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Abstract 

Long tails trigger tail biting in pigs and increase the risk of flystrike infections in 

sheep. Tail docking has been a common management practice in both species for 

decades, but increasingly conflicts with legal animal welfare guidelines. Sustainable 

solutions require breeding strategies targeting shorter tails. In consequence, the aims 

were to conduct whole-genome sequencing (WGS)-based genome-wide association 

studies (GWAS) and comparative genomic analyses (CGA) to explore functional ele-

ments influencing tail traits. Phenotypically divergent experimental populations of pigs 

and sheep were established through unified selection and mating experiments. Tail 

traits included tail length (TL) measured at birth, and tail abnormalities (TA) assessed 

radiographically at 14 weeks of age. WGS-based GWAS identified a significant locus 

on SSC18 in pigs and suggestive loci for TL in both species, which, together with 

previously reported loci for TA, were further analyzed by CGA. The genomic windows 

of the significant locus on SSC18 in pigs and the TL GWAS locus on OAR4 in sheep 

were found to be conserved, harboring six common genes with predicted functional 

variants. These variants were jointly associated with TL (Plm < 0.05) in both species 

in linear regression models adjusted for sex, age of the dam, body length, and body 

weight. In other GWAS locus windows (±1 Mb), species-specific TL candidate genes 

were identified in sheep (HOXB13, MUC5B, EPB41L3, MTCL1, PIEZO2, MPPE1, 

and LOXHD1) and in pigs (KNL1, DISP2, SPRED1, TGFB2, and HAND1), each 

harboring associated putative functional variants. For TA, sheep-specific candi-

dates (PGM2, LRRC66, CRACD, LOC105601916, and SH2D4B) and pig-specific 
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candidates (MYOT, TMCO6, and PCDHAC2) were revealed using logistic regression 

models (Pglm < 0.05). GO analyses of candidate genes predicted shared biological 

processes between sheep and pigs, whereas pathway analyses indicated that com-

mon carbohydrate metabolism pathways, along with species-specific immune and 

inflammatory signaling, and pig-specific TGF-β signaling and endochondral ossifica-

tion, may contribute to tail length variation and abnormalities. These findings provided 

deeper insights into the genetic basis of differential embryonic tail morphogenesis 

and perinatal tail development across species.

Introduction

In modern animal husbandry systems, long tails pose severe issues, such as the 
accumulation of dags in the tail area, predisposing sheep to flystrike and infections 
with associated fertility disorders in sheep, as well as tail biting in pigs [1]. Tail dock-
ing directly after birth is a common practice for pigs and sheep, effectively solving 
these problems [2–4]. However, due to the growing emphasis on animal welfare and 
the subsequent legal guidelines, such as those defined in EU Directive (Richtlinie 
2008/120/EG [5]), tail docking has become controversial [6]. Breeding on shorter 
tails within breeds or populations might be a sustainable and socially acceptable 
alternative [7]. Since the wild ancestors of domesticated sheep and pigs naturally 
had relatively short tails, breeding attempts in this regard reflect a “back-to-the-roots” 
approach.

Tail length (TL) is a moderately to highly heritable trait in both sheep and pigs. 
In sheep, heritability estimates ranged from 0.50 in Australian breeds to 0.77 in 
Finnsheep [8] and 0.60–0.87 in Merinoland sheep [9,10]. In pigs, the heritability for 
TL was 0.42 [11]. Heritability estimates in other species, such as Toque macaques 
(0.67) and mice (0.46), further support a strong genetic basis [12,13]. These findings 
indicate that TL can be effectively reduced through selective breeding within a few 
generations.

Vertebrate tails originate from a post-anal extension of the embryo known as the 
tail bud [14]. Its formation, growth and differentiation are closely related to the activ-
ity of a cluster of cells from axial progenitors, that build the spinal cord and the trunk 
musculoskeletal system [15–17]. The tail bud likely results from mechanisms that 
orderly terminate the molecular and cellular activities constructing vital vertebrate 
body structures after their key functions are fulfilled [18]. These mechanisms offer 
plasticity to the tail bud, enabling evolutionary forces to generate tails of different 
shapes and sizes [18].

The genetic architecture of TL in vertebrates across different species involves both 
mono- or oligogenic and polygenic components [19], reflecting a combination of qual-
itative Mendelian and quantitative additive genetic effects. In South Australian Merino 
sheep, TL inheritance appears to be governed by a small number of interacting 
genes with large effects, in which short tail genes potentially exhibit dominance [20]. 
A SNP and an insertion within or near HOXB13 have been associated with short tail 
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length in Merino sheep [21]. Two linked SNPs in the T-box gene are associated with the tailless phenotype in fat-rumped 
sheep [22]. Previous studies have reported potential roles of VRTN and BMP2 in determining variation in vertebral num-
ber [23], as well as possible involvement of PDGFD and BMP2 in sheep tail formation [24]. A putative functional missense 
variant in PCDHA1 (SIFT score = 0.05) was suggestively associated with tail kinks in pigs based on GWAS [25]. Variants 
in T-box were associated with short-tailed phenotypes, the number of cervical and tail vertebrae, and vertebral shape in 
mice, cats, dogs, and cattle [19,26–28]. However, the T-box gene also caused pleiotropic effects, such as spine deformi-
ties and embryonic early death [26,27,29]. Furthermore, variants in the HES7 gene indicated associations with tail lengths 
in domestic Asian cats [19]. The Pax1 and Wnt-3a genes influenced tail length in mice [30,31]. Phylogenetic studies sug-
gested that tail shortening or loss evolved independently in different animal species, though the evolutionary mechanisms 
behind tail shortening remain unclear [29]. Despite these insights, the full mechanism and complexity of TL inheritance, 
particularly when considering the additional evidence for additive genetic effects, are not yet fully understood.

Whole genome sequences (WGS) have been used to study selection signatures in South African Mutton Merino and 
Northeast China Merino for growth, carcass, and economic traits, as well as morphological traits like tail fat deposition 
[32–34]. For TL, genome-wide significant regions were capture-sequenced to identify candidate causal genes in the Meri-
nolandschaf breed [21]. WGS data were used to evaluate the frequency of a functional 168 bp deletion of the HOXB13 
gene across different sheep breeds [35].

