fineness,
fibre length, length variation coefficient, short fi-
bre rate, and cashmere yield rate in does (Table 2;
ESM Table S3).

Association between SNP genotypes and body
size traits. Briefly, both loci were associated with
several body size traits, and the direction of geno-
type effects differed between bucks and does. For
TERB2 G841C, the GG genotype was generally as-
sociated with greater body height-related measure-
ments in does, whereas genotype effects in bucks
varied among traits. For LRP6 C98161A, the AA gen-
otype was associated with relatively larger body size
in does, while different favourable genotypes were
observed across traits in bucks (ESM Table S4).

Table 1. Genetic diversity parameters of single nucleotide polymorphism (SNP) loci in the TERB2 and LRP6 genes

Gene Loci Sex  Genotype frequencies Allele frequency  PIC He Ne X P-value
GGO0.79 G 0.90

TERB2 G841C buck GCo21 C0.10 0.17 0.19 1.23 1.16 0.282
GG0.76 G 0.88

TERB2 G841C doe GC0.24 Co0.12 0.19 0.21 1.27 23.6 0.001
CC0.29 C0.57

LRP6 C98161A  buck AA0.14 A 0'43 0.37 0.49 1.96 2.33 0.127
CA 0.57 '
CCo0.31 C0.52

LRP6 C98161A doe AA0.27 ’ 0.37 0.50 2.00 25.1 0.001
CA 0.42 A 0.48

He = expected heterozygosity; HWE = Hardy—Weinberg equilibrium; Ne = effective number of alleles; PIC = polymor-

phism information content; x* = chi-square value for the HWE test
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Table 2. Phenotypic differences among TERB2 and LRP6 genotypes for cashmere production traits

Cashmere Fibre fineness Fibre length Length variation Crimp Short fibre Cashmere

Gene Sex Genotype yield (g) (um) (mm) coefficient (%) number rate (%) yield rate (%)
buck GG (63/81) 1933 16.4 97.4 52.3 6.80 17.7 77.3
buck GC (18/81) 2000 16.8 82.8* 61.6** 7.55 19.2 71.4
TERB2 RMSE 359 1.12 23.0 13.5 3.86 16.4 13.3
doe GG (756/1 050) 1793 16.6 93.7 55.3 6.40 20.3 74.8
doe  GC(294/1 050) 1 800 16.8 105** 49.9%* 7.25%* 10.1** 73.2
RMSE 303 1.29 30.0 12.9 4.08 13.8 154
buck CC (21/78) 2193 17.0 80.7 59.9 6.33 25.7 71.3
buck AA (12/78) 1 838** 16.6 81.7 54.3 6.53 19.6 74.9
buck CA (45/78) 1 837%* 16.2 105%* 52.0 7.25 15.3 79.6
LRPS RMSE 322 1.08 21.16 14.0 3.93 15.8 129
doe CC (364/1036) 1 804 16.8 86.6 57.0 6.57 199 72.7
doe AA(266/1036) 1879* 16.8 110%* 51.4** 7.20 13.9** 74.8
doe CA (406/1 036) 1731* 16.5* 102** 51.6** 6.72 15.9%* 75.8%*
RMSE 304 1.30 31.0 12.8 3.96 14.0 152

““Superscript symbols indicate significant differences from the reference genotype based on LSD post hoc comparisons

(P <0.05, P < 0.01, respectively). Values are presented as means. Values in parentheses following each genotype indicate

the number of animals with that genotype/total number of animals included in the corresponding analysis. The first geno-

type listed within each gene—sex group was used as the reference genotype. Only traits with significant overall genotype

effects after Benjamini—Hochberg FDR correction (Q < 0.05) were considered significant. Genotypes without superscript

symbols are not significantly different from the reference genotype.

FDR = false discovery rate; RMSE = root mean square error calculated from the residual mean square of the correspond-

ing general linear model; LSD = least significant difference

Association between SNP genotypes and
slaughter traits. In general, both loci were as-
sociated with several slaughter-related traits. For
LRP6, no slaughter-trait association remained sig-
nificant in bucks after FDR correction. In does,
significant genotype effects were detected for pre-
slaughter live weight, carcass weight, cutability
weight, net meat rate, carcass net meat percent-
age, eye muscle area, and GR value (ESM Table S5).

