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Abstract

The Roma people have a complex demographic history shaped by their recent dispersal from a South Asian origin into
Europe, accompanied by continuous population bottlenecks and gene flow. After settling in the Balkans around 1,000 years
ago, the Roma gradually dispersed across Europe, and approximately 500 years ago, they established in the Iberian Penin-
sula what is now one of the largest Roma populations in Western Europe. Focusing specifically on the Iberian Roma, we
conducted the most comprehensive genome-wide analysis of European Roma populations to date. Using allele frequency
and haplotype-based methods, we analysed 181 individuals to investigate their genetic diversity, social dynamics, and
migration histories at both continental and local scales. Our findings demonstrate significant gene flow from populations
encountered during the Roma’s dispersal and confirm their South Asian origins. We show that, between the 14th and 19th
centuries, the Roma spread westward from the Balkans in various waves, with multiple admixture events. Furthermore,
our findings refute previous hypotheses of a North African dispersal route into Iberia and genetic connections to Jewish
populations. The Iberian Roma exhibit ten times greater genetic differentiation compared to non-Roma Iberians, indicating
significant regional substructure. Additionally, we provide the first genetic evidence of assortative mating within Roma
groups, highlighting distinct mating patterns and suggesting a gradual shift towards increased integration with non-Roma
individuals. This study significantly enhances our understanding of how demographic history and complex genetic struc-
ture have shaped the genetic diversity of Roma populations, while also highlighting the influence of their evolving social
dynamics.

Introduction

The Romani population, often inaccurately referred to as
“Gypsies”, is recognised as Europe’s largest transnational
ethnic minority (O’Nions 2016). Conservative estimates
place the Romani population at approximately 10 million,
though, without a formal census, this number is likely an
underestimation (Bernat and Messing 2016). While Roma
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groups share a common identity and cultural traditions, their
linguistic diversity is notable (Matras 2002). Our under-
standing of the Roma’s historical origins has been derived
from a combination of linguistic studies, historical records,
and more recent genetic research. Previous investigations
trace their roots to South Asia, particularly the Punjab and
Kashmir regions, as supported by both historical sources
(Iovita and Schurr 2004; Kenrick 2007) and genetic findings
(Kalaydjieva et al. 2001; Mendizabal et al. 2012; Moorjani
et al. 2013; Martinez-Cruz et al. 2016; Font-Porterias et al.
2019; Ena et al. 2022).
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Embarking on their diaspora from South Asia, the Roma
travelled through what is now Afghanistan and various
regions of Western Asia and the Caucasus, such as Iran,
Armenia, and Anatolia, before entering Europe through the
Balkans during the Middle Ages (Fraser 1992; Hancock
20006; Kenrick 2007). Upon their arrival, they faced a mixed
reception that escalated into persecution and slavery, con-
ditions that persisted in several European kingdoms until
the 19th century (Brearley 2001). This tragic history cul-
minated in the Nazi genocide during the Second World War
(Lewy 2000; Kenrick and Puxon 2009). Although they are
now recognised as full-fledged citizens within the European
Union, the Roma community continues to grapple with dis-
crimination, high unemployment rates, pervasive poverty,
and significant health disparities (O’Nions 2011; Parekh and
Rose 2011; Ivanov and Kagin 2014; Kajanova and Kme-
cova 2018).

Today, the Roma community is found throughout Europe,
with the Iberian Peninsula hosting one of the largest Roma
groups. Known by the endonym Calé, this group represents
the westernmost edge of the Roma Diaspora within the con-
tinent. Historical accounts suggest that the Roma arrived on
the Iberian Peninsula in the 15th century, with the earliest
documentation in Zaragoza in 1425, having travelled from
south-eastern Europe via a northern route (Pym 2007; Ken-
rick 2007; Sanchez 2022). There is speculation, based on
oral traditions within some Roma communities, as well as
historical interpretations of religious texts and the earlier
belief that the Roma originated from Egypt, that some trav-
ellers may have reached the Iberian Peninsula through an
alternative route via the Arabian Peninsula, North Africa,
and the Strait of Gibraltar (Aparicio Gervas 2006; Hancock
2006; Pohoryles 2018), although no solid evidence supports
this hypothesis.

The arrival of the Roma into Iberia coincided with a
period of significant population and political turmoil, dur-
ing which the Islamic rule of seven centuries was over-
thrown by Christian kingdoms. In the late 15th and early
16th centuries, these kingdoms persecuted, expelled, and
forced religious conversions of Muslims and Jewish (Soyer
2007; Tartakoff 2012; Kimmel 2015; Carr 2017). This era
was marked by considerable upheaval as Christian Span-
iards, Jews, and Muslims coexisted for nearly a century.
During this turbulent period, there may have been instances
of genetic admixture between the Roma and these groups,
who were eventually expelled in the 16th century, while the
Roma were compelled to settle (Pym 2007; Abreu 2007;
Sanchez 2022). Although initially tolerated, by the 16th cen-
tury the first laws against the Roma were enacted in Spain
and Portugal (Leblon 1985; Ortega 1994; Martinez Dhier
2007; Abreu 2007), restricting their freedom. This culmi-
nated in Spain with the “Gran Redada” (Great Round-up)
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on July 30, 1749, during which thousands of Roma indi-
viduals were arrested and imprisoned (Sanchez 2022). The
19th and 20th centuries saw significant internal movements
within Spain and the broader peninsula, contributing to the
displacement of many people, likely including the Roma
(Bover and Velilla 1999; Silvestre 2005). Today, the Iberian
Roma constitute the largest Roma population in Western
Europe, estimated at nearly a million individuals, predomi-
nantly concentrated in the Andalusian region (Laparra 2007;
Laparra et al. 2007). Despite this, they continue to suffer
from socioeconomic inequities compared to non-Roma
individuals (Tarnovschi et al. 2012; La Parra-Casado et al.
2018; Mendes and Magano 2022).

Previous genetic studies on the Roma population of the
Iberian Peninsula have primarily focused on uniparen-
tal markers (Gusmao et al. 2008; Mendizabal et al. 2011;
Gomez-Carballa et al. 2013; Garcia-Fernandez et al. 2020;
Aizpurua-Iraola et al. 2022) with a smaller portion dedicated
to the X chromosome, genome-wide array-data (Pereira et
al. 2012; Font-Porterias et al. 2019), and complete genomes
(Bianco et al. 2020). These studies have generally centred
on broad historical inquiries, origins, and differentiation
of European Roma on a large scale rather than specifically
targeting Iberian Roma groups. Despite limitations due to
partial genome data and small sample sizes, findings have
shown that Iberian Roma share a common origin with other
European Roma groups (Mendizabal et al. 2012; Moorjani
et al. 2013; Martinez-Cruz et al. 2016; Font-Porterias et
al. 2019), possess unique uniparental haplotypes (Gusmao
et al. 2008; Gomez-Carballa et al. 2013; Aizpurua-Iraola
et al. 2022), and appear to be part of the first out-of-Bal-
kan migration along with Central and Northern European
Roma (Mendizabal et al. 2011). This westernmost expan-
sion of the Roma in Europe exhibits the highest proportion
of European-like ancestral components compared to other
Roma populations and appears to display geographical sub-
structure within the Iberian Peninsula (Font-Porterias et al.
2019). However, these analyses have not fully explored the
internal diversity of Roma groups, their heterogeneity (both
within Iberia and across Europe), or how socio-cultural
customs have shaped gene flow and population admixture
within the Roma community. Additionally, the role of assor-
tative mating in shaping the distribution of genetic variation
among these populations has yet to be investigated.

To address these previous limitations, and as a part of
a Roma community-driven initiative in collaboration with
the FAGiIC (Federation of Roma Associations of Catalo-
nia), we have analysed genome-wide data from 105 Iberian
Roma volunteers, comparing them with other Roma and
non-Roma groups. Our genomic approach focuses on: (i)
the internal genetic structure of Roma and its correlation
with geographys; (ii) the relationships between Iberian Roma
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and other non-Roma populations to explore possible con-
tacts during the period of population upheaval following the
Roma’s arrival on the Iberian Peninsula; (iii) estimation of
the admixture events in the Iberian Roma before and after
their arrival to the Iberian Peninsula; and (iv) the assess-
ment of endogamy patterns (understood as marriage within
the population or community) and assortative mating of the
European Roma. Our study provides a detailed analysis of
the intricate population history of the Iberian Roma, offer-
ing insights from both micro-geographical and large-scale
perspectives on the population history of European Roma.

Results

Genetic distinctiveness of the Roma within the
European context

The genetic relationships between Roma individuals and
other populations were assessed through Principal Compo-
nent Analysis (PCA) and ADMIXTURE analyses. The plot
of the first two PC components (Fig. 1b) shows that Ibe-
rian Roma, along with other European Roma groups, cluster
between European and Indian populations, with minimal
overlap with other groups (the first four principal compo-
nents are shown in Fig. 1b and Supplementary Fig. 1). This
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pattern is consistent with previous genetic studies (Men-
dizabal et al. 2012; Ceballos et al. 2018; Font-Porterias et
al. 2019; Bianco et al. 2020). The ADMIXTURE analysis
at K=4 reveals populations clustering by continental ori-
gin, with the Roma forming a distinct group, showing with
two main components linked to European and South Asian
populations (Supplementary Fig. 2). At the lowest cross-
validation error, K=6 (Supplementary Fig. 3), a Roma-spe-
cific component is highlighted, ranging from approximately
30-80% (Fig. 1c and S2).

To investigate gene flow patterns from populations
encountered during the Roma diaspora, we analysed allele
sharing using the outgroup f3-statistics and f4-statistics. In
the /3 outgroup test, the non-Roma European populations
showed the highest /3 values (Supplementary Fig. 4a-c),
followed by West Asian and South Asian groups, with Afri-
can populations showing the least affinity, irrespective of
the Roma subgroup (Supplementary Fig. 4a-c). The f4 tests
showed that Roma are genetically closer to European groups
than to South Asian ones (Supplementary Fig. 5). Among
European groups, Iberian Roma were more closely related
to the Basques (Supplementary Fig. 6a), while Czech Roma
were genetically closer to Central Europeans (CEU) (Sup-
plementary Fig. 6a). When examining proximity to South
Asian groups, both Iberian and Czech Roma showed diver-
gence from southern and western Indian populations (STU,
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Fig. 1 Genetic population structure of the European Roma groups. (a)
Distribution and sample sizes of Roma populations included in the
present study. (b) Principal component analysis (PCA) of all samples
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BEB, ITU) and closer genetic affinity with Pakistani and
northwestern Indian groups (Supplementary Fig. 6b), sup-
porting the hypothesis of a Punjabi origin of the Roma dias-
pora (Mendizabal et al. 2011; Pamjav et al. 2011; Rai et al.
2012; Martinez-Cruz et al. 2016).

We further explored the genetic relatedness among popu-
lations using FineStructure analysis, which examines hap-
lotype similarities. This analysis revealed that most Roma
individuals cluster within a single macrobranch, with the
exception of two Iberian individuals clustering with non-
Roma Iberians (IBS) and one Hungarian Vlax individual
clustering with the general Hungarian population. These
Roma individuals were not included in further dating analy-
ses to avoid estimation biases (Supplementary Fig. 7a-c).
Within the Roma macrobranch, a geographical structure
emerged, with distinct clusters for Iberian, Czech, and
Macedonian Roma, while other European Roma clustered
together, likely due to their small sample sizes (Supplemen-
tary Fig. 7a-c). For subsequent analyses, we grouped all
Iberian Roma samples into one Recipient cluster (/berian-
Roma) and all other European Roma samples into another
Recipient cