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Abstract

Sigurðardóttir, H. (2025). Exploring the Genetic Regulation of  Ability and Quality of  Gaits in Icelandic Horses. Doctoral 

thesis.

The Icelandic horse is celebrated for its unique gaits and versatility as a riding horse, yet the genetic basis of  these 

characteristics is not fully understood. Its diverse gait range, the availability of  extensive phenotypic records, and 

the application of  advanced genomic technologies make the Icelandic horse an invaluable model for exploring the 

genetic foundations of  gait traits and performance.

This thesis aimed to identify novel genetic factors affecting gaits and performance in the Icelandic horse by 

integrating genomic approaches to analyse genetic variation through genome-wide patterns of  homozygosity and 

polymorphic variation. The study utilized high-density SNP genotype data, generated using a 670k genotype array, 

from 380 horses to perform genome-wide association (GWA) studies and runs of  homozygosity (ROH) analyses. 

Additionally, 39 horses were included for whole-genome sequencing (WGS) analysis.

Through GWA studies, quantitative trait loci (QTLs) affecting gait traits were identified. One QTL was associated 

with breeding scores for back and croup conformation, which significantly influenced the quality of  the lateral 

gaits tölt and pace. Two additional QTLs were directly linked to breeding scores for pace. Haplotype analysis 

revealed two frequent haplotypes for each identified QTL that had significant effects on the associated trait. The 

haplotypes associated with back and croup harboured genes with known roles in muscle and skeletal development 

in humans. The haplotypes affecting pace scores were located within the candidate genes STAU2 and RELN which 

are expressed in neural tissue. In addition to the observed effects on pace, the STAU2 haplotypes were found to 

significantly influence the quality of  trot and gallop, while the RELN haplotypes impacted the quality of  tölt, trot, 

canter, and gallop, and may potentially also influence the trainability and precocity of  young horses. Moreover, 

interactions between STAU2, RELN, and the previously identified DMRT3 gene were observed, involving both 

additive and compensatory effects. Sequence analysis in these regions revealed a partial loss of  the STAU2 protein 

caused by a one-base-pair frameshift insertion. This variant was proposed to be causative for the observed effects 

of  the STAU2 haplotypes. In the RELN region, potential regulatory elements were identified and suggested as 

candidate variants influencing the effects of  the RELN haplotypes.
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The enduring significance of  the genomic region on ECA23, harbouring the DMRT3 gene, was confirmed through 

ROH analysis, while additional regions of  potential relevance to performance traits were identified. Analyses of  

genomic inbreeding and genetic diversity indicated that recent breeding practices in the Icelandic horse breed have 

been sustainable, maintaining adequate genetic diversity.

In conclusion, this thesis expands current knowledge of  the genetic basis of  gait and performance in the Icelandic 

horse, by demonstrating that genetic factors beyond DMRT3 contribute to the regulation of  gait ability and quality. 

The findings warrant further investigations and may ultimately benefit the breeding of  the Icelandic horse and 

assist breeders in making more informed breeding decisions.

Keywords: Equine genomics, Back and croup conformation, Genome-wide association, RELN, STAU2, DMRT3, Whole-

genome sequencing, Regulatory elements, Frameshift mutation, Genetic diversity, Signatures of  selection
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Ágrip

Íslenski hesturinn er þekktur víða um heim sem fjölhæfur reiðhestur vegna hans einstöku ganghæfileika. 

Erfðafræðilegur grunnur þessara eiginleika er þó enn að miklu leyti óþekktur. Ganghæfileikar hans ásamt 

aðgengilegum og víðtækum svipfarsmælingum, gera íslenska hestinn að afar verðmætu viðfangi til rannsókna á 

þessu sviði.

Meginmarkmið þessarar rannsóknar var að bera kennsl á nýja erfðaþætti sem hafa áhrif  á gangtegundir og hæfileika 

íslenska hestsins. Það var gert með því að samþætta aðferðir sem annars vegar kanna arfhrein svæði á erfðamenginu 

vegna úrvals, og hins vegar svæði á erfðamenginu sem einkennast af  breytileika arfgerða í tengslum við ákveðna 

eiginleika. Í rannsókninni var notast við háþéttni SNP-arfgerðagreiningar, byggðar á 670k flögu, fyrir 380 hross 

með kynbótadóma, til að framkvæma víðtæka erfðamengisleit og greiningu á samfelldum röðum arfhreinna svæða. 

Þar að auki voru erfðamengi 39 hrossa heilraðgreind til frekari greininga.

Með víðtækri erfðamengisleit fundust áður óþekkt tengsl milli ganghæfileika og breytileika á ákveðnum svæðum 

á erfðamenginu (e. quantitative trait locus, QTL). Eitt QTL hafði tengsl við einkunnir fyrir bak og lend og hafði 

marktæk áhrif  á gæði tölts og skeiðs. Tvö önnur QTL höfðu bein tengsl við einkunn fyrir skeið. Setraðagreining 

leiddi í ljós tvær algengar setraðir í öllum þessum QTL sem höfðu marktæk áhrif. Setraðirnar sem höfðu tengsl 

við einkunn fyrir bak og lend voru staðsettar innan gena sem hafa þekkt hlutverk í vöðva- og beinabyggingu í 

mannfólki. Setraðirnar sem höfðu áhrif  á einkunnir fyrir skeið voru staðsettar í genunum STAU2 og RELN, sem 

bæði eru tjáð í taugavef. Umfram tengslin við skeiðeinkunn þá höfðu setraðirnar í STAU2-geninu einnig marktæk 

áhrif  á einkunnir fyrir brokk og greitt stökk. Að sama skapi höfðu setraðirnar í RELN-geninu marktæk áhrif  á 

einkunnir fyrir tölt, brokk, hægt og greitt stökk, umfram skeiðeinkunn. Vísbendingar bentu einnig til að RELN-

setraðirnar hefðu áhrif  á bráðþroska og hversu fljót hross væru til í þjálfun. Þar að auki voru víxlverkunum milli 

STAU2, RELN og hins áður þekkta DMRT3-gens lýst í formi samleggjandi- og uppbótaáhrifa. Frekari greining 

með heilraðgreiningagögnum sýndi fram á að hliðrunarstökkbreyting (e. frameshift mutation) í STAU2-geninu, sem 

olli skertri próteinframleiðslu, væri líkleg orsök fyrir þeim áhrifum sem setraðirnar sýndu á skeið, brokk og greitt 

stökk. Sambærileg greining leiddi í ljós stýriþætti í RELN-geninu sem mögulega útskýra þau áhrif  sem RELN-

setraðirnar höfðu á skeið, tölt, brokk, hægt og greitt stökk.

Með greiningu á samfelldum röðum arfhreinna svæða var mikilvægi hluta litnings númer 23 staðfest gagnvart 

ganghæfni og getu íslenska hestsins, en þar er DMRT3-genið staðsett. Greiningin leiddi einnig í ljós áður óþekkt 
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gen með mögulegar tengingar við afköst og getu. Útreikningar á skyldleikarækt og erfðabreytileika sem byggðu 

á erfðagögnum gáfu til kynna að ræktun íslenska hestsins síðastliðna áratugi hafi verið sjálfbær þar sem tap 

erfðabreytileika var í lágmarki.

Rannsóknin eykur þekkingu á erfðafræðilegum grunni gangtegunda og sýnir fram á að erfðaþættir umfram DMRT3-

genið hafa áhrif  á ganghæfni íslenska hestsins. Niðurstöðurnar styðja við frekari rannsóknir á þessu sviði, ásamt 

því að nýtast ræktendum íslenska hestsins við að taka upplýstari ákvarðanir í ræktunarstarfinu.

Lykilorð: Erfðamengjagreiningar, Bak og lend, Víðtæk erfðamengisleit, RELN, STAU2, DMRT3, Heilraðgreining, Stýriþættir, 

Hliðrunarstökkbreyting, Erfðabreytileiki, Merki úrvals
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Sammanfattning

Islandshästen är uppskattad för sina unika gångarter och mångsidighet som ridhäst, men den genetiska grunden 

för dessa egenskaper är inte helt klarlagd. Dess olika gångarter, tillgången till omfattande egenskapsregister och 

möjligheten att använda avancerad genomisk teknologi gör islandshästen till en ovärderlig modell för att utforska 

de genetiska grunderna för gångarter och prestation.

Denna avhandling syftade till att identifiera nya genetiska faktorer som påverkar gångarter och prestationsförmåga 

hos islandshästen genom att integrera olika genomiska metoder för att analysera genetisk variation: dels 

genomomfattande mönster av homozygositet och dels polymorf  variation. Studien använde SNP-genotypdata 

med hög densitet, genererad med hjälp av en 670k-array, från 380 hästar för att utföra genomomfattande 

associationsstudier (genome wide association study, GWA) och studier av sammanhängande homozygota regioner 

(runs of  homozygosity, ROH). Dessutom inkluderades 39 hästar för analys av helgenomsekvensering (whole 

genome sequencing, WGS).

Genom GWA-studier identifierades loci för kvantitativa egenskaper (quantitative trait loci, QTL) som påverkar 

gångegenskaper. En QTL var associerad med avelsbedömningspoäng för rygg- och korskonformation, vilket 

signifikant påverkade kvaliteten på de laterala gångarterna tölt och pass. Ytterligare två QTL:er var direkt 

associerade med avelsbedömningspoäng för pass. Haplotypanalys avslöjade två vanligt förekommande haplotyper 

för varje identifierad QTL som hade signifikanta effekter på den associerade egenskapen. Haplotyperna som var 

associerade med rygg och kors innehöll gener med kända roller i muskel- och skelettutveckling hos människor. 

Haplotyperna som påverkar passpoängen var lokaliserade inom kandidatgenerna STAU2 och RELN som uttrycks 

i nervvävnad. Utöver de observerade effekterna på pass visade sig STAU2-haplotyperna signifikant påverka 

kvaliteten på trav och galopp, medan RELN-haplotyperna påverkade kvaliteten på tölt, trav, samlad galopp 

och galopp, och potentiellt också hur lättränade och tidigt utvecklade unga hästar är. Dessutom observerades 

interaktioner mellan STAU2, RELN och den tidigare identifierade ”gångartsgenen” DMRT3, som involverade 

både additiva och kompensatoriska effekter. Sekvensanalys i dessa regioner avslöjade en partiell förlust av STAU2-

proteinet orsakad av en så kallad ”frameshift insertion” med ett baspar. Denna variant föreslogs vara orsak till de 

observerade effekterna av STAU2-haplotyperna. I RELN-regionen identifierades potentiella regulatoriska element 

vilka föreslogs som kandidatvarianter bakom effekterna av RELN-haplotyperna.
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Betydelsen av den genomiska regionen på ECA23, som inkluderar DMRT3-genen, bekräftades genom ROH-

analys, medan ytterligare regioner av potentiell relevans för prestationsegenskaper identifierades. Analyser av 

genomisk inavel och genetisk mångfald indikerade att den senaste tidens avelsmetoder inom islandshästarsen har 

varit hållbara vad beträffar bevarande av genetisk mångfald.

Sammanfattningsvis bidrar denna avhandling med ytterligare kunskap om den genetiska grunden för gångarts- och 

prestationsförmåga hos islandshästen, genom att visa att genetiska faktorer bortom DMRT3 bidrar till regleringen 

av gångartsförmåga och -kvalitet. Resultaten motiverar ytterligare undersökningar och kan i slutändan gynna aveln 

av islandshästen och hjälpa uppfödare att fatta mer välgrundade avelsbeslut.

Nyckelord: Hästgenomik, Rygg- och korskonformation, Helgenomstudie, RELN, STAU2, DMRT3, Helgenomsekvensering, 

Regulatoriska element, Frameshift-mutation, Genetisk variation, Spår av selektion
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It always seems impossible until it’s done

				    – Nelson Mandela
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1. Introduction

The Icelandic horse breed is renowned for its unique gaits and performance as a riding horse and is 

characterized by a distinct set of  traits. Yet, within the breed’s overall uniformity lies a remarkable diversity 

of  phenotypes, with significant variation in each trait among the horses. What genetic factors contribute 

to the breed’s uniformity and its phenotypic variation? To uncover the genetic uniqueness of  the Icelandic 

horse, we must investigate both its defining features and the genetic mechanisms driving its diversity.

1.1 Origin of gaited horses
A gait refers to the way a horse moves its legs while walking or running. In that sense, all horses exhibit 

gaits. However, no other species demonstrates the same degree of  innate variation in locomotion traits as 

horses (Barrey, 2013). As a result, equine gaits are classified in more detail based on differences in speed 

and footfall patterns.

All horse breeds are capable of  performing the walk, trot, canter, and gallop, which are considered 

the basic gaits. The walk is the slowest gait, featuring an even four-beat, symmetrical pattern with no 

suspension phase, meaning two or three hooves are always on the ground (Barrey, 2013; Clayton, 1995). 

The trot is an intermediate-speed gait, though it can vary significantly in speed. It is a two-beat, diagonally 

symmetrical gait that includes a suspension phase where all hooves are off  the ground simultaneously 

(Barrey, 2013; Clayton, 1994b). Both canter and gallop are asymmetrical gaits that also include a suspension 

phase. The canter is a three-beat gait with a medium speed, while the gallop is a four-beat, high-speed gait 

(Barrey, 2013; Clayton, 1994a; Deuel & Lawrence, 1986). Horses that are restricted to these basic gaits are 

commonly classified as ‘non-gaited’ horses.

Other gaits, such as pace and various four-beat ambling gaits, including tölt, running walk, foxtrot 

and rack, are collectively referred to as alternate gaits. Pace is a laterally symmetrical gait, commonly 

performed at high speeds, and is characterized by a suspension phase where all four feet are off  the 

ground simultaneously (Barrey, 2013; Wilson et al., 1988). Four-beat ambling gaits vary in speed and are 

defined by their symmetry, ranging from diagonal to lateral movement. Unlike the pace, these gaits have 

no suspension phase, meaning one or two hooves are always in contact with the ground (Barrey, 2013; 

Nicodemus & Clayton, 2003; Zips et al., 2001). Horses that can perform any of  the alternate gaits are 

classified as ‘gaited’ horses.

The genetic basis for gait diversity in horses is not yet fully understood, but a major breakthrough 

came with the discovery of  a key mutation that distinguishes gaited from non-gaited horses, paving the 

way for further genetic research on equine gaits. This mutation, known as the ‘gait keeper’ mutation 

(DMRT3_Ser301STOP, chr23: g.22,391,254C>A), is a single-base nonsense mutation in the doublesex and 
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mab-3 related transcription factor 3 (DMRT3) gene (Andersson et al., 2012). It results in a premature stop 

codon, leading to a truncated DMRT3 protein, which alters the horse’s locomotion pattern and enables 

development of  pace (Andersson et al., 2012). This mutation is, therefore, common in gaited breeds, 

while most non-gaited breeds retain the wild-type allele (Promerová et al., 2014). Also in trotting breeds 

used for harness racing, the frequency of  the ‘gait keeper’ mutation is relatively high (Andersson et al., 

2012; Jäderkvist Fegraeus et al., 2015; Jäderkvist, Andersson, et al., 2014; Promerová et al., 2014; Ricard, 

2015). It is suggested that the mutation’s secondary effect extends the speed range of  symmetrical gaits 

like trot and pace, preventing a switch to asymmetrical gaits like canter or gallop. Evidence also indicates 

that the mutation may negatively impact the quality of  trot and canter in some breeds (Jäderkvist et al., 

2015; Kristjansson et al., 2014).

Given the significant impact of  the ‘gait keeper’ mutation on gaiting ability in horses, it is likely that the 

emergence of  this mutation marks the origin of  gaited horses. A study by Staiger et al. (2017) suggested 

that the mutation likely arose soon after horse domestication (5-6,000 years ago) and then spread 

through human activity and horse trade. However, definitive evidence pinpointing the geographic 

origin of  the ‘gait keeper’ mutation has not yet been established, though several hypotheses have been 

proposed. Staiger et al. (2017) suggested that the mutation was likely under strong positive selection 

from the start due to its beneficial effects on speed and rider comfort. This may have facilitated its 

rapid spread across regions, making it difficult to pin down its exact geographic origin. In contrast, 

Wutke et al. (2016) hypothesized that the mutation originated in the British Isles during the medieval 

period (850–900 AD) before spreading to Iceland and eventually continental Europe. However, this 

hypothesis has not gained widespread acceptance due to limited sampling. Furthermore, historical 

records suggest the existence of  gaited Asturian horses in Northern Spain approximately 2,000 years 

ago (Hendricks, 2007), challenging the proposed timeline and location of  the mutation’s origin. The 

geographic origin of  the ‘gait keeper’ mutation remains a mystery, but it is evident that the mutation 

eventually reached Iceland, where it became well-established and contributed to the gait diversity that 

defines the Icelandic horse.

1.2 Origin and evolution of the Icelandic horse breed
Little is known for certain about the origin of  the Icelandic horse. However, it is generally believed that 

the breed descends from a selection of  horses brought to Iceland by Norse settlers around 1100 years 

ago (Adalsteinsson, 1981). This belief  is somewhat supported by molecular genetic studies, which have 

shown a moderate genetic relationship between the Icelandic horse and Scandinavian breeds such as the 

Norwegian Fjord horse, the Nordland horse, the North Swedish horse, Coldblooded trotters, and the 

Finnhorse, but also with the Shetland pony, Miniature horse, and the Mongolian horse (Bjørnstad et al., 

2003; Bjørnstad & Røed, 2001; McCue et al., 2012; Petersen, Mickelson, Cothran, et al., 2013).
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The exact number of  horses originally brought to Iceland is unknown, but it is widely believed that 

the breed emerged from a relatively small gene pool of  horses carefully selected for specific purposes 

(Björnsson & Sveinsson, 2006, pp. 18-33). Early in the breed’s development, it is likely that some 

unfavourable alleles were naturally purged from the population as the horses adapted to Iceland’s harsh 

environment. At the same time, humans likely applied some selective pressures, as horses were used for 

both transportation and labour (Björnsson & Sveinsson, 2006, pp. 76-101; Hugason, 1994). Traits such as 

comfortable gaits, endurance and a forward-going temperament would have been advantageous for horses 

used in transportation, while strength, robustness and calmness were likely preferred in labour horses. 

Additionally, historical records suggest that certain coat colours were selectively bred for (Björnsson & 

Sveinsson, 2006, pp. 18-33).

In addition to adapting to Iceland’s tough environment, marked by extreme weather, poor feed and 

possible periods of  starvation, the Icelandic horse also endured several genetic bottlenecks. One of  the 

most significant occurred following the 18th-century Skaftáreldar volcanic eruption and the subsequent 

Móðuharðindi (e. Famine of  the mists) period, during which over 70% of  Iceland’s livestock perished. The 

horse population plummeted from approximately 30,000 to about 8,000 (Hreiðarsdóttir et al., 2014). 

Another major bottleneck occurred in the mid-20th century when industrialization replaced horses with 

machines for labour (Figure 1). As a result, horse breeding shifted to prioritize riding horses, leading 

to the decline of  horses better suited for labour, and the population decreased significantly during this 

period (Hreiðarsdóttir et al., 2014). However, in the wake of  selective breeding and the increased global 

popularity of  the breed during the late 20th century, particularly in northern Europe, the population size 

surged. In 1959, the population counted approximately 30,000 horses, but to date, approximately 300,000 

horses are registered across 31 countries according to WorldFengur, the official studbook of  origin for 

the Icelandic horse (Lorange, 2011).

Figure 1. The Icelandic horse was used for transport and labour prior to Iceland‘s industrialization.The photo on the left 
shows a caravan of  horses transporting bales of  hay home from the fields (Árnesinga Municipal Archives (Héraðsskjalasafn 
Árnesinga), photo no. 2007 33 GÓ 03209, photographer unknown). The photo on the right depicts another caravan of  horses 
delivering mail, led by the postman Hans Hannesson (Photo by Magnús Ólafsson).
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Although there are a few historical accounts of  importing individuals of  other horse breeds into Iceland, 

the scale of  these imports was not enough to leave a lasting impact on the breed’s genome (Guðlaugsson, 

2006). In fact, laws enacted in the late 19th century banned the importation of  live animals and genetic 

material – a ban that remains in place today (Animal Importation Act 1990). Consequently, the Icelandic 

horse has remained largely genetically isolated over the past few centuries. Moreover, the modern breeding 

of  riding horses follows a closed studbook system (FEIF – International Federation of  Icelandic Horse 

Associations, 2024), helping to preserve the genetic distinctiveness of  the breed.

1.3 Rise of the modern Icelandic horse
At the turn of  the 20th century, some advances were made toward systematic breeding and a studbook for 

the breed was established in 1923. However, it was not until the 1950s that the first official breeding goal 

was introduced (Arnórsson, 2006). This goal emphasised the breeding of  a versatile riding horse with five 

gaits. A selection index was implemented, including three conformation traits and eight traits related to 

riding abilities, and systematic phenotypic data collection began. These milestones marked the beginning 

of  the modern breeding system used today.

The official breeding goal and selection index have evolved over the decades. Today, the primary objective 

is to breed healthy, fertile, and durable riding horses, with an emphasis on their suitability for leisure riding, 

travel, and various types of  competitions (FEIF, 2024). The Icelandic horses should possess a calm, 

friendly and cooperative character, while also being courageous and reliable. Their conformation should 

be functional, supporting their health, durability, and natural ability to perform gaits. The conformation 

should, furthermore, allow the horse to move effortlessly under a rider while maintaining balance and 

correct posture. The aim is to breed a high-quality five-gaited horse that maintains the correct beat and 

posture across all gaits, moving with fluidity in an even rhythm. Additionally, the horse should demonstrate 

suppleness, lightness, long strides, and the ability to vary speed across all gaits (FEIF, 2024).

The breeding goal is further defined by the traits included in the selection criteria. Currently, the selection 

criteria consist of  16 traits, whereof  eight related to conformation and eight to riding abilities (FEIF, 

Figure 2. The modern Icelandic horse bred for functional conformation and versatile gait capacity. Photos by Óðinn Örn 
Jóhannsson.
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2024). Conformation traits contribute 35% of  the total index weight, with Neck, withers and shoulders (8%), 

Proportions (7%) and Back and croup (5.5%) being the most important. Riding ability traits account for 65% 

of  the total index weight, where Tölt (16%), Pace (10%) and the composite trait Form under rider (10%) are 

the most valuable traits.

All the selection traits are subjectively assessed at standardised breeding field tests by a panel of  certified 

breeding judges (FEIF, 2024). Traits are scored on a scale of  5.0 to 10.0, with increments of  0.5. A score 

of  5.0 indicates that a trait was not shown, while scores of  9.5-10.0 represent the specific breeding goal 

for that trait. In addition, 11 morphological traits are objectively measured and used to substantiate the 

subjective scoring of  the selection traits. Horses participating in the breeding field tests must be at least 

four years old and can be reassessed in subsequent years. Each horse must be registered, individually 

identified and have its parentage confirmed through DNA analysis to participate in the tests (FEIF, 2024).

The International Federation of  Icelandic Horse Associations (FEIF) oversees the breeding field tests, ensuring 

standardized procedures across all member countries for consistent assessment (FEIF, 2024). All data collected 

from these tests are available in WorldFengur, as well as information on pedigree, offspring, estimated breeding 

values, owners, breeders, competition results, and more for Icelandic horses worldwide (Lorange, 2011).

The breeding assessments form the basis for estimating breeding values (EBV) in the population. As 

early as the 1980s, the breeding program adopted the multi-trait Best Linear Unbiased Prediction (BLUP) 

animal model to estimate breeding values (Árnason, 1983, 1984). Since then, the evaluation process 

has expanded to include all assessments from standardised breeding field tests across FEIF member 

countries, incorporating individual and related animals’ assessments, including progeny.

Studies have shown considerable genetic progress in most of  the selection traits, particularly those with 

the highest weighting (Sigurðardóttir, 2012). Heritability estimates for the traits ranged from 0.15 (leg 

stance) to 0.56 (mane and tail) for conformation traits and from 0.18 (walk) to 0.60 (pace) for riding 

ability traits (Albertsdóttir et al., 2008; Albertsdóttir et al., 2011). The heritability estimates thus suggest a 

level of  complexity, indicating that these traits are influenced by both genetic and environmental factors. 

Genetic correlations between the traits ranged from -0.22 to 0.92, with the strongest correlations observed 

within the riding ability traits (Albertsdóttir et al., 2008). 

A study on the functional aspect of  conformation traits found moderate to high heritability for the 

morphological measurements, ranging from 0.20 to 0.85 (Kristjansson et al., 2016). The study confirmed 

that high withers and an uphill conformation were advantageous for all gaits, while a forward (downhill) 

sloping back or swayback was found to be disadvantageous. Additionally, the results of  the study indicated 

that the length and shape of  the croup were distinguishing factors between high-quality and lower-quality 

horses in trot, tölt, and pace (Kristjansson et al., 2016).



6

1.4 Genetic foundation of gaits and performance

1.4.1 Genetic complexity of quantitative traits
We are still in the early stages of  understanding the genetic basis of  complex quantitative traits in horses, 

such as gaits and performance. These traits are generally governed by numerous genetic factors with 

additive effects spread across the genome, each with a relatively small contribution, and are further 

influenced by environmental factors. Interactions between loci and genes, known as epistasis, may also 

contribute to the variation observed in these traits (Carlborg & Haley, 2004; Mackay, 2014). Accurately 

predicting complex trait phenotypes from genotypes requires understanding epistasis, as interactions 

between major genes can significantly influence the trait and cannot be simply explained by adding the 

effects of  individual genes (Boucher & Jenna, 2013; Carlborg & Haley, 2004; Fang et al., 2019; Forsberg et 

al., 2017; Sackton & Hartl, 2016). Despite the growing number of  studies on epistasis, identifying genetic 

interactions on a genome-wide scale remains a significant challenge (Fang et al., 2019).

Additionally, traits such as conformation and temperament significantly influence a horse’s performance, 

not only due to the potential pleiotropic effects of  certain genes but, more importantly, because 

performance is shaped by the complex interaction between physical structure and mental aptitude. These 

traits jointly contribute to a horse’s ability to succeed across different disciplines, making them important 

factors in overall performance outcomes.

1.4.2 Identified genes affecting gaits and locomotion
As outlined in Chapter 1.1, the discovery of  the ‘gait keeper’ mutation in the DMRT3 gene (Andersson 

et al., 2012) marked a significant breakthrough in the field of  gait genetics. This discovery spurred 

a wave of  subsequent studies exploring the mutation’s effects across various horse breeds (Chandra 

Paul et al., 2020; Jäderkvist Fegraeus et al., 2015; Jäderkvist Fegraeus, Lawrence, et al., 2017; Jäderkvist, 

Andersson, et al., 2014; Jäderkvist et al., 2015; Jäderkvist, Kangas, et al., 2014; Kristjansson et al., 

2014; Novoa-Bravo et al., 2018; Pereira et al., 2016; Promerová et al., 2014; Regatieri et al., 2017; 

Ricard, 2015; Sonali et al., 2023), rapidly advancing our genetic understanding of  gaits in a relatively 

short time.

In Icelandic horses, a single copy of  the ‘gait keeper’ mutation (CA genotype) enhances the natural 

ability to tölt, while two copies (AA genotype) enable the development of  pace (Andersson et al., 2012; 

Kristjansson et al., 2014). Additionally, horses with the DMRT3 AA genotype have been shown to achieve 

significantly higher breeding scores for tölt compared to those with the CA genotype. However, the AA 

genotype has also been associated with lower scores for the basic gaits (walk, trot, canter, and gallop) in 

breeding field tests (Andersson et al., 2012; Kristjansson et al., 2014). The frequency of  the ‘gait keeper’ 

mutation in the Icelandic horse breed is high, estimated at 0.75-0.94 (Kristjansson et al., 2014; Promerová 

et al., 2014). This closely matches the 0.95 frequency observed in the datasets used in this study. This 
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shows that the mutation is not fixed within the breed, which explains some of  the variation in pace 

ability. Interestingly, more than 30% of  horses with the AA genotype do not perform pace (Andersson 

et al., 2012; Jäderkvist et al., 2015; Kristjansson et al., 2014) and are referred to as four-gaited in spite of  

their genetic precondition to develop pace. Additionally, genetic variation in pace scores remains among 

horses that perform this gait during breeding field tests (Albertsdóttir et al., 2011), suggesting that factors 

beyond the ‘gait keeper’ mutation influence pace ability and quality. A pilot study on four- and five-gaited 

Icelandic horses with the AA genotype at the DMRT3 gene yielded inconclusive results, largely due to 

the small sample size (20 four-gaited and 35 five-gaited horses) (Jäderkvist Fegraeus, Hirschberg, et al., 

2017). Studies on other gaited horse breeds have explored genetic differences between horses exhibiting 

different gait patterns despite sharing the same DMRT3 genotype (Amano et al., 2018; McCoy et al., 

2019; Staiger, Al Abri, Silva, et al., 2016). In Tennessee Walking Horses, a genome-wide association 

(GWA) study identified markers on equine chromosome (ECA) 11 and ECA19 that are predictive of  

gait type (lateral gaits only or both lateral and diagonal gaits) (Staiger, Al Abri, Silva, et al., 2016). These 

markers were located within the SMTNL2, FBXO40 and ARGFX genes. In Standardbred horses, which 

perform either a diagonal or lateral gait during harness racing, an algorithm based on seven single-

nucleotide polymorphisms (SNPs) with large effects was developed (McCoy et al., 2019). This algorithm, 

which differentiates between pacers and trotters, achieved a prediction accuracy of  over 99%. It has, 

however, not been validated in other breeds.

1.4.3 Genetic factors impacting racing performance
Another important discovery in horse performance research was the identification of  a sequence variation 

at the equine myostatin (MSTN) gene on ECA18, which has a significant genomic influence on optimum 

race distance aptitude in Thoroughbred racehorses. Specifically, one SNP (g.66493737C>T) has proven 

to be a strong predictor of  the horse’s suitability for different racing distances (Binns et al., 2010; Hill et 

al., 2011; Hill, Gu, et al., 2010; Hill, McGivney, et al., 2010; Hill et al., 2019; McGivney et al., 2012; Tozaki 

et al., 2012). Further studies on Thoroughbred racehorses have identified variations in the expression of  

the PDK4 and the COX4I2 genes that influence race performance (Gu et al., 2010; Hill, Eivers, et al., 

2010; Hill, Gu, et al., 2010), as well as predictive markers associated with genes involved in myogenesis 

and muscle maintenance (Shin et al., 2015).

Studies on the effects of  the MSTN gene in Icelandic horses suggest it has no clear impact on performance 

(Bas Conn, 2018; François et al., 2016). Frequency estimates of  the predictive SNP (g.66493737C>T) 

from the same studies show a high prevalence of  the T allele (0.89-0.90) in Icelandic horses, consistent 

with long-term selection for riding horses used for transportation and travel, where endurance and 

stamina are key traits. One study did find a significant positive association between the T allele and the 

EBV for the conformation trait Neck, withers and shoulders (François et al., 2016). However, due to the 

composite nature of  this trait, this finding is difficult to interpret without further investigation.
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In Coldblooded Trotters and Standardbreds, both primarily bred for harness racing, a genomic region 

near the endothelin 3 (EDN3) gene was associated with racing performance (Jäderkvist Fegraeus et al., 

2018). This region contains an enhancer cluster active in endothelial cells, interacting with genes relevant 

to blood pressure regulation, such as GNAS and SPO11 (Fegraeus et al., 2024).

The dedicator of  cytokinesis 8 (DOCK8) gene has also been associated with harness racing success in 

Coldblooded Trotters (Velie et al., 2018). This gene plays a role in cell signalling, as well as in regulating 

cell movement and shape. While its specific effects on performance are not well understood, its close 

proximity to the DMRT3 gene on ECA23 makes it particularly intriguing. Furthermore, studies in 

humans have suggested potential overlapping or shared effects between the DMRT3 and DOCK8 

genes (Glessner et al., 2017; Kang et al., 2010). It is, therefore, interesting that sequence variation in 

DOCK8 is associated with performance in a breed where the ‘gait keeper’ mutation has been shown 

to enhance racing ability (Jäderkvist, Andersson, et al., 2014). The possibility of  shared functional 

influence between these two genes can thus not be ruled out. The effects of  the DOCK8 gene were 

investigated in a small cohort of  131 Icelandic horses with records from pace racing (Bas Conn, 2018). 

According to the results, the DOCK8 polymorphism was indicated to be associated with pace speed 

and to potentially segregate between elite pace racers and other horses. This needs further validation, 

though.

In Arabian horses, a breed renowned for athleticism, sequence variations in the SORCS3, SLC39A12 

and SLC16A1 genes have been linked to success in endurance racing (Ricard et al., 2017; Ropka-Molik 

et al., 2019), with one specific marker serving as a predictor for optimal race distance (Ropka-Molik et 

al., 2019).

1.4.4 Genetic links between conformation and locomotion
Genetic and phenotypic associations between conformation, locomotion and performance have been 

documented in multiple horse breeds, including the Icelandic horse (Albertsdóttir et al., 2008; Bonow 

et al., 2024; Holmström & Back, 2013; Jönsson et al., 2014; Koenen et al., 1995; Kristjansson et al., 

2016; Novotna et al., 2022; Rustin et al., 2009; Sánchez-Guerrero et al., 2016). However, knowledge of  

candidate genes affecting these traits is limited, except for height at withers. 

Height at withers has been shown to have a moderately favourable genetic correlation with dressage 

performance in some European warmblood breeds (Rustin et al., 2009; Viklund et al., 2008), while the 

genetic correlations to gaits in Icelandic horses are low (0.03-0.14), though still favourable (Albertsdóttir 

et al., 2008). These findings suggest that the genetic basis for height at withers may influence performance 

in certain breeds. In warmblood horses, height at the withers is predominantly governed by the LCORL/
NCAPG locus on ECA3 (Makvandi-Nejad et al., 2012; Metzger et al., 2013; Reich et al., 2024; Ricard et 

al., 2023; Sevane et al., 2017; Tetens et al., 2013; Vosgerau et al., 2022). This locus has also been associated 
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with skeletal traits across multiple horse breeds (Frischknecht et al., 2016; He et al., 2015; Signer-Hasler 

et al., 2012; Staiger, Al Abri, Pflug, et al., 2016), though no such relationship has been observed in the 

Icelandic horse.

Regions on ECA1 have also been shown to significantly contribute to height variation in horses (Metzger 

et al., 2018; Signer-Hasler et al., 2012). Other genes associated with height at withers across various 

breeds include ANKRD1, ZFAT, HMGA2, LASP1, ADAMTS17, OSTN, GH1, and TBX3 (Al Abri et 

al., 2018; Liu et al., 2020; Liu et al., 2022; Makvandi-Nejad et al., 2012; Metzger et al., 2018; Sevane et al., 

2017; Signer-Hasler et al., 2012). The ZFAT gene on ECA9 has furthermore been associated with length 

of  both back and croup (Signer-Hasler et al., 2012) and the HMGA2 gene on ECA6 has been associated 

with conformation scores for front and hind parts in Spanish Purebred horses (Sevane et al., 2017).

Back conformation is widely regarded as one of  the most critical traits for performance in riding horses 

(Kristjansson et al., 2016; Wolschrijn et al., 2013), prompting an increased focus on this trait in genomic 

studies of  various riding horse breeds (Cook et al., 2010; Frischknecht et al., 2016; Gmel et al., 2023; 

Sevane et al., 2017; Signer-Hasler et al., 2012). These studies have identified quantitative trait loci (QTLs) 

linked to back traits such as lordosis, swayback, and back length on ECA2, 9, 10, 20, and 21, involving 

several candidate genes. While these QTLs show predictive potential, they have yet to be validated through 

functional analysis, highlighting the need for further research to solidify the genetic foundation of  this 

critical trait, which impacts both performance and the overall health of  riding horses.

In addition to back conformation, neck conformation is equally critical for proper equine function 

(Bonow et al., 2024; Wolschrijn et al., 2013). However, genetic understanding of  this complex trait is 

limited. Two recent studies employing two-dimensional shape data and joint angle measurements have 

identified genomic regions linked to this trait. One on ECA16 was found to be significantly associated 

with neck shape and width, distinguishing between a slender neck and a ‘cresty’ neck (Gmel et al., 2023), 

while another on ECA28 was linked to the poll angle (Gmel et al., 2019). Advances in using two- and 

three-dimensional shape data, along with other objective measurements, for phenotyping conformation 

traits (Druml et al., 2015; Gmel et al., 2023; Gmel et al., 2022; Gmel et al., 2019; Kristjansson et al., 2016; 

Kristjansson et al., 2013; Ricard et al., 2023), offers promising opportunities to improve accuracy and 

address the challenges posed by the subjective nature of  conformation assessments. Greater objectivity 

in these phenotypes, combined with machine learning and rapidly evolving artificial intelligence, will 

hopefully lead to more robust results and significantly enhance the outcomes of  future trait mapping 

studies.

1.4.5 Genetic influences of temperament on gaits and performance
The success of  a performing horse in any discipline depends greatly on its mentality (McBride & 

Mills, 2012), along with functional conformation and genetic ability to meet the demands placed on it. 
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However, the challenges in defining and assessing highly subjective temperament traits continue to be a 

barrier (Sigurðardóttir et al., 2017), limiting the likelihood of  significant findings in studies such as GWA. 

Despite this, Jäderkvist Fegraeus et al. (2017) and Velie et al. (2018) identified the same QTL on ECA6 in 

two separate GWA studies on different breeds – one examining pace ability in Icelandic horses and the 

other focusing on harness racing success in Nordic Coldblooded trotters. Both studies pinpointed the 

GRIN2B gene, known for its role in memory and learning in laboratory species (Sahin et al., 2023; Tang 

et al., 1999), as a candidate gene. A larger cohort of  Icelandic pace-racing horses was later genotyped 

for the identified variants, providing supportive results of  the gene’s impact on both speed and focus/

motivation (Bas Conn, 2018). The GRIN2B gene has, furthermore, been found to be a target of  selection 

in French Trotters and Gidran horses (Grilz-Seger, Neuditschko, et al., 2019) and Swedish Warmblood 

sport horses (Ablondi et al., 2019).

Additionally, the NTM gene, also associated with learning and memory (Mazitov et al., 2017; Pan et 

al., 2011), has been proposed as a key contributor to the gallop racing phenotype (Han et al., 2022; 

McGivney et al., 2019) and was one of  the top genes selected for during horse domestication (Schubert et 

al., 2014). In relation to performance, one could argue that to better understand the genetics of  a ‘winner 

temperament’ and the variants distinguishing elite from non-elite horses, performance phenotypes might 

offer more valuable insights than subjective assessments of  personality traits.

Nevertheless, studies focused on direct temperament traits have also successfully identified candidate 

genes linked to personality, such as the dopamine D4 receptor (DRD4) gene (Hori et al., 2013; Momozawa 

et al., 2005; Ninomiya et al., 2013). Holtby et al. (2023) also identified genes associated with coping 

mechanisms during early training and cortisol levels the first time a horse is mounted. Another study, based 

on owner-reported temperament traits, discovered five candidate regions potentially influencing traits like 

‘anxiousness,’ ‘tractability,’ and ‘agonistic behaviour’ in Tennessee Walking horses (Staiger, Albright, et al., 

2016). Interestingly, none of  these genes, nor the GRIN2B or NTM genes, appear on a list of  candidate 

genes for horse temperament derived from studies on human personality traits (Momozawa et al., 2007; 

Song et al., 2017; Yokomori et al., 2023). Only a few genes from that list have shown direct associations 

with horse temperament, with variants significantly segregating between docile and aggressive horses 

(Song et al., 2017).

1.5 Dissecting the Icelandic horse genome
The Icelandic horse has attracted considerable scientific interest due to its unique ability to perform six 

gaits, but the genetic basis for this versatility remains only partially understood. With the diverse gait 

capacity and extensive phenotypic records, combined with advanced genomic technologies, the Icelandic 

horse offers a valuable model for further research into the equine genome, particularly the genetics of  

gait.
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1.5.1 Methods for detecting genetic variation
Rapid advances in genomic techniques and resources in the equine field now enable researchers to analyse 

entire genomes from various perspectives (Raudsepp et al., 2019). A key aspect of  this progress is the ongoing 

refinement of  the horse reference genome’s quality, completeness, and functional annotation (Kalbfleisch 

et al., 2018; Wade et al., 2009). One approach involves utilizing genetic variation to investigate associations 

between SNPs and specific phenotypes. This method, known as a GWA study, is statistically robust when 

sufficient data size and quality are provided (Risch & Merikangas, 1996), and has facilitated the identification 

of  numerous genetic variants associated with phenotypic variation across multiple species (Hu et al., 2021; 

Sollis et al., 2023). When combined with mixed models, GWA analysis corrects for population stratification, 

commonly seen in admixed or related groups, thus minimizing statistical overestimation and reducing false 

positives (Shin & Lee, 2015). GWA studies commonly use DNA arrays that include a carefully selected 

subset of  SNPs, chosen through stringent filtering based on e.g. LD, to ensure that the fewest possible 

SNPs are used while still providing comprehensive genomic coverage (Jorgenson & Witte, 2006; Schaefer 

et al., 2017). This approach effectively covers a significant portion of  the genome while reducing the costs 

of  genotyping all genomic variants. However, in species with diverse breeds, such as horses, DNA arrays 

are typically designed based on reference genomes from one or a few individuals of  a specific breed. This 

can create challenges when studying distantly related breeds, as sequences that differ significantly from the 

reference genome may be less effectively detected. The rapid advancement of  pan-genome development, 

however, holds promise for improving detection efficiency across diverse breeds (Gong et al., 2023).

Most variants identified in GWA studies are common, with minor allele frequency (MAF) typically set 

to ≥ 5%, and tend to have modest or small effects on traits (Chen et al., 2009). Importantly, these 

variants typically do not represent the actual causal variants; instead, they point to genomic regions of  

interest, commonly referred to as QTLs. To pinpoint the candidate variant within these regions, whole-

genome sequencing (WGS) can be employed to generate a more comprehensive set of  variants for 

further exploration, as done in Paper III in this thesis.

Despite the dramatic reductions in DNA sequencing costs over the past decades, researchers still face 

critical decisions on how to allocate sequencing resources between coverage depth and sample size. 

Consequently, careful selection of  animals is required to ensure they represent the desired phenotypes 

while minimizing sample numbers to achieve sufficient coverage. Following comprehensive bioinformatic 

analysis using variant calling pipelines, such as the Genome Analysis Toolkit (GATK) best practices (Van 

der Auwera & O’Connor, 2020), along with other variant analysis tools, researchers can make significant 

progress in predicting and interpreting the effects of  candidate variants. In this context, genome browsers 

developed by the University of  California Santa Cruz (UCSC Genome Browser) (Nassar et al., 2023), 

Ensembl (Harrison et al., 2024), and the Functional Annotation of  Animal Genomes (FAANG) (Giuffra 

et al., 2019) play a pivotal role. However, functional studies remain essential to confirm and validate their 

biological impact.
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1.5.2 Exploring the genomic landscape of a population
Another approach for analysing the entire genome involves examining genome-wide patterns of  

homozygosity to assess population genomic measures. Selective breeding practices often reduce genetic 

diversity in targeted regions of  the genome, leading to increased homozygosity. These patterns, known 

as signatures of  selection, can be studied using modern genomic methods, including the estimation 

of  continuous homozygous segments, referred to as runs of  homozygosity (ROH) (Curik et al., 2014; 

Peripolli et al., 2017). This method provides valuable insights into the genetic consequences of  selection 

as well as serves as a measure of  inbreeding, as ROH can result from the mating of  related animals (Curik 

et al., 2014; Peripolli et al., 2017). In general, short ROHs indicate distant inbreeding, while longer ROHs 

(> 5.0 Mb) suggest more recent inbreeding, occurring approximately within the last 10 generations (Curik 

et al., 2014). The genomic inbreeding coefficient, FROH, is defined as the proportion of  the autosomal 

genome that falls within ROH above a specified length (McQuillan et al., 2008). 

The Icelandic horse has been under rigorous artificial selection in recent decades. Furthermore, historical 

population bottlenecks and genetic drift may have contributed to a loss of  genetic variability, given the 

small genetic pool from which the breed emerged and its lengthy history of  isolation. Inbreeding based 

on pedigree data has been monitored in the breeding program for the last generations, and the most 

recently estimated mean pedigree-based inbreeding coefficient (FPED) for all Icelandic horses born in 

Iceland in 2020 was reported to be 0.03 (Árnadóttir, 2022). The effective population size (Ne) for the 

same cohort was estimated to range from 95 to 103 horses depending on the pedigree completeness 

index (Árnadóttir, 2022). The mean inbreeding coefficient based on microsatellite data for 442 Icelandic 

horses has furthermore been reported to be close to 0.04, and the corresponding Ne estimate was 215 

(Hreiðarsdóttir et al., 2014). Other studies using smaller datasets of  Icelandic horses (N = 18-25) and 

medium-density SNP data (~50,000 SNPs) have reported inbreeding coefficients to be 0.08-0.09 (McCue 

et al., 2012; Petersen, Mickelson, Cothran, et al., 2013) and Ne estimation based on LD analysis to be 

555 individuals (Petersen, Mickelson, Cothran, et al., 2013). More recent studies using ROH analysis with 

medium-density SNP data have reported average FROH values for Icelandic horses to range from 0.03-0.13 

(Colpitts et al., 2022; Cosgrove et al., 2020; Meyermans et al., 2020). Furthermore, studies using medium-

density SNP data have reported signatures of  selection on ECA3, 10, 11, 15 and 23 in the Icelandic horse 

(Colpitts et al., 2022; Gorssen et al., 2021; Petersen, Mickelson, Rendahl, et al., 2013). However, directly 

comparing ROH analyses is challenging because results are highly influenced by QC settings and ROH 

definitions, and no standard guidelines exist for these.

1.5.3 Holistic perspective to genome-wide investigation
By integrating genomic approaches that analyse genetic variation through genome-wide patterns of  

homozygosity and polymorphic variation, researchers can enhance the understanding of  the studied 

genome, as demonstrated in this thesis for the Icelandic horse. ROH analysis identifies genomic regions 

influenced by positive or negative selection, shedding light on the genetic basis of  traits that offer adaptive 
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advantages or result from artificial selection. This approach provides insights into the evolutionary 

pressures shaping the population’s genetic diversity. In contrast, GWA studies pinpoint polymorphic 

variation directly linked to specific phenotypic traits, a process that can be further refined using WGS. 

While GWA studies exclude homozygous regions with MAF < 0.05, ROH analysis specifically focuses 

on these regions, offering complementary perspectives. Together, these methods offer insights into the 

genetic background, combining evolutionary perspectives with precise trait associations.
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2. Aims of the thesis

The overall aim of  this thesis was to provide novel insight into the genetic background of  gaiting ability 

and quality of  gaits in Icelandic horses.

The specific aims were to:

•	 Identify genomic regions associated with conformation of  back and croup in Icelandic horses and 

investigate their effects on riding ability traits assessed at breeding field tests (Paper I).

•	 Identify novel genetic factors that influence pacing ability and quality and investigate their 

interactions with the ‘gait keeper’ mutation in the DMRT3 gene (Paper II).

•	 Explore candidate causal mutations responsible for the observed effects of  the STAU2 and RELN 

haplotypes on gaits and performance (Paper III).

•	 Study the genomic population structure of  the Icelandic horse by analysing runs of  homozygosity 

and identifying genomic regions under putative selection, as well as estimating genomic inbreeding 

and genetic diversity (Paper IV).
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3. Summary of investigations

This thesis presents the work conducted across four papers. In Paper I, a GWA analysis was performed 

using SNP genotype data from 190 Icelandic horses to investigate associations between specific SNPs 

and breeding field test scores for the conformation trait Back and croup. In Paper II, an additional 190 

SNP-genotyped samples were included in the dataset, and a second GWA study was conducted, this time 

focusing on the gait trait Pace. As a sequel to this paper, WGS data from 39 breeding horses were utilized 

to further investigate potential causal mutations within the identified QTLs found to be associated with 

pace. Results from this analysis are depicted in Paper III. Finally, the complete dataset of  380 SNP-

genotyped samples was further used to analyse ROHs and estimate genetic diversity, with the results 

published in Paper IV.

3.1 Material
The thesis included a total of  419 DNA samples from 406 individual horses. All horses were privately 

owned, and informed consent was obtained from the owners prior to sampling. Hair samples were 

collected from the tails of  380 horses during breeding field tests or visits to trainers and breeders in 

Iceland and Sweden, while blood samples were collected by certified veterinarians in both countries after 

ethical permits were achieved. Half  of  the individuals selected for SNP genotyping were chosen based 

on mane growth characteristics (used in Papers I, II and IV), while the other half  was randomly chosen 

at breeding field tests (used in Papers II and IV). Close relationships and stratifications were avoided 

in both datasets. Horses that were selected for sequencing (Paper III) were carefully curated based on 

criteria designed to categorize them into elite and non-elite groups. The selection process and criteria are 

detailed in Paper III. A summary of  the datasets used, comprising SNP genotype data and WGS data, is 

presented in Table 1.

Phenotypic data for the thesis were retrieved from the WorldFengur database, consisting of  morphological 

measurements and breeding scores for traits subjectively assessed during standardized breeding field 

tests. The primary traits studied were the conformation trait Back and croup, and the gait traits Pace, Tölt, 
Slow tölt, Trot, Canter, and Gallop. Detailed descriptions of  these phenotypes are provided in Paper I and 

II. Additionally, morphological measurements, such as Height at front, Height of  withers, and Back inclination, 

were included, as well as sub-traits describing Croup type and Backline, with descriptions available in Paper 

I, II, and III.

Pedigree data, also obtained from the WorldFengur database, covered individuals born between 1860 and 

2023, although the earliest records represent only a small portion of  the population from that time. The 

pedigree file encompassed a total of  548,779 individuals.
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Table 1. Summary of  the genomic datasets analysed in Papers I-VI.

    SNP genotype 
dataset 1

SNP genotype 
dataset 2

Whole-genome 
sequence data

Number of  horses 190 190 39
Sample type Hair Hair Blood
Year of  sample collection 2018 2020 2022-2023
Data was used in papers I, II and IV II and IV III
Gender

Male 90 76 19
Female 100 114 20

Birth year
Min 1993 2005 2006
Max 2014 2016 2017

Average 2009 ± 5 2013 ± 2 2012 ± 3
Available breeding assessments

Never assessed 11 0 0
Conformation only 5 0 0

Conformation & riding ability 174 190 39
Assessment year

Min 1999 2013 2012
Max 2022 2022 2023

Average 2015 ± 5 2020 ± 1 2019 ± 2
Age when assessed

Min 4 4 4
Max 15 13 14
Mean 6.8 ± 1.9 6.5 ± 1.5 7.5 ± 2.5

Country of  assessment
Iceland 81 190 27
Sweden or other 98 0 12

DMRT3 ‘gait keeper’ genotype
CC 1 0 0
CA 21 11 4
AA 165 179 35

Not known 3 0 0
Genetic relationship based on pedigree

Min 0.01 0.01 0.01
Max 0.30 0.19 0.12

  Mean 0.04 ± 0.02 0.04 ± 0.02 0.04 ± 0.02
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3.2 Methods

3.2.1 Analysing variation with SNP genotype data

Figure 3. Processing of  SNP genotype data: from horse hair samples to the application of  three QC approaches for different 
analyses.

Genomic DNA was extracted from the follicles of  the sampled hairs using protocols detailed in Papers I 

and II. The DNA samples were genotyped using the 670 K+ Axiom Equine Genotyping Array, yielding 

581,543 SNPs recommended by the genotyping facilities for further analysis. SNP positions were mapped 

to the EquCab3.0 reference genome. Quality control (QC) was performed using three criteria depending 

on the downstream analysis (Figure 3).

GWA studies in Papers I and II were conducted using the GenABEL package (Aulchenko et al., 2007) 

in R (v.3.6.1) (R Core Team, 2019). This package allows an estimation of  a polygenic model using a 

hierarchical generalized linear model (Rönnegård et al., 2010) and implements a mixed model-structured 

association approach. Additionally, GenABEL enables the computation of  a genomic kinship matrix 

between studied individuals, which can be used to identify potential stratification in the sample as well as 

to adjust for the population structure.

In Paper I, genotype data, breeding scores for back and croup, the fixed effect of  sex, and a genomic 

kinship matrix were used as inputs for the relevant GenABEL functions. In Paper II, the fixed effect 

of  the DMRT3 ‘gait keeper’ genotype was added to the model, with breeding scores for pace used for 

association analysis. Fixed effects such as age at assessment, country, and year of  assessment were tested 
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but found not to be significant (p > 0.05) in either model. Genome-wide significance was determined by 

Bonferroni correction (Duggal et al., 2008; Lander & Kruglyak, 1995) (Paper I: p ≤ 1.3 × 10-7, Paper II: 

p ≤ 1.4 × 10-7), with a suggestive significance threshold set at p ≤ 1.0 × 10-5.

SNPs surpassing the suggestive significance threshold were further analysed for LD (r2 ≥ 0.8), followed 

by haplotype analysis, where frequencies and effects of  haplotypes on back and croup (Paper I) and pace 

(Paper II) were estimated. Additionally, haplotype effects on other traits from breeding field tests were 

assessed by comparing the scores of  individuals homozygous for different haplotypes.

In Paper I, the allele frequency of  the top SNP associated with back and croup was examined across 

several gaited and non-gaited breeds. In Paper II, haplotype frequencies were compared among groups of  

Icelandic horses with varying levels of  pacing ability, and the phenotypic variance explained by significant 

haplotypes was quantified. Interactions between identified haplotypes and the ‘gait keeper’ mutation in 

the DMRT3 gene were also explored in Paper II. Detailed descriptions of  the statistical methods are 

provided in Papers I and II.

3.2.2 Whole genome sequence analysis

Figure 4. Processing of  whole-genome sequence data: from blood samples collected from horses to the generation of  raw 
sequence files.

For paper III, genomic DNA from blood samples was extracted using the QIAsymphony instrument 

(QIAGEN, Hilden, Germany), following a standard protocol. These samples were sequenced on an S4 

flowcell using the Illumina NovaSeq 6000 system with a 150 bp paired-end read length (Figure 4).

The quality control and variant calling pipeline for the sequence data in Paper III is described in detail in 

the paper and outlined in Figure 5. Processed reads were mapped to the EquCab3.0 reference genome 

(Ensembl build 110). The haplotypes identified in Paper II were redefined due to the higher variant 

density in the sequence data. Variants in LD (r2 ≥ 0.8) with the previously identified top SNPs were 

considered for further analysis with a bioinformatics approach. This included variant annotation, 
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ranking, and extraction of  Genomic Evolutionary 

Rate Profiling (GERP) scores, along with examining 

overlaps with known histone modification marks 

from the FAANG project.

Protein analysis was conducted using 

bioinformatics tools described in Paper III to 

translate coding sequences into protein sequences 

and for protein modelling. A general linear model 

was then applied to assess phenotypic differences 

between individuals homozygous for the reference 

haplotype and those homozygous for the 

alternative haplotype in the regions of  interest. 

Additionally, publicly available genomic data was 

used to estimate allele frequencies of  the top SNPs 

in the two target regions in other gaited and non-

gaited breeds.

3.2.3 Analysing homozygosity with SNP genotype 
data
In Paper IV, ROHs were analysed where the ROH 

parameter settings were optimised according to the 

recommendations of  Meyermans et al. (2020) to 

achieve maximum genome coverage. These optimized parameter settings, detailed in Paper IV, enabled 

ROH detection for 99.4% of  the autosomal genome, indicating high validity of  the analysis. The ROH 

length setting did not affect genome coverage and was therefore chosen based on the correlation between 

the FROH and FPED values. The highest correlation (r = 0.57, p < 2.2 × 10-16) was observed when the 

minimum ROH length was set equal to 100 kb. The identified ROHs were divided into length classes (0.1 

< ROH ≤ 1 Mb; 1 < ROH ≤ 2 Mb; 2 < ROH ≤ 4 Mb; 4 < ROH ≤ 8 Mb; and ROH > 8 Mb) to enable 

approximation of  their origins over time.

ROH islands shared by more than 70% of  the horses were determined as signatures of  selection. This 

70% threshold, which is conservative compared to values reported in the literature (Ablondi et al., 2020; 

Ablondi et al., 2019; Amano et al., 2023; Bizarria dos Santos et al., 2021; Colpitts et al., 2022; Grilz-Seger, 

Druml, Neuditschko, Dobretsberger, et al., 2019; Grilz-Seger, Druml, Neuditschko, Mesarič, et al., 2019; 

Grilz-Seger et al., 2018; Grilz-Seger, Neuditschko, et al., 2019; Mousavi et al., 2023; Nazari et al., 2022), 

was chosen to minimise false positive signatures of  selection caused by population history events, such 

as genetic bottlenecks.

Figure 5. QC and variant calling pipeline used in Paper III.
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Using the same ROH analysis settings, signatures of  selection were also examined in the Exmoor pony, 

an ancient native breed adapted to harsh conditions similar to the Icelandic horse but not bred for gait 

performance in recent times. This comparison provided a valuable opportunity to differentiate between 

signatures of  selection related to performance traits and those resulting from environmental adaptations. 

The genetic relationships and clustering patterns in the two breeds were further investigated by applying 

principal component analysis (PCA).

To estimate genomic inbreeding, FROH was calculated by summing the total length of  ROH for each 

individual and dividing it by the autosomal genome length (McQuillan et al., 2008), set at 2281 Mb 

based on the genome length covered by SNPs. For comparison with other studies, FROH values were also 

calculated using a minimum ROH length of  500 kb instead of  100 kb. The pedigree-based inbreeding 

coefficient FPED was also estimated for the horses included in the dataset.

Genetic diversity in the Icelandic horse population was estimated by analysing the effective population 

size (Ne) using genomic data from horses born between 2006 and 2016 (N = 342), representing 

approximately one generation. Genetic diversity was further assessed by calculating observed (HO) and 

expected heterozygosity (HE) for all 380 horses. Detailed analysis descriptions are provided in Paper IV.

3.2.4 Functional annotation of candidate genes and variants
In all four papers, the NCBI genome data viewer (Rangwala et al., 2021) and the Ensembl genome 

browser (Harrison et al., 2024) were used to screen for candidate genes based on the EquCab3.0 reference 

genome. The Horse QTLdb (Hu et al., 2021) was also consulted to identify overlaps with previously 

reported QTL in horses. Functional annotation of  potential candidate genes was conducted using the 

GeneCards database (Safran et al., 2021; Stelzer et al., 2016).

Additionally, in Paper III, a more extensive bioinformatics approach was employed. In addition to the 

abovementioned resources, the UCSC Genome Browser (Nassar et al., 2023) and JBrowse for the Equine 

FAANG project (Giuffra et al., 2019) were used for the functional analysis of  the variants of  interest.