Association between SNP genotypes and
meat quality traits. After FDR correction,
TERB2 showed significant overall effects for all
evaluated meat quality traits, with trait-specific
LSD differences between genotypes. For LRP6,
significant effects were detected for meat colour
L*, b*, and protein content in bucks, and for L*,
a*, b*, pH, fat content, drip loss, cooking yield, and
shear force in does (ESM Table S6).

Association between SNP genotypes and lac-
tation and reproductive traits. After FDR cor-
rection, TERB2 showed significant overall effects
for all evaluated lactation and reproductive traits,

whereas LSD comparisons with the reference GG
genotype were significant only for lactose, conduc-
tivity, Hunziker index, and reproductive number.
For LRP6, significant effects were detected for milk
fat, crude protein, lactose, solids-not-fat, total
solids, conductivity, and Hunziker index, but not
for urea, urea nitrogen, or reproductive number
(Table 3; ESM Table S7).

Correlation analysis between fibre fineness
and cashmere production traits. In does, fibre
fineness was positively correlated with cashmere
yield and fibre length, but negatively correlated
with length variation coefficient, crimp number,
short fibre rate, and cashmere yield rate. In bucks,
fibre fineness was positively correlated with cash-
mere yield and negatively correlated with cashmere
yield rate. These results indicate that fibre fineness
was associated with cashmere production traits,
particularly cashmere yield and cashmere yield rate
(ESM Table S8).

Path analysis of cashmere production traits
associated with fibre fineness. Path analysis in-
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Table 3. Phenotypic differences among TERB2 and LRP6 genotypes for lactation and reproductive traits

Crude

Urea

Solids- Total Hunziker Reproductive

Gene Genotype Milk fat protein Lactose  Urea nitrogen -not-fat solids Conductivity index number
W T O mgay @ @ ™ (coun
TERB2 GG (266/323) 8.21 5.74 5.01 43.9 20.5 114 20.1 7.45 0.5 1.36
TERB2 GC(57/323) 8.22 6.69 4.52%*  44.6 20.8 12.0 20.7 8.06™* 0.45** 1.00**
RMSE 2.88 3.83 0.621 11.1 5.19 3.79 4.06 0.647 0.132 0.555
LRP6 CC(95/323) 10.5 4.97 5.01 43.4 20.3 10.6 21.6 7.15 0.54 1.40
LRP6 AA (152/323) 6.88* 6.43* 5.00 44.3 20.7 12.2%*  19.5%* 7.52%* 0.43%* 1.38
LRP6 CA (76/323) 7.93* 6.23* 4.62** 438 20.4 11.5 19.9%* 8.19%* 0.55 1.25
RMSE 2.45 3.78 0.620 11.2 5.25 3.73 3.96 0.570 0.119 0.588

“"Superscript symbols indicate significant differences from the reference genotype based on LSD post hoc comparisons

(P < 0.05, P < 0.01, respectively). Values are presented as means. All lactation and reproductive traits were analysed

in does. Values in parentheses following each genotype indicate the number of animals with that genotype/total number

of animals included in the corresponding analysis. Reproductive number is expressed as a count and is therefore dimen-

sionless. The first genotype listed within each gene was used as the reference genotype. Only traits with significant overall

genotype effects after Benjamini—Hochberg FDR correction (Q < 0.05) were considered significant. Genotypes without

superscript symbols are not significantly different from the reference genotype

FDR = false discovery rate; LSD = least significant difference; RMSE = root mean square error calculated from the residual

mean square of the corresponding general linear model

dicated that cashmere yield rate had the largest
negative direct component associated with fibre
fineness in both bucks and does. In bucks, cashmere
yield showed a smaller positive direct component,
whereas the direct components of the other cash-
mere production traits were relatively small in does.
VIF assessment indicated moderate collinearity
among some predictors in bucks but no substantial
multicollinearity in does. Therefore, the path coef-
ficients were interpreted descriptively as explora-
tory components of phenotypic associations rather
than as evidence of causal effects (ESM Table S9).

Stepwise multiple regression analysis of fi-
bre fineness and cashmere production traits.
Stepwise multiple regression analysis was per-
formed to identify the main cashmere production
traits statistically associated with cashmere fibre
fineness (CFF). In bucks, the final selected model
included cashmere yield rate (CYR), cashmere
yield (CY), and fibre length (L) and was expressed
as follows:

CFF = -7.01CYR + 0.001CY + 0.007L + 19.8  (2)

Where CYR is the cashmere yield rate expressed
as a decimal proportion (0-1).

This model explained 83.9% of the variation in fi-
bre fineness, with an adjusted R? 0f 0.832.
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In does, the final selected model included cash-
mere yield rate, cashmere yield, length variation
coefficient, and fibre length and was expressed
as follows:

CFF = -7.74CYR + 0.000CY + 0.007LVC +
+ 0.002L + 21.4 3)

This model explained 87.2% of the variation in fi-
bre fineness, with an adjusted R? 0f 0.871.

These results indicate that cashmere yield rate
was the principal predictor of fibre fineness in both
bucks and does, whereas additional cashmere
production traits provided smaller improvements
in model fit (ESM Table S10). Diagnostic assess-
ment indicated low multicollinearity in both final
models, with VIF values ranging from 1.03 to 1.08
in bucks and from 1.19 to 1.47 in does. Maximum
Cook’s distances were 0.063 and 0.011, respectively,
and the Breusch—Pagan tests showed no signifi-
cant evidence of heteroscedasticity (P = 0.075 and
P = 0.598, respectively). Repeated 5-fold cross-
validation yielded mean R? values of 0.79 in bucks
and 0.87 in does, supporting the internal stability
of the fitted models (ESM Table S13).

Correlation analysis between fibre fineness
and lactation and reproductive traits. Fibre fine-
ness was negatively correlated with milk fat, total
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solids, Hunziker index, and reproductive number,
but positively correlated with crude protein, urea,
urea nitrogen, solids-not-fat, and conductivity.
No significant correlation was observed between
fibre fineness and lactose content. These results
indicate that fibre fineness was associated with sev-
eral milk composition traits and reproductive num-
ber (ESM Table S11). However, several lactation
variables were strongly intercorrelated; therefore,
these relationships were not further analysed using
multivariable path or stepwise regression models
(ESM Table S12).

Combined genotypes of the TERB2 and
LRP6 loci. The TERB2 locus comprised two
genotypes, GG and GC, whereas the LRP6 lo-
cus comprised three genotypes, CC, AA, and
CA. Consequently, six combined genotypes were
identified in the study population. The distribu-
tion of combined genotypes in bucks and does
is provided in the supplementary materials (ESM
Table S14).

Association between combined genotypes
and cashmere production traits. All seven cash-
mere traits showed significant overall combined-
genotype effects after FDR correction. In bucks,
GCCA showed numerically lower fibre fineness
and a higher cashmere yield rate than GGCC, but
neither pairwise difference was significant. In does,
GGAA showed significantly lower fibre fineness
and a higher cashmere yield rate than GGCC (ESM
Table S15).

Association between combined genotypes and
lactation and reproductive traits. Five combined
genotypes were analysed because no lactation
or reproductive records were available for GCCA.
All evaluated traits showed significant overall
combined-genotype effects after FDR correction.
Relative to GGCC, GCAA differed in several milk
composition traits and reproductive number, while
GGCC had the highest mean reproductive number
(ESM Table S16).

DISCUSSION

Liaoning Cashmere goats are characterised
by favourable cashmere production and body-size
performance, whereas fibre fineness remains an im-
portant breeding target (Wu et al. 2022b; Zhang
et al. 2022; Qiao et al. 2023). Molecular studies
further indicate a complex genetic basis for fibre

fineness (Wang et al. 2020; Xu et al. 2023). Both loci
showed sex-dependent associations with economi-
cally important traits. For cashmere production,
TERB2 showed significant overall genotype effects
across all evaluated traits, although pairwise dif-
ferences were concentrated in fibre length-related
traits. LRP6 associations were limited to cashmere
yield and fibre length in bucks but involved a broad-
er range of cashmere traits in does. These findings
should be interpreted as marker—trait associations
rather than evidence of direct functional effects.

The biological interpretation of TERB2 requires
caution. TERB2 is primarily a meiosis-related com-
ponent of the TERB1-TERB2-MAJIN complex
involved in meiotic telomere attachment and chro-
mosome pairing (Shibuya et al. 2015; Dunce et al.
2018; Wang et al. 2019). Because no direct evidence
currently links TERB2 to hair follicle development
or cashmere fibre formation, the observed asso-
ciations may reflect indirect genetic effects, link-
age disequilibrium with neighbouring functional
variants, population structure, or selection history
rather than a direct causal role.

In contrast, LRP6 has a more plausible biologi-
cal connection with hair-related traits through
Wnt/B-catenin signalling (Ren et al. 2021).
RSPO1-LRP6 signalling has been implicated
in hair-growth-related intercellular communica-
tion in cashmere goats (Ma et al. 2023), provid-
ing biological context for the association between
the C98161A polymorphism and cashmere traits.
Nevertheless, no functional experiments were
performed; therefore, LRP6 should be regarded
as a candidate marker requiring further validation
rather than a confirmed causal gene.

The two SNP loci were also associated with body
size, slaughter, meat quality, lactation, and repro-
ductive traits, suggesting that they may provide
preliminary information for broader production
performance in addition to cashmere-related traits.
For TERB2, the association with reproductive num-
ber is more consistent with its established meio-
sis-related background than its association with
cashmere traits (Shibuya et al. 2015; Wang et al.
2019). For LRP6, the associations with lactation-
related traits are biologically plausible at an ex-
ploratory level because LRP6 has been implicated
in fatty acid metabolism and milk-fat-related reg-
ulation in goat mammary epithelial cells (Chen
et al. 2016). Combined-genotype analysis further
indicated that joint consideration of TERB2 and
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LRP6 loci may provide additional information for
evaluating cashmere and lactation-related traits.
In bucks, GCCA showed numerically lower fibre
fineness and a higher cashmere yield rate than
GGCC, although these pairwise differences were
not statistically significant. In does, GGAA showed
significantly lower fibre fineness and a higher
cashmere yield rate than GGCC. However, some
combined-genotype groups had small sample sizes,
particularly in bucks, and their effects should there-
fore be interpreted cautiously.

Correlation, path, and regression analyses indicat-
ed that cashmere yield rate was strongly associated
with fibre fineness in both sexes and was the prin-
cipal predictor retained in the cashmere regression
models. Diagnostic assessment showed low multi-
collinearity and no highly influential observations
in the final regression models, while repeated cross-
validation indicated good internal model stability.
Because moderate collinearity was present among
some predictors in the buck path analysis, path
coefficients were interpreted only as exploratory
statistical components. Correlation analysis also
identified associations between fibre fineness and
several lactation and reproductive traits. However,
strong collinearity among several milk-composition
variables precluded reliable multivariable path and
stepwise regression interpretation for these traits.
These phenotypic relationships should therefore
not be interpreted as direct causal effects.

Several limitations should be considered. This
study involved a single breeding population, some
combined-genotype groups were small, and mul-
tiple traits were examined despite FDR correction.
In addition, deviations from Hardy—Weinberg equi-
librium were observed in does, and neither SNP
was supported by gene-expression or functional
validation. Therefore, the identified loci should
be regarded as preliminary candidate markers
requiring validation in independent populations.
Although repeated cross-validation was used to as-
sess the internal stability of the cashmere regression
models, independent external validation was not
available and remains necessary.

CONCLUSION

The present study identified two exonic SNP loci,
G841C in TERB2 and C98161A in LRP6, and evalu-
ated their associations with economically impor-
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tant traits in Liaoning Cashmere goats. Both loci
exhibited sex-dependent genotype—trait associa-
tions, and LRP6 was associated with several cash-
mere-related traits, including fibre fineness, fibre
length, and cashmere yield. Combined-genotype
analysis further indicated that combined genotypes
of TERB2 and LRP6 may provide additional infor-
mation for evaluating cashmere production and
lactation-related traits. Phenotypic analyses dem-
onstrated that cashmere yield rate was an impor-
tant factor associated with fibre fineness. However,
these findings represent preliminary marker—trait
associations rather than confirmed causal effects.
Further validation in independent populations and
functional studies are required before practical ap-
plication in marker-assisted selection.

Acknowledgement

We wish to extend our thanks to the Cashmere
Goat Breeding Center located in Liaoning Province
for supplying cashmere goat samples, along with
the experimental animals and essential equipment
required for this research.

Conflict of interest

The authors declare no conflict of interest.

REFERENCES

Chen Z, Qiu H, Ma L, Luo J, Sun S, Kang K, Gou D, Loor
JJ. miR-30e-5p and miR-15a synergistically regulate fatty
acid metabolism in goat mammary epithelial cells via
LRP6 and YAPI. Int ] Mol Sci. 2016 Nov 16;17(11):1909.

Dunce JM, Milburn AE, Gurusaran M, da Cruz I, Sen LT,
Benavente R, Davies OR. Structural basis of meiotic tel-
omere attachment to the nuclear envelope by MAJIN-
TERB2-TERBI. Nat Commun. 2018 Dec 17;9(1):5355.

Geng R, Yuan C, Chen Y. Exploring differentially expressed
genes by RNA-Seq in cashmere goat (Capra hircus) skin
during hair follicle development and cycling. PLoS One.
2013 Apr 30;8(4):e62704.

Gong G, FanY, Zhang Y, Yan X, Li W, Yan X, He L, Wang N,
Chen O, He D, Jiang W, Li ], Wang Z, Lv Q, Su R. The
regulation mechanism of different hair types in Inner
Mongolia cashmere goat based on PI3K-AKT pathway
and FGF21. ] Anim Sci. 2022 Nov 1;100(11):skac292.



Czech Journal of Animal Science, 71, 2026 (9): 417427

Original Paper

https://doi.org/10.17221/167/2025-CJAS

Jin M, LuJ, Fei X, Lu Z, Quan K, Liu Y, Chu M, Di R, Wang H,
Wei C. Genetic signatures of selection for cashmere traits
in Chinese goats. Animals (Basel). 2020 Oct 18;
10(10):1905.

Kim M, Kim S, Lee SH, Kim W, Sohn M]J, Kim HS, Kim J,
Jho EH. Merlin inhibits Wnt/beta-catenin signaling
by blocking LRP6 phosphorylation. Cell Death Differ.
2016 Oct;23(10):1638-47.

LiJD, Tian GJ, Wang XT, Tang HY, Liu YY, Guo HR, Wang
CX, Chen YL, Yang YX. Effects of short photoperiod
on cashmere growth, hormone concentrations and hair
follicle development-related gene expression in cashmere
goats. ] Appl Anim Res. 2023 Jan 12;51(1):52-61.

Ma S, Ji D, Wang X, Yang Y, Shi Y, Chen Y. Transcriptomic
analysis reveals candidate ligand-receptor pairs and sign-
aling networks mediating intercellular communication
between hair matrix cells and dermal papilla cells from
cashmere goats. Cells. 2023 Jun 16;12(12):1645.

Qiao Y, Gu M, Zhang Y, Bai Z, Qin Y, Xu Y, Dou X, Han D,
Lin G, Wang L, Wang Z, Wang J, Sun Y, Wu Y, Chen R,
Zhang Q, Li Q, Wang X, Xu Z, Cong Y, Chen J, Wang Z.
Association analysis for SNPs of LIPE and ITGB4 genes
with cashmere production performance, body measure-
ment traits and milk production traits in Liaoning cash-
mere goats. Anim Biotechnol. 2023 Dec;34(8):3827-36.

Ren Q, Chen J, Liu Y. LRP5 and LRP6 in Wnt signaling:
Similarity and divergence. Front Cell Dev Biol. 2021
May 6;9:670960.

Rong Y, Wang X, Na Q, Ao X, Xia Q, Guo F, Han M, Ma R,
Shang F, Liu Y, Lv Q, Wang Z, Su R, Zhang Y, Wang R.
Genome-wide association study for cashmere traits in In-
ner Mongolia cashmere goat population reveals new
candidate genes and haplotypes. BMC Genomics. 2024
Jul 2;25(1):658.

Shibuya H, Hernandez-Hernandez A, Morimoto A, Negi-
shi L, Hoog C, Watanabe Y. MAJIN links telomeric DNA
to the nuclear membrane by exchanging telomere cap.
Cell. 2015 Nov 19;163(5):1252-66. Erratum in: Cell. 2018
May 3;173(4):1058.

Song T, Tan Y, Cuomu R, Liu Y, Ba G, Suo L, Wu Y, Cao X,
Zeng X. Polymorphisms and mRNA expression levels
of IGF-1, FGF5, and KAP 1.4 in Tibetan cashmere goats.
Genes (Basel). 2023 Mar 14;14(3):711.

Wang L, Chai Y, Li C, Liu H, Su W, Liu X, Yu B, Lei W, Yu B,
Crane JL, Cao X, Wan M. Oxidized phospholipids are
ligands for LRP6. Bone Res. 2018 Jul 18;6:22.

Wang Y, Chen Y, Chen J, Wang L, Nie L, Long J, Chang H,
Wu J, Huang C, Lei M. The meiotic TERB1-TERB2-MA-
JIN complex tethers telomeres to the nuclear envelope.
Nat Commun. 2019 Feb 4;10(1):564.

Wang Y, Zheng Y, Guo D, Zhang X, Guo S, Hui T, Yue C,
Sun J, Guo S, Bai Z, Cai W, Zhang X, Fan Y, Wang Z,
Bai W. m6A methylation analysis of differentially ex-
pressed genes in skin tissues of coarse and fine type Li-
aoning cashmere goats. Front Genet. 2020 Jan 22;10:1318.

Wu C, Li ], Xu X, Xu Q, Qin C, Liu G, Wei C, Zhang G,
Tian K, Fu X. Effect of the FA2H gene on cashmere fine-
ness of Jiangnan cashmere goats based on transcriptome
sequencing. BMC Genomics. 2022a Jul 21;23(1):527.

Wu Y, Zhang Y, Qin Y, Cai W, Zhang X, Xu Y, Dou X,
Wang Z, Han D, Wang ], Lin G, Wang L, Hao J, Fu S,
Chen R, SunY, Bai Z, Gu M, Wang Z. Association analy-
sis of single-nucleotide polymorphism in prolactin and
its receptor with productive and body conformation traits
in Liaoning cashmere goats. Arch Anim Breed. 2022b
Apr 21;65(2):145-55.

XuY, Zhang Y, Qin Y, Gu M, Chen R, Sun Y, Wu Y, Li Q,
Qiao Y, Wang X, Zhang Q, Kong L, Li S, Wang Z. Multi-
omics analysis of functional substances and expression
verification in cashmere fineness. BMC Genomics. 2023
Nov 28;24(1):720.

Xue W, Zhu B, Zhao K, Huang Q, Luo H, Shou Y, Huang Z,
Guo H. Targeting LRP6: A new strategy for cancer ther-
apy. Pharmacol Res. 2024 Jun;204:107200.

Zhang Y, Zhang D, Xu Y, Qin Y, Gu M, Cai W, Bai Z,
Zhang X, Chen R, Sun'Y, Wu'Y, Wang Z. Selection of cash-
mere fineness functional genes by translatomics. Front
Genet. 2022 Jan 4;12:775499.

Zhu B, Xu T, Yuan ], Guo X, Liu D. Transcriptome sequenc-
ing reveals differences between primary and secondary
hair follicle-derived dermal papilla cells of the cashmere
goat (Capra hircus). PLoS One. 2013 Sep 19;8(9):e76282.

Received: December 3, 2025

Accepted: September 9, 2026
Published online: September 29, 2026

427