While most comparative genomic studies have been conducted in model organisms and humans [36–39], similar anal-
yses in livestock species, particularly pigs and sheep, remain scarcely available [40,41]. Leveraging WGS technologies, 
this study aimed to integrate results from genome wide association studies (GWAS) and ongoing comparative genomic 
analysis (CGA) into the framework of a multi-species selection experiment. Such approach enables us to investigate and 
differentiate conserved versus species-specific functional variants for TL and tail abnormalities (TA) across both species 
of sheep and pigs. The ultimate objective was to elucidate the genetic basis of tail formation and morphogenesis in both 
species, thereby informing the development of targeted breeding and selection strategies, and improving animal welfare. 
Additionally, this study will provide valuable insights stimulating ongoing studies with focus on the underlying genetic 
mechanisms.

Materials and methods

Ethics statement

Trait recording and blood sampling for sheep were approved by the Regional Council of Giessen (V 54—19c 20 15 h 01 
GI 18/14 No. G 44/2021). All experiments conducted in pigs were approved by the Animal Welfare Officer of the Ethics 
Commit-87 tee of the Justus Liebig University, Giessen, Germany, with the reference 88 JLU_kTV_4_2021.

Selection experiment

A selection and mating experiment for the trait TL based on estimated breeding values (EBV) was implemented for both 
species of sheep and pigs at the University Giessen research herd “Oberer Hardthof”. TL has been routinely recorded in 
both species at “Oberer Hardthof” since 1988, enabling reliable pedigree-based breeding value estimations, which are 
routinely carried out in intervals of 6 months. The intention was to use the EBV to create highly diverse TL subgroups, 
contributing to strong genetic and phenotypic TL group contrasts in offspring. In this regard, in the Merinoland sheep 
population, 4 rams with most extreme EBV for TL were mated with 142 ewes, following a “EBV short x EBV short” and 
“EBV long x EBV long” strategy. The generated 254 Merinoland lambs substantially differed genetically and phenotypically 
for TL. The “short x short” lambs had an average TL at birth of 21.47 cm (SD = 2.26 cm) versus an average TL of 23.51 
cm (SD = 2.11 cm) of the “long x long” lamb group, i.e., a difference of 2.04 cm within one generation. The difference in TL 
EBVs between both lamb groups was 2.14 times the EBV standard deviation.
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Accordingly in pigs, genetically and phenotypically diverse subgroups for TL were generated in F1 piglets in the selec-
tion experiment, also following an “EBV short x EBV short” and “EBV long x EBV long” mating design, considering 6 
Landrace boars and 21 Landrace sows. Average TL in “short x short” offspring comprised 6.26 cm ± 1.91 cm, and 10.80 
cm ± 2.11 cm in the “long x long” piglet’s group. The difference in TL EBVs between both piglet groups comprised 2.39 
times the EBV standard deviation.

Phenotypes

The lambs were phenotyped (measurements in cm) for TL at birth. The TL was defined as the distance from the tail base 
to the tip of the tail. Furthermore, body length at birth was measured, indicating the length from the first thoracic vertebra 
to the base of the tail. At an age of 14 weeks, the lambs were radiographically examined using a portable X-ray device 
(Physia GAMMA Light AD 100|20) with a setting of 40 kV and 2.5 mAs to determine the number of vertebrae, and for the 
detection of TA including wedged vertebrae and axis deviations of the tail. All TA were defined as a binary trait. The trait 
categories and trait definitions for single traits are outlined in Table 1.

The piglets were measured at birth for TL and body length. The measurement for body length was the distance from 
the base of the ear to the base of the tail. The TA trait category included kink grades (0°, 30°, 60°, 90°, and 180° devia-
tions), which were subsequently coded as a binary trait (Kinks01). After trait recording, piglet tails were docked.

Genotypes and whole genome sequencing

Blood samples were collected from all lambs within the first week by jugular vein puncture into EDTA tubes and stored 
at −20 °C. For WGS, 140 lambs from different dams were selected out of the 254 offspring, favoring the lambs with most 
extreme EBV in case of several offspring per dam. Selection of piglets for WGS considered the 70 piglets with the small-
est EBV for TL, and the 70 piglets with the largest EBV for TL. In sheep, DNA was extracted from blood using the Nucle-
oSpin® Blood Kit (Macherey Nagel, France) and standardized to 60 ng/µl for sequencing. WGS was performed using the 
Illumina NovaSeq 6000 (Illumina, San Diego, USA), producing 150 bp paired-end reads with a mean mapped read depth 
of 15.83 and a coverage of 15x. The Ovis aries ARS-UI_Ramb_v2.0 reference genome was used for read alignment and 
variant calling. After standard quality control (minor allele frequency > 0.05, non-significant deviation from Hardy Weinberg 
equilibrium at p > 0.000001), 22,603,883 biallelic variants on autosomes were identified using the implemented workflow 
[42] from the 140 sequenced sheep, with all sheep genomes exhibiting a call rate larger than 0.95.

Tissue from docked piglet tails, stored at −20 °C in EDTA tubes, was used as sample material for DNA extraction with 
the smart 95 DNA prep (m) kit (Analytik Jena, Jena, Germany). DNA concentrations were diluted to 50 ng/µL. In analogy 
to sheep, WGS was performed on an Illumina NovaSeq 6000, generating 150 bp paired-end reads of 15x coverage. Fur-
ther sequencing data preparation included demultiplexing of all libraries for each sequencing lane using Illumina bcl2fastq 
v2.20 software (https://emea.support.illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-software.html) 
and clipping of sequencing adapter remainders from all reads. Reads with a final length < 20 bases were discarded. The 
Sus scrofa Sscrofa11.1 reference genome was used for read alignment and variant calling. The ongoing bioinformatics 

Table 1.  Overview of tail categories in sheep and pigs used in the comparative genomic analyses.

Trait category Definition of traits considered 
in sheep

Definition of traits considered 
in pigs

Tail length (TL) Absolute TL (in cm) Absolute TL (in cm)

Tail abnormalities (TA) Axis deviations (binary trait) Kink grades (in ◦)

Wedged vertebrae (binary trait) Kinks01(binary trait)

https://doi.org/10.1371/journal.pone.0343836.t001

https://emea.support.illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-software.html
https://doi.org/10.1371/journal.pone.0343836.t001
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workflow used the infrastructure as implemented in the institute of JLU Gießen [42] and the variant quality criteria as 
defined for sheep. 14,159,238 variants from 140 piglets were considered for the ongoing genomic analyses.

Genome-wide associations

The WGS-based GWAS in sheep and in pigs for TL was performed by applying the software package GCTA v1.94.1 [43]. 
The general statistical model was:

	 y = Xβ+ xVariantuVariant + Zg+ e	

where y = vector for TL observations in cm; β = vector for fixed effects including sex (male, female), age of the dam and 
linear regressions on body weight (kg) and body length (cm) with incidence matrix X; xVariant = vector for variant genotypes; 
uVariant = vector for variant effects; g = vector for polygenic additive-genetic effects following N(0, Gσ2

g
) with σ2

g
 denoting the 

additive-genetic variance with the incidence matrix Z; e = vector for the random residual effects following N(0, Iσ2
e
) with I 

denoting an identity matrix and σ2
e
 denoting the residual variance.

The WGS-based GWAS for TA was adopted from previously reported studies in our group [10,25]. For sheep, a linear 
mixed model (LMM) [44] was implemented in R, whereas for pigs the BLINK model in GAPIT version 3 [45] was applied.

Significantly associated variants were detected using the Bonferroni-corrected threshold, defined as -log
10

(P
Bonf

) = 
-log

10
(0.05/ number of independent variants), which equals -log

10
(0.05/477,627) = 6.98 in sheep and -log

10
(0.05/373,699) 

= 6.87 in pigs. The number of independent variants was estimated in PLINK 1.9 using linkage disequilibrium restrictions 
(R² ≤ 0.5) within genomic windows of 50,000 variants, shifting by 500 variants after each pruning step [46]. A suggestive 
threshold was set at -log

10
(P

Sugg
) = -log10(1 × 10 ⁻ ⁵) = 5.00 for both species.

Gene mapping and gene network analyses

Gene mapping was performed using the biomaRt package in R, referencing the NCBI RefSeq assemblies Ovis aries 
ARS-UI_Ramb_v2.0 for sheep and Sus scrofa Sscrofa11.1 for pigs. Potential candidate genes were assigned to corre-
sponding significant variants after Bonferroni correction (pBC = 1.05 × 10 ⁻ ⁷ in sheep, pBC = 1.34 × 10 ⁻ 7 in pigs) or to sug-
gestive variants using a suggestive threshold (pSC = 1 × 10−5). For each locus, gene mapping was conducted within a 1Mb 
window in both upstream and downstream directions.

Variant functional annotation, including single nucleotide polymorphisms (SNP) and small insertion-deletion polymor-
phisms (indels), was carried out using SnpEff [47]. Genes containing predicted high-impact variants (supposed to have 
deleterious effect) or moderate-impact variants with deleterious SIFT scores (<0.05) were further analysed. Gene ontol-
ogy (GO) and pathway enrichment analyses were conducted using Enrichr [48], PANTHER 19.0 [49] and ShinyGO v0.80 
[50] (databases consulted on 10.09.2025), with all protein-coding genes in the respective genome used as the default 
background for enrichment comparisons. The STRING database [51] was employed to predict protein-protein interactions 
and functional networks. Identified networks were clustered using the K-means algorithm to delineate functional modules. 
Additionally, co-expression network analysis was performed with GeneMANIA v3.5.3 [52].

Comparative functional genomic analyses

The comparative functional genomic analyses were based on GWAS results, functional annotations of variants, and gene 
mapping. Significant or suggestive association signals from GWAS in pigs and sheep were utilized to define candidate 
functional windows for initial multiple sequence alignment (MSA) between both species. These genomic windows encom-
passed both characterized and novel genes harbouring variants with predicted high or moderate (with deleterious SIFT 
scores <0.05) functional impact. Additionally, for associated variants located in intergenic regions, genomic windows were 
defined as the intergenic variant ±100 kb. MSA was performed using the software packages BLAST version 5 [53] and 
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Clustal Omega v1.2.4 [54], applying thresholds of a Bit score > 200 and sequence identity > 85%. The alignment analysis 
evaluated the conservation of identified variants and putative functional elements implicated in the development of tail 
traits (TL and TA) across pigs and sheep.

Results

Genome-wide associations

For tail length (TL), the WGS-based GWAS identified 320 suggestive chromosomal loci in Merinoland sheep (λ = 1.081) 
and 34 in pigs (λ = 1.099) with additive genetic effects (pSC = 1 × 10 ⁻ ⁵; Fig 1). The GWAS peaks were located on OAR1, 
2, 3, 4, 7, 11, 14, 16, 17, 18, 21, 22 and 23 in sheep, and on SSC1, 2, 5, 6, 7, 10, 11, 13, 14, 15, 16, 17 and 18 in pigs. A 
summary of these loci is provided in Table 2, with all suggestive loci listed in S1 and S2 Tables. None of the TL-associated 
loci in sheep reached the genome-wide significance threshold after Bonferroni correction (pBC = 1.05 × 10 ⁻ ⁷). The GWAS 
peak at OAR11:40,897,359 is located approximately 3 Mb downstream of a previously reported candidate causal locus at 
OAR11:37,525,128 [21]. One locus at SSC18:7,836,326 in pigs surpassed the significance threshold (pBC = 1.34 × 10 ⁻ 7). 
The GWAS peak at SSC6:110,116,231 is located approximately 37 Mb away from a previously reported GWAS locus at 
SSC6:147,382,689 [25].

For tail abnormalities (TA), the WGS-based GWAS detected 70 suggestive loci for axis deviation (AXISD) and 69 
for wedged vertebrae (WDGV) in sheep [10], and 6 suggestive loci for kink in pigs [25] (pSC = 1 × 10 ⁻ ⁵) with additive 
genetic effects (Table 3, S3 and S4 Tables). One locus at OAR6:63,347,729 exceeded the Bonferroni-corrected signif-
icance threshold for AXISD in sheep (pBC = 1.05 × 10 ⁻ ⁷), and three loci at SSC1:30,699,535, SSC11:30,485,036, and 
SSC15:111,206,597 surpassed the threshold in pigs for kink-type TA (pBC = 1.34 × 10 ⁻ ⁷). The suggestive and significant 
loci identified in both species provided the basis for subsequent gene mapping and comparative genomic analyses.

Comparative functional genomic analyses

Conserved elements.  In sheep, 2,049 genes were mapped within ±1 Mb of the GWAS loci significantly or 
suggestively associated with TL or TA. Functional annotation using SnpEff predicted that 778 of these genes carry  

Fig 1.  WGS-based GWAS results for tail length (TL) presented as Manhattan plots. (A) Sheep: 320 markers exceeded the suggestive threshold, 
but none reached the Bonferroni threshold. (B) Pigs: 34 markers exceeded the suggestive threshold, and one locus on SSC18:7,836,326 surpassed the 
Bonferroni threshold.

https://doi.org/10.1371/journal.pone.0343836.g001

https://doi.org/10.1371/journal.pone.0343836.g001
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high-impact (hi) or moderate-impact (mi) variants (S5 Table). In pigs, 550 genes were mapped within ±1 Mb of the GWAS 
loci significantly or suggestively associated with loci for TL or TA, of which 219 genes harbored hi or mi variants (S6 
Table). A conserved genomic window corresponding to the suggestive TL GWAS locus at OAR4:107,294,668 in sheep 
and the significant TL GWAS locus at SSC18:7,836,326 in pigs was identified, including 13 overlapping genes from the 
sheep and pig gene lists (Fig 2). Subsequent SIFT analysis of the mi variants identified potentially deleterious missense 
variants. Six shared genes across both species, CLEC5A, MGAM, EPHB6, KEL, CLCN1, and EPHA1, harbored hi or mi 
variants with deleterious SIFT scores (<0.05) (Table 4).

Table 2.  GWAS peak loci associated with tail length in sheep and pigs.

Species model Fixed effects Chr:Pos Ref > Alt P# in GWAS Impact

Sheep MLMA sex, age, BL, BW 1:32432765 GA > G 2.50E-07 modifier

1:168597871 T > C 8.50E-06 modifier

2:168368498 A > C 7.22E-06 modifier

2:25067918 A > T 7.30E-06 modifier

3:145274341 C > A 6.35E-06 modifier

4:107294668 T > A 7.93E-06 modifier

7:98709307 T > C 6.84E-06 modifier

11:40897359 C > T 3.96E-06 modifier

14:50074477 A > G 7.61E-06 modifier

16:16227298 G > T 8.41E-06 modifier

17:23067695 T > C 4.36E-06 modifier

18:34245224 G > A 9.87E-06 modifier

21:45702882 A > G 9.59E-07 modifier

22:44937479 A > G 9.01E-06 modifier

23:44582760 G > A 3.02E-07 modifier

cLDLA sex, age, BH, BW 11:37525128 C > G 5.71E-08 Candidate causal locus [21]

Pigs MLMA sex, age, BL, BW 1:161252022 G > T 7.41E-06 modifier

2:149438280 C > A 8.45E-06 modifier

5:61839803 C > G 5.01E-06 modifier

5:100863639 A > G 8.29E-06 modifier

6:110116231 T > C 5.59E-06 modifier

7:5520737 C > CT 5.07E-07 modifier

10:5005427 CCT > C 6.23E-06 modifier

11:72452748 G > A 3.76E-06 modifier

13:64707578 A > C 5.87E-06 modifier

14:73521925 T > * 5.19E-06 modifier

15:135662299 T > C 5.84E-06 modifier

16:66174795 CATCACAGAAAGTGCT>C 2.40E-06 modifier

17:6012151 A > G 9.36E-06 modifier

17:54799100 A > G 4.87E-06 modifier

18:7836326 A > C 1.29E-07 modifier

BLINK sex, age, LS, LN 6:147382689 C > A 3.85E − 12 modifier [25]

Loci refer to the Ovis aries ARS-UI_Ramb_v2.0 and the Sus scrofa Sscrofa11.1 genome assemblies for sheep and pigs, respectively. MLMA, mixed 
linear model-based association analysis; cLDLA, combined linkage disequilibrium and linkage analysis; BLINK, bayesian-information and linkage-
disequilibrium iteratively nested keyway; BL, body length; BW, body weight; WH, withers height; LS, litter size; LN, litter number (parity). Significance 
thresholds: for sheep, ≤ 1.05 × 10 ⁻ ⁷ (Bonferroni-corrected) and ≤1.00 × 10 ⁻ ⁵ (suggestive); for pigs, ≤ 1.34 × 10 ⁻ ⁷ (Bonferroni-corrected) and ≤1.00 × 10 ⁻ ⁵ 
(suggestive).

https://doi.org/10.1371/journal.pone.0343836.t002

https://doi.org/10.1371/journal.pone.0343836.t002
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A linear regression analysis was performed using the lm function in R, with sex, age, body weight, and body length 
included as covariates. We analysed the p-values and the variance additionally explained by the variant(s) beyond the 
variance explained by the basic model only including the covariates (ΔR²). Three variants in sheep and four in pigs were 
significantly associated with TL (Plm < 0.05), with two of these commonly located in EPHB6 and KEL. When all variants 
from the six common genes were included as independent variables along with the covariates, the association became 
significant in both species (sheep: Plm = 6.03 × 10 ⁻ ³; pigs: Plm = 7.14 × 10 ⁻ ⁴), with these variants explaining 8.31% and 9.41% 
of the variance in TL (ΔR²), respectively.

Table 3.  GWAS peak loci associated with tail abnormalities, including axis deviation (AXISD) and wedged vertebrae (WDGV) in sheep, and tail 
kink (Kink) in pigs.

Species Traits model Fixed effects Chr:Pos Ref > Alt P# in GWAS Impact

Sheep AXISD LMM sex, age, LS, LN 1:88823845 C > T 7.89E-07 modifier [10]

AXISD 1:164082021 A > G 5.60E-06 modifier [10]

AXISD 2:22704789 A > G 1.26E-06 modifier [10]

AXISD 2:136963847 T > G 5.48E-06 modifier [10]

AXISD 3:70907944 T > A 8.50E-07 modifier [10]

AXISD 3:193293265 G > A 2.61E-06 modifier [10]

AXISD 6:63347729 C > G 9.72E-08 modifier [10]

AXISD 7:66017541 A > C 2.17E-06 modifier [10]

AXISD 8:84432236 G > A 7.24E-06 modifier [10]

AXISD 10:217144 T > C 3.00E-06 modifier [10]

AXISD 12:20417780 T > C 6.34E-06 modifier [10]

AXISD 16:48358696 C > G 2.44E-06 modifier [10]

AXISD 20:3013558 T > C 2.65E-06 modifier [10]

AXISD 21:12623286 C > T 2.27E-06 modifier [10]

AXISD 25:33098936 T > C 7.14E-07 modifier [10]

WDGV LMM sex, age, LS, LN 1:10081864 G > T 9.68E-07 modifier [10]

WDGV 2:158555244 C > T 8.84E-06 modifier [10]

WDGV 3:196834657 A > G 2.61E-06 modifier [10]

WDGV 5:31830734 T > C 4.81E-06 modifier [10]

WDGV 6:65064860 C > T 1.92E-06 modifier [10]

WDGV 6:106186919 T > C 7.46E-06 modifier [10]

WDGV 9:73249875 T > C 2.53E-06 modifier [10]

WDGV 10:57246689 C > T 1.77E-06 modifier [10]

WDGV 12:35113679 T > C 5.30E-07 modifier [10]

WDGV 14:64113935 A > G 1.52E-06 modifier [10]

WDGV 20:27647344 A > C 5.87E-06 modifier [10]

WDGV 23:35992193 C > CA 5.90E-06 modifier [10]

WDGV 25:40843225 C > CT 3.13E-07 modifier [10]

Pigs kinks01 BLINK sex, age, LS, LN 2:142461085 A > G 6.59E-06 tolerated [25]

kink grades BLINK sex, age, LS, LN 1:30699535 G > A 5.31E-11 modifier [25]

11:30485036 T > G 3.69E-13 modifier [25]

15:111206597 A > G 7.92E-12 modifier [25]

Loci refer to the Ovis aries ARS-UI_Ramb_v2.0 and Sus scrofa Sscrofa11.1 genome assemblies for sheep and pigs, respectively. LMM, linear mixed 
model; BLINK, bayesian-information and linkage-disequilibrium iteratively nested keyway; LS, litter size; LN, litter number (parity). Significance thresh-
olds: for sheep, ≤ 1.05 × 10 ⁻ ⁷ (Bonferroni-corrected) and ≤1.00 × 10 ⁻ ⁵ (suggestive); for pigs, ≤ 1.34 × 10 ⁻ ⁷ (Bonferroni-corrected) and ≤1.00 × 10 ⁻ ⁵ (sugges-
tive).

https://doi.org/10.1371/journal.pone.0343836.t003

https://doi.org/10.1371/journal.pone.0343836.t003
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Variants located in intergenic regions, although their functional consequences cannot be predicted by SnpEff, may have 
the potential to affect regulation of nearby genes [55–57]. Among the variants significantly or suggestively associated with 
tail traits in the GWAS analyses, 247 in sheep and 20 in pigs were located in intergenic regions. No common genes were 
mapped within the ± 100 kb genomic windows of these intergenic variants across species. Also, multiple alignment analy-
sis did not reveal highly conserved intergenic sequences across species.

Species-specific elements.  Within ±1 Mb of TL GWAS loci, eight species-specific candidate genes were identified 
in sheep (HOXB13, MUC5B, EPB41L3, MTCL1, PIEZO2, MPPE1, LOXHD1, and MEX3C), carrying nine potentially 
functional variants significantly associated with TL (Table 5, Fig 2A). The 167 bp insertion at OAR11:37,525,005 (ARS- 
UI_Ramb_v2.0) in HOXB13, previously reported as a candidate causal variant for TL, was identified by Delly and 
significantly associated with TL in the lm analysis (Plm = 4.19 × 10 ⁻ ⁷). This variant explained 11.80% of the TL variance 
(ΔR²). The putatively functional variants in EPB41L3, MTCL1, PIEZO2, MPPE1, LOXHD1, and MEX3C on OAR23 
explained up to 22.54% of TL variance (ΔR²), with Plm = 1.77 × 10 ⁻ ¹³. The variant in MUC5B on OAR21 accounted for 
9.89% of TL variance (Plm = 4.33 × 10 ⁻ ⁶). Homozygous lambs for the alternate allele at the TL candidate variants in 
HOXB13, MUC5B, EPB41L3, MTCL1, MPPE1, LOXHD1 and MEX3C exhibited longer average tail lengths than the lamb 
group being homozygous for the reference allele, and intermediate lengths for the heterozygous group. The opposite 
pattern was observed for the variant in PIEZO2.

In pigs, five species-specific candidate genes (KNL1, DISP2, SPRED1, TGFB2, and HAND1) within ±1 Mb win-
dows of TL GWAS loci, harboring six putatively functional variants, were significantly associated with TL (Fig 2B). Vari-
ants in KNL1, DISP2 and SPRED1 on SSC1 explained up to 10.24% of the TL variance (ΔR²), with Plm = 3.34 × 10 ⁻ ⁷. 
A putative functional variant in an enhancer region of TGFB2 on SSC10 accounted for 6.12% of the TL variance (ΔR², 
Plm = 1.11 × 10 ⁻ ⁴). Additionally, a 9 bp deletion in HAND1 on SSC16 explained 5.73% of the TL variance (Plm = 1.90 × 10 ⁻ ⁴). 
Homozygous and heterozygous piglets for the alternate allele at the TL candidate variants in KNL1, DISP2, SPRED1 and 
TGFB2 exhibited longer average tail lengths compared to the group being homozygous for the reference allele. The oppo-
site pattern was observed for the variant in HAND1.

Fig 2.  Conserved and species-specific elements in GWAS loci for tail length in sheep and pigs. Manhattan plots labeled with conserved and 
species-specific elements identified within genomic windows of GWAS loci for tail length in sheep (A) and pigs (B). The genomic window of the sugges-
tive locus on OAR4:107,294,668 in sheep and the significant locus on SSC18:7,836,326 in pigs are conserved, harboring 6 putatively functional com-
mon genes. Eight species-specific putative functional candidate genes were identified on OAR11, OAR21, and OAR23 in sheep, and 5 species-specific 
putative functional candidate genes on SSC1, SSC10, and SSC16 in pigs.

https://doi.org/10.1371/journal.pone.0343836.g002

https://doi.org/10.1371/journal.pone.0343836.g002
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In our previous studies, the prevalence of TA was significantly associated with the number of vertebrae (nVERT) or 
TL in sheep and pigs [10,58].Using sex, age and nVERT as covariates, logistic regression (glm in R) was applied to 
analyze putatively functional variants within ±1 Mb of previously reported GWAS loci for AXISD and WDGV in sheep. 
Three variants in PGM2, LRRC66 and CRACD on OAR6 were significantly associated with AXISD, while one variant in 
LOC105601916 on OAR14, and two variants in SH2D4B on OAR25, were significantly associated with WDGV (Pglm < 0.05) 
(Fig 3AB, Table 6). For variants in PGM2, LRRC66, CRACD and SH2D4B, lambs carrying homozygous alternate or 
heterozygous genotypes showed a higher prevalence of AXISD or WDGV compared to those with homozygous refer-
ence genotypes. Notably, in LRRC66, no lambs with the homozygous reference genotype exhibited tail abnormalities. In 
pigs, using sex, age and TL as covariates in the glm analysis of putative functional variants within ±1 Mb of Kink GWAS 
loci, four putative functional variants in MYOT, TMCO6 and PCDHAC2 on SSC2 were significantly associated with Kink 
(Pglm < 0.05) (Fig 3C). For variants in MYOT and TMCO6, piglets carrying homozygous alternate or heterozygous gen-
otypes showed a higher prevalence of tail kink compared to those with homozygous reference genotypes. A frameshift 
variant in PCDHAC2 exhibited the same pattern, whereas a nearby missense variant (641 bp apart) showed the opposite 
association.

Gene ontology and pathways

GeneMANIA network analysis in each species revealed interactions among putative functional candidate genes for tail traits 
(Fig 4), suggesting functional connections underlying the mechanisms of tail development and morphogenesis. GO enrich-
ment analysis of the identified candidate genes for tail traits predicted that the same biological processes enriched in both 
sheep and pigs, although the relative contribution of each process differed between species (Fig 5). Both sheep and pigs 
showed enrichment of the galactose metabolism and starch and sucrose metabolism pathways, although the associated 
p-values and odds ratios differed between species (Table 7). Beyond these shared pathways, sheep exhibited additional 
enrichment mainly in carbohydrate processing (e.g., glycogen biosynthesis and breakdown, carbohydrate metabolism, 
O-glycan biosynthesis, glucuronidation, pentose phosphate pathway, amino sugar and nucleotide sugar metabolism), 
along with immune signaling (interleukin-2 and interleukin-6 pathways) and androgen receptor regulation. In contrast, 
pigs showed broader enrichment of immune and inflammatory signaling (e.g., TNF-alpha, cytokines, interleukin-1R, 
interleukin-5, chemokine receptor polarization), growth and developmental pathways (e.g., TGF-beta regulation, endochon-
dral ossification), and additional signaling modules including hedgehog, c-Kit, ATF2 and CTCF. These findings suggest that 
shared carbohydrate metabolism pathways, together with species-specific immune, developmental and other signaling 
pathways, may contribute to embryonic tail morphogenesis and perinatal tail development across species.

Discussion

Our GWAS for TL revealed loci overlapping with previously reported signals. In sheep, the locus on OAR11:40,897,359 
was located ~3 Mb from a previously identified candidate causal locus at OAR11:37,525,128 [21], where we also detected 
the reported 167 bp insertion in HOXB13 [21]. In pigs, the GWAS peak on SSC6:110,116,231 was in ~37 Mb distance 
from the previously reported locus SSC6:147,382,689 [25]; however, no putative functional variants were identified at this 
region. In the conserved genomic windows, only EPHB6 and KEL were significantly associated with TL in both species 
(Plm < 0.05), although no previous functional report linked these genes to tail development. CLCN1 mutant mice exhib-
ited mild to severe hind limb spasms and abnormal hind limb reflexes, and mice homozygous for an ENU-induced allele 
displayed spine deformities and reduced body size [59]. EPHA1 homozygous null mice often presented a kinked tail, while 
18% also exhibited vaginal atresia with hydrometrocolpos and infertility [59]. This may suggest a potential link between tail 
length, tail abnormalities and reproductive traits. In our study, the CLCN1 variant was significantly associated with TL only 
in pigs. Regarding EPHA1, the association with TL became significant in both species when all six putative functional vari-
ants from the common genes were analyzed together with covariates. Further studies are warranted to investigate their 



PLOS One | https://doi.org/10.1371/journal.pone.0343836  March 3, 2026 13 / 22

potential interactions, as well as interactions with species-specific candidate genes predicted by GeneMANIA, in post-anal 
tail morphogenesis.