In Paper IV, candidate genes located within identified signatures of  selection were subjected to gene 

ontology (GO) analysis using PANTHER v18.0 (Thomas et al., 2022) to determine significantly enriched 

biological processes and molecular functions under positive selection.
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4. Main findings

4.1 QTL associated with breeding score for back and croup

Figure 6. GWA results for the breeding score of  back and croup. On top is the Manhattan plot from the mixed model 
association analysis showing a QTL on ECA22. The red horizontal line indicates the Bonferroni significance threshold (p ≤ 1.3 
× 10-7), and the blue horizontal line indicates the suggestive genome-wide significance level (p ≤ 1.0 × 10-5). In the middle, is a 
focused LD Manhattan plot on ECA22 with the top SNP as an open circle. Thirteen SNPs reached the suggestive threshold, 
of  which ten were in LD (r2 ≥ 0.8). Below the LD Manhattan plot is an overview of  the genes that are located in this region. 
All positions refer to the EquCab3.0 genome assembly.
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The first GWA study identified a distinct QTL on ECA22 (45,347,522-45,662,708) associated with 

breeding scores for back and croup (Figure 6). This QTL contained 13 SNPs that met the suggestive 

significance threshold (p ≤ 1.0 × 10-5), with 10 of  these SNPs in LD (r2 ≥ 0.8) (45,363,022-45,662,708; 

~300 kb). Two significant haplotypes (p < 0.001) affecting back and croup scores were identified. The 

more frequent (fhap = 0.48) one was associated with a score increase (+0.3) and was therefore called the 

‘favourable’ haplotype. The other one had a lower frequency (fhap = 0.38) and was associated with a score 

decrease (-0.3) and was therefore referred to as the ‘unfavourable’ haplotype. The two haplotypes are 

depicted in Figure 7.

Figure 7. The significant haplotypes (p < 0.001) that were associated with breeding scores for back and croup.

The haplotypes overlapped with three genes; the ciliary microtubule inner protein 1 gene (CIMIP1, 

synonym to C22H20orf85), the ankyrin repeat domain 60 (ANKRD60) gene and LOC100056167 

(ENSECAG00000022603) gene, annotated as serine/threonine-protein phosphatase 4 regulatory subunit 1.

Among the horses studied, 34 were homozygous for the favourable haplotype, and 28 were homozygous 

for the unfavourable haplotype. Comparisons between these groups based on other scores and 

measurements from breeding field tests indicated that the favourable haplotype was also associated with 

improved scores for tölt and pace, and more favourable morphological characteristics, such as depth of  

the breast, forelimb length, width of  the tuber coxae and width of  the tuber ischii, backline and croup 

type. The differences were statistically significant (p < 0.05) for all these traits (Table 2, Paper I).

The alternative allele for the top SNP (rs69241007) on ECA22, which was part of  the favourable 

haplotype, had a frequency of  falt_al = 0.50 in this dataset of  190 horses. Examination of  this allele in other 

breeds, both gaited and non-gaited, showed generally lower frequencies, although gaited breeds tended to 

exhibit a slightly higher frequency than non-gaited breeds.
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4.2 QTLs associated with pace and other gaits
The second GWA study identified two QTLs linked to breeding scores for pace. The first QTL was 

located on ECA9 (11,533,922-13,457,268) and included seven SNPs meeting the suggestive significance 

threshold, with one SNP almost reaching the Bonferroni significance threshold (p ≤ 1.4 × 10-7). Within 

this QTL, four SNPs were in LD across approximately 171 kb (13,198,591-13,370,069). The second 

QTL was located on ECA4 (4,222,615-4,228,914) and contained three SNPs that reached the suggestive 

significance threshold (p ≤ 1.0 × 10-5), with two SNPs in LD (r2 ≥ 0.8) over a region of  approximately 6 

kb (4,222,615-4,228,503) (Figure 8).

In the QTL on ECA9, two significant haplotypes (p < 0.001) were observed. The more frequent 

haplotype (fhap = 0.90) had a strong positive effect on pace scores (+0.89), while the less frequent 

haplotype (fhap = 0.08) was linked to lower scores (-0.89). Similarly, within the QTL on ECA4, two 

haplotypes were detected that significantly affected pace scores (p < 0.001). The more common 

haplotype (fhap = 0.54) was linked to higher pace scores (+0.51), while the less common haplotype 

(fhap = 0.45) was associated with lower scores (-0.51). The two significant haplotypes on each QTL 

are depicted in Figure 9. The haplotypes on ECA9 and ECA4 individually accounted for 4.4% of  the 

phenotypic variance in pace scores, and when combined with the DMRT3 ‘gait keeper’ mutation, they 

explained 23% of  the variance. 

The haplotypes on ECA9 overlapped with the staufen double-stranded RNA binding protein 2 (STAU2) gene 

(Figure 8) and were labelled as the STAU2 haplotypes, with the favourable haplotype for pace designated 

‘S’ and the unfavourable one ‘s’. Similarly, the ECA4 haplotypes overlapped with the reelin (RELN) 

gene (Figure 8) and labelled as the RELN haplotypes: the favourable one as the ‘R’ haplotype and the 

unfavourable as the ‘r’ haplotype. 

Among the horses studied, 289 were homozygous for the ‘S’ haplotype (SS genotype), while only five 

horses were homozygous for the ‘s’ haplotype (ss haplotype). Due to the limited number of  ss individuals, 

a combined group, including all the other horses in the dataset, was compared against the SS genotype 

group. This analysis revealed significant differences (p < 0.01) in scores for trot, gallop, and pace, where 

horses with the SS genotype had higher scores for pace, but lower for trot and gallop.

For the RELN haplotypes, 99 horses were homozygous for the ‘R’ haplotype (RR genotype), and 65 were 

homozygous for the ‘r’ haplotype (rr genotype). Comparing the phenotypes for the breeding field test 

traits between these two groups showed that horses with the RR genotype had higher scores for pace, 

while those with the rr genotype scored significantly higher for other gaits (tölt, slow tölt, trot, canter, and 

gallop; p ≤ 0.001). Horses with the rr genotype were also measured significantly higher at front and with 

higher withers than those with the RR genotype (p < 0.05).
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Figure 8. GWA results for the breeding score for pace. In the middle is the Manhattan plot from the mixed model association 
analysis showing QTLs on ECA4 and ECA9. The red horizontal line indicates the Bonferroni significance threshold (p ≤ 
1.4 × 10-7), and the blue horizontal line indicates the suggestive genome-wide significance level (p ≤ 1.0 × 10-5). Above the 
GWA Manhattan plot is a focused LD Manhattan plot on ECA9 with the top SNP as an open circle. Seven SNPs reached 
the suggestive threshold of  which four were in LD (r2 ≥ 0.8). Below the GWA Manhattan plot is a focused LD Manhattan 
plot on ECA4 with the top SNP as an open circle. Three SNPs reached the suggestive threshold of  which two were in LD (r2 
≥ 0.8). Below each LD Manhattan plot is an overview of  the genes that are located in that region. All positions refer to the 
EquCab3.0 genome assembly.
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Given the contrasting effects of  the haplotypes, genotype frequencies were examined in horses with 

varying levels of  pace ability. Four-gaited horses with the AA genotype at the DMRT3 ‘gait keeper’ locus 

showed significantly lower frequencies of  both the SS and RR genotypes (SS: 63% and RR: 15%) than 

those five-gaited with the same ‘gait keeper’ genotype (SS: 88% and RR: 31%) (Table 2). Furthermore, 

the rr genotype was absent among the small group of  pace racers, while the ss genotype was absent 

among horses with the CA genotype in the ‘gait keeper’ locus. The prevalence of  the SS genotype was 

also observed to be highest in this group (90%).

Table 2. Genotype frequencies for the STAU2 and RELN haplotypes in groups of  horses with different levels of  
pace ability. Significant differences from a pairwise comparison (p < 0.001) are shown in bold fonts. AA horses 
refer to horses homozygous for the DMRT3 ‘gait keeper’ mutation while CA horses refer to those heterozygous 
for this mutation. Furthermore, 5g refers to five-gaited horses and 4g refers to four-gaited horses.

The genetic interactions between the identified haplotypes and the DMRT3 ‘gait keeper’ mutation were 

analysed, and the findings aligned with the effects seen from each haplotype on its own. The most favourable 

genetic combination for pace was the SS:RR genotype combination, along with the AA genotype for the 

‘gait keeper’ mutation. Conversely, the Ss:rr genotype combination was the least advantageous for pace, yet 

it was the most beneficial for other gait traits, including tölt, slow tölt, trot, gallop, and canter.

  N
STAU2 haplotypes RELN haplotypes

  SS Ss* ss RR Rr* rr
All horses 372 82% 17% 1% 27% 55% 17%
All AA horses 340 81% 17% 1% 27% 56% 17%
5g AA horses (pace>5.0) 248 88% 12% 1% 31% 56% 13%
All CA horses 31 90% 10% 0% 29% 48% 23%
4g AA horses (pace=5.0) 82 63% 33% 4% 15% 54% 32%
Pace racers (AA horses) 10 70% 30% 0% 30% 70% 0%

N number of  horses. *The frequency of  the heterozygous genotypes (Ss and Rr) also included the rare haplotypes according to the haplotype analyses (2% 
of  the sample size on ECA9 and 1% on ECA4). 

Figure 9. The significant haplotypes (p < 0.001) on ECA9 (to the left) and ECA4 (to the right) that were associated with 
breeding scores for pace.
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4.3 Candidate causal variant and regulatory elements
The genomic regions of  the STAU2 and RELN genes were further analysed with sequence data. The data 

had an average coverage depth of  9.5x, ranging from 6.9x to 15.6x in the STAU2 region (chr9:13,155,196-

13,453,483) and 6.8x to 15.2x in the RELN region (chr4:4,127,654-4,586,670). Details of  STAU2 and 

RELN gene structures and transcript variants are provided in Paper III.

Redefining the haplotypes with additional LD estimates (r2 ≥ 0.8) showed that the refined STAU2 

haplotype included 39 variants in LD and was expanded to cover approximately 250 kb (chr9:13,198,591-

13,448,796), or 84% of  the STAU2 gene. The refined RELN haplotype contained 24 variants while 

retaining the same boundaries and spanning approximately 6 kb (chr4:4,222,615-4,228,503). A detailed 

list of  the variants comprising the refined haplotypes is provided in Paper III.

VEP analysis of  the refined STAU2 haplotype identified a frameshift variant (rs3431723252) in exon 

14 (ENSECAE00000277920) within the predicted STAU2-206 transcript (ENSECAT00000063627.2). 

Further examination showed that the frameshift mutation caused a change in amino acid encoding and a 

premature stop codon, reducing the encoded protein by approximately 4% (Figure 10). The locus of  the 

mutation exhibited a low GERP score (0.05), indicating minimal selective constraint at this position or 

insufficient alignment depth to get a meaningful estimate of  constraint.

Figure 10. Partial protein alignment of  the predicted STAU2 protein in horses carrying the reference ‘S’ haplotype and those 
carrying the alternative ‘s’ haplotype.
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Further analysis of  the STAU2 haplotype variants using FAANG data revealed that two intronic variants 

(rs1149068012 and rs396678054) overlapped with histone H3 lysine 4 monomethylation (H3K4me1) 

marks in equine brain, adipose, and ovarian tissues.

VEP analysis of  the refined RELN haplotype identified one synonymous variant (rs393806000) in 

exon 28 (ENSECAE00000163903). Additionally, small insertions (rs3101690850, rs3434195117, and 

rs3430280667) were identified flanking this exon 28. GERP scores for these flanking insertion loci 

indicated weak to moderate evolutionary conservation (0.89-2.72), suggesting these sites may be under 

relaxed selective pressure or subject to some purifying selection. In contrast, the synonymous variant 

locus had a negative GERP score (-2.48), indicating potential neutrality or weak negative selection.

Further analysis with FAANG data revealed that over half  of  the variants within the refined RELN 

haplotype overlapped with a broad histone H3 lysine 27 trimethylation (H3K27me3) modification mark 

in equine brain tissue.

Among the 39 horses sampled, 29 were homozygous for the ‘S’ haplotype (SS genotype), while none was 

homozygous for the ‘s’ haplotype; however, ten horses were heterozygous carriers (Ss genotype). For 

the RELN haplotype, 14 horses were homozygous for the ‘R’ haplotype (RR genotype), and nine were 

homozygous for the ‘r’ haplotype (rr genotype). In evaluating phenotypic differences between genotypes 

in this relatively small dataset, the significant associations found for pace scores in Paper II were no 

longer evident for either haplotype region. In fact, no significant differences for any trait were found 

between the SS genotype group and other horses in the dataset.

However, significant differences were observed between the genotype groups for the refined RELN 

haplotype for tölt, slow tölt, trot, gallop, and canter, with the rr genotype group displaying significantly 

higher scores for these gait traits compared to the RR genotype group, as also reported in Paper II. 

Additionally, comparisons of  the conformation trait back and croup, and measurements of  height at 

front and back inclination, were also favourable for the rr genotype group. Moreover, horses with the 

rr genotype were presented at breeding field tests at a significantly younger age than those with the RR 

genotype, a finding not observed in Paper II. 

Allele frequencies for the top SNPs from the GWA study were similar across both Icelandic horse 

datasets (SNP genotype and sequence data) in this thesis. In other breeds analysed, the STAU2 frameshift 

variant and the STAU2 top SNP showed a pattern consistent with the Icelandic horse – a high frequency 

of  the reference allele and nearly identical allele frequency estimates of  the frameshift variant and the top 

SNP. No notable differences in allele frequencies were found between gaited and non-gaited breeds. In 

contrast, the top RELN SNP exhibited greater variability in allele frequencies across breeds, though this 

variability seemed to be unrelated to gaiting abilities.
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4.4 Population genomic findings
ROH analysis identified several signatures of  selection across the Icelandic horse genome (Figure 11). 

The most notable ROH island, present in over 90% of  the individuals, was found on ECA23 in the 

region where the DMRT3 gene is located. Additional ROH islands, possibly linked to performance traits, 

were identified on ECA17 and ECA1.

Table 3. List of  ROH islands in the Icelandic horses with annotated genes located within each ROH island and 
traits possibly associated with the genes or regions.

ECA Start-to-end positiona Length 
(kb) nSNP Annotated genes within 

ROH island
Suggested associated 

trait(s)b

1 26,821,929-26,922,176 100.2 19 SH3PXD2A, NEURL1 Performance; learning and 
memory

9 73,198,547-73,286,648 88.1 14 ENSECAG00000023276, 
CYRIB Immune system

11
25,277,282-25,336,522 59.2 9 ABI3, ZNF652

Coat type and body size29,120,371-29,172,299 51.9 8 //
29,181,352-29,237,132 55.8 5 //

17 18,706,560-18,829,942 123.4 17 FOXO1 Insulin resistance

17 50,290,519-50,523,326 232.8 36 SLAIN1, EDNRB Performance; physiology

23

21,584,553-21,696,531 112 21 PGM5, 
ENSECAG00000003227

Performance; gaits21,771,215-21,877,092 105.9 17 DOCK8

22,117,843-22,706,518 588.7 117 KANK1, DMRT1, DMRT3, 
DMRT2

ECA = equine chromosome, Length (kb) = length of  a ROH in kilobase, nSNP = number of  SNP in a ROH. a Positions are according to genomic coordi-
nates in EquCab3.0 reference genome. b Based on the HorseQTL database and functional annotations

Figure 11. Manhattan plot showing ROH islands across all autosomes in the Icelandic horse. The x-axis represents the  
chromosome numbers, and the y-axis represents the proportion of  horses sharing a ROH. The ROH islands exceeding the 
70% threshold (red dotted line) were considered signatures of  selection.
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ROH islands, potentially indicative of  adaptations to challenging environments, were identified in the 

Icelandic horse genome and found to overlap partially or entirely with those in the Exmoor pony breed. 

These shared regions included ROH islands on ECA17, ECA11 and ECA9. Table 3 presents the ROH 

islands identified in the Icelandic horse genome, the genes found within those ROHs and potential traits 

associated with these ROHs.

The average FROH for the studied horses was estimated at 0.20 when including ROH segments as short as 100 

kb. Individual FROH values ranged from 0.07 to 0.30. The highest mean FROH among the chromosomes was 

observed on ECA23, while the lowest was found on ECA12 and ECA20. FROH estimates for different ROH 

length classes showed that most inbreeding could be traced to the high proportion of  ROH (96.4%) found 

in the shortest length class (0.1 to 1 Mb). In contrast, longer ROH segments (> 4 to ≤ 8 Mb, and > 8 Mb) 

accounted for only a small portion (0.2%) of  the inbreeding. This trend was also observed when limiting the 

analysis to ROH segments down to at least 500 kb, which reduced the average FROH estimate to 0.08.

Based on genomic data, the Ne for the most recent generation of  Icelandic horses was estimated at 

approximately 125 individuals. The trend in Ne showed a general decline over the past 60 generations, 

with more marked reductions occurring approximately 18-23 and 7-8 generations ago (Figure 12). In 

contrast, the Ne trend stabilized in the most recent 3-4 generations, fluctuating within a narrow range 

of  123 to 127 individuals. Additionally, the average HO and HE were both estimated at 0.34 across the 

studied dataset, with individual HO values ranging from 0.30 to 0.38.

Figure 12. Trends in the effective population size of the Icelandic horse breed over the last 60 generations based on 
genomic information.
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5. Discussion

This thesis sought to identify novel genetic factors with direct and indirect effects on gait and performance 

in the Icelandic horse, by integrating genomic approaches to examine genetic variation through both 

genome-wide patterns of  homozygosity and polymorphic variation. The findings demonstrate that 

additional genetic factors beyond the DMRT3 gene contribute to the regulation of  gait ability and quality 

in Icelandic horses. Through GWAS, QTLs with direct or indirect effects on gait traits were identified. 

One QTL was associated with breeding scores for back and croup conformation, indirectly influencing 

breeding scores for the lateral gaits tölt and pace, while two QTLs were directly associated with breeding 

scores for pace. Further analysis of  these three QTLs identified significant haplotypes, where those 

two detected for pace scores were located within the candidate genes RELN and STAU2. Sequence 

data analysis in the latter regions revealed a candidate causal variant in STAU2 and implicated potential 

regulatory elements in RELN. Additionally, the enduring significance of  the genomic region on ECA23, 

where the DMRT3 gene is located, was confirmed through genome-wide patterns of  homozygosity and 

additional regions potentially relevant to performance were identified.

5.1 Genomic region associated with back and croup, influencing lateral gait 
quality
Breeding scores for back and croup reflect a highly complex phenotype that combines subjective assessments 

of  multiple anatomical features, including back inclination, width and muscularity, loin length and width, 

as well as croup length, slope, form, and muscularity. This complexity makes it challenging to interpret the 

association identified on ECA22 with this trait. To gain further insight, differences between haplotype groups 

were examined for related traits, including sub-traits and specific morphological measurements describing 

some of  these anatomical features. This approach enabled a more thorough interpretation, suggesting that 

the identified QTL may be more specifically associated with backline shape and croup structure. Both of  

these features are known to significantly influence riding ability in Icelandic horses (Kristjansson et al., 

2016), which may partly explain the haplotypes’ effects on lateral gaits like tölt and pace.

A well-balanced backline, which is neither sloped forward nor swaybacked, may enhance the back flexibility 

and the horse’s capacity to support a rider’s weight, thereby improving both performance and health. 

Similarly, a well-formed, evenly shaped croup can facilitate greater muscle development, enhancing the 

horse’s pushing power as well as enabling it to carry more weight on its hindquarters (Clayton, 2017). 

Pushing power is particularly important for speed-related gaits (Crook et al., 2008), such as pace, while 

carrying ability is considered crucial for gaits like tölt, where it is believed to support proper posture and 

enhance overall balance. This balance is likely even more critical for Icelandic horses, which are often 

expected to carry riders who are relatively large compared to the horses’ size (Gunnarsson et al., 2017; 

Stefánsdóttir et al., 2017).
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Comparing haplotype groups also revealed differences in breast depth and forelimb length. These two 

measurements are directly connected, as forelimb length is estimated based on the difference between 

breast depth and height at withers. While these findings are not directly related to back and croup 

conformation, they are generally associated with skeletal structure. These traits may also impact the 

quality of  tölt and pace, as longer forelimbs enhance stride length (Hoyt et al., 2000; Pontzer, 2007) and 

may influence the horse’s overall height at front, both of  which are important considerations in scoring 

tölt and pace at breeding field tests (FEIF, 2024).

The haplotypes identified on ECA22 encompass three genes: CIMIP1 (C22H20orf85), ANKRD60 and 

LOC100056167. The gene LOC100056167 is unannotated in the horse genome but shows 84.2% identity 

to the human pseudogene PPP4R1L. Both CIMIP1 and ANKRD60 are associated with adolescent 

idiopathic scoliosis in humans and, together with PPP4R1L, have been linked to human body height. 

This suggests that these genes may play a role in skeletal structure, supporting our findings.

Scoliosis, defined as an abnormal lateral curvature of  the spine, is known to cause generalized skeletal 

muscle weakness, respiratory impairment, and exercise limitations in humans (Martínez-Llorens et al., 

2010). As previously noted, breeding scores for back and croup conformation in horses assess both 

muscular and skeletal characteristics, suggesting that the back and croup phenotype may share certain 

features with the scoliosis phenotype. Despite these similarities, determining the direct effects of  the 

identified QTL on back and croup requires further investigation. Nonetheless, the effect of  this QTL 

is more likely related to functional advantages or disadvantages affecting movement and back and 

croup strength in horses, rather than to more severe dysfunctions. This is supported by the relatively 

high frequency of  the ‘unfavourable’ haplotype among the Icelandic horses in this study. Additionally, 

when examining allele frequencies of  the top SNP in other breeds, the reference allele associated with 

the ‘unfavourable’ haplotype shows a generally higher frequency, indicating it may not be unfavourable 

in other breeds. This suggests that selection for the alternative allele may have occurred in Icelandic 

horses, possibly due to its positive impact on tölt and pace, traits that are particularly valued in this 

breed.

5.2 Genomic regions associated with gaits and performance
The haplotypes identified on ECA9 and ECA4, which significantly influence breeding scores for pace, 

overlapped with the STAU2 and RELN genes. Both genes are expressed in neural tissue, making them 

likely candidates for influencing the development or the function of  the locomotor network and, therefore, 

affecting gait scores as observed. The involvement of  regulatory elements that govern the expression of  

nearby genes cannot be ruled out, although other genes in the vicinity of  the identified regions are either 

all involved in general cellular processes or not expressed in neural tissue.
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5.2.1 The STAU2 gene and its implications with gaits
The STAU2 gene encodes a protein involved in mRNA transport (Cockburn et al., 2012) and contributes 

to processes that influence neuron proliferation and fate determination (Chowdhury et al., 2021). Loss 

of  STAU2 protein affects neuron survival, and mutant mice display reduced motor coordination but 

enhanced motor learning abilities (Pernice et al., 2019). This suggests that while STAU2 deficiency 

impairs basic motor output, it may facilitate learning of  movement patterns.

The identified STAU2 frameshift variant appears to reduce protein production, potentially leading to 

STAU2 deficiency. This aligns with our findings, as the ‘S’ haplotype, representing the reference sequence 

without the insertion that causes the frameshift and premature stop codon, seems to be favourable for pace, 

possibly due to enhanced motor coordination. However, it’s unclear why enhanced motor coordination 

would negatively affect scores for trot and gallop, as shown in Paper II, unless the coordination is specific 

to lateral movements. This is, however, not supported by allele frequencies in other gaited- and non-

gaited breeds studied in this thesis.

The negative effects on trot and gallop, paired with positive effects on pace, might suggest a similar 

mechanism to the influence of  the DMRT3 ‘gait keeper’ mutation or possibly additive effects between 

the two genetic factors. However, no clear differences in the STAU2 allele frequency were found between 

gaited and non-gaited breeds investigated in this thesis. In fact, the reference allele is common across all 

other breeds (A ≥ 0.65), suggesting selection pressure for the reference allele across breeds, regardless of  

gaiting ability. Given its strong impact on pace, the high frequency of  this variant in Icelandic horses is 

understandable, though its prevalence in other breeds is less straightforward. The comparison with other 

breeds in this thesis would benefit from a large number of  breeds and larger datasets per breed to draw 

conclusions from this.

The STAU2 frameshift variant locus appears not to be conserved across species, and it is not annotated 

in the human (hg38) and mouse (mm39) genomes, pointing to a phenotype that may be somewhat 

exclusive to equine biology. Given the uncertain role of  the STAU2 frameshift variant as well as the mere 

predicted existence of  the transcript it is annotated in, functional experiments are needed to elucidate the 

variant’s precise function and influence.

5.2.2 The RELN gene’s complex role in horse performance
The RELN gene encodes an extracellular matrix protein that facilitates cell-to-cell interactions essential 

for the migration and positioning of  neurons during development (Hattori & Kohno, 2021; Lakatosova 

& Ostatnikova, 2012; Nimura et al., 2019; Vaswani & Blaess, 2016). The RELN gene has been widely 

explored, and several mutations have been reported in mice and rats that are associated with the ‘reeler’ 

phenotype (Andersen et al., 2002; Caviness et al., 1972; Falconer, 1951; Kikkawa et al., 2003; Miao et al., 

1994), which results in abnormal locomotor behaviours. Furthermore, loss of  reelin, the protein produced 
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by RELN, can disrupt neuronal positioning, leading to severe brain abnormalities and neurological 

disorders in humans (Chen et al., 2017; Folsom & Fatemi, 2013; Ishii et al., 2016).

The RELN gene is also implicated in synaptic plasticity and epigenetic regulation of  DNA methylation 

within the adult central nervous system in rats, particularly in the hippocampus in response to environmental 

stimuli during associative learning (Miller & Sweatt, 2007; Sui et al., 2012). Additionally, RELN is highly 

co-expressed with the Drd1 gene in mice, which encodes the dopamine receptor D1 in the dorsomedial 

striatum (de Guglielmo et al., 2022). Equine temperament has previously been linked to a related gene, 

the dopamine D4 receptor gene (Momozawa et al., 2005).

Based on the findings in Paper II, we hypothesized that the effects of  the RELN haplotype were 

related to gaits and locomotion patterns, consistent with the known expression of  the RELN gene in 

the developing spinal cord (Krzyzanowska et al., 2020). The two haplotypes had evident contrasting 

effects on gaits, the ‘R’ haplotype was associated with higher scores for pace, while the ‘r’ haplotype was 

linked to higher scores for tölt, trot, gallop, and canter. Additionally, significant differences in genotype 

frequencies were observed between five-gaited and four-gaited horses (all with the AA genotype in the 

DMRT3 variant), further suggesting that this region may partly explain why some horses with the genetic 

predisposition to pace lack the capacity to perform pace with ease.

However, it is important to consider the potential bias in the data due to the preselection of  horses 

presented at breeding field tests (Albertsdóttir et al., 2012). The preselection may be even stricter for 

four-gaited horses, particularly for tölt and trot, to compensate for the absence of  a pace score. This is 

further supported by significant differences found for height of  withers and height at front – traits that 

are known to strongly influence riding ability in Icelandic horses (Kristjansson et al., 2016) – between 

horses with different genotypes (RR vs. rr genotypes). Given that RELN appears to be unlikely to directly 

influence these musculoskeletal traits, these findings may suggest an indirect effect related to selection 

practices.

The horses selected for sequencing in Paper III were chosen based on criteria distinguishing elite from non-

elite horses, including conformation traits such as back and croup, height at front, and back inclination, 

traits shown in Paper I to be associated with tölt and pace quality. The selection was, furthermore, based 

solely on phenotypes, with no prior knowledge of  the horses’ genotypes.

Interestingly, all horses with the rr genotype (9 horses) were classified as elite, though this may be 

coincidental given the small dataset of  39 horses. This resulted in significant differences between genotype 

groups for tölt, slow tölt, trot, gallop, and canter, as well as for the conformation traits used for selection. 

However, as before, it is likely that these conformation differences identified arise from indirect effects 

rather than direct effects of  the RELN gene, suggesting that these distinctions may not be entirely due to 
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the different RELN genotypes. Nevertheless, these are interesting findings, and the effects of  the RELN 

gene on the gaits partly support our previous findings in Paper II.

Unfortunately, the significant effect of  the RELN haplotype on pace was not observed in the dataset 

containing sequence data. This is most likely due to the small sample which also included four-gaited 

horses. In total, only five horses with the rr genotype and ten horses with the RR genotype had pace 

scores above 5.0. Furthermore, all the rr genotype horses were elite, while most of  the RR horses were 

non-elite. These factors likely contributed to the non-significant results for pace, though they were 

expected given the limited dataset.

Among the sequenced horses in this thesis, rr genotype horses were found to be significantly younger 

at the time of  their breeding field test, a difference not found within the SNP genotype data. However, 

because all rr horses were elite and, therefore, had favourable conformation, this suggests that RELN is 

not solely responsible for these effects. Still, given RELN’s known roles in associative learning through 

synaptic plasticity and the epigenetic regulation of  DNA methylation (Miller & Sweatt, 2007; Sui et al., 

2012), along with its co-expression with the Drd1 gene (de Guglielmo et al., 2022), it is possible that 

RELN affects overall performance through trainability and precocity rather than specific locomotion 

patterns. This hypothesis is further supported by the overlap of  a wide H3K27me3 modification mark, 

typically associated with gene downregulation, across a large portion of  the RELN haplotype. However, 

the observed age differences associated with these genotypes need validation in a larger dataset.