Nine of the 13 sheep-specific candidate genes for tail traits, EPB41L3, MTCL1, PIEZO2, MPPE1, MEX3C, PGM2, 
LRRC66, CRACD and SH2D4B, have been reported as GWAS loci for (birth) body height in humans, according to Gene-
Cards [60]. In most vertebrate species, tail size is directly linked to the embryo’s capacity, e.g., to generate somites after 
trunk formation [61]. Also, the positive phenotypic correlation of 0.54 between body length and tail length indicated shared 
genetic regulations [10]. EPB41L3 is involved in tight junctions, which act as major intercellular regulators of the Hippo 
pathway [62], a pathway crucial for embryogenesis and tissue elongation [63]. A recessive stop variant in PIEZO2 caused 
distal arthrogryposis with distal muscle weakness and scoliosis [64]. Respective phenotype annotations included short 
necks and short stature in humans, and abnormal embryo size in mice [59]. Mice homozygous for a null allele in MEX3C 
displayed growth retardation and shortened tibiae [59]. LOXHD1 and MUC5B indicated phenotype annotations mainly 
related to behavior, neurological traits, and hearing [59]. However, the most significant association observed was between 
a deleterious missense variant (rs420232320) in LOXHD1 and TL in sheep (Plm = 1.77 × 10 ⁻ ¹³), explaining 22.54% of the 
variance in TL (ΔR²). A functional network linking MUC5B with other candidate genes was predicted by GeneMANIA.

Fig 3.  Species-specific candidate genes in GWAS loci for tail abnormalities in sheep and pigs. Manhattan plots labeled with species-specific 
putative functional candidate genes identified within genomic windows of GWAS loci for axis deviation (A) and wedged vertebrae (B) in sheep, and tail 
kink (C) in pigs. No conserved genomic window was detected for tail abnormalities across species. Three candidate genes were identified on OAR6 for 
axis deviation, one on OAR25 for wedged vertebrae in sheep, and three on SSC2 for tail kink in pigs.

https://doi.org/10.1371/journal.pone.0343836.g003
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Fig 4.  Network analysis. GeneMANIA diagrams illustrating interactions among the putative functional candidate genes (central nodes) and their neigh-
boring genes (outer nodes) for tail traits in sheep (A) and pigs (B).

https://doi.org/10.1371/journal.pone.0343836.g004

Fig 5.  Comparison of GO enrichment analysis of candidate genes for tail traits in sheep and pigs. Bars indicate the percentage of candidate 
genes mapped to each GO category.

https://doi.org/10.1371/journal.pone.0343836.g005

https://doi.org/10.1371/journal.pone.0343836.g004
https://doi.org/10.1371/journal.pone.0343836.g005
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Seven of the eight pig-specific candidate genes for tail traits, KNL1, DISP2, SPRED1, TGFB2, HAND1, TMCO6 and 
PCDHAC2, have also been reported as GWAS loci for body height in humans [60]. KNL1 was annotated in the Human 
Phenotype Ontology with abnormal axial skeleton morphology [60]. DISP2 may be required for normal Hedgehog (Hh) 
signaling during embryonic development, and together with upstream Wnt signaling, these pathways likely function in a 
coordinated manner to regulate tail regeneration [65]. Homozygous null mice for SPRED1 exhibit kinked tails, shortened 
faces, and altered CNS transmission, while deficiency of TGF-β2 resulted in severe developmental abnormalities across 
limbs, digits, the tail and other organs [59]. Variants in HAND1 were associated with abnormal limb bud morphology, 
disrupted somite development, and reduced embryo size [59]. MYOT, involved in myogenesis, has been implicated in 
regenerative processes along the developing tail axis [66]. Collectively, these functional insights support the potential roles 
of pig-specific candidate genes in tail length regulation and morphogenesis.

Our GO and pathway analyses align with previous mechanistic findings on tail development. Convergent extension 
(CE) was a key mechanism for body axis elongation without additional growth [67], and Wnt/planar cell polarity (PCP) 
signaling played a crucial role in cell polarization during CE [68]. In both zebrafish and mice, Wnt/PCP signaling has been 
demonstrated to be indispensable for tail elongation [69]. Fibroblast Growth Factor (FGF) signaling was imperative for 

Table 7.  Pathways enriched in candidate genes associated with tail traits in sheep and pigs.

Species Pathway P-value Odds Ratio Combined Score

Sheep Galactose metabolism 2.45E-04 104 864

Starch and sucrose metabolism 1.03E-03 49 336

Glycogen biosynthesis 7.18E-03 168 829

Glycogen breakdown (glycogenolysis) 1.25E-02 90 396

Interleukin-6 regulation of target genes 1.25E-02 90 396

Carbohydrate metabolism 1.86E-02 11 42

Termination of O-glycan biosynthesis 2.32E-02 47 177

Glucuronidation 2.40E-02 45 168

Pentose phosphate pathway 2.40E-02 45 168

Interleukin-2 signaling pathway 3.84E-02 5 15

Amino sugar and nucleotide sugar metabolism 3.98E-02 27 86

Androgen receptor regulation of biosynthesis and transcription 4.67E-02 23 69

Pigs TNF-alpha effects on cytokine activity, cell motility, and apoptosis 3.90E-03 25 138

Digestion of dietary carbohydrate 5.59E-03 220 1139

TGF-beta regulation of extracellular matrix 6.47E-03 9 48

Signaling events mediated by the hedgehog family 1.60E-02 70 289

Galactose metabolism 1.81E-02 61 247

Selective expression of chemokine receptors during T-cell polarization 1.81E-02 61 247

TGF-beta signaling in development 1.81E-02 61 247

CTCF pathway 1.87E-02 59 235

Cytokines and inflammatory response 2.42E-02 45 168

Signal transduction through IL-1R 2.63E-02 41 151

Interleukin-5 signaling pathway 3.38E-02 32 108

Signaling events mediated by stem cell factor receptor (c-Kit) 3.58E-02 30 100

Starch and sucrose metabolism 3.65E-02 29 98

ATF2 transcription factor network 4.05E-02 26 85

Endochondral ossification 4.52E-02 24 73

Pathways shared between sheep and pigs are highlighted in bold.

https://doi.org/10.1371/journal.pone.0343836.t007

https://doi.org/10.1371/journal.pone.0343836.t007
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sustaining axial progenitors and promoting posterior body elongation in mouse embryos [70]. In axolotls, TGF-β, Wnt and 
FGF signaling jointly regulated tail regeneration [71], while a member of the TGF-β superfamily, Gdf11, interacted with 
Lin28 and Hox13 genes to control axial progenitor activity in the tail bud [72]. Consistent with these findings, our path-
way analyses revealed enrichment of TGF-β signaling among pig-specific candidate genes for tail traits. Furthermore, 
a gradient of glycolytic activity has been shown to coordinate FGF and Wnt signaling during axis elongation in amniote 
embryos [73]. Supporting this, we observed enrichment of carbohydrate metabolism pathways, including shared galactose 
and starch/sucrose metabolism, as well as sheep-specific glycogen biosynthesis. This suggests that energy metabolism 
and biosynthetic fluxes may be critical for cell proliferation, differentiation, and tissue remodeling during tail elongation. 
Species-specific enrichment of immune and inflammatory signaling pathways further suggests a role for localized signal-
ing cues in orchestrating morphogenesis. Together, these findings highlight an interplay between metabolic supply and 
signaling regulation in driving species-specific aspects of embryonic tail development.

Implementation of results from integrative genomic analyses into breeding programs

The challenge for improving selection in farm animals is the combination of classical quantitative-trait loci (QTL) mapping 
approaches such as complex segregation analysis, high-throughput genomics carried out by regional GWAS and gene 
expressions combined with expression QTL detection [38]. Results from biological case studies considering extreme 
subgroups (e.g., between different extreme environmental conditions or lactation stages, or, as in the present study, 
offspring from a selection experiment) will contribute to a deeper understanding of genomic mechanisms as shown for 
adipogenesis in cattle [74]. In a simulation study, Teng et al. [75] compared three genomic prediction models considering 
causal gene information with the GBLUP model that assumes a flat prior. The inclusion of causal genes in a genomic pre-
diction model increased the accuracy for different modelling strategies, i.e., considering the causal genes as fixed effects, 
as separate random components, or as a weight factor in the genomic relationship matrix. Similar improvements were 
observed for real data when using the most significant SNP from GWAS (mostly located within potential candidate genes) 
as weighting factors in building up the genomic relationship matrix [76].

However, a prerequisite for applying such enhanced genomic prediction models is that the causal genes explain a con-
siderable proportion of genetic variance and that potential pleiotropic effects are explored. The classical example in this 
regard are the variants in the T-box gene with favorable effects on TL, but proven pleiotropic effects on vertebral defects 
[29]. In the present study, a potential role of KNL1, SPRED1, TGFB2, and PIEZO2 in TL development in pigs or sheep 
was inferred. However, previous studies in humans and mice have indicated pleiotropic effects of these genes, including 
distal arthrogryposis, altered CNS transmission, severe developmental abnormalities in other organs, perinatal mortality, 
and so on [59,60,64].

Study limitations and prospects

When comparing to “classical” 50K based GWAS, the sample size in the present study including 140 lambs and 140 piglets 
seems to be quite small. Nevertheless, in the present study, we focused on WGS-based GWAS in Merinoland sheep with 
similar sample sizes in other sheep breeds (e.g., N = 196 sequenced Tibetan sheep [77]). In pigs, most of the WGS-based 
GWAS considered larger sample sizes, but using imputed WGS data (e.g., [78]). However, in the present study, the gen-
otypes and phenotypes were available from animals kept on one research herd, implying a smaller number of “disturbing” 
environmental or fixed effects which need to be considered in the genetic-statistical modelling approach. Such specific 
on-station data generally contributed to smaller residual variances and increased trait heritabilities. As a concern, possi-
ble genotype-by-environment interactions due to differences in feeding, housing or climatic conditions indicate losses in 
selection response in commercial pig herds when basing selection solely on pig or sheep on-station records. Furthermore, 
our quite small sample size can be justified in the context of the selection experiment. We explicitly focused on the gen-
eration of extreme sub-groups for TL (from a genetic and a phenotypic perspective), contributing to increasing contrasts 
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in case-control studies and more pronounced SNP effects. Such advantages of selective genotyping or sequencing have 
been highlighted, for example, in studies of clinical mastitis and production traits in Holstein dairy cattle [79].

Based on the putative functional candidate variants identified through genome sequencing, gene tests can be devel-
oped in follow-up studies for in-depth validation across other sheep and pig breeds. Some of the candidate genes, such 
as PIEZO2, CLCN1 and EPHA1, have been shown to be expressed in the whole sheep embryo [80,81]. It would be 
informative to perform transcriptomic analyses to identify differentially expressed genes between short- and long-tailed 
individuals.

Conclusions

The current comparative genomic study, based on WGS, investigated tail traits across species. Conserved genomic windows 
were identified in sheep (OAR4:107,294,668) and in pigs (SSC18:7,836,326), harboring predicted functional variants in six 
common genes associated with TL (Plm = 6.03 × 10⁻³ in sheep; Plm = 7.14 × 10⁻⁴ in pigs). In addition, eight sheep-specific and 
five pig-specific putatively functional candidate genes were identified for TL. For TA, no conserved elements were detected. 
Species-specific candidate genes included five variants associated with axis deviation or wedged vertebrae in sheep, and 
three variants associated with tail kink in pigs. Variants in some candidate genes, including KNL1, SPRED1, TGFB2 and 
PIEZO2, have been linked to skeletal abnormalities, perinatal lethality, altered CNS transmission, and other developmental 
defects in mice and humans, suggesting potential unfavorable pleiotropic effects. Gene ontology analyses of the identified 
candidate genes revealed similar biological processes enriched in both sheep and pigs, although the relative contribution 
of each process differed between species. Pathway analysis suggested that shared carbohydrate metabolism pathways, 
together with species-specific immune and inflammatory signaling, as well as pig-specific TGF-β signaling and endochondral 
ossification, may contribute to embryonic tail morphogenesis and perinatal tail development. Overall, these findings highlight 
the complex and multi-layered genetic mechanisms underlying tail development across species.
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