Additionally, if  the rr genotype significantly impacted age at assessment, one would expect a higher 

frequency of  the alternative allele (0.55-0.58), included in the r haplotype, unless the favourable effects of  

the R haplotype on pace counterbalance this trend. Given RELN‘s diverse biological roles, its influence 

on performance in Icelandic horses may well involve multiple pathways.

5.2.3 Gene interactions
The findings presented in this thesis suggest interactions between the novel genes STAU2 and RELN and 

the previously identified candidate gene DMRT3. Notably, the similar effects of  STAU2 and DMRT3, as 

discussed before, may indicate additive effects of  the two genes. Additionally, STAU2 seems to partially 

compensate for the loss of  one or two copies of  the DMRT3 ‘gait keeper’ mutation with respect to lateral 

movements in tölt and pace, indicating potential epistatic interactions between these genes. The RELN 

gene further demonstrates additive effects with STAU2 and DMRT3, as detailed in Paper II, supported 

by the joint substantial proportion of  phenotypic variance in pace explained by these three genes.

In a thesis focused on identifying genetic factors associated with gaits, the consistent significance of  

conformation traits – particularly backline and height at the front – on the gait traits and performance 

merits attention. This emerges both through the impact of  QTL associated with back and croup 
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on lateral gaits and through the ambiguous influence of  the RELN gene on these conformation 

traits, despite no clear evidence of  interactions between these genetic factors. These findings not only 

underscore the importance of  conformation in horse functionality but also highlight the intricate 

network of  genes influencing horse performance. Furthermore, they emphasize the need to consider 

these indirect effects of  conformation when interpreting direct genetic contributions to gaits and 

performance.

5.3 Population genomic insights

5.3.1 Performance-related signatures of selection
The most prominent ROH island hot spot in the Icelandic horse was located on ECA23, a region 

containing key genes like DMRT3 and DOCK8, both of  which are known to be causative or associated 

with gait and performance across various horse breeds, including the Icelandic horse (Andersson 

et al., 2012; Bas Conn, 2018; Chandra Paul et al., 2020; Jäderkvist Fegraeus et al., 2015; Jäderkvist, 

Andersson, et al., 2014; Jäderkvist et al., 2015; Jäderkvist, Kangas, et al., 2014; Kristjansson et al., 

2014; Novoa-Bravo et al., 2018; Promerová et al., 2014; Ricard, 2015; Velie et al., 2018). The ROH 

containing DMRT3 was the longest identified in this study, spanning 589 kb and shared by over 90% 

of  the studied horses. This extensive ROH indicates relatively recent selective pressure in this region, 

underscoring its significance to the unique gait performance characteristic of  the Icelandic breed. This 

ROH overlaps the previously characterized ‘Gait keeper’ haplotype, which contains the KANK1 and 

DMRT1-3 genes (Andersson et al., 2012; Staiger et al., 2017). Studies have proposed overlapping or 

interactive genetic effects between the DMRT1-3 and DOCK8 genes (Glessner et al., 2017; Kang et al., 

2010; Velie et al., 2018), suggesting that DOCK8 may contribute to gait performance in conjunction 

with DMRT3.

Another notable ROH island was detected on ECA17, containing the EDNRB gene, part of  the endothelin 

gene family. This gene may interact with family members such as EDN3, previously associated with 

blood supply regulation in high-performance racing horses (Fegraeus et al., 2024; Jäderkvist Fegraeus 

et al., 2018). This ROH island may, therefore, reflect selection for performance-related traits. Another 

potential performance-linked ROH island was found on ECA1, harbouring the NEURL1 gene, which 

is associated with learning and memory processes in mice (Pavlopoulos et al., 2011). This gene could 

potentially influence training responsiveness in horses.

These ROH islands on ECA23, ECA17, and ECA1 were not present in the Exmoor pony genome, 

underscoring their potential association with performance traits in Icelandic horses. A more detailed 

discussion of  additional genes located within these ROH islands can be found in Paper IV.
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5.3.2 Genomic inbreeding and genetic diversity
The FROH estimations were significantly influenced by parameter settings, particularly the minimum ROH 

length. When a 100 kb minimum was used, the average FROH was estimated at 0.20, while a 500 kb 

minimum resulted in a much lower average of  0.08, aligning more closely with previous studies, which 

report values between 0.03 and 0.13 (Colpitts et al., 2022; Cosgrove et al., 2020; Meyermans et al., 2020). 

However, we ultimately chose the 100 kb threshold for our analysis, as this produced FROH values with 

a stronger correlation to FPED values derived from pedigrees with high completeness. Including shorter 

ROHs thus yielded a more comprehensive estimate, though estimates based on longer ROHs may better 

capture recent inbreeding levels relevant to current breeding practices (Stoffel et al., 2021; Sumreddee et 

al., 2021).

To assess the timing of  inbreeding events, we divided ROHs into length classes. Most inbreeding appeared 

in shorter ROHs (0.1 to ≤ 1 Mb), which comprised over 96% of  all identified ROHs, likely due to a 

limited founder population, genetic drift, and purging as the breed adapted. In contrast, ROHs longer 

than 4 Mb indicated minimal inbreeding, each with FROH values of  0.01 for the > 4 to ≤ 8 Mb and > 

8 Mb classes. The relatively small number of  ROHs longer than 4 Mb suggests no evidence of  recent 

excessive inbreeding.

Our findings showed that observed heterozygosity (mean HO = 0.34) matched the level of  expected 

heterozygosity, suggesting that the genome has remained relatively stable across recent generations, with 

signs of  efforts made to avoid close-relative matings. This stability is consistent with our genomic Ne 

estimates over the past 3-4 generations, which ranged from 123 to 127 individuals.

Previous pedigree-based estimates for the Icelandic horse have shown a more rapid decrease in Ne 

over the generations (Kristjansson, 2007; Árnason et al., 1995), not entirely in concordance with the 

trend of  our prediction model seen in Figure 12. While the pedigree completeness for the Icelandic 

horse is high, pedigree-based estimates rely on probability estimates based on documented ancestry, 

whereas genomic data – although derived from a genotyped subset of  the population – offers a more 

detailed and comprehensive view of  the population’s genetic structure and historical dynamics. Some 

variation between these estimates is, therefore, expected. Nevertheless, the most recent pedigree-based 

Ne estimate of  100 individuals (Árnadóttir, 2022) closely aligns with our genomic estimate of  125 

individuals. Additionally, the average FPED calculated for horses in this study closely matches recent 

estimates for all horses born in Iceland between 2011 and 2020 (Árnadóttir, 2022). This suggests 

that our study sample, predominantly consisting of  preselected Icelandic breeding horses likely to 

contribute to future generations, provides a fairly accurate representation of  the current generation of  

Icelandic horses.
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Together, these findings – the low occurrence of  long ROHs indicating limited recent inbreeding, the 

alike level of  HE and HO, and stable Ne estimates over recent generations – suggest a sustainable breeding 

strategy during the last decades in the modern Icelandic horse breed. However, the increased use of  

specific breeding animals within the gene pool (Árnadóttir, 2022) underscores the importance of  active 

monitoring of  inbreeding and genetic diversity to maintain the sustainability of  the breed.
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6. Conclusions

•	 This thesis extends current knowledge on the Icelandic horse genome by demonstrating that 

additional genetic factors play a role in regulating gait ability and quality beyond the influence of  

the previously identified DMRT3 ‘gait keeper’ mutation.

•	 A novel QTL associated with the conformation of  the back and croup, with a significant impact on 

the quality of  pace and tölt, was identified.

•	 A novel QTL harbouring the STAU2 gene and associated with pace quality and ability, as well as 

the quality of  trot and gallop, was identified. A partial loss of  the STAU2 protein, caused by a 

one-base-pair frameshift insertion in the gene, was suggested to be the causative variant for the 

observed effects.

•	 A novel QTL harbouring the RELN gene and associated with the quality of  pace, tölt, trot, canter, 

and gallop and potential contribution to precocity, was identified. Regulatory elements located 

within the region may serve as the causative factors for the observed effects.

•	 The RELN and the STAU2 genes may partly segregate between four-gaited or five-gaited horses 

with the same DMRT3 ‘gait keeper’ genotype.

•	 Genetic interactions between STAU2, RELN and the DMRT3 ‘gait keeper’ mutation were 

observed.

•	 The importance of  conformation traits – particularly backline and height at front – in regard to 

riding ability in Icelandic horses was further reinforced.

•	 ROH analysis confirmed the critical role of  the DMRT3 gene region in governing gaits in the 

Icelandic horse, while also identifying additional candidate genes that may impact performance.

•	 Analyses of  genomic inbreeding and genetic diversity indicated that breeding practices within the 

breed are sustainable though continued monitoring is recommended to preserve and maintain the 

diversity.

•	 The findings in this thesis may ultimately benefit the breeding of  the Icelandic horse and assist 

breeders in making more informed breeding decisions.
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7. Future work

To gain a comprehensive understanding of  the biological function of  the QTL associated with back and 

croup conformation and its influence on gait quality, further research is necessary. Future studies should 

focus on identifying candidate causal variants by integrating sequence data with advanced bioinformatic 

analyses, as effectively demonstrated for the gait-associated QTLs in this thesis. Additionally, the known 

functions of  the genes within the QTL associated with back and croup are related to muscle and skeletal 

features in humans, resembling the back and croup phenotype in horses, thereby warranting further 

functional investigations.

To address the complexities surrounding the roles of  the STAU2 and RELN genes, further functional 

studies are essential. For STAU2, particular attention should be given to validating the predicted 

transcript containing the identified frameshift variant. For RELN, epigenetic analyses would be especially 

valuable to explore its potential role in horse learning behaviour and locomotion. Additionally, gene-gene 

interactions should be explored further to shed light on the nature and extent of  the genetic interplay 

between the RELN, STAU2, and DMRT3 genes. Investigating the compensatory interactions between 

STAU2 and DMRT3 would be of  particular interest.

Moreover, special attention should be given to examining the effects of  these variants in other breeds, 

to deepen our understanding and uncover potential patterns in how these variants influence gaits and 

performance beyond the Icelandic horse.

From a practical perspective, validating the predictive capacity of  STAU2 and RELN variants in 

distinguishing four- and five-gaited horses would provide valuable insights. Furthermore, exploring the 

STAU2 and RELN profiles in a larger cohort of  pace racers could help elucidate the effects of  these 

genes on speed performance. Consequently, incorporating these predictive markers into routine breeding 

evaluations for the Icelandic horse should be explored to improve the accuracy of  selection based on 

estimated breeding values. As further functional studies are conducted, these findings may also eventually 

enable the development of  genetic tests for causal mutations and variants, providing valuable pre-training 

insights into horses’ biological capabilities.

The data generated in this thesis further provides valuable opportunities for further research. Notably, 

several intriguing results from the GWA study, including insights into front leg movements, remain 

unexplored and unpublished. Additionally, the sequence data offers an excellent resource for investigating 

further the genetic differences in contrasting groups defined by specific traits, such as elite horses vs. non-

elite horses and four-gaited vs. five-gaited horses.
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Despite the significant progress presented in this thesis, our understanding of  the complex genetic basis 

of  gaits in the Icelandic horse is still in its early stages. The large volume of  gait and performance data 

collected for the breed offers wide opportunities for future genetic studies. However, these datasets are 

limited by a lack of  standardized recordings for “average horses” and those with lower-quality traits, 

due to the stringent preselection of  horses attending the breeding field tests. This is particularly true for 

high-value traits like tölt. Expanding studies to include a more diverse range of  horses, including those at 

the extremes of  the quality spectrum, could enhance the identification of  additional QTLs and improve 

statistical power. While recording such data can be costly, advancements in machine learning and large-

scale phenotyping technologies may soon make this process more efficient and affordable, ultimately 

benefitting scientists and the Icelandic horse breeding industry by providing more accessible data for 

genetic analyses.

In conclusion, this thesis underscores the need for further functional studies to clarify the precise roles 

of  the identified genetic variants, their influence on biological processes, and their broader impact on 

horse performance beyond the Icelandic horse. These findings may also pave the way for comparative 

functional genomics, offering potential links between gait and performance traits in horses and similar 

traits in other mammals.
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Abstract

Background: The back plays a vital role in horse locomotion, where the spine functions as a spring during the
stride cycle. A complex interaction between the spine and the muscles of the back contribute to locomotion
soundness, gait ability, and performance of riding and racehorses. Conformation is commonly used to select horses
for breeding and performance in multiple horse breeds, where the back and croup conformation plays a significant
role. The conformation of back and croup plays an important role on riding ability in Icelandic horses. However, the
genes behind this trait are still unknown. Therefore, the aim of this study was to identify genomic regions
associated with conformation of back and croup in Icelandic horses and to investigate their effects on riding ability.
One hundred seventy-seven assessed Icelandic horses were included in the study. A genome-wide association
analysis was performed using the 670 K+ Axiom Equine Genotyping Array, and the effects of different haplotypes in
the top associated region were estimated for riding ability and additional conformation traits assessed during
breeding field tests.

Results: A suggestive quantitative trait loci (QTL) for the score of back and croup was detected on Equus caballus
(ECA) 22 (p-value = 2.67 × 10− 7). Haplotype analysis revealed two opposite haplotypes, which resulted in higher and
lower scores of the back and croup, respectively (p-value < 0.001). Horses with the favorable haplotype were more
inclined to have a well-balanced backline with an uphill conformation and had, on average, higher scores for the
lateral gaits tölt (p-value = 0.02) and pace (p-value = 0.004). This genomic region harbors three genes: C20orf85,
ANKRD60 and LOC100056167. ANKRD60 is associated with body height in humans. C20orf85 and ANKRD60 are
potentially linked to adolescent idiopathic scoliosis in humans.
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Conclusions: Our results show that the detected QTL for conformation of back and croup is of importance for
quality of lateral gaits in Icelandic horses. These findings could result in a genetic test to aid in the selection of
breeding horses, thus they are of major interest for horse breeders. The results may also offer a gateway to
comparative functional genomics by potentially linking both motor laterality and back inclination in horses with
scoliosis in humans.

Keywords: Back, Backline, Conformation, Croup, High-density genome scan, Icelandic horse, Lateral gait quality,
Novel QTL

Background
Associations of body measurements with locomotor
health and sports performance have been reported in
many different breeds, including Icelandic horses [1–11].
Discriminant analyses have shown that several morpho-
logical features distinguish with high accuracy between
low-class and high-class Icelandic horses with respect to
different riding ability traits [3]. The most important fea-
tures for gait ability in Icelandic horses are the height of
the horse at front compared to hind (uphill conform-
ation) with well-balanced backline, croup proportions
and width of chest [1, 3]. The analyses also indicated the
disadvantage of a forward inclination in the back or a
sway back [3]. Conformation of the back and croup thus
play a major role on riding ability in Icelandic horses.
The Icelandic horse official breeding goal promotes

five-gaited horses with a functional and aesthetically
pleasing conformation [12]. Zoometric measurements
and subjective scores for conformation and riding ability
traits are recorded at breeding field tests. Genetic corre-
lations between conformation of back and croup, and
gait qualities have been estimated as moderate to high
(0.19–0.54) [1]. Furthermore, moderate heritabilities
(0.29–0.31) have been estimated for the subjectively
scored back and croup trait [1, 13] and the objectively
measured zoometric traits pertaining to conformation of
back and croup (0.20–0.25) [3]. For the subjectively
scored riding ability traits, the heritability estimates
range from 0.18 (walk) to 0.60 (pace) [1, 13].
Despite conformation traits being moderately heritable

in the Icelandic horse, only mutations in the Myostatin
gene have previously been associated with conformation
traits, i.e. estimated breeding values of neck, withers and
shoulders [14]. In other horse breeds, as well as other
species, many different genes have been shown to influ-
ence body size. LCORL, NCAPG and HMGA2 are major
genes known to regulate body size in mammals includ-
ing humans, cattle, sheep, dogs and horses [15–23].
These genes, along with other genes such as ZFAT and
LASP1, affect not only the body size of the horse but
more specifically the height at withers [15, 24, 25]. Three
novel missense variants located in the ADAMTS17,
OSTN and GH1 genes explained 61% of the variance of

withers height in Shetland pony-related breeds [26].
Other additional quantitative trait loci have also shown
significant associations with morphometric angular mea-
surements, with regions on chromosomes ECA28 and
ECA29 associated with poll angle in horses [27]. How-
ever, the genes behind many other conformation traits
are still unknown.
Considering the heritability of conformation of back

and croup and its genetic correlation with riding ability,
we hypothesized that major genetic factors of import-
ance for back and croup also influence gait quality in
Icelandic horses. Therefore, the aim of this study was to
identify genomic regions associated with conformation
of back and croup in Icelandic horses and investigate
their effects on riding ability traits assessed at breeding
field tests.

Results
Genome-wide association analysis for conformation of
back and croup
In total, 383,896 SNPs (373,041 autosomal and 10,855 X
chromosomal) and 177 horses passed QC and were in-
cluded in the GWA analysis. Thirteen SNPs located on
ECA22: 45347522–45,662,708 reached the suggestive
threshold (p < 1.0 × 10–5) of which ten were in LD (r2 ≥
0.8) (Fig. 1). Additionally, one single SNP reached the
suggestive threshold on ECA12 (Fig. 1). A summary of
the GWA results for the 50 top SNPs is presented in
Additional file 1.

Haplotype analysis
The haplotype analysis revealed two opposite haplotypes
which resulted in higher and lower scores for back and
croup (p-value < 0.001) (Table 1). Thirty-four horses
were homozygous for the haplotype associated with a
higher score and 28 horses homozygous for the haplo-
type associated with a lower score of back and croup.
Five different haplotypes were estimated (Table 1). Hap-
lotypes determined to be too rare to estimate their spe-
cific regression coefficients were pooled into a separate
group with a frequency of 0.07 (results not presented).

Rosengren et al. BMC Genomics          (2021) 22:267 Page 2 of 13



Phenotype association of the haplotypes with a significant
effect on the score of back and croup
The t-test analyses revealed that several traits in addition
to back and croup significantly differed in mean scores
between horses with the favourable and unfavorable
haplotype. The two haplotype groups differed signifi-
cantly in mean scores (p-value ≤0.05) for the gait traits
tölt and pace (Table 2). The two haplotype groups also
differed significantly in means for the zoometric mea-
surements of depth at breast, width of hips and thigh
bones, and length of the forelimbs. In addition to this,
there were significant differences between the two
haplotype groups for the sub-traits backline and the
croup type.

Allele frequency of top SNP and DMRT3 in different
breeds
Comparing allele frequencies of the top SNP identified
from GWA analysis between different breeds revealed a
higher frequency of the alternate allele (the favorable

Fig. 1 GWA results for the score of back and croup. a. QQ plot where the blue lines represent the 0.05–0.95 confidence interval. The estimated
lambda value was 0.98 (se 2.55 × 10− 5). b. Manhattan plot from the mixed model association analysis. The red horizontal line indicates Bonferroni
significance threshold (p < 6.9 × 10− 8) and the blue horizontal line indicates the suggestive genome-wide significance level (p < 1.0 × 10− 5). c. LD
Manhattan plot on ECA22 with the top SNP as an open circle. Thirteen SNPs reached the suggestive threshold of which ten were in LD. All
positions refer to EquCab3.0

Table 1 Results from haplotype analysis for the score of back
and croup

Haplotypes (SNPs numbersa) Coef Freq p-
value

Sim.
p-
value

1 2 3 4 5 6 7 8a 9 10

G T C A T A T A A T −0.300 0.383 < 0.001 < 0.001

G T C A T A T A G C 0.090 0.021 0.657 0.718

G T C A G G G A A T 0.119 0.027 0.518 0.889

G C T C T A G A A T 0.090 0.025 0.626 0.963

A C T C G G G G G C 0.300 0.474 < 0.001 < 0.001

Sim. p-value = p-value adjusted by using 100,000 permutations
Significant results in bold
Coef. coefficient, estimated effect of the haplotype on the score of back and
croup from the glm model in the haplotype analysis
Freq. frequencies
aSNP numbers in bp position order with top SNP as number 8 with reference
allele A and alternate allele G
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allele) in the Icelandic breed compared with all other in-
vestigated breeds (Table 3).

Functional annotation of genes in the region associated
with the score of back and croup
The detected QTL ECA22: 45347522–45,662,708 harbors
the genes Chromosome 22 C20orf85 homolog
(C22H20orf85), Ankyrin repeat domain 60 (ANKRD60)
and LOC100056167 described as serine/threonine-protein
phosphatase 4 regulatory subunit 1. The SNP on ECA12
(position 26,756,656–26,756,656) was located close to the
gene solute carrier family 22 member 8 (SLC22A8). None
of the significant SNPs (on ECA12 and 22) overlapped any
known QTL for conformation in horses [39].

Discussion
Conformation of the back and croup plays an important
role for riding ability, gait ability, welfare, and longevity of
the horse [1, 3, 13, 40]. The present study was performed
to identify genomic regions associated with conformation
of the back and croup in Icelandic horses and investigate
their effects on riding ability. A novel QTL was detected
on ECA22 with candidate genes associated with scoliosis
and anthropometric traits in humans [41, 42]. Our results
show that this QTL is of importance not only for con-
formation of back and croup, but also for riding ability
traits, especially lateral gait quality, in Icelandic horses.

Possible links between scoliosis, motor laterality and
lateral gaits
The detected QTL for the trait back and croup harbors
the genes C22H20orf85 and ANKRD60, both of which
are potentially linked to adolescent idiopathic scoliosis
(AIS) in humans [41]. Scoliosis is defined as a lateral
curvature of the spine and it is the most common

vertebral disorder in children and adolescents [43]. In
humans, scoliosis can be caused by muscular dystrophy
or cerebral palsy, but the cause is usually unknown and
therefore referred to as idiopathic [43]. AIS in humans
has been shown to result in a generalized skeletal muscle
weakness, respiratory impairment and exercise limitation
[44]. Studies on scoliosis in humans have also shown
correlation between handedness and truncal asymmetry
[45–49] and that molecular basis of handedness are
more likely formed by spinal gene expression asymmet-
ries rather than in the motor cortex [50]. Symptoms of
scoliosis in horses has been described as an S-shaped
bend of the caudal thoracic vertebral column, resulting
in restricted movements of the hind limbs and inflexibil-
ity of the back [51]. Another report described symptoms
as a lateral deviation of the head and cervical and cranial
thoracic vertebral column to one side, and associated ro-
tation of the thoracic vertebrae. These deviations result
in difficulties for a horse to walk in a straight line [52].
However, severe thoracic vertebral malformations in
horses are infrequent, and mild to moderate forms of
scoliosis may go undetected as the strong dorsal spinal
musculature can mask subtle deviations of the vertebral
column [52]. Scores for conformation of back and croup
in horses involve both muscular and skeletal assess-
ments, which may indicate that the back and croup
phenotype shares some features with mild forms of
scoliosis. It is well known that horses commonly demon-
strate motor laterality (handedness) [53–55] and some
even have difficulties walking in a straight line at the be-
ginning of training. The latter often need more time in
training to improve their balance and straightness.
In general, disorders of the back appear to be relatively

common in horses and lead to pain and decreased per-
formance [51]. However, to our knowledge, there are no

Table 2 Significant results from t-test comparing phenotypes in horses with different haplotypes

Trait Favorable haplotype Unfavorable haplotype

N Mean N Mean t-value df p-value

Back and croup 34 8.29 28 7.71 4.05 58.08 < 0.001

Tölta 33 8.41 27 7.96 2.52 45.79 0.015

Pacea 33 7.18 27 6.09 2.99 50.24 0.004

Slow tölta 33 8.14 26 7.73 2.14 45.19 0.038

Depth at breast (M4)b 33 63.2 28 64.6 −3.52 56.22 0.001

Width of the hips (M7)b 23 47.0 20 48.1 −2.21 37.54 0.033

Width between thigh bones (M8)b 23 43.0 20 44.2 −2.23 38.86 0.031

Length of forelimbs (M1-2xM4)b 33 15.2 28 12.1 3.22 40.81 0.003

Backlinec 34 1.79 28 2.25 −2.69 58.91 0.009

Croup typec 34 1.85 28 2.18 −2.31 53.23 0.025

N Number of horses
aSubjectively assessed traits (scale 5–10)
bZoometric measurements (cm)
cSubjectively assessed sub-traits (scale 1–3)
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studies reporting the prevalence of back problems or
scoliosis in Icelandic horses, and it is generally hard to
diagnose back pain in horses. The effect of the QTL is
more likely related to functional advantage or disadvan-
tage for movements and strength of the back and croup
in horses rather than the result of more severe dysfunc-
tions and pain. This is supported by the relatively high
frequency of the unfavorable haplotype among the Ice-
landic horses in the present study.

Top SNP allele frequency in other breeds
Icelandic horses had a higher frequency of the alternate
allele (the favorable allele) of the top SNP for back and
croup compared with all other investigated breeds, in-
cluding the other gaited and partly gaited breeds. In
addition, the Icelandic horses with the favorable haplo-
type had on average higher scores for the lateral gaits
tölt and pace. Therefore, it is likely that the quality of
the lateral gaits rather than the ability to perform the
gaits is affected by the QTL. Almost all Icelandic horses

carry at least one copy of the mutant allele A in the DMRT3
gene known as the “Gait Keeper” mutation [30, 34]. This
mutation is known to affect the pattern of locomotion in
horses and the ability to perform lateral gaits [34]. The Ice-
landic horses in the present study had a high frequency of
the DMRT3 “Gait Keeper” mutation (0.94), 157 of the 177
horses were homozygous AA. The DMRT3 genotype was
taken into account in the phenotype association analysis.
Pace scores in horses with the CA genotype were considered
as a missing value. Despite this, the Icelandic horses with the
favorable haplotype had higher scores for pace. This further
supports our hypothesis that the detected QTL affects the
quality and not the ability of lateral gaits. The genotyped
gaited breed Rocky-Mountain Horse is known to be fixed
for the DMRT3 “Gait Keeper” mutation [30]. The other ge-
notyped gaited breeds American Curly, American Saddle-
bred and Morgan horses have a moderate high frequency of
the DMRT3 “Gait Keeper” mutation [30, 34, 56]. These
breeds are considered as partly gaited as not all horses within
the breed perform ambling gaits. Trotters are also known to

Table 3 Allele frequency of top SNP for back and croup and DMRT3

Breed Top SNP DMRT3

N AF alt Source N AF alt Source

Icelandic horses included in present studya 177 0.50 Array genotyping 177 0.94 Array genotyping

Icelandic horses unassessedb 49 0.51 SNP genotyping 49 0.90 SNP genotyping

Other gaited breeds

Rocky-Mountain 36 0.33 SNP genotyping 27 1 SNP genotyping

Colombian paso horses
Colombian trocha

37 0.24 Array genotyping 37 0.0 SNP genotyping

Colombian trot and gallop 11 0.23 Array genotyping 11 0.0 SNP genotyping

Colombian paso fino 38 0.29 SNP genotyping 28 1 [28]

Partly gaited breeds

American Curly 27 0.32 SNP genotyping 101 0.70 [29]

American Saddlebred 42 0.29 SNP genotyping 89 0.28 [30]

Morgan 30 0.44 SNP genotyping 59 0.14 [29]

Non- gaited breeds

Exmoor 279 0.01 [31] 27 0.0 [31]

Connemara Pony 40 0.05 [32] 35 0.0 [30]

Swedish Warmblood 379 0.26 [33] 64 0.0 [30, 34]

Thoroughbred racehorses 370 0.14 [35] 55 0.0 [30, 34]

Persian-Arabian horses 101 0.32 [36] 69 0.0 [30]

North-Swedish draught 25 0.38 [37] 34 0.0 [30, 34]

Harness racing breeds

Coldblooded trotters 565 0.13 [38] 306 0.45 [30]

Standardbred 40 0.29 SNP genotyping 270 0.97 [30, 34]

N number of horses included in dataset
Top SNP the top SNP identified from the GWA analysis for back and croup
AF alt frequency of alternate allele
DMRT3 AF alt allele frequency of the alternate allele A in the DMRT3 gene known as the “Gait Keeper” mutation
aThe 177 Icelandic horses included in the present study
bIcelandic horses used for riding but that had not attended breeding field test
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perform lateral gaits, and the reported frequency of the
DMRT3 mutation is high in Standardbreds (0.97–1.00) [30,
34] and relatively high in Coldblooded trotters (0.45) [30].
All of these gaited and partly gaited breeds had a higher fre-
quency of the reference allele than the alternate allele for the
top SNP of back and croup. The genotyped Colombian paso
horses (CPH) included a group of horses that perform trocha
and one group that only perform trot and gallop. The trocha
gait is defined as a four-beat gait that includes a lateral step
but it is diagonally coupled and therefore not considered a
lateral gait [28, 57]. The allele frequency of the top SNP did
not differ between these two groups. A group of CPH that
perform the lateral gait paso fino was also genotyped. How-
ever, like all the other genotyped breeds, this group had a
lower frequency of the alternate allele of the top SNP for
back and croup compared to the Icelandic horses. None of
the other genotyped breeds in this study segregates for the
DMRT3mutation [30, 34], nor do they perform lateral gaits.
The 49 unassessed Icelandic horses had a similar allele

frequency of the top SNP for back and croup as well as
for the DMRT3 mutation as the 177 assessed Icelandic
horses included in the present study. The unassessed
group included riding school horses and horses used for
hobby riding. It could be argued that balance and
straightness is even more essential for the training of
Icelandic horses as they carry relatively heavy (adult)
riders, relative to their size, in lateral gaits such as tölt
and pace with strong focus on the gait quality. In
addition, the Icelandic horses with the favorable haplo-
type had higher average scores for the lateral gaits tölt
and pace, which are highly valued traits in the breed. It
is likely that there has been selection for the alternate al-
lele of the top SNP in Icelandic horses.

Genes within the QTL associated with musculoskeletal
traits
The gene ANKRD60 is associated with body height in
humans [42] and a recent study in American Miniature
Horses reported a QTL for withers height close to an-
other Ankyrin Repeat Domain gene ANKRD1 [58]. The
QTL region on ECA22 harbors the gene LOC100056167
that is not well annotated in horses. The gene is de-
scribed as serine/threonine-protein phosphatase 4 regu-
latory subunit 1 and appears to blast with the
pseudogene PPP4R1L in humans with 84.17% identity
[59]. The pseudogene PPP4R1L is transcribed in humans
and LOC100056167 has exons. PPP4R1L has a potential
effect on bone mineral density as it has a protein phos-
phatase regulator activity [60]. PPP4R1L is regulated by
an enhancer (Genehancer ID GH20J058887) with poten-
tial implications on body height and BMI-adjusted waist
circumference in humans [61, 62]. Therefore, it is pos-
sible that the detected QTL effects both the muscular
and skeletal system.

The horses with the favorable haplotype in the present
study had longer forelimbs than those with the unfavor-
able haplotype. This may be explained, at least to some
extent, by the effects of the genes ANKRD60 and
LOC100056167. According to a previous study, high-
class Icelandic horses are distinguished from low-class
horses by an uphill conformation [3]. High-class horses
have higher withers and higher set neck and back, com-
pared to height at croup and tuber coxae [3]. Uphill con-
formation is believed to facilitate ease of collection and
lightness in the front part, features that are taken into
account when gait quality is subjectively assessed at
breeding field tests [12]. Stride length is associated with
limb length in horses and other species [63–65] and
stride length is also taken into account when assessing
the gait quality at breeding field tests [12]. Consequently,
stride length and uphill conformation are important fac-
tors for higher gait quality scores, both of which may be
connected to longer forelimbs. This further supports the
results from this study as the horses with the favorable
haplotype had both longer forelimbs and higher scores
for tölt and pace. In line with this, the horses with the
unfavorable haplotype also had a deeper breast and more
negative standardized marks for the sub-trait backline
compared with the ones with the favorable haplotype.
This indicates that a downhill conformation is more
common in horses with the unfavorable haplotype. It is
possible that a downhill inclination creates an imbalance
between the front and back of the horse, causing diffi-
culties for the horse to stretch the hind legs forward,
thus losing the ability for self-carriage and collection.
This may also result in a shorter stride length, causing
lower scores for tölt and pace.
Length and form of the croup are also known to dis-

criminate between high-class and low-class Icelandic
horses [3]. In the present study, horses with the favor-
able haplotype had more positive standardized marks for
the sub-trait croup type. This trait is defined as how
evenly the croup is shaped and suggests that the haplo-
type does not influence the length or inclination of the
croup, but only the shape of it. The difference between
the two haplotype groups for the width of hips (M7) and
width between the thighbones (M8) suggest that horses
with the favorable haplotype may have a slimmer framed
croup than horses with the unfavorable haplotype.

Complexity of the phenotype
Until around year 2010, a soft, lower backline was con-
sidered to be favorable for the assessment of back and
croup of Icelandic horses, as a low position of the back
was assumed desirable for tölt [12]. A study in American
Saddlebred horses detected a region on ECA20 associ-
ated with extreme lordosis (swayback) [66]. However, in
the present study no significant association with back
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and croup was detected on ECA20. Horses with the
haplotype associated with lower score of back and croup
were more inclined to have a forward sloping and/or
swayback backline.
The back and croup is a complex trait, with muscular

as well as skeletal features of both the back and the
croup subjectively assessed and scored together as a sin-
gle trait. Our results show that the novel detected QTL
associated with back and croup conformation influences
various riding ability and conformation traits. It should
be noted that the complex conformation and riding abil-
ity traits are likely to be influenced by many different
genes as well as environmental factors such as feeding
and training. Therefore, further studies are needed to
determine the effects of this newly discovered QTL.

Conclusions
This study provides valuable information about the gen-
etics of conformation of the back and croup in Icelandic
horses. A novel QTL for the trait back and croup was
detected on ECA22: 45347522–45,662,708. The QTL is
associated with the back inclination, the form of the
croup, and length of limbs as well as the quality of the
lateral gaits pace and tölt. These findings could result in
the offering of a genetic test to aid in the selection of
breeding horses, thus they are of major interest for horse
breeders. The genomic region harbors genes associated
with scoliosis and anthropometric traits in humans. The
findings could serve as a platform to study any potential
link between scoliosis and motor laterality in horses and
other species. Further analyses are needed to fully
understand the biological function of this genomic re-
gion on the conformation of back and croup and its in-
fluence on gait quality.

Methods
Animals
In total, 177 Icelandic horses (77 males and 100 females)
born between 1993 and 2014 were included in the study.
Hair samples were collected at breeding field tests and
by visiting trainers and breeders in Iceland and Sweden.
A few samples were also sent in by horse owners after
personal contact and posting on social media. Only pri-
vately owned horses participated in the study and the
horses were not specifically selected based on conform-
ation of back and croup. Pedigree data were obtained
from the international Icelandic horse database World-
fengur [67]. Maximum relatedness between horses was
limited to half-siblings.

Phenotyping
Phenotype data were obtained from the international
Icelandic horse database Worldfengur [67]. The pheno-
type used for the genome-wide association (GWA)

analysis consisted of the subjectively assessed score for
back and croup recorded at breeding field tests between
1999 and 2018. Additional conformation and riding abil-
ity traits assessed at breeding field tests were used to in-
vestigate the effects of genomic regions detected from
GWA analysis. Of the 177 horses had 115 attended more
than one breeding field test. For these horses, informa-
tion from the latest assessment was used. The majority
of horses were assessed in year 2018 (n = 89). The horses
were assessed in Iceland (n = 81), Sweden (n = 87),
Germany (n = 3), Denmark (n = 2) and Norway (n = 4).
Icelandic horses can attend breeding field test from
when they are 4 years old. The age of assessment was on
average 6.7 years and ranged from 4 to 15 years. In our
sample, 173 horses were assessed for both conformation
and riding ability traits, and 4 horses were only assessed
for conformation traits as the ridden test is optional.
Pace scores for horses with the CA genotype for the
DMRT3 gene (n = 20) were treated as missing values.

Back and croup
Back and croup, along with other conformation and rid-
ing ability traits assessed at breeding field tests, were
subjectively scored on a scale from 5 to 10 with 0.5 in-
tervals, where a score of 5 was only given if a trait was
not presented. Assessment of the trait back and croup
comprises several aspects of the conformation of the
back, croup and loins. The slope and shape of the back-
line, which is defined as the line from the base of withers
to the lumbosacral joint, were assessed. Length and
slope of the croup were also assessed, as well as the
width and muscularity of the back, the length and width
of the loins and the form and muscularity of the croup
[12]. A high score for back and croup represents a
strong, well-balanced backline and a well-muscled wide
back. The croup should be long, evenly formed, well-
muscled and adequately sloping. A low score is associ-
ated with a swayback, stiff or forward sloping backline, a
too short or too long and/or unevenly formed croup and
poorly muscled back and croup [12]. When the judging
panel has reached a consensus on a score for back and
croup according to the judging scale, they have the pos-
sibility to use standardized marks to describe the most
prominent positive and/or negative attributes of the
trait.
Pictures with examples of horses representing high

and low score for back and croup are presented in Fig. 2.
The 177 horses in the study had a score of back and
croup that ranged from 6.5 to 9.0 with a mean value of
8.1 (SD 0.56) (Fig. 3). The distribution of the scores for
back and croup was slightly negatively skewed (coeffi-
cient of skewness − 0.36). Transformation of the raw
data to increase normality was tested but was found to
not affect the results. Moreover, the residuals from the
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linear models were normally distributed (results not
presented).

Sub-traits based on standardized marks for back and croup
For the purpose of more detailed analysis of the score
for back and croup, the standardized marks used to de-
scribe prominent positive and negative attributes of the
trait were defined as two different sub-traits; backline
and croup type. These sub-traits were analysed on a lin-
ear scale ranging from 1 to 3, where 1 represented a
positive mark, 3 represented a negative mark and 2 rep-
resented no mark and was interpreted as an intermediate
description of the trait (not positive or negative). A posi-
tive mark for the sub-trait backline was given for good

backline (well-balanced backline) and the options for
negative marks were forward sloping back, straight back,
sway back and/or stiff loins. For the sub-trait croup type,
a positive mark was given for evenly formed croup and
the options for negative marks were rounded croup, nar-
rowing croup, roof-shaped croup and/or coarse croup.

Additional trait assessment scores from breeding field tests
Besides the conformation trait back and croup, scores
for the gait traits tölt, slow tölt, trot, pace, gallop, canter
and walk and the trait form under rider were included in
this study. Features of each gait such as beat, suppleness,
stride length, leg-action, speed capacity, collection and
lightness were taken into account when assessing the

Fig. 2 Examples of Icelandic horses representing high and low score of back and croup. a. Icelandic horse that represents high score of back and
croup. The backline is well-balanced and the back is wide and well-muscled. (Photo: Hrefna María Ómarsdóttir). b. Icelandic horse that represents
a low score of back and croup with a forward sloping backline and a less muscled croup. (Photo: The Swedish Icelandic Horse Association, SIF).
Images used in the figure are privately owned and thus were not taken from previously published sources requiring written permission for use

Fig. 3 Distribution of scores for back and croup in the 177 horses. (Picture generated from the data analysis in R)
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gaits [12]. Scores of all these traits were included to in-
vestigate the effects of the detected regions from GWA
analysis on the trait back and croup.

Zoometric traits measured at breeding field tests
Zoometric measurements are traditionally recorded at
breeding field tests to corroborate the subjective con-
formation assessments [12]. All these measurements
were included to investigate the effects of the detected
genomic regions from GWA analysis for the trait back
and croup. The measurements consisted of height at
withers (M1), height at lowest point of back (M2), height
at croup (M3), depth of breast (M4), length of body from
the point of shoulder to tuber ischii (M5), width of chest
between the points of the shoulders (M6), width of the
hips between the tuber coxae (M7) and width of the hips
between the hip joints (M8) (Fig. 4). Length of forelimbs
is traditionally assessed from calculation of the differ-
ence between height at withers and depth at breast times
two (M1-2xM4), as it gives better comparison of the leg
length to consider the variation in breast depth between
different horses. Other calculated measurements used
for conformation assessments were difference between
height at withers and height at back (M1-M2), difference
between height at withers and height at croup (M1-M3),
difference between height at croup and height at back
(M3-M2), difference between length of the horse and
height at withers (M5-M1), difference between length of
the horse and height at croup (M5-M3) and difference
between width of hips and width between thigh bones
(M7-M8).

DNA isolation
DNA was extracted from hair roots using a standard
procedure of hair preparation. One hundred eighty-six
microlitre of 5% Chelex® 100 Resin (Bio-Rad Laborator-
ies, Hercules, CA) and 14 μL of proteinase K (20 mg/mL;

Merck KgaA, Darmstadt, Germany) were added to each
sample. This mix was incubated at 56 °C for 2 h at 600
rpm and proteinase K was inactivated for 10 min at
95 °C.

Genotyping and quality control
The 177 Icelandic horses were genotyped on the 670 K+
Axiom Equine Genotyping Array. Quality control (QC)
was performed with the package GenABEL [69] in R
[70] to remove poorly genotyped and noisy data based
on the following thresholds: missing genotypes per single
nucleotide polymorphism (SNP) (> 0.10), missing SNPs
per sample (> 0.10), minor allele frequency (MAF) (<
0.05) and Hardy-Weinberg equilibrium (p-value 1e-10).

Genome-Wide Association Study (GWAS)
GWA analyses were performed using the package Gen-
ABEL [69] in R [70]. Possible fixed effects were tested in
a linear model using anova as a post hoc test. The tested
fixed effects were sex (male or female), age at assessment
in age classes (4, 5, 6 or ≥ 7 years old), age at assessment
in years as a linear regression, country of assessment in
two classes (Iceland or Sweden/other countries) and year
of assessment in five classes (< 2010, 2010–2015, 2016,
2017 or 2018). The division of year of assessment classes
was based on change in how the back and croup pheno-
type was to be assessed, and number of horses in the
data from different years. The DMRT3 genotype was
also tested as an effect. None of these fixed effects were
found to be significant (p ≤ 0.05) for the trait back and
croup and were thus not included in the GWA models.
To investigate potential stratification, a multidimen-
sional scaling (MDS) plot was constructed based on a
genomic relationship matrix using the GenABEL pack-
age and ibs() function [69]. No outliers were apparent
on the MDS plot and no stratification of horses with low
and high score of back and croup was detected. A

Fig. 4 Zoometric measurements recorded at standardized breeding field tests for Icelandic horses [68]. Original images created by Pétur Behrens.
Images used in the figure are privately owned and thus were not taken from previously published sources requiring written permission for use
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visualization of the genomic-kinship matrix using MDS
is shown in Fig. 5.
The genomic-kinship matrix together with the pheno-

type of back and croup were passed to the polygenic_hglm
function using family gaussian in GenABEL [69, 71]. To
account for any population stratification, the GWA ana-
lysis was performed using a mixed model-structured asso-
ciation approach with the mmscore function in GenABEL
[69]. Genome-wide significance was determined by Bon-
ferroni correction and a suggestive genome-wide signifi-
cance threshold was set at 1.0 × 10− 5 [72, 73]. QQ and
linkage disequilibrium (LD) manhattan plots were per-
formed using the package cgmisc 2.0 [74].

Haplotype analysis
Haplotype analysis was performed with the haplo.stats
package in R [70]. A linkage disequilibrium plot was
constructed and the ten significant SNPs in LD (r2 ≥ 0.8)
were used in the function haplo.em to estimate haplo-
types. The haplotype effect on the score of back and
croup was estimated by a gereralized linear model (glm)
with the function haplo.glm.. The most frequent haplo-
type was used as a reference and only haplotypes with
frequencies greater than 0.02 were included. A simulated
p-value was estimated by using 100,000 permutations
considering an additive effect.

Phenotype association of significant haplotypes
Phenotype association of the horses homozygous for the
haplotypes that had a significant effect on the conform-
ation of back and croup was performed using a two-
tailed Student’s t-test in R [70]. Significance level was set
at p-value ≤0.05. Traits tested were all the zoometric

traits, the subjectively scored riding ability traits and the
subjectively assessed sub-traits.

Genotyping of the top SNP and DMRT3 in other gaited
and partly gaited breeds
Horses of other gaited breeds (Rocky-Mountain: 36
horses, Colombian paso fino horses: 38 horses) and
partly gaited breeds (American Curly: 27 horses, Ameri-
can Saddlebred: 42 horses, Morgan: 30 horses and
Standardbred: 40 horses) were genotyped for the top
SNP using StepOnePlus Real-Time PCR System (Life
Technologies) with a custom TaqMan SNP genotyping
assay (Applied Biosystems). A group of 49 Icelandic
horses used for riding but that had not attended breed-
ing field test was also genotyped. The sequence of the
primers and probes was designed as follows: forward pri-
mer: 5′-GGAAGTTTCTAAACATTTTTGAAGGC
TTTT-3′; reverse primer: GGAGGGAAGTCAATTGAC
AAACG; mutant probe (FAM): 5′-CCTCCACGGC
ATCA-3′; reference probe (VIC): 5′-TCCCTCCACA
GCATCA-3′. The reaction volume of 15 μl contained:
1.5 μl DNA, 0.38 μl Genotyping Assay 40X, 7.50 μl
Genotyping Master Mix 2X, and 5.62 μl deionized water.
The thermal cycle included 95 °C for 10 min, 40 cycles of
95 °C for 15 s, and 60 °C for 1 min.
SNP genotyping of the DMRT3_Ser301STOP marker

known as the “Gait Keeper” mutation was performed
using custom designed TaqMan SNP Genotyping Assays
(Applied Biosystem) as described previously [30, 34].

Functional annotation
The bioinformatics database NCBI was used to screen
for candidate genes based on the EquCab3.0 reference

Fig. 5 MDS plot for the score back and croup. Visualization of population stratification across the 177 Icelandic horses that passed the QC for the
score back and croup. Red represents horses that had a score lower than the mean 8.1 and blue represents horses that had a score higher or
equal to 8.1
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genome and annotation release 103 [75] and
HorseQTLdb release 41 to search for known quantitative
trait loci (QTLs) for conformation in horses [39]. Func-
tional annotation of possible candidate genes was per-
formed using the GeneCards database [76]. All positions
refer to the EquCab3.0 reference genome.
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The genetics of gaits in Icelandic horses goes 
beyond DMRT3, with RELN and STAU2 identified 
as two new candidate genes
Heiðrún Sigurðardóttir1,2*   , Henrik Boije3, Elsa Albertsdóttir4, Thorvaldur Kristjansson2, Marie Rhodin5, 
Gabriella Lindgren1,6 and Susanne Eriksson1 

Abstract 

Background  In domesticated animals, many important traits are complex and regulated by a large number 
of genes, genetic interactions, and environmental influences. The ability of Icelandic horses to perform the gait 
‘pace’ is largely influenced by a single mutation in the DMRT3 gene, but genetic modifiers likely exist. The aim of this 
study was to identify novel genetic factors that influence pacing ability and quality of the gait through a genome-
wide association study (GWAS) and correlate new findings to previously identified quantitative trait loci (QTL) 
and mutations.

Results  Three hundred and seventy-two Icelandic horses were genotyped with the 670 K+ Axiom Equine Genotyp-
ing Array, of which 362 had gait scores from breeding field tests. A GWAS revealed several SNPs on Equus caballus 
chromosomes (ECA) 4, 9, and 20 that were associated (p < 1.0 × 10–5) with the breeding field test score for pace. The 
two novel QTL on ECA4 and 9 were located within the RELN and STAU2 genes, respectively, which have previously 
been associated with locomotor behavior in mice. Haplotypes were identified and the most frequent one for each 
of these two QTL had a large favorable effect on pace score. The second most frequent haplotype for the RELN gene 
was positively correlated with scores for tölt, trot, gallop, and canter. Similarly, the second most frequent haplotype 
for the STAU2 gene had favorable effects on scores for trot and gallop. Different genotype ratios of the haplotypes 
in the RELN and STAU2 genes were also observed in groups of horses with different levels of pacing ability. Further-
more, interactions (p < 0.05) were detected for the QTL in the RELN and STAU2 genes with the DMRT3 gene. The novel 
QTL on ECA4, 9, and 20, along with the effects of the DMRT3 variant, were estimated to account jointly for 27.4% 
of the phenotypic variance of the gait pace.

Conclusions  Our findings provide valuable information about the genetic architecture of pace beyond the contri-
bution of the DMRT3 gene and indicate genetic interactions that contribute to the complexity of this trait. Further 
investigation is needed to fully understand the underlying genetic factors and interactions.
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Background
Many important traits in domesticated animals are quan-
titative, complex traits, including performance traits 
in horses. Complex traits are generally regulated by a 
large number of genes and influenced by environmental 
factors. Interactions between loci and between genes, 
known as epistasis, may also contribute to the pheno-
typic variation of a trait [1, 2]. Previous studies suggest 
that accurate prediction of complex trait phenotypes 
based on genotypes requires knowledge about the exist-
ence of epistasis that may influence the trait [3, 4]. In the 
case of an interaction between major genes, the pheno-
type cannot be predicted simply by adding the effects 
of each locus [2, 5, 6]. In spite of an increasing number 
of studies on epistasis, as exemplified by the aforemen-
tioned studies, the discovery of genetic interactions on a 
genome-wide scale remains a major challenge [6].

In this study, we further investigated the genetic back-
ground of the economically valuable gait trait ‘pace’ in 
Icelandic horses. This is a complex trait that has pre-
viously been shown to be largely influenced by a single 
mutation in the doublesex and mab-3 related transcrip-
tion factor 3 (DMRT3) gene, and to be potentially influ-
enced by epistatic effects [7].

Gait versatility  is a well-known characteristic of the 
Icelandic horse breed. Its unique ability to perform five 
gaits, including the lateral gaits pace and tölt, is one of 
the hallmarks of the breed. Pace is a gait with a suspen-
sion phase and should ideally be ridden at high speed, 
making it a popular gait for racing. However, the ability 
to pace varies between individuals in the breed, and some 
individuals seem to lack it and only perform the four 
gaits walk, trot, canter/gallop, and tölt. Because of this, 
it is common to refer to Icelandic horses as being either 
four- or five-gaited.

The discovery that a single base change in the DMRT3 
gene influences gait variability in the Icelandic horse 
breed has played a key role in understanding its under-
lying mechanisms [7]. The ‘gait keeper’ mutation alters 
the pattern of locomotion and has a predominant effect 
on gaiting ability, in that one copy of the mutant allele 
[allele A at the DMRT3_Ser301STOP marker at nucleo-
tide position 22,999,655 on Equus caballus chromosome 
(ECA) 23] enhances the natural ability to tölt, and two 
copies enable the development of pace [7, 8]. It has also 
been noted that scores from breeding field tests for the 
basic gaits (walk, trot, and canter/gallop) are negatively 
impacted by the AA genotype of the DMRT3-variant [7, 
8]. In 2012, the frequency of the A-allele in a selected 
group of Icelandic horses was estimated to be 0.94 [8] 
and the fact that this allele is not fixed within the breed 
explains some of the variation in pace ability. However, 
there is a high proportion (> 30%) of homozygous AA 

horses that do not perform pace [7–9], and these are 
referred to as four-gaited in spite of their genetic precon-
dition to develop pace. In addition, genetic variation in 
scores for pace among horses that did perform this gait 
at breeding field tests was detected in Icelandic horses 
[10]. Estimates of the heritability for gait scores in Ice-
landic horses, which are subjectively assessed by certified 
judges at standardized breeding field tests [11], have been 
reported to range from 0.18 (walk) to 0.60 (pace) [10, 12], 
which indicates that genetic factors as well as environ-
mental factors influence gait quality. This is supported 
by the considerable genetic improvement that has been 
obtained in Icelandic horses during the last decades, 
from selection on routinely estimated breeding values for 
these assessed gait scores [13].

Conformation traits have been shown to discriminate 
between four- and five-gaited horses that are homozy-
gous AA for DMRT3 in the Icelandic horse breed to some 
extent [14]. Rosengren et  al. [15] identified a quantita-
tive trait locus (QTL) on ECA22 that is associated with 
an inclination of the backline, form of the croup, and an 
uphill conformation in the Icelandic horse breed. This 
QTL was also shown to have a considerable effect on the 
quality of the lateral gaits tölt and pace, which further 
supports the effects of conformation on gaits and high-
lighting the complexity of the gait traits.

Studies on other gaited horse breeds have investigated 
genetic differences between horses with different gait 
patterns but the same DMRT3 genotype [16–18]. A pilot 
study of four- and five-gaited Icelandic horses with the 
AA genotype at the DMRT3 gene did not reach conclu-
sive results due to a rather small number of horses (20 
four-gaited and 35 five-gaited horses) [19]. Thus, knowl-
edge about the genetic background of gaiting ability and 
the quality of gaits in Icelandic horses is still incomplete. 
The aim of the present study was to further investigate 
the genetic background of pace in Icelandic horses, using 
a larger dataset to identify novel genetic factors that 
influence pacing ability and quality through a genome-
wide association study (GWAS). A second aim was to 
investigate how the new identified QTL interacted with 
previously reported QTL and mutations. This is a first 
step towards understanding the complex genetic back-
ground that underlies the phenotype of pace beyond the 
DMRT3 gene, or possibly interacting with it.

Methods
Animals
The study included 372 privately owned Icelandic horses 
born between 1993 and 2016, among which 160 were 
stallions or geldings, and 212 were mares. All horses had 
been shown at a breeding field test, except for 10 geld-
ings that were specialized in pace racing. Hair samples 
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from some of the horses were originally collected for 
an unrelated study with selection of horses based on 
the mane and tail characteristics. The remaining horses 
were selected from breeding field tests in 2020 with 
inclusion of both individuals with high and low assess-
ment scores from the tests. Hair samples were collected 
from the horses’ tails, with informed consent from the 
owners. Collection was done at breeding field tests and 
during visits to trainers and breeders in Iceland and Swe-
den. Pedigree data were obtained from the international 
Worldfengur database [20]. The maximum relatedness 
between individuals in the sample was a half-sib relation-
ship, and efforts were made to balance the contributions 
from different families and avoid stratification in the 
data. The number of unique sires and dams for the indi-
viduals in the study was 244 and 362, respectively.

Phenotype data
The phenotype data used were retrieved from the World-
fengur database [20] and consisted of scores for pace 
recorded at standardized breeding field tests for Icelandic 
horses between 1999 and 2022 [11]. Scores for other gaits 
assessed at breeding field tests were also used to further 
investigate the effects of the genomic regions that were 
found to be associated with pace. In cases where horses 
had been assessed at more than one breeding field test, 
the highest assessment score was used. Most horses 
were assessed in Iceland (N = 269) and the others were 
assessed in Denmark (N = 1), Germany (N = 6), Norway 
(N = 1), and Sweden (N = 85). The age of the horses when 
they attended a breeding field test ranged from 4 to 15 
years (mean = 6.7 years).

Pace
Pace is described as a symmetrical, two-beat gait in 
which ipsilateral legs move nearly synchronously back 
and forth with a brief moment of suspension. Pace is 
an energetic gait ridden at high speed, where the horse 
lengthens its strides, lifts its back, and extends the head 
and neck forward. Pure pace is characterized by a vis-
ible suspension phase where none of the hoofs touch the 
ground and divergence from synchronous movements of 
the ipsilateral legs is not noticeable [21].

The quality of pace is subjectively assessed by a panel 
of certified judges at standardized breeding field tests 
and scored on a scale from 5 to 10 with 0.5 intervals 
[11]. To receive the highest score for pace, the horse 
should be able to pace steadily in good balance, with long 
strides, elegant and light movements, good suspension, 
and excellent speed. Correct body function and a long, 
strong topline where the horse extends its head and neck 
forward are of great importance for the higher scores. 
A faulty and/or uneven beat in pace, lack of speed, stiff 

movements, short strides, and a concave topline are con-
sidered poor qualities of pace and entail lower scores. A 
score of 5 is given only if the horse does not present the 
pace trait [11].

The scores for pace that the horses received in this 
study ranged from 5.0 to 10.0, with a mean of 7.0 [stand-
ard deviation (SD) 1.55]. The distribution of the scores 
for pace higher than 5.0 was slightly negatively skewed 
(− 0.13) (Fig.  1). Transformation of the data to increase 
normality was tested but did not affect the results. The 
distributions after rank- and log transformation of the 
pace scores are presented in Additional file 1: Fig. S1.

Other traits assessed at breeding field tests
In addition to pace, scores for the gait traits tölt, trot, 
canter, gallop, and walk were used to investigate the 
effects of the detected genomic regions associated with 
pace. As for pace, the quality of these gaits was subjec-
tively assessed by the judging panel and scored on a scale 
from 5 to 10 with 0.5 intervals [11]. Tölt is a symmetri-
cal four-beat ambling gait with an ipsilateral sequence of 
footfall and a large speed variation but without a suspen-
sion phase. Trot is a symmetrical two-beat, diagonal gait 
with a moment of suspension. Both canter and gallop 
are asymmetrical gaits with a suspension phase but can-
ter is characterized as a three-beat, medium-speed gait, 
whereas gallop is defined as a four-beat, high-speed gait. 
Walk is a symmetrical, four-beat stepping gait with an 
ipsilateral movement and without suspension [21].

Fig. 1  Distribution of scores for pace. Distribution of scores 
for pace in the sample of 362 horses assessed at a breeding field test
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Descriptive statistics and distributions of the scores for 
these traits are in Additional file  2: Table  S1  and Addi-
tional file 3: Fig. S2. The distribution of these scores did 
not differ significantly from a normal distribution based 
on a Jarque–Bera normality test (p > 0.05), except the dis-
tribution of scores for tölt. However, transformation of 
the data to increase normality did not affect the results. 
The distributions after rank- and log transformation of 
the scores for tölt are in Additional file 4: Fig. S3.

Morphological measurements are also recorded at 
breeding field tests [22]. These measurements, made with 
a rod, include height at withers (M1), height at the lowest 
point of the back (M2), height at croup (M3), and depth 
of breast (M4) (Fig.  2), among others. These measure-
ments are used to assess the longitudinal balance of the 
horse in standstill position and its level of uphill confor-
mation by comparing the height of the front to that of the 
hind part (M1-M3) and by calculating height of the with-
ers (M1-M2).

DNA preparation, genotyping, and quality control
DNA was extracted from approximately 25 hair roots 
from each horse, which were digested in 200  µl of 5% 
Chelex 100 Resin (Bio-Rad Laboratories, Hercules, CA, 
US) and 14 µl of proteinase K (20 mg/ml; Merck KgaA, 
Darmstadt, Germany) by incubation for 2  h at 56  °C at 
900  rpm, followed by heat inactivation of the protein-
ase K at 95  °C for 10  min. After centrifugation, 150  µl 
from the top of each sample were withdrawn, leaving the 
Chelex and hair roots in the tube; to obtain more DNA, 
some of the samples were submitted to a second round 
of digestion, i.e. 100 µl of 5% Chelex 100 Resin and 7 µl of 

proteinase K were added and the sample were incubated 
again for 2  h at 56  °C. DNA concentration was deter-
mined using a NanoDrop-2000 (Thermo Fisher Scien-
tific, Wilmington, DE, USA) and a Qubit 3.0 fluorometer 
(Life Technologies).

The 372 DNA samples were genotyped with the 
670  K+ Axiom Equine Genotyping Array. Quality con-
trol (QC) was performed using the GenABEL package 
[23, 24] in R (v.3.6.1) [25]. Poorly genotyped samples 
and noisy data were removed based on the following cri-
teria: if the rate of missing genotypes per single nucleo-
tide polymorphism (SNP) was higher than 0.10, the rate 
of missing SNPs per sample was higher than 0.10, the 
minor allele frequency (MAF) was lower than 0.05, and 
if there was deviation from Hardy-Weinberg equilibrium 
(p-value ≤ 1.0 × 10−10). Genotyping of the DMRT3_Ser-
301STOP SNP, known as the ‘gait keeper’ mutation [7], 
was performed manually on 25 samples that yielded a 
low call rate for this marker in the 670 K+ Axiom Equine 
Array genotyping, using custom-designed TaqMan 
SNP Genotyping Assays (Applied Biosystem). The 10-µl 
reaction volume contained: 1  µl DNA (concentration 
150–170 ng/µl), 0.25 µl Genotyping Assay 40X, 5 µl Gen-
otyping Master Mix 2X, and 3.75 µl deionized water and 
the following PCR conditions: 95 °C for 10 min, 40 cycles 
of 95  °C for 15  s, and 60  °C for 1  min. Results revealed 
that most of the sampled horses, i.e. 340, carried two 
copies of the mutant allele (AA genotype), 31 individuals 
carried one copy (CA genotype), and one individual car-
ried none (CC genotype).

Genome‑wide association study
A multidimensional scaling (MDS) plot was constructed 
based on a genomic-kinship matrix obtained with the 
ibs() function in the GenABEL package [23, 24] to iden-
tify potential stratification among the individuals. Dif-
ferent fixed effects were tested with the lm() function for 
a linear model in R (v.3.6.1) [25] using analysis of vari-
ance (ANOVA) as a post-hoc test, including sex (male 
or female), DMRT3 genotype, age at assessment (4, 5, 6, 
and ≥ 7 years old), age in years at assessment as a covari-
ate, country of assessment (Iceland versus other coun-
tries), and year of assessment (≤ 2016, 2017–2019, 2020, 
and 2021–2023). None of these effects were significant 
(p ≤ 0.05) for the score for pace, except the effects of sex 
and of DMRT3 genotype, and these were included in fur-
ther analyses.

The GenABEL package [23, 24] in R (v.3.6.1) [25] was 
used to perform the GWAS for pace score. The genomic-
kinship matrix obtained with the ibs() function, together 
with sex and DMRT3 genotype as fixed effects, were 
used in a hierarchical generalized linear model for pace 
score with the polygenic_hglm() function [26]. This was 

Fig. 2  Morphological measurements recorded at standardized 
breeding field tests for Icelandic horses [22]. Original image created 
by Pétur Behrens
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done to estimate residuals and the inverse of the vari-
ance-covariance matrix, to be subsequently used in a 
mixed model-structured association approach with the 
mmscore() function in the GenABEL package [23, 24]. 
Genome-wide significance was determined by Bonfer-
roni correction (p < 6.9 × 10−8), with a suggestive genome-
wide significance threshold set at 1.0 × 10−5 [27, 28].

An additional analysis was done using only pace scores 
for horses with the AA genotype for DMRT3. This did not 
alter the general results in terms of the detected genomic 
regions and, therefore, to retain more observations in the 
analysis, we chose to include all DMRT3 genotypes and 
account for the fixed effects of DMRT3 genotype in the 
GWAS.

Functional annotation of candidate genes
The genome browser Ensembl (release 108, Oct 2022) 
[29] was used to screen for candidate genes based on 
the EquCab3.0 reference genome and QTL annotation 
in the HorseQTLdb (release 49, Dec 2022) [30] was used 
to search for known QTL for gait and performance traits 
in horses. Functional annotation of possible candidate 
genes was performed using the GeneCards database (ver-
sion 5.14, Jan 2023) [31, 32]. All positions refer to the 
EquCab3.0 reference genome.

Haplotype analyses
To visualize linkage disequilibrium (LD) between the sig-
nificant SNPs from the GWAS, an LD Manhattan plot 
was constructed using the package cgmisc 2.0 [33] in R 
(v.3.6.1) [25]. Calculations for pairwise LD were also per-
formed in PLINK (v.1.9) [34, 35] using the --r2 command. 
A haplotype analysis was performed with the haplo.stats 
package [36] in R (v.3.6.1) [25]. The function haplo.em() 
was used to estimate the frequency of the different hap-
lotypes derived from significant SNPs that were in signifi-
cant LD (r2 ≥ 0.8). The haplotype effect on the pace score 
was estimated using a generalized linear model with the 
function haplo.glm(). The most frequent haplotype was 
used as a reference and only haplotypes with frequencies 
higher than 0.02 were included. An empirical p-value was 
estimated by using 100,000 permutations based on an 
additive effect.

Phenotypic variation of the scores for pace was ana-
lyzed with the polygenic_hglm() function in the GenA-
BEL package [23, 24] in R (v.3.6.1) [25] to quantify the 
variation explained by significant haplotypes and top 
SNPs. A phenotype association analysis of the horses 
that were homozygous for the haplotypes that had a 
significant effect on pace was conducted using a one-
way ANOVA based on a general linear model proce-
dure in R (v.3.6.1) [25]. The significance level was set at 
a p-value ≤ 0.05. All gaits assessed at breeding field tests 

were tested. Gait scores were corrected for the fixed 
effects of sex and DMRT3 genotype.

The horses were divided into five groups based on 
their ability to pace and the haplotype frequency within 
each group was investigated. The groups comprised (1) 
all horses with the AA genotype at the DMRT3-vari-
ant (AA horses, N = 340), (2) horses with the AA geno-
type at the DMRT3-variant and that had shown pace at 
a breeding field test (5-gaited AA horses, N = 248), (3) 
horses with the AA genotype at the DMRT3-variant and 
that had been shown at a breeding field test but had not 
shown pace during the test (4-gaited AA horses, N = 82), 
(4) horses with the CA genotype at the DMRT3-variant 
(CA horses, N = 31), and (5) horses with the AA geno-
type at the DMRT3-variant that had raced in a pace 
competition but had not attended a breeding field test 
(pace racers, N = 10). In addition, the whole sample was 
entered as a reference group, including the single horse 
with the CC genotype at the DMRT3-variant (All horses, 
N = 372). Significance of differences in genotype frequen-
cies between the groups was estimated with the pair-
wise_prop_test() function in the rstatix package [37] in R 
(v.3.6.1) [25], a post-hoc test following a significant chi-
square test of homogeneity.

Interactions between the detected significant haplo-
types and the ‘gait keeper’ mutation in the DMRT3 gene 
[7], as well as the previously identified QTL on ECA22 
associated with the conformation of the back and croup 
[15], were investigated for all gaits. Interaction effects 
were investigated by constructing boxplots with the 
ggplot2 package [38] in R (v.3.6.1) [25], using ANOVA 
and Tukey’s test as a post-hoc test. The significance level 
was set at p-value ≤ 0.05.

Results
Genotyping and quality control
In total, 361,333 SNPs (358,655 on autosomes and 2678 
on the X chromosome) and 372 horses passed QC and 
were included in the GWAS. One horse was excluded 
from the dataset because of too high identity-by-state 
(IBS) with another horse, i.e. greater than 0.95. No appar-
ent outliers or stratification in the data was detected in 
the MDS plot (Fig. 3).

Genome‑wide association analysis
Three SNPs, located on ECA4 between 4,222,615 
and 4,228,914  bp, reached the suggestive threshold 
(p < 1.0 × 10–5) and two of them had high LD (r2 ≥ 0.8) 
(Fig.  4b, c). Seven SNPs on ECA9 between 11,533,922 
and 13,457,268  bp also reached the suggestive thresh-
old, of which one almost reached the Bonferroni signifi-
cance threshold (p < 6.9 × 10−8) (Fig. 4b). Four of the top 
SNPs on ECA9 were in LD (Fig. 4d). One SNP reached 
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the suggestive threshold on ECA20 at 52,057,378  bp, 
and was not in LD with any other SNP in the region 
(Fig. 4b). A summary of the GWA results for the 50 top 
SNPs is presented in Additional file 5: Table S2.

Candidate genes related to pace
The region detected on ECA4: 4,222,615–4,228,914  bp 
was located within the reelin (RELN) gene and the loca-
tions of the SNPs relative to the RELN gene’s exon and 
intron positions are presented in Additional file  6: 
Fig. S4). Ten other genes were found in the vicinity of 
the detected region on ECA4 (see Additional file  7: 
Table  S3).  Regarding the region detected on ECA9: 
11,533,922–13,457,268  bp, the five SNPs with the low-
est p-value within this region were located within or in 
near proximity (~ 4 kb) of the annotated staufen double-
stranded RNA binding protein 2 (STAU2) gene; their 
locations relative to the gene’s exon and intron posi-
tions are presented in Additional file  8: Fig. S5. Nine 

other genes were found in the vicinity of this region 
(see Additional file  7: Table  S3). The region located 
on ECA20: 52,057,378  bp contained a single SNP 
that was located within a long non-coding RNA gene 
(ENSECAG00000046047) and 12 protein-coding genes 
and 12 other long non-coding RNA genes were found in 
the vicinity of this region (see Additional file 7: Table S3). 
None of the suggestive SNPs (on ECA4, 9, and 20) over-
lapped with any known QTL for gait traits in horses [30].

Haplotype analyses
Haplotype analysis for the identified region on ECA4 
revealed two haplotypes that resulted in higher and lower 
scores for pace, respectively (p-value < 0.001) (Table  1). 
Ninety-nine horses were homozygous for the haplotype 
associated with a higher score for pace (R haplotype) and 
65 horses were homozygous for the haplotype associ-
ated with a lower score for pace (r haplotype). The pooled 
group of rare haplotypes (haplotype frequency < 0.02) 
had a frequency of 0.01 (results not presented).

The haplotype analysis for the region identified on 
ECA9 also revealed two haplotypes which resulted 
in higher and lower scores for pace, respectively 
(p-value < 0.001) (Table  1). In total, 298 horses were 
homozygous for the haplotype associated with a higher 
score for pace (S haplotype) and five horses were homozy-
gous for the haplotype associated with a lower score for 
pace (s haplotype). The pooled group of rare haplotypes 
had a frequency of 0.02 (results not presented).

No haplotype analysis was performed for the SNP iden-
tified on ECA20 since it was not in LD with any other 
SNP in the region. The allele frequencies of this SNP 
were 0.90 for allele A and 0.10 for allele C.

The proportion of phenotypic variation of the pace 
score explained by the significant haplotypes in the RELN 
and STAU2 genes was 4.4% for each (Table 1). The pro-
portion of phenotypic variation explained by the top SNP 
on ECA20 was 4.2%. The effects of DMRT3 genotype 
combined with the effects of the significant haplotypes of 
the RELN and STAU2 genes and the top SNP on ECA20 
accounted for 27.4% of the phenotypic variance of the 
pace score. The DMRT3-variant explained 13.7% of the 
phenotypic variance.

Fig. 3  MDS plot for pace score. Visualization of population 
stratification across the horses that passed quality control and had 
a record for the phenotype. Red represents horses that had a score 
lower than the mean 7.0 and blue represents horses with a score 
higher or equal to 7.0

Fig. 4  GWA results for the score for pace. a Quantile-quantile (QQ) plot where the blue lines represent the 0.05–0.95 confidence interval. The 
estimated lambda value was 0.99 (se 2.84 × 10−5). b Manhattan plot from the mixed model association analysis. The red horizontal line indicates 
the Bonferroni significance threshold (p < 6.9 × 10−8) and the blue horizontal line indicates the suggestive genome-wide significance level 
(p < 1.0 × 10−5). c LD Manhattan plot on ECA4 with the top SNP as an open circle. Three SNPs reached the suggestive threshold of which two were 
in LD (r2 ≥ 0.8). d LD Manhattan plot on ECA9 with the top SNP as an open circle. Seven SNPs reached the suggestive threshold of which four were 
in LD (r2 ≥ 0.8). All positions refer to the EquCab3.0 genome assembly

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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ANOVA revealed that the group of individuals that 
were homozygous for the R haplotype (RR genotype) dif-
fered significantly in mean scores (p-value ≤ 0.05) from 
those that were homozygous for the r haplotype (rr geno-
type) for all the gait phenotypes assessed at breeding field 
tests, except for walk (Table 2). These two groups differed 
significantly for the morphological measurements of 
height of the withers (from the lowest point on the back 
to the highest point on the withers) and of height at the 
front compared to the hind part (height at the croup to 
height at the withers). While horses with the RR geno-
type had a higher mean score for pace, horses with the rr 
genotype had higher mean scores for all the other gaits, 
height of the withers, and height at the front compared to 
the hind part (more uphill conformation).

Due to the high frequency of homozygotes for the S 
haplotype (SS genotype) at the STAU2 gene and the low 

frequency of homozygotes for the s haplotype (ss geno-
type), the ANOVA yielded no significant results when 
comparing the means for these two groups. However, a 
comparison of horses with the SS genotype with the rest 
of the sample, including horses with the ss or Ss geno-
type, and horses carrying other rare haplotypes (2% of the 
sample) revealed significant differences (p-value ≤ 0.05) 
for pace, trot, and gallop (Table 3). The horses with the 
SS genotype had a higher mean score for pace but lower 
mean scores for all the other gaits, compared to all other 
horses. Morphological measurements were not signifi-
cantly different (p-value > 0.05) between these two groups 
of horses.

The ANOVA revealed that the pace score for homozy-
gotes for the A allele (AA) at the top SNP on ECA20 
(N = 293, LSmeans = 7.15, se = ± 0.10) differed signifi-
cantly (p-value < 0.001) from that of horses with the AC 

Table 1  Results from the haplotype analysis for SNPs on ECA4 and 9 associated with pace score

Chr: chromosome; Hap. ID: haplotype identification letters to distinguish between different haplotypes; Freq: haplotype frequency; Coeff: coefficient, estimated effect 
of the haplotype on the pace score from a GLM regression in the haplotype analysis; Sim. p-value: p-value adjusted by using 100,000 permutations; σ 2

p  ratio: ratio of 
phenotypic variance explained by the haplotypes
a SNP numbers are in bp positional order
b The top SNP on ECA4 is number 2 in the positional order, where the reference allele is A and alternate allele is C
c The top SNP on ECA9 is number 3 in the positional order, where the reference allele is G and alternate allele is A

Chr Hap. ID Haplotypes (SNP numbera) Freq Coeff p-value Sim. p-value σ
2
p  ratio

ECA4 1 2b

R C C 0.54 0.51 < 0.001 < 0.001 0.044

r A A 0.45 − 0.51 < 0.001 < 0.001

ECA9 1 2 3c 4

S A A A G 0.90 0.89 < 0.001 < 0.001 0.044

s G C G A 0.08 − 0.89 < 0.001 < 0.001

Table 2  Results from the ANOVA that compared phenotypes in horses with different QTL genotypes in the RELN gene

N number of horses, LSmeans least squares means, se standard error, df degrees of freedom
a Subjectively assessed traits (judging scale 5–10)
b Morphological measurements (cm)

ECA4-RR ECA4-rr t-value p-value df

N LSmeans se N LSmeans se

Gait traitsa

 Tölt 99 8.30 ± 0.07 65 8.62 ± 0.10 3.39 0.001 356

 Slow tölt 97 8.06 ± 0.07 64 8.39 ± 0.10 3.25 0.001 351

 Trot 99 7.95 ± 0.07 65 8.34 ± 0.10 3.83 < 0.001 356

 Pace 99 7.45 ± 0.16 65 6.46 ± 0.22 − 4.49 < 0.001 356

 Gallop 99 7.99 ± 0.06 65 8.27 ± 0.08 3.33 0.001 356

 Canter 97 7.66 ± 0.06 64 8.08 ± 0.09 4.62 < 0.001 350

 Walk 99 7.79 ± 0.07 65 7.87 ± 0.08 0.75 0.455 356

Morphological traitsb

 Height of withers (M1–M2) 90 10.21 ± 0.19 63 10.82 ± 0.26 2.32 0.021 334

 Height at front (M1–M3) 98 4.27 ± 0.21 64 4.90 ± 0.30 2.06 0.040 353
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or CC genotype (N = 69, LSmeans = 6.26, se = ± 0.19). 
Mean scores for the other gaits assessed at breeding field 
tests were not significantly different between these two 
groups.

We found that the genotype frequencies for the QTL 
detected in the RELN and STAU2 genes differed between 
the horses that had different levels of pacing ability 
(Fig.  5). The group of horses with a genetic precondi-
tion to pace that had shown pace at breeding field tests 
(5-gaited DMRT3 AA horses) had higher frequencies of 
the RR and SS genotype at the RELN and STAU2 genes, 
respectively, and a lower frequency of the rr genotype 
compared to all horses with the AA genotype at the 
DMRT3 gene. On the contrary, the group of horses with a 
genetic precondition to pace that had not shown pace at 
breeding field tests (4-gaited DMRT3 AA horses) had the 
highest frequency of both the rr and ss genotypes of all 

groups of horses and the lowest frequency of the RR and 
SS genotypes.

The group of horses without the favorable genetic vari-
ant for pace (DMRT3 CA horses) had the highest fre-
quency of the SS genotype among all groups, but a lower 
frequency of the heterozygous genotypes (Rr and Ss) and 
lacked the ss genotype altogether. The group of horses 
that had raced in pace competitions but that had not 
attended a breeding field test (pace racers) had a higher 
frequency of the heterozygous genotypes (Rr and Ss) 
compared to the other groups and lacked the rr and ss 
genotypes altogether.

For both QTL, genotype frequencies in the group of 
four-gaited DMRT3 AA horses differed significantly 
from those in the group of five-gaited DMRT3 AA horses 
(p < 0.001), the group of all DMRT3 AA horses (p = 0.015), 
and the group with all horses in the dataset (p = 0.015 

Table 3  Results from the ANOVA that compared phenotypes in horses with different QTL genotypes in the STAU2 gene

N number of horses, LSmeans least squares means, se standard error, df degrees of freedom
a Subjectively assessed traits (judging scale 5–10)

Gait traitsa ECA9-SS ECA9-Ss + ss t-value p-value df

N LSmeans se N LSmeans se

Tölt 298 8.35 ± 0.05 64 8.49 ± 0.08 1.70 0.091 357

Slow tölt 295 8.14 ± 0.05 62 8.24 ± 0.09 1.11 0.268 352

Trot 298 8.05 ± 0.05 64 8.28 ± 0.09 2.62 0.009 357

Pace 298 7.15 ± 0.10 64 6.13 ± 0.19 -5.39 < 0.001 357

Gallop 298 8.08 ± 0.04 64 8.29 ± 0.07 3.01 0.003 357

Canter 294 7.82 ± 0.04 62 7.97 ± 0.08 1.93 0.054 351

Walk 298 7.81 ± 0.05 64 7.84 ± 0.09 0.29 0.770 357

Fig. 5  Frequencies of the genotypes at the RELN and STAU2 genes in groups of horses with variable pacing ability. The number of horses 
within each group is All horses N = 372, AA horses N = 340, 5-gaited AA horses N = 248, 4-gaited AA horses N = 82, CA horses N = 31, and Pace racers 
N = 10. †The frequency of the heterozygous genotypes (Rr and Ss) also included the rare haplotypes according to the haplotype analyses (1% 
of the sample size on ECA4 and 2% on ECA9)
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(RELN), p = 0.008 (STAU2)). Pairwise comparison of 
genotype frequencies between other groups were non-
significant (p > 0.05). The number of horses with different 
genotypes in each group is presented in Additional file 9: 
Table S4.

Interactions between the significant haplotypes in 
the RELN gene on ECA4 and the STAU2 gene on ECA9 

were investigated within the group of horses with the AA 
genotype at the DMRT3-variant (Fig. 6). Horses with the 
SS and RR genotypes (SS:RR) had significantly higher 
mean scores for pace than horses with the Ss:Rr and Ss:rr 
genotype combinations. Horses with the Ss:rr genotype 
combination also had significantly lower mean scores 

Fig. 6  Interactions between the significant haplotypes on ECA4 and ECA9. Interactions between the significant haplotypes on ECA4 and ECA9 
in a group of horses with the AA genotype at the DMRT3-variant on the subjective scores for a pace, b tölt, c slow tölt, d trot, e gallop and f canter. 
Number of horses with each combination is SS:RR = 78, SS:Rr = 150, SS:rr = 41, Ss:RR = 10, Ss:Rr = 29, Ss:rr = 17. The groups referred to as heterozygous 
individuals (Rr and Ss) also included horses possessing the rare haplotypes detected in the haplotype analyses (1% of the sample size with the rare 
haplotypes on ECA4 and 2% of the sample size with the rare haplotypes on ECA9)
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for pace than those with the SS:Rr and SS:rr genotype 
combinations.

For the other gaits investigated (except walk), horses 
with the Ss:rr genotype combination had higher mean 
assessment scores than horses with the SS:RR and SS:Rr 
genotype combinations. Furthermore, horses with the 
Ss:rr genotype combination had higher mean scores 
than horses with the Ss:RR genotype combination for 
tölt, slow tölt, gallop, and canter. Horses with the Ss:rr 
genotype combination also had higher mean scores than 
horses with the Ss:Rr genotype combination for tölt and 
slow tölt, and than horses with the SS:rr genotype combi-
nation for slow tölt.

Results for horses with the ss:RR and ss:Rr genotype 
combinations (only 2 and 3 individuals, respectively) are 
not presented in Fig.  6, since the mean scores for these 
few horses did not differ significantly from the mean 
scores for horses with different genotype combinations. 
The significance levels of the differences in mean scores 
for other genotype interactions are presented in Fig. 7.

Analysis of the significant haplotypes in the RELN gene 
on ECA4 and the STAU2 gene on ECA9 was also per-
formed for all gaits within the group of 31 horses with 
the CA genotype at the DMRT3-variant, but these results 
were not significant (results not shown). In addition, we 

did not find clear indications of interactions between 
the haplotypes in the RELN and STAU2 genes and the 
QTL previously detected on ECA22 for back and croup 
(results not shown).

Discussion
The present study was performed as a first step towards a 
better understanding of the genetic architecture of pace 
beyond the contribution of the DMRT3 gene by identify-
ing other genomic regions that are relevant for this gait. 
A single associated SNP on ECA20 was located within 
a long non-coding RNA gene, in the vicinity of several 
other genes and its potential influence on pace is still 
unclear. Two novel QTL were detected on ECA4 and 9, 
which were located within the RELN and STAU2 genes, 
respectively. Our results suggest that these QTL may be 
important not only for pace but also for other gaits that 
are assessed at breeding field tests and, to some extent, 
they seem to differentiate horses with different levels of 
pacing ability and quality. Furthermore, there seem to be 
some interactions between these QTL and the DMRT3 
gene, and genetic compensation may potentially play a 
role for this trait.

Fig. 7  Significance levels of the differences in mean scores between different haplotype interactions for different gaits: a pace, b tölt, c slow tölt, d 
trot, e gallop, and f canter. Number of horses with each combination is SS:RR = 78, SS:Rr = 150, SS:rr = 41, Ss:RR = 10, Ss:Rr = 29, Ss:rr = 17
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Potential causative genes
While the two identified QTL on ECA4 and 9 are located 
in different genes, to date, we cannot rule out an effect on 
regulatory elements that govern the expression of nearby 
genes. However, as discussed below, both the RELN and 
STAU2 genes appear to be likely candidates, whereas the 
genes in the vicinity of the identified regions (see Addi-
tional file  7: Table  S3) are either all involved in general 
cellular processes or not expressed in neural tissue, mak-
ing it unlikely that they affect development or the func-
tion of the locomotor network.

The QTL detected on ECA4 is located within the RELN 
gene, which encodes an extracellular matrix protein 
that mediates cell to cell interactions that are critical for 
migration and positioning of neurons during develop-
ment [39–42]. The RELN gene is expressed in the devel-
oping spinal cord of zebrafish and mice but its expression 
has also been described in the mature spinal cord of pri-
mates, which indicates a vital and conserved function 
during spinal cord development [43]. The RELN gene 
has been widely explored and several mutations have 
been reported in mice and rats that are associated with 
the “reeler phenotype” [44–48], which results in abnor-
mal locomotor behaviors such as tremors, dystonia, and 
ataxia [48]. Abnormal migration of motor neurons has 
been observed in mutant mice, which likely affects their 
synaptic input and might be responsible for the reeler 
phenotype [41, 49]. Given that neurons expressing the 
DMRT3 gene are known to synapse onto motor neurons 
[7, 50], the normal inhibition provided by these neurons 
could be disturbed due to aberrant innervation, thus 
explaining the cumulative effect of the ‘gait keeper’ muta-
tion and the RR genotype.

The QTL on ECA9 is located within the STAU2 gene, 
which encodes a protein involved in mRNA transport 
[51]. The STAU2 gene is expressed in the developing 
zebrafish and in the mouse spinal cord, and contrib-
utes to the asymmetric distribution of mRNA in divid-
ing intermediate progenitor cells [52], which is a process 
known to affect the proliferation and fate assignment of 
neurons. Loss of STAU2 affects the survival of neurons 
and mutant mice display reduced motor coordination 
but enhanced motor learning abilities [53]. This suggests 
that, while negatively affecting early motor output, it 
may facilitate the learning of new gaits, as in the case of 
five-gaited horses. Thus, modification of the expression 
of STAU2 may improve the ability of Icelandic horses to 
learn to pace, which may explain the higher quality pace 
in horses that are homozygous for the ‘gait keeper’ muta-
tion and that also carry the SS genotype.

Effects of haplotypes in the RELN gene on gaits and topline 
conformation
Breeding horses are preselected to attend breeding field 
tests based on their assumed potential to get high scores, 
where the emphasis on tölt and pace is strong, in parallel 
to their importance in the breeding goal [10, 11]. There-
fore, the somewhat balanced frequency of the opposite 
haplotypes at the RELN gene (0.54 for R and 0.45 for r) 
is not unexpected, considering their opposite effects on 
pace and tölt. Furthermore, horses that are preselected to 
be shown at breeding field tests despite a poor or absent 
ability to pace tend to have higher average quality for the 
other gaits to compensate for the missing score for pace. 
This could partly explain the higher average scores for all 
gaits except pace of horses with the rr genotype, since the 
four-gaited horses with the CA or AA genotype at the 
DMRT3-variant were more likely to have the rr genotype 
than the other horses in the study. However, favorable 
effects of the r haplotype on tölt, trot, gallop, and canter 
cannot be completely excluded. The relatively high fre-
quency of the R haplotype in horses with the AA geno-
type at the DMRT3-variant that do perform pace, either 
at breeding field tests or in pace competitions, further 
supports the cumulative effect of the R haplotype and the 
‘gait keeper’ mutation for pacing ability and quality.

The QTL in the RELN gene seems to affect not only 
the gait traits but also morphological traits. Horses 
with the rr genotype had on average higher withers and 
were higher at the front compared to horses with the RR 
genotype. The advantage of high withers and an uphill 
conformation for riding ability in Icelandic horses has 
been previously reported [14]. However, the relationship 
between score for pace and height of withers, as well as 
height at the front, was curvilinear, which indicates that 
there may be an optimum height of withers and height 
at the front for the pace score. This may contribute to the 
opposite effects of the identified QTL in the RELN gene 
on pace score and scores for the other gaits assessed at 
breeding field tests. On the other hand, the preselection 
of individuals for a higher quality of tölt, trot, gallop, and 
canter among the horses shown without pace at breed-
ing field tests, may also promote bias in the data in that 
horses performing as four-gaiters have higher withers 
and a more uphill conformation as they have been shown 
to be favorable attributes for those gaits.

Haplotypes in the STAU2 gene may influence locomotive 
learning
The high frequency of the S haplotype at the STAU2 gene 
indicates a strong selection for this genomic region. This 
is supported by the large favorable effect of the S hap-
lotype on pace, which has been strongly emphasized in 
the breeding goal since 1950 [54]. The other lateral gait, 
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tölt, has also been emphasized in the breeding goal and 
has been reported to have a favorable, but not especially 
high, genetic correlation (0.38) with pace [12]. However, 
the results from our present study suggest rather an unfa-
vorable effect of this haplotype on all gaits except pace, 
particularly on trot and gallop. These effects of the S hap-
lotype concur to some extent with the observed effects of 
the A allele at the DMRT3 gene [7, 8]. This may indicate 
a similar reinforcement by the S haplotype to that of the 
A allele in DMRT3 for the coordination of the ipsilateral 
legs and subsequent negative effect on the synchronized 
movement of diagonal legs, or possibly cumulative effects 
of the two genetic factors.

The high frequency of the SS genotype (90%) in the 
group of horses with the CA genotype at the DMRT3-
variant suggests that the S haplotype may be important 
for CA horses to perform well at breeding field tests. 
The S haplotype may improve motor learning abili-
ties, similar to the effects of a variant in the STAU2 
gene in mice [53]. In our dataset, based only on their 
DMRT3 genotype, few of the horses that carried the 
SS genotype would have been expected not to receive 
the scores for tölt or pace that they got at breeding field 
tests. One horse with the CC genotype at the DMRT3-
variant received a score of 7.5 for tölt and two horses 
with the CA genotype received scores of 6.0 and 6.5 for 
pace (results not shown). The number of such horses is 
too small to draw firm conclusions, but further studies 
on whether the S haplotype could compensate for the 
lack of the A-allele (DMRT3) would be interesting.

Genetic difference between five‑gaited horses 
and pace racers
Both the R haplotype at the RELN gene and the S hap-
lotype at the STAU2 gene showed large favorable effects 
on pace performance at breeding field tests. Therefore, 
it is interesting to compare the group of five-gaited 
horses with the more specialized pace racers. Good 
pace racers need to have the ability to pace in balance 
at high speed, but in contrast to the five-gaited horses 
shown at breeding field tests, the quality of the other 
gaits is less important for racing performance. There-
fore, not all pace racers are good five-gaited horses 
and vice versa, which may be traced back to different 
genetic makeups of the two groups, in addition to dif-
ferent training methods. The most prominent genetic 
difference between these two groups that was observed 
in the current study was the absence of the rr genotype 
among the pace racers and the relatively high frequency 
of this genotype among the five-gaiters. This may fur-
ther indicate the importance of the R haplotype for 
pacing ability, but the r haplotype may also enhance 

the quality of the other gaits, which is more important 
for the five-gaited horse. However, there were only ten 
pace racers included in this study, making the compari-
son somewhat uncertain. Thus, further research with a 
larger number of pace racers is needed to validate the 
genetic difference between pace racers and five-gaited 
horses used for other purposes.

Interactions between haplotypes in the RELN and STAU2 
genes
The RR:SS genotype combination was the most favorable 
for pace score, which indicates that this genotype combi-
nation has additive effects. In contrast, the rr:Ss genotype 
combination was the most favorable for scores for tölt, 
slow tölt, trot, gallop, and canter. This is consistent with 
the individual effects of the haplotypes, assuming that the 
r haplotype enhances the quality of the gaits other than 
pace and the S haplotype enhances motor learning.

Data quality
In general, genetic studies rely heavily on the quality of 
the phenotypes used in the analysis. Objective measure-
ments are usually less affected by environmental factors 
and therefore tend to yield higher heritability estimates. 
However, for routine large-scale recordings in field tests 
of horses, gait traits are, for practical and economic 
reasons, still more often subjectively than objectively 
assessed. The moderate to high heritability estimates for 
gait scores in Icelandic horses obtained in several stud-
ies [10, 12], in particular for pace, as well as results from 
previous genomic studies [7, 15] show that the stand-
ardized assessments by trained judges do provide useful 
information. In this study, we used the effects accounted 
for in the current statistical model for the routine genetic 
evaluation of Icelandic horses as a starting point, as well 
as some additional environmental factors such as the 
DMRT3 genotype and the country where the horse was 
assessed. In our dataset of genotyped horses, only the 
effects of sex and DMRT3 genotype were significant.

The quality of our data is furthermore subject to the 
relationships between the individuals in our sample, since 
the Icelandic horse population is a relatively small and 
closed population [55]. However, according to the MDS 
plot (Fig.  3), which was based on the genomic-kinship 
matrix from our dataset, no stratification or outliers were 
detected. Furthermore, relationships between individu-
als were accounted for by including the genomic-kinship 
matrix in the GWA model. Therefore, we do not believe 
that the results were affected by bias due to relationships 
between individuals.
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Conclusions
This study provides valuable information about the 
genetic background of the gait pace in Icelandic horses. 
Two new candidate genes, RELN and STAU2, were 
identified through GWAS. Both genes are known to be 
associated with locomotor behavior in mice, which may 
indicate analogous functions in horses. Furthermore, 
the results from this study indicate genetic interactions 
between these novel genes and the previously identified 
candidate gene DMRT3. The novel genes and the identi-
fied top SNP on ECA20, along with the effects of DMRT3 
genotype were estimated to account for 27.4% of the phe-
notypic variance of the gait. Opposite haplotypes were 
identified for both these genes that appear to influence 
quality and ability to pace. Furthermore, these haplo-
types appear to have opposing effects on the other gaits, 
especially trot, gallop, and canter. This suggests that these 
genetic factors may partly contribute to whether a horse 
is trained and shown as a four- or five-gaited horse at a 
breeding field test. These findings may aid in the selec-
tion of breeding and competition horses and are thus of 
major interest to horse breeders. Further investigation is 
needed to fully understand the underlying genetic factors 
and the nature of their interactions that contribute to the 
complexity of the pace trait’s phenotype.
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Abstract
Background  The Icelandic horse and Exmoor pony are ancient, native breeds, adapted to harsh environmental 
conditions and they have both undergone severe historic bottlenecks. However, in modern days, the selection 
pressures on these breeds differ substantially. The aim of this study was to assess genetic diversity in both breeds 
through expected (HE) and observed heterozygosity (HO) and effective population size (Ne). Furthermore, we aimed 
to identify runs of homozygosity (ROH) to estimate and compare genomic inbreeding and signatures of selection in 
the breeds.

Results  HO was estimated at 0.34 and 0.33 in the Icelandic horse and Exmoor pony, respectively, aligning closely with 
HE of 0.34 for both breeds. Based on genomic data, the Ne for the last generation was calculated to be 125 individuals 
for Icelandic horses and 42 for Exmoor ponies. Genomic inbreeding coefficient (FROH) ranged from 0.08 to 0.20 for 
the Icelandic horse and 0.12 to 0.27 for the Exmoor pony, with the majority of inbreeding attributed to short ROHs in 
both breeds. Several ROH islands associated with performance were identified in the Icelandic horse, featuring target 
genes such as DMRT3, DOCK8, EDNRB, SLAIN1, and NEURL1. Shared ROH islands between both breeds were linked 
to metabolic processes (FOXO1), body size, and the immune system (CYRIB), while private ROH islands in Exmoor 
ponies were associated with coat colours (ASIP, TBX3, OCA2), immune system (LYG1, LYG2), and fertility (TEX14, SPO11, 
ADAM20).

Conclusions  Evaluations of genetic diversity and inbreeding reveal insights into the evolutionary trajectories of both 
breeds, highlighting the consequences of population bottlenecks. While the genetic diversity in the Icelandic horse 
is acceptable, a critically low genetic diversity was estimated for the Exmoor pony, which requires further validation. 
Identified signatures of selection highlight the differences in the use of the two breeds as well as their adaptive trait 
similarities. The results provide insight into genomic regions under selection pressure in a gaited performance horse 
breed and various adaptive traits in small-sized native horse breeds. This understanding contributes to preserving 
genetic diversity and population health in these equine populations.

Keywords  Runs of homozygosity, Heterozygosity, Effective population size, Genomic inbreeding, Performance, 
Adaptation, Metabolism, Immune system, Coat colours
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Background
Monitoring the genetic diversity within populations is 
vital to ensure sustainable breeding and should be per-
formed routinely within breeding programs [1, 2]. This 
especially applies to breeding programs involving closed 
populations, such as the Icelandic horse and the Exmoor 
pony breeds. Both breeds are ancient, native breeds 
adapted to harsh environmental conditions, and they 
have both undergone severe historic bottlenecks, albeit 
more pronounced in the Exmoor pony breed. However, 
in modern days, the selection pressures on these breeds 
differ substantially. The Icelandic horse has been bred 
primarily for its performance in five gaits, while conser-
vation efforts have been the focus for the endangered 
Exmoor pony. Despite their similar starting points, the 
divergent breeding goals offer a unique opportunity 
to study the effects of artificial and natural selection by 
comparing the genomic selection signatures in these two 
breeds.

Little is known with certainty about the origin of the 
Icelandic horse breed, but it is generally believed to have 
descended from horses brought to the country by Norse 
settlers around 1100 years ago [3]. Since the settlement, 
the horses have remained isolated in Iceland and survived 
harsh weather conditions and natural disasters, such as 
volcanic eruptions, without significant introduction of 
foreign genetic material [3, 4]. Before selective breeding 
started in the 20th century, the horse was mainly used 
for labour and transportation and was primarily shaped 
by its harsh natural habitat. In the 1950s, the first official 
breeding goal, emphasising a versatile riding horse with 
five gaits, was introduced, resulting in a shift in the selec-
tion criteria for the breed [4]. Selective breeding became 
prevalent, and already in the 1980s, the official breeding 
program adopted the method of best linear unbiased pre-
diction (BLUP) animal model to estimate breeding values 
[5, 6]. In the wake of selective breeding and the increased 
global popularity of the breed during the late 20th cen-
tury, particularly in northern Europe, the population size 
surged. In 1959, the population counted approximately 
30,000 horses [7], but to date, approximately 300,000 
horses are registered across 31 countries [8].

The Exmoor pony, much like the Icelandic horse, is 
an ancient native breed adapted to harsh conditions. A 
stud book for the Exmoor pony was established in 1921 
to promote the breeding of purebred Exmoor ponies and 
ensure they retain the traits and characteristics of their 
ancestors [9]. However, the breed faced a severe popula-
tion bottleneck during World War II, dwindling to about 
50 individuals. Consequently, conservation efforts have 
prioritized the Exmoor pony, implementing a breeding 
program specifically designed for its preservation [9]. The 
breed is named after the high moorland in north-western 
Somerset and northern Devon, England, where these 

ponies traditionally roam free. However, Exmoor ponies 
are also bred at other sites in the UK, Europe, and North 
America. Today, there are approximately 500 ponies on 
Exmoor and an additional 3500 Exmoor ponies in various 
locations across the UK and other countries [9]. About 
500 breeding mares and 100 licensed, registered stal-
lions globally produce between 100 and 150 foals annu-
ally. Each foal born to registered parents is inspected 
by trained inspectors to ensure that the Exmoor pony’s 
characteristics and traits are maintained. The Exmoor 
pony breeding, therefore, focuses on maintaining breed 
standards, particularly regarding exterior features like 
coat colour and conformation [9].

Natural and artificial selection tends to reduce genetic 
variability within targeted genomic regions, resulting 
in increased homozygosity. These so-called signatures 
of selection in the genome can be studied using mod-
ern genomic methods, such as estimations of continu-
ous homozygous segments called runs of homozygosity 
(ROH) [10, 11]. To date, estimates of ROH have been 
used to identify genomic regions potentially under arti-
ficial selection in multiple horse breeds. Several genomic 
regions associated with selection for athletic perfor-
mance have been identified [12–16], and previously doc-
umented target gene (DMRT3) related to gait pattern has 
been confirmed [17, 18]. Furthermore, genomic regions 
associated with selection for complex traits such as tem-
perament, disease susceptibility, and fertility have been 
suggested [12, 13, 17–21] as well as regions associated 
with coat pigmentation characteristics and morphologi-
cal traits such as body size [17, 18, 21–23].

ROH can be caused by the mating of related animals 
and are, therefore, a measure of inbreeding [10, 11]. In 
general, short ROHs indicate distant inbreeding, but 
longer ROHs (> 5.0  Mb) suggest more recent inbreed-
ing where the common ancestor occurs approximately 
up to 10 generations back [10]. The genomic inbreed-
ing coefficient FROH is defined as the proportion of the 
autosomal genome that lies within ROH above a speci-
fied length [24]. Recent studies on different horse breeds 
have reported FROH estimates to range from 0.10 to 0.29 
in breeds with closed stud books [14, 18–23, 25, 26]. In 
contrast, much lower coefficients have been estimated in 
breeds with semi-open stud books, such as the Swedish 
Warmblood horse (FROH = 0.006) [12].

A recent estimate of the mean pedigree-based inbreed-
ing coefficient (FPED) for all Icelandic horses born in Ice-
land 2020, was reported to be 0.03 [27]. The effective 
population size (Ne) for the same cohort was estimated 
to range from 95 to 103 horses depending on the pedi-
gree completeness index [27]. Inbreeding coefficients for 
the Icelandic horse population have also been estimated 
using genomic data. An estimate of the average genomic 
inbreeding coefficient based on microsatellite data was 
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0.04 [7], while those based on medium-density single-
nucleotide polymorphism (SNP) data ranged from 0.08 
to 0.13 [16, 18, 28–30]. For the Exmoor ponies, estimated 
genomic inbreeding coefficients have been reported to 
range from 0.17 to 0.25 [12, 18, 29].

Genomic data has furthermore been used to estimate 
the effective population size of both the Icelandic horse 
and Exmoor pony breeds. For the Icelandic horse, the Ne 
estimates varied depending on the type of genomic data 
used: ranging from 215 individuals based on microsat-
ellite data from 442 horses [7] to 555 individuals based 
on SNP array data from 25 horses [29]. For the Exmoor 
pony, the Ne was estimated at 216 individuals based on a 
sample of 24 ponies with SNP array data [29]. Addition-
ally, studies using medium-density SNP array data iden-
tified signatures of selection on equine chromosomes 
(ECA) 3, 10, 11, 15, and 23 in the Icelandic horse [18, 31, 
32]. In contrast, a larger number of ROH islands were 
identified on ECA1-4, 6, 9, 11, 16, 18–19, 22–23, 28, and 
30 in Exmoor ponies [17, 18, 31].

Due to inconsistencies in estimates between previous 
studies regarding especially genetic diversity in the Ice-
landic horse, as well as indications from pedigree analysis 
of a decreasing effective population size, updated estima-
tions for this breed based on a larger data set and high-
density SNP information are desired. The comparison 
with the Exmoor pony gives a valuable opportunity to 
distinguish between detected signatures of selection for 
performance, and signatures resulting from adaptations 
to harsh environment.

The aim of this study was therefore to assess genetic 
diversity and identify runs of homozygosity in the two 
breeds, and to estimate and compare genomic inbreeding 
and signatures of selection. We hypothesized that these 
breeds would share some signatures of natural selection 
for adaptation in their genomes, whereas signatures of 
artificial selection for performance would be specific for 
the Icelandic horse.

Methods
Sample collection
The study included 380 privately owned Icelandic horses 
born between 1993 and 2016, of which 166 were stallions 
or geldings and 214 were mares. Hair samples were col-
lected from the horses’ tails, and the collection was per-
formed at breeding field tests and visits to trainers and 
breeders in Iceland and Sweden. The majority of horses 
were born in Iceland (N = 299) and Sweden (N = 72), while 
a few were born in Denmark, Germany, and Norway 
(N = 9). According to previous studies Icelandic horses 
are well genetically connected within Iceland [7] and 
across country borders in continental Europe [33], indi-
cating a comparable genetic background of horses in the 
sample. The sampled individuals were originally selected 

for different genome-wide association studies; half of the 
individuals were selected based on mane growth charac-
teristics [34], while the other half was randomly chosen 
at breeding field tests [35]. All but ten geldings had been 
shown at a breeding field test and are therefore a part 
of preselected Icelandic horses more likely to contrib-
ute genetic material to future generations [36]. Based on 
pedigree data from the international Worldfengur data-
base [8], the closest relatedness observed between indi-
viduals in the sample were two parent-offspring pairs. In 
addition, less than 1% of all possible relationships in the 
dataset were closer than half sibs but less related than full 
sibs. Efforts were made to balance the contributions from 
different families and avoid stratification in the data.

Genotype data for 280 Exmoor ponies was retrieved 
from a previous publication where details concerning 
data collection are described [37]. The Exmoor ponies 
were originally selected based on their insect bite hyper-
sensitivity status, avoiding close relatedness as far as pos-
sible based on a complete pedigree data four generations 
back. Furthermore, three subpopulations were reported 
within the sample set [37].

Genotype data
The procedure of DNA extraction from the Icelandic 
horse samples was described in the aforementioned 
genome-wide association studies [34, 35]. The 380 DNA 
samples were genotyped with the 670 K + Axiom Equine 
Genotyping Array. Quality control (QC) was performed 
using PLINK v1.9 software [38, 39]. For the ROH analy-
sis, poorly genotyped data was removed based on criteria 
of missing genotypes per SNP (> 0.10) and missing SNPs 
per sample (> 0.10). No pruning for low minor allele fre-
quency (MAF), deviation from Hardy-Weinberg equilib-
rium (HWE) or strong LD was done for the ROH analysis 
as recommended by Meyermans et al. [30]. Criteria for 
MAF (< 0.05) was however added when calculating the 
effective population size and observed and expected het-
erozygosity to be able to compare with similar studies. 
Only autosomal SNP markers were used for downstream 
analysis. The genotype data for the 280 Exmoor ponies 
was also derived from a 670 K Axiom Equine Genotyp-
ing Array. The same quality control criteria were used 
for the genotype data for the Exmoor ponies as for the 
Icelandic horse data described above. SNP positions were 
according to genomic coordinates in EquCab3.0 refer-
ence genome in both data sets.

After QC including pruning for MAF, the number of 
SNPs to be used for heterozygosity and Ne analyses was 
360,755 and 322,209 for the Icelandic horses and Exmoor 
ponies, respectively. All the samples for the Icelandic 
horses passed QC, but six samples from the Exmoor 
pony group were discarded due to missing genotype data, 
leaving data for 274 Exmoor ponies for further analyses.
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For the ROH analysis, QC was conducted without 
MAF pruning, resulting in 550,405 shared SNPs for 
downstream analysis using a combined dataset with 
information from both breeds.

Principal component analysis (PCA) was performed 
using the SNPRelate package [40] in R (version 4.3.1) [41] 
as a QC measure to identify outliers or sample mix-ups 
in the data as well as to visualize the genetic relationships 
and clustering patterns in the two breeds. The PCA plot, 
highlighting the distinct genetic signatures of the two 
breeds, is presented in Additional file 1: Fig. S1.

Pedigree analysis
Pedigree data for the Icelandic horse was obtained from 
the international Worldfengur database [8]. The pedigree 
data contained information about individuals born from 
1860 to 2023, but the earliest records only included a 
small proportion of the population at that time. The qual-
ity of the pedigree data was estimated by calculating the 
pedigree completeness using the optiSel package [42] in 
R (version 4.3.1) [41]. The optiSel package was also used 
to estimate FPED and Ne based on the pedigree data for 
the 380 Icelandic horses in this study. This package esti-
mates Ne from the mean rate of increase in coancestry. 
Velie et al. [37] reported that the pedigree data for the 
Exmoor ponies was complete for four generations. This 
pedigree data, of lower depth than that for the Icelan-
dic horses, was not available for pedigree analysis in the 
present study and therefore we focused on genomic anal-
ysis for the Exmoor ponies.

Heterozygosity and effective population size trajectory
Trends in recent Ne trajectories were determined for 
both breeds using the SNeP v1.1 software [43]. Only Ice-
landic horses born between 2006 and 2016 (342 horses), 
and Exmoor ponies born between 1999 and 2009 (148 
ponies) were used for the Ne analysis, covering approxi-
mately one generation interval. The minimum and maxi-
mum distance between pairs of SNPs was set to 0.05 Mb 
and 40 Mb, respectively, and the alpha value for the for-
mula by Corbin et al. [44] used by the software to esti-
mate Ne from LD was set to 2.2. The recombination rate 
was furthermore set to 1.24 × 10− 8, and the Sved & Feld-
man approximation [45] was used as a recombination 
rate modifier. The default value of 0.05 was used as mini-
mum MAF.

Observed (HO) and expected heterozygosity (HE) was 
estimated for all the Icelandic horses and all the Exmoor 
ponies using the --het command in PLINK v1.9 [38, 39].

Runs of homozygosity and genomic inbreeding
The detectRUNS package [46] in R (version 4.3.1) [41] 
was used for analysing ROH with a sliding windows 
approach. The scanning window size was set equal to 10 

SNP loci, and the maximum number of heterozygous or 
missing SNP in the sliding window was set equal to 0. The 
ROH parameter settings were optimised following rec-
ommendations in Meyermans et al. [30]. The final defini-
tion of the settings was as follows: (i) maximum distance 
between consecutive SNPs equal to 100 kb, (ii) minimum 
SNP density equal to 0.05 SNP/kb, (iii) minimum number 
of SNP in a run equal to 10 and (iv) minimum length of a 
run equal to 100 kb. One missing and one heterozygous 
SNP was allowed per run. The settings allowed ROH 
detection for 99.4% of the autosomal genome, indicating 
high validity of the analysis [30]. The minimum length 
of a run did not affect the genome coverage. Therefore, 
it was chosen based on the correlations between the 
FROH and FPED values for the Icelandic horses, which 
was highest (r = 0.57, p < 2.2 × 10− 16) when the minimum 
ROH length was set equal to 100 kb. The identified ROH 
were divided into five length classes (0.1 < ROH ≤ 1  Mb; 
1 < ROH ≤ 2  Mb; 2 < ROH ≤ 4  Mb; 4 < ROH ≤ 8  Mb; and 
ROH > 8 Mb).

The FROH was calculated by summing each individual’s 
total length of ROH and dividing it by the autosomal 
genome length [24], which was set equal to 2281  Mb, 
based on the genome length covered by SNPs. FROH was 
calculated for each chromosome, length class, and as an 
average coefficient across the genome for each breed. 
Furthermore, to facilitate comparison with results from 
other similar studies, we also calculated the FROH values 
for both breeds when the minimum length of a run was 
set equal to 500 kb instead of 100 kb.

Signatures of selection and gene ontology
ROH islands that were shared by over 70% of the horses 
in each breed were determined as signatures of selection 
for that breed. A threshold of 70%, which is conserva-
tive compared to values found in the literature [12, 17, 
18, 21–23, 25, 26, 47–49], was used to avoid false posi-
tive signatures of selection caused by population his-
tory events, such as genetic bottlenecks. The EquCab3.0 
genomic coordinates of these regions were used to 
retrieve candidate gene lists from the genome browser 
Ensembl (release 110, July 2023) [50]. The candidate 
gene lists were subjected to a gene ontology (GO) anal-
ysis using PANTHER v18.0 (released Aug 2023) [51] to 
determine significantly enriched biological processes 
and molecular functions positively selected for in the 
breeds. Further functional annotation of possible candi-
date genes was performed using the GeneCards database 
(version 5.18, Oct 2023) [52, 53]. In addition, the Horse 
QTLdb (release 51, Aug 2023) [54 was used to identify 
any overlap with previously identified quantitative trait 
loci (QTL) in horses.
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Results
Pedigree analysis
The evaluation of pedigree quality in the Icelandic horse 
dataset was based on the average number of discrete gen-
eration equivalents, resulting in a value of 8.21 (range: 
6.15 to 10.1). This value signifies good pedigree com-
pleteness. The average FPED for the 380 Icelandic horses 
in this study was estimated to be 0.03. The comparison 
between FROH and FPED revealed a linear relationship 
(r = 0.57, p < 2.2 × 10− 16) (Fig. 1).

Heterozygosity and effective population size trajectory
The overall mean HO and HE in the Icelandic horse were 
equally estimated to be 0.34. In the studied data, HO val-
ues ranged from 0.30 to 0.38. Similarly, the HE estimated 

for the Exmoor pony was 0.34 but the mean HO was 0.33 
and ranged between 0.19 and 0.41.

Based on genomic information, the Ne for the last gen-
eration of Icelandic horses was estimated to be approxi-
mately 125 individuals (Fig.  2). The trend exhibited an 
overall decline for the past 60 generations, with more 
pronounced decreases observed around 18–23 and 7–8 
generations ago. However, in the most recent 3–4 gen-
erations, the Ne trend levelled off, fluctuating within the 
range of 123 to 127 individuals. In contrast, the genomic 
Ne estimate for the Exmoor pony was 42 individuals in 
the last generation. Furthermore, the trend observed for 
the Exmoor pony over the last 60 generations indicates a 
consistent, albeit gradual, decrease in Ne.

Runs of homozygosity and genomic inbreeding
A total of 573,746 and 548,302 ROH were identified for 
the Icelandic horse and the Exmoor pony, respectively 
(Table  1). In both cases, the majority of the identified 
ROH (≥ 96%) was categorised in the shortest length class 
(0.1 to ≤ 1 Mb) with an average ROH length of 0.24 Mb in 
the Icelandic horse and 0.26 Mb in the Exmoor pony. The 
average occurrence of the short ROH was 1455 per indi-
vidual in the Icelandic horse data and 1921 per individual 
in the Exmoor pony data. Only 125 Icelandic horses, out 
of the 380, carried ROH islands categorised in the lon-
gest length class (> 8.0 Mb), and on average they carried 2 
such ROH islands with a mean length of 10.8 Mb. On the 
other hand, only one ROH in a single Exmoor pony was 
identified to belong to the longest length class.

Fig. 2  Trends in effective population size
Changes in effective population size of the Icelandic horse breed and the Exmoor pony over the last 60 generations based on genomic information

 

Fig. 1  Correlation between FROHand FPED.
Pearson correlation between FROH and FPED in the Icelandic horse, with a 
95% confidence interval (grey area)
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ROH quantity, distribution, and average length were 
estimated per chromosome in both breeds (Fig.  3). The 
analysis revealed the highest number of ROH in both 
breeds on ECA1 (NROH = 47,793 in the Icelandic horse, 
NROH = 43,203 in the Exmoor pony), and the lowest on 
ECA31 (NROH = 6212 in the Icelandic horse, NROH = 
6227 in the Exmoor pony). For Icelandic horses, ECA23 
had the longest average ROH (LROH = 0.33  Mb), while 
the shortest (LROH = 0.25 Mb) were found on ECA12. In 
Exmoor ponies, the longest average ROH was on ECA22 
(LROH = 0.36  Mb), and the shortest on ECA20 (LROH = 
0.25 Mb).

The estimated mean FROH was relatively high in both 
breeds, with a total of 0.20 in the Icelandic horse and 
0.27 for the Exmoor pony (Table 2) when including ROH 
lengths from 100  kb and higher. The individual FROH 
ranged from 0.07 to 0.30 for the Icelandic horses, and 
from 0.01 to 0.55 for the Exmoor ponies. The distribution 
of average FROH values across the genome in both breeds 
is shown in a violin plot in Fig. 4. FROH estimations for the 
different ROH length classes revealed that most of the 
inbreeding could be traced back to the high amount of 
ROH identified in the shortest length class (0.1 to ≤ 1 Mb) 
in both breeds. The length classes comprising lon-
ger ROH (> 4 to ≤ 8 Mb, and > 8 Mb) accounted for low 
amount of inbreeding in the Icelandic horse, with FROH 
values of 0.01 for each of these two ROH length classes, 
respectively. In the Exmoor pony, close to zero inbreed-
ing was estimated based only on longer ROH (> 4 Mb).

The analysis across chromosomes for the Icelan-
dic horse revealed the highest mean FROH, includ-
ing all ROHs (≥ 0.1  Mb), on ECA23 (FROH = 0.27 ± 0.09, 
max = 0.74, min = 0.10) and the lowest mean FROH on 
ECA12 (FROH = 0.15 ± 0.07, max = 0.56, min = 0.02) and 
ECA20 (FROH = 0.15 ± 0.07, max = 0.58, min = 0.03). For 
the Exmoor pony, the highest mean FROH was identified 
on ECA22 (FROH = 0.34 ± 0.17, max = 0.97, min = 0.01) 
and ECA23 (FROH = 0.35 ± 0.17, max = 0.92, min = 0.00) 
and the lowest mean FROH on ECA12 (FROH = 0.22 ± 0.13, 
max = 0.67, min = 0.00) and ECA20 (FROH = 0.21 ± 0.13, 
max = 0.78, min = 0.00). A violin plot of mean genomic 
inbreeding across chromosomes within each breed is 
shown in Additional file 2: Fig. S2.

When the minimum length of ROH was set equal 
to 500  kb instead of 100  kb, and thus not including the 
shortest ROH (0.1–0.5  Mb), the average FROH for the 
Icelandic horse was 0.08 and it was 0.12 for the Exmoor 
pony. Details of FROH estimates within different length 
classes from this analysis are shown in Additional file 3: 
Table S1.

Signatures of selection and gene ontology
A total of 15 chromosomes (ECA1, ECA3-5, ECA7-9, 
ECA11-12, ECA17-20, ECA23, and ECA29) contained 
ROH islands that were shared by more than 70% of the 
individuals in the Icelandic horse sample (Fig. 5a), while 
a total of 23 chromosomes (ECA1-9, ECA11-12, ECA14-
19, ECA21-24, and ECA30-31) contained ROH islands 
shared by more than 70% of the Exmoor ponies (Fig. 5b). 
The most prominent ROH island hot spot in the Ice-
landic horse, shared by over 90% of the individuals was 
located on ECA23 in the region where the DMRT3 gene 
is located. On the other hand, the most prominent ROH 
island hot spot in the Exmoor pony, also shared by over 
90% of the sampled individuals, was on ECA22. A com-
plete list of all identified ROH islands for both breeds is 
shown in Additional file 4: Table S2. The two breeds had 
overlapping ROH islands on six chromosomes (ECA1, 
ECA3, ECA8, ECA9, ECA17 and ECA19). The list of 
annotated genes within and in the vicinity of these shared 
ROH islands is shown in Additional file 5: Table S3.

Overall, 37 annotated genes were located within the 
identified ROH islands in the Icelandic horse and 289 
more in their ± 500 kb vicinity. In the Exmoor pony, 181 
annotated genes were identified within the ROH islands, 
and 645 more in their ± 500  kb vicinity. Given the con-
siderable number of ROH islands detected, we decided to 
concentrate on specific regions that could be associated 
with traits in either or both of the studied breeds in this 
article.

Table  3 presents the private ROH islands identified 
in the Icelandic horse that were linked to performance 
traits, and genes within those ROH. Similarly, Table  4 
outlines the private ROH islands identified in the Exmoor 
ponies and associated genes that are related to coat 
colours, fertility, hypertension, and the immune system. 

Table 1  Descriptive variables from the ROH analysis of the Icelandic horse genome and the Exmoor pony genome
ROH length (Mb) Icelandic horse Exmoor pony

Nind NROH ROH % SROH LROH Nind NROH ROH % SROH LROH

0.1 to ≤ 1 380 552,929 96.4% 1455 0.24 274 526,242 96.0% 1921 0.26
> 1 to ≤ 2 369 15,677 2.7% 43 1.34 255 19,052 3.5% 75 1.33
> 2 to ≤ 4 335 3,781 0.7% 11 2.66 201 2,879 0.5% 14 2.53
> 4 to ≤ 8 197 1,084 0.2% 5.5 5.40 56 128 0.0% 2.3 4.81
> 8 125 275 0.0% 2.2 10.8 1 1 0.0% 1.0 9.21
Nind = Number of animals, NROH = total number of ROH, ROH % = relative percentage, SROH = average number of ROH per animal, LROH = average length of total 
number of ROH
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Table 2  Results for each breed’s mean FROH across the genome and the mean FROH across the five length classes
ROH length
(Mb)

Icelandic horse FROH Exmoor pony FROH

Mean Min Max sd Mean Min Max sd
0.1 to ≤ 1 0.15 0.07 0.21 0.02 0.22 0.01 0.41 0.06
> 1 to ≤ 2 0.02 0.00 0.06 0.01 0.04 0.00 0.12 0.03
> 2 to ≤ 4 0.01 0.00 0.05 0.01 0.02 0.00 0.08 0.01
> 4 to ≤ 8 0.01 0.00 0.06 0.01 0.00 0.00 0.01 0.00
> 8 0.01 0.00 0.05 0.01 0.00 0.00 0.00 na
All ROH lengths 0.20 0.07 0.30 0.03 0.27 0.01 0.55 0.08
Mean = average FROH value, Min = minimum FROH value, Max = maximum FROH value, sd = standard deviation

Fig. 3  Distribution and average length of ROH across chromosomes
(a) Distribution and (b) average length of ROH in Mb detected across the autosomal genome in the Icelandic horse and the Exmoor pony
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Additionally, Table 5 enumerates the shared ROH islands 
between the two breeds suggested to be associated with 
the immune system, metabolism, coat type, and body 
size.

Discussion
Disentangling genomic adaptation from natural and arti-
ficial selection within a genome is a challenging task. 
Some approaches include population genetic analysis, 
functional genomics, examination of historical data on 
breeding practices, and genomic comparisons. The Ice-
landic horse and Exmoor pony share many similarities, 
being ancient breeds of relatively small body size adapted 
to harsh conditions, but they also exhibit significant dif-
ferences due to stringent selection for gait performance 
in Icelandic horses and emphasis on coat colour and con-
servation of Exmoor ponies. The comparison of the two 
breeds, therefore, gives a valuable opportunity to distin-
guish between detected signatures of selection for per-
formance, and signatures resulting from adaptations to 
harsh environment. Furthermore, this study is the first to 
analyse genetic diversity and ROHs in the Icelandic horse 
using high-density SNP-marker data.

A substantial number of ROH islands, considered 
indicative of selection signatures, were identified in 
both breeds, and presented in Additional file 4: Table S2. 
However, in this discussion we focus on selected regions 
linked to specific traits relevant to the studied breeds. 
Shared ROH islands between both breeds were identi-
fied, associated with metabolic processes, body size, and 

the immune system. Additionally, private ROH islands 
linked to performance in the Icelandic horse and ROH 
islands associated with coat colours, hypertension, and 
fertility in the Exmoor pony were identified.

Exploring genetic diversity
Our findings revealed similar heterozygosity estimates 
in both the Icelandic horse (mean HO = 0.34) and the 
Exmoor pony (mean HO = 0.33), which were also com-
parable to estimates reported in other breeds with closed 
populations. In a study by Cosgrove et al. [16], which 
estimated heterozygosity for various breeds in the devel-
opment of the 670k genotyping array [55], reported aver-
age HO = 0.34 ± 0.02 for pony breeds, HO = 0.33 ± 0.01 for 
draft horse breeds, and HO = 0.32 ± 0.01 for the Icelandic 
horse.

Estimations of SNP based Ne of the Icelandic horse 
(125 individuals) further suggested an adequate genetic 
diversity within the breed, and a relative stability in Ne 
estimations over the last 3–4 generations. The equal esti-
mations of HE and HO and the low number of longer ROH 
support the stability observed in the Ne trend in recent 
generations, and the absence of strong recent inbreed-
ing. In contrast, the Ne estimate for the Exmoor pony 
(42 individuals) indicates severe loss of genetic diversity, 
posing a risk to the breed’s sustainability. This decline is 
likely linked to the grave bottleneck experienced during 
the Second World War when the pony population dimin-
ished to about 50 individuals by the war’s end [9]. While 
the bottleneck may not be explicitly evident in the Ne 
trend depicted in Fig. 2, the gradual, slow decrease sug-
gests that conservation measures applied after the war 
may have been useful. However, there were a few Exmoor 
ponies with unexpectedly low FROH in the present study 
and the subpopulations that Velie et al. [37] identified in 
the Exmoor data, the relatively small sample size, and the 
lack of background information prevented us from draw-
ing any definitive conclusions for the Ne trend.

Seen over a longer time span for the Icelandic horse, Ne 
estimations revealed a significant decrease at two histori-
cal events, resulting in a major decline in the population 
size of the Icelandic horse [7]. The first event occurred 
approximately 23 generations ago, aligning with the end 
of the 18th century considering a generation interval of 
roughly 10 years, coinciding with the Skaftáreldar vol-
canic eruption. This eruption had detrimental conse-
quences for both humans and livestock in Iceland, and 
is said to have reduced the number of horses with 75% 
[56]. The second event took place around 8 generations 
ago, during the industrial revolution in Iceland. During 
this period, the role of the Icelandic horse as a working 
horse was superseded by machines, leading to a shift in 
the breeding goal towards breeding riding horses [4, 57].

Fig. 4  Violin plot showing distribution of genome-wide FROH
Distribution of average FROH across the genome for the Icelandic horse (to 
the left) and the Exmoor pony (to the right) represented with a violin plot 
including a box plot indicating the median, first and third quartile (Q1 and 
Q3) and the outliers
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Fig. 5  Manhattan plot showing ROH islands across chromosomes
ROH islands across all autosomes in (a) the Icelandic horse and (b) the Exmoor pony. The x-axis represents the chromosome numbers, and the y-axis rep-
resents the proportion of animals sharing a ROH. The ROH islands exceeding the 70% threshold (red dotted line) were considered signatures of selection
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Table 3  List of selected private ROH islands in the Icelandic horses with annotated genes located within each ROH island and traits 
possibly associated with the genes or regions
ECA Start to end position1 Length (kb) nSNP Annotated genes within ROH island Suggested associated trait(s)2

1 26,821,929 − 26,922,176 100.2 19 SH3PXD2A, NEURL1 Learning and memory
17 50,290,519 − 50,523,326 232.8 36 SLAIN1, EDNRB Performance
23 21,584,553 − 21,696,531 112.0 21 PGM5, ENSECAG00000003227 Gaits, performance

21,771,215 − 21,877,092 105.9 17 DOCK8
22,117,843 − 22,706,518 588.7 117 KANK1, DMRT1, DMRT3, DMRT2

ECA = equine chromosome, Length (kb) = length of a ROH in kilobase, nSNP = number of SNP in a ROH
1Positions are according to genomic coordinates in EquCab3.0 reference genome
2Based on HorseQTL database and functional annotations

Table 4  List of selected private ROH islands in the Exmoor pony with annotated genes located within each ROH island and traits 
possibly associated with the genes or regions
ECA Start to end position1 Length (kb) nSNP Annotated genes within ROH island Suggested 

associated 
trait(s)2

1 114,371,997 − 114,398,670 26.7 5 OCA2 Coat colour
114,458,823 − 114,477,224 18.4 5

8 20,588,303 − 20,896,604 308.3 50 TBX3, TBX5 Coat colour
11 33,050,441 − 33,198,699 148.3 22 TEX14 Fertility
15 10,154,743 − 10,399,931 245.2 38 REV1, EIF5B, TXNDC9, LYG1, LYG2 Immune system
22 25,912,035 − 26,060,652 148.6 12 ENSECAG00000055038, ASIP Coat colour
22 44,748,478 − 44,900,296 151.8 41 BMP7, ENSECAG00000038425, SPO11 Hypertension 

and fertility
22 46,065,950 − 46,306,096 240.1 50 NPEPL1, ENSECAG00000004696, 

ENSECAG00000040282, GNAS
Hypertension

46,313,381 − 46,480,417 167.0 41 NELFCD, CTSZ, TUBB1, ENSECAG00000060119, 
PRELID3B

24 16,374,545 − 16,425,073 50.5 4 ENSECAG00000031483, ENSECAG00000036606, MED6, 
ENSECAG00000041394

Fertility

ECA = equine chromosome, Length (kb) = length of a ROH in kilobase, nSNP = number of SNP in a ROH.
1Positions are according to genomic coordinates in EquCab3.0 reference genome.
2Based on HorseQTL database and functional annotations.

Table 5  List of selected shared ROH islands in the Icelandic horses (ICE) and the Exmoor pony (EXM) with annotated genes located 
within each ROH island and traits possibly associated with the genes or regions
ECA Breed Start to end position1 Length (kb) nSNP Annotated genes within ROH island Suggested 

associated 
trait(s)2

9 ICE 73,198,547 − 73,286,648 88.1 14 ENSECAG00000023276, CYRIB Immune 
systemEXM 73,072,557 − 73,156,479 83.9 5 ENSECAG00000022588, ENSECAG00000046146, 

ENSECAG00000053909
11 ICE 25,277,282 − 25,336,522 59.2 9 ABI3, ZNF652 Coat type 

and body 
size

29,120,371 − 29,172,299 51.9 8 //
29,181,352 − 29,237,132 55.8 5 //

EXM 30,266,841 − 30,334,358 67.5 12 MMD
30,371,968 − 30,440,645 68.7 8 SMIM36
30,471,631 − 30,600,164 128.5 21 TMEM100
30,722,954 − 30,853,756 130.8 16 ENSECAG00000048512
30,906,432 − 30,998,404 92.0 13 ANKFN1
31,320,686 − 31,495,910 175.2 26 NOG

17 ICE 18,706,560 − 18,829,942 123.4 17 FOXO1 Metabolism
EXM 18,735,602 − 18,829,942 94.3 14

ECA = equine chromosome, Length (kb) = length of a ROH in kilobase, nSNP = number of SNP in a ROH
1Positions are according to genomic coordinates in EquCab3.0 reference genome
2Based on HorseQTL database and functional annotations



Page 11 of 18Sigurðardóttir et al. BMC Genomics          (2024) 25:772 

While the Ne estimates for the Icelandic horse exceed 
the generally recommended minimum size for sustaining 
genetic diversity in selectively bred populations, previous 
studies have shown a decline in pedigree-based Ne over 
generations. For instance, in 1989, the pedigree-based 
Ne was reported as 365 individuals [58], declining to 210 
animals by 2000 [59], and currently estimated at around 
100 individuals [27]. These figures differ somewhat with 
the Ne estimates from genomic data presented in Fig. 2 
of this study. The pedigree completeness for the Icelan-
dic horse is high, but pedigree measures are limited to 
probability estimates based on documented ancestry. 
In contrast, genomic data provides a more detailed and 
comprehensive view of the population’s genetic struc-
ture and history but is based on a genotyped subset of 
the population. Therefore, some differences in pedigree-
based and genomic estimates can be expected. However, 
it is reassuring that the differences were not substantial.

The average FPED estimated in the present study closely 
aligns with recent calculations for all horses born in Ice-
land between 2011 and 2020 [27]. This suggests that our 
sample predominantly consisting of preselected Icelandic 
breeding horses likely to contribute to future generations 
fairly accurately represents the latest generation of Ice-
landic horses. A continued monitoring of relatedness and 
genetic contribution of breeding animals, and resulting 
inbreeding trends, is important to ensure a sustainable 
breeding program. This is especially important within 
the Icelandic horse population, because a large part of 
the population is geographically isolated in Iceland where 
importation of genetic material is prohibited according to 
the Animal Importation Act [60].

Interpreting genomic inbreeding
The quantity of detected ROH islands in this study was 
heavily influenced by the parameter settings, notably 
the minimum ROH length. Many equine studies using 
670k SNP data set a minimum ROH length of 500 kb [17, 
19, 21, 22, 26], excluding the shortest ROHs (< 0.5 Mb). 
This exclusion further impacts FROH estimation, which is 
derived from the total genome length covered by ROHs. 
In our study, a 100  kb minimum ROH length resulted 
in the highest correlation between estimated FROH and 
FPED values for the Icelandic horse. Using this setting, 
the mean FROH was higher (FROH = 0.20 for the Icelandic 
horse and FROH = 0.27 for the Exmoor pony) compared 
to previous studies. Previous reports for the Exmoor 
pony ranged from 0.17 to 0.25 [12, 18], while the dispar-
ity in FROH values for the Icelandic horse was more pro-
nounced, with previous estimates ranging from 0.03 to 
0.13 [16, 18, 30]. Excluding the shortest ROHs (< 0.5 Mb), 
resulted in values closer to those previously reported. It 
can be argued that the FROH estimate based on the lon-
ger ROHs, reflecting more recent inbreeding, is more 

relevant for risk assessment of the current breeding prac-
tises [61, 62].

The high average FROH observed in the Icelandic horse 
when including the shortest ROHs, may be attributed to 
the breed’s assumedly limited initial genetic pool, poten-
tial drift, and genetic purging during its adaptation pro-
cess. The relatively small number of ROHs longer than 
4  Mb suggests no evidence of recent excessive inbreed-
ing. However, when compared with the near absence 
of long ROHs in the Exmoor pony, there is suggestive 
evidence of a stronger recent selection in the Icelandic 
horse. Additionally, there are indications of an increased 
contribution of a limited number of breeding animals in 
the Icelandic horse to the modern gene pool [27], empha-
sizing the importance of closely monitoring inbreeding 
and genetic diversity in the breed.

ROH island cold spots of different origin
ROH island cold spots were identified on ECA12 and 
ECA20 in both breeds, where the shortest average ROHs 
and the lowest mean FROH were found. The cold spot 
on ECA20 may be attributed to the major histocompat-
ibility complex (MHC) covering a substantial portion of 
the chromosome [63, 64]. The MHC is a highly variable 
region associated with the immune system and benefits 
from heterozygosity [65], with the Icelandic horse, for 
instance, showing high MHC heterozygosity [66]. Fur-
thermore, a possible cause of the cold spot identified on 
ECA12 is the higher percentage of the chromosome cov-
ered by copy number variation (CNV) gains and losses 
compared to other equine chromosomes [67–69]. CNV 
increases genetic diversity by varying the number of cop-
ies of genomic regions [70], indicating higher heterozy-
gosity in the region on ECA12.

Performance-linked ROH islands on ECA23 and ECA17 in 
the Icelandic horse
The most prominent ROH island hot spot in the Icelan-
dic horse was located on ECA23; a region harbouring 
genes such as the DMRT3 and DOCK8, both known to 
be causative or highly associated with gaits and perfor-
mance in many horse breeds [71–78]. A single mutation 
[DMRT3:Ser301STOP marker at nucleotide position 
22,999,655 on ECA23] in the DMRT3 gene, also referred 
to as the ‘Gait keeper’ mutation, alters the pattern of 
locomotion and has a predominant effect on gaiting abil-
ity in Icelandic horses [71, 72]. The identified ROH har-
bouring the DMRT3 gene was the longest ROH (589 kb) 
identified in this study that was shared by over 70% of 
the Icelandic horses, indicating recent selection for this 
region.

This ROH also harbours the DMRT1, DMRT2 and 
KANK1 genes and overlaps the ‘Gait keeper’ haplotype 
previously identified [71, 79]. Furthermore, this region 
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overlaps a previously identified selection signature for 
the Icelandic horse in a study by Petersen et al. [31]. 
The DOCK8 gene, located in another ROH (106  kb) on 
ECA23, has been shown to be associated with harness 
racing success in Nordic trotters [73]. Furthermore, in 
a small sample set of Icelandic horses, the DOCK8 gene 
was found to be associated with pace racing success and 
to potentially segregate between elite pace racers and 
other horses [80]. Previous studies hypothesized overlap-
ping or common gene effects of the DMRT1-3 genes and 
the DOCK8 gene [73, 81, 82].

Even though the ‘Gait keeper’ mutation has been 
shown to be a causative factor for gaiting ability, it is 
highly unlikely that it is the single cause as shown by 
multiple studies [35, 71, 72, 74, 76–78, 83]. It is therefore 
possible that the DOCK8 gene contributes to the perfor-
mance of gaits, alongside the DMRT3 gene. The PGM5 
gene, located in the third ROH (112 kb) on ECA23, has 
no known association with performance in horses. It is 
predicted to enable metal ion binding activity and phos-
phoglucomutase activity, and to be associated with myo-
fibril assembly and striated muscle tissue development in 
zebrafish [84], and may thus be a candidate to study fur-
ther for performance in horses.

A relatively long ROH island (233  kb) was detected 
on ECA17 for the Icelandic horses, harbouring the 
genes EDNRB and SLAIN1. The EDNRB gene harbours 
the ‘Overo allele’, which has been shown to be the caus-
ative factor for the Overo coat colour in horses and the 
lethal white foal syndrome (LWFS) in homozygous form 
[85–87]. Since there are no reports of either the Overo 
coat colour or the LWFS in the Icelandic horse breed, the 
apparent selection intensity for this region is likely asso-
ciated with another function of the gene EDNRB, that 
appears to have pleiotropic effects. The EDNRB gene is a 
part of the endothelin gene family, which plays a crucial 
role in regulating blood vessel tone and blood pressure 
[88, 89]. The EDNRB interacts with its family members, 
such as the EDN3 gene [90–92] suggested to be associ-
ated with blood supply regulation in high-performing 
racing horses [93, 94]. Icelandic horses are trained for 
high intensity exercises [95, 96], indicating the impor-
tance of a robust regulatory system for the distribution 
of blood to the tissues. This ROH island may, therefore, 
be a product of selection for performance. The SLAINI 
gene has furthermore been associated with the develop-
ing nervous system in mouse embryos [97], indicating a 
possible importance for performance.

Another possible performance related ROH island was 
detected on ECA1, where the NEURL1 and SH3PXD2A 
genes are located. One of the functions of the NEURL1 
gene is hippocampal-dependent synaptic plasticity, 
which affects learning and memory processes [98, 99]. 
This region could, therefore, be important for horses 

trained for performance. These ROH islands on ECA23, 
ECA17 and ECA1 were not identified in the Exmoor 
pony genome in this study, further underlining the pos-
sible association with performance.

ROH islands distinguished by coat colour genes in the 
Exmoor pony
The Exmoor pony is renowned for its distinctive bay coat 
colour and mealy markings. A ROH island hot spot was 
identified on ECA22, coinciding with the location of the 
ASIP gene which is responsible for the bay coat colour 
in horses [100]. Additionally, a prominent signature 
on ECA8, harbouring the TBX3 and TBX5 genes, was 
observed for this breed. While TBX3 controls dun coat 
colour [101], the rarity of dun-coloured Exmoor ponies 
suggests that the signature likely reflects the high preva-
lence of the non-dun alleles in the gene.

The OCA2 gene was identified in a ROH island on 
ECA1 for Exmoor ponies and is known to be one of the 
components of the mammalian pigmentary system [102–
104]. The gene is a major determinant of brown and/or 
blue eye colour [103–105] and is hypothesized to be a 
key control point at which ethnic skin colour variation in 
humans is determined [106]. Efforts have been made to 
link this gene to horse colour phenotypes [107, 108] with-
out success so far. The OCA2 gene consistently emerges 
as a selection signature in the Exmoor pony genome [17], 
suggesting its potential association with some of their 
characteristics, such as the mealy markings. The mealy 
phenotype has previously been linked to the EDN3 gene 
[93], which was also identified in this study, located near 
another ROH island on ECA22. Consequently, we recom-
mend further exploration of these two candidate genes 
to ascertain their potential association with the mealy 
phenotype.

No ROH islands harbouring candidate genes for horse 
colour phenotypes were identified in the Icelandic horse 
genome. This absence may be attributed to the breeding 
goal for the Icelandic horse [109], which has consistently 
aimed at preserving a diverse range of coat colours, pre-
sumably leading to higher variability within the colour 
loci.

Signs of adaptation to limited feed supply
One of the most prominent ROH islands shared by the 
Icelandic horse and the Exmoor pony, harboured the 
FOXO1 gene on ECA17. The FOXO1 gene has been asso-
ciated with insulin resistance [110–112] which is one of 
the key components of the equine metabolic syndrome 
(EMS) [113]. EMS is generally observed in breeds cat-
egorized as “easily fed,” which typically require a lower 
nutritional intake to maintain body weight. These breeds, 
including the Icelandic horse and Exmoor pony, have 
historical backgrounds marked by poor feed availability 
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and periods of starvation. The hypothesis suggests that 
positive selection for this genomic region has historically 
contributed to the survival of these breeds in harsh win-
ter conditions but may render them less adaptive to lush 
pastures and high-energy diets, and in some cases, low 
workload. Low insulin sensitivity, or even insulin resis-
tance, has been reported in both breeds [114, 115].

Another key aspect of EMS involves a susceptibility to 
laminitis [113], which has been shown to be associated 
with hypertension in horses [115]. Moreover, hyperten-
sion arises from dysfunction in vascular endothelial cells 
in humans with type 2 diabetes [116], a syndrome con-
sidered closely related with EMS [117]. Additionally, the 
vascular endothelium plays a crucial role in preventing 
platelet activation and the adhesion of leukocytes to the 
vascular wall [115]. Within the Exmoor pony genome, 
a substantial homozygote region on ECA22 was identi-
fied, harbouring three distinct ROH islands. In the first 
ROH, the genes BMP7 and SPO11 were identified; the 
second contained the NPEPL1 and GNAS genes, while 
the third encompassed the NELFCD, CTSZ, TUBB1, 
and PRELID3B genes. Notably, all genes in the third 
ROH are associated with the regulation of platelet prop-
erties [52, 53, 118, 119]. Moreover, research has linked 
the BMP7 gene to diabetes and vascular calcification in 
humans [120], while the SPO11 gene has been linked to 
endothelial dysfunction resulting from exercise-induced 
DNA damage in horses [94]. Furthermore, mutations 
in the GNAS gene have been established as causative 
for McCune-Albright syndrome in humans, a condi-
tion known to involve endocrinologic anomalies such as 
Cushing syndrome [121]. Equine Cushing’s disease is 
recognized in many horse breeds and frequently leads 
to the development of laminitis [117]. At last, the afore-
mentioned EDN3 gene, which is a part of the endothelin 
gene family, is located in a close proximity (> 165 kb) to 
the ROH islands.

The strong evidence of genes associated both directly 
and indirectly with vascular endothelin regulation in the 
specified ECA22 region suggests it could be a signature 
for positive selection, representing an adaptive trait in 
Exmoor ponies potentially related to varying feed sup-
ply. This study did not identify evidence of positive selec-
tion for the same region on ECA22 in the Icelandic horse, 
however.

Hot spot on ECA11 potentially linked to harsh climate 
adaptation
ROH islands were identified on ECA11 in both the Ice-
landic horse (25,277,282 − 29,237,132) and Exmoor pony 
(30,266,841 − 31,495,910) within a region that appears 
to be partly shared among various pony and draft horse 
breeds [17, 18, 21–23, 31, 47–49]. This region has been 
shown to have a low recombination rate in horses [122]. 

It ranges from approximately position 23  Mb to 32  Mb 
and has predominantly been associated with pheno-
types such as a small to medium height at withers, and 
a compact, muscular body and robust bone structure, as 
observed in pony and draft horse breeds [123–125], and 
has also been suggested to be involved in hair and coat 
density and quality [48, 49, 126].

Whereas phenotypes such as limited height at withers 
and dense winter coat apply to the Icelandic horse and 
Exmoor pony, the genes in this wider genomic region 
previously suggested to be of importance for such traits 
were not within the ROH islands identified on ECA11 in 
the present study. However, we cannot exclude that selec-
tion has targeted other nearby genes, given the overall 
high gene density in the region, or that regulatory func-
tions have been selected for. The low recombination rate 
in the region [122] suggests strong linkage and perhaps 
participation of many genes in similar processes.

Adapted antibacterial defence
A ROH island identified on ECA9 
(73,072,557 − 73,286,648) shared by both horse breeds 
may play a crucial role in the immune system. Within this 
region lies the CYRIB gene, which has been shown to be 
associated with protection against Salmonella bacterial 
infections in humans and contribute to restricting infec-
tions mediated by Mycobacterium tuberculosis and Lis-
teria monocytogenes [127].

Functional annotation analyses of genes found within 
a ROH island on ECA15 only in the Exmoor pony 
(10,154,743 − 10,399,931) revealed an enrichment in GO 
terms related to the “defence response to Gram-positive 
bacterium”. Gram-positive bacteria include genera like 
Staphylococcus, Streptococcus, Clostridium, and Lis-
teria, all known to cause diseases of varying severity in 
horses [128–131]. The genes identified within the ROH 
include REV1, EIF5B, TXNDC9, LYG1, and LYG2. The 
two last ones, LYG1 and LYG2, have been reported to 
have a significant role in innate immunity in mammals 
[132]. As far as our knowledge extends, this specific 
region has not been recognized as a selection signature in 
other horse breeds, while the LYG1 and LYG2 genes have 
been identified as candidate genes for selection in sheep 
[133].

Male fertility related genomic regions in the exmoor pony
Three ROH islands detected in the Exmoor pony genome 
harbour genes related to male fertility traits. First, a ROH 
island was detected on ECA11, positioned at 33,050,441 
to 33,198,699, containing the TEX14 gene. Second, a 
ROH island was identified on ECA22 ranging from 
44,748,478 to 44,900,296, harbouring the SPO11 gene. At 
last, a ROH detected on ECA24 (16,374,545 − 16,425,073) 
harboured genes that, by a functional annotation analysis, 
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revealed an enrichment in the GO term related to “male 
gonad development”.

The TEX14 gene codes for a testis-specific protein and 
serves as a crucial element in the intercellular bridges of 
both male and female embryos. Adult male mice lack-
ing TEX14 mRNA are unable to reproduce (sterile), 
while females with the same genetic condition maintain 
their fertility [134, 135]. TEX14 has further been sug-
gested to have been targeted by selection for fertility in 
German warmblood horses [13] and was located within 
a ROH island detected in the Noriker horse genome 
[23]. The SPO11 gene codes for an evolutionarily con-
served topoisomerase-like protein that, in mammals, 
is functionally expressed in gonads during meiosis. It 
has been shown to be associated with male infertility in 
mice, humans, and cattle [136–140]. The ROH island 
on ECA24 contained the MED6 gene and three novel 
genes (ENSECAG00000031483, ENSECAG00000036606, 
ENSECAG00000041394). ENSECAG00000041394 is an 
orthologue of the ADAM20 mouse gene. The ADAM 
metallopeptidase domain 20 (ADAM20) gene is spe-
cifically expressed in testis and has been associated with 
male infertility in humans and mice [141–144]. The pres-
ence of these ROH islands associated with male fertility 
implies that this trait may have undergone positive selec-
tion in the Exmoor pony breed, as a survival trait in semi-
feral conditions. These ROHs were not detected in the 
Icelandic horse in this study.

Conclusions
This study provides insights into the genetic diversity 
and genomic ROH patterns in the Icelandic horse and 
Exmoor pony. Our assessments indicate that the genetic 
diversity in the Icelandic horse is on an acceptable level 
for a closed population undergoing artificial selection. 
Nevertheless, it is advisable to maintain ongoing moni-
toring to guarantee the preservation of genetic diversity 
and to support sustainable breeding practices for the Ice-
landic horse. In contrast, our results for the Exmoor pony 
indicates a critical state of genetic diversity. However, 
further research accounting for the population structure 
of the breed is needed to validate our findings.

The FROH estimates were significantly affected by the 
parameters employed in the ROH analysis, emphasiz-
ing the importance of considering these settings when 
comparing values across different studies. In our study, 
the high occurrence of short ROHs led us to attribute a 
larger extent of the identified inbreeding in both breeds 
to historical events like the breed’s origin, bottlenecks, 
and adaptation, rather than recent and stringent selection 
practices.

Several ROH islands associated with performance were 
identified in the Icelandic horse, effectively distinguishing 
the breed from the Exmoor pony. The most prominent 

one on ECA23 featured the longest average ROHs and 
the highest mean FROH across all chromosomes, suggest-
ing the most recent and stringent selection pressure. The 
shared ROH islands observed in both breeds were linked 
to traits associated with adapting to challenging environ-
ments with limited food resources, as well as to immune 
system function. Conversely, distinct ROH regions spe-
cific to Exmoor ponies were associated with their exte-
rior characteristics such as coat colour, along with traits 
related to immune response and fertility.

In conclusion, this study provides knowledge con-
tributing to preserving genetic diversity and population 
health in these two equine populations. Furthermore, the 
obtained results provide important insight into genomic 
regions shared by the two breeds, which are likely asso-
ciated with adaptive traits shaped by natural selection. 
Genomic regions related to performance were identified 
only in the Icelandic horse, likely reflecting the artificial 
selection for gaits and performance that has occurred 
over the past few decades.
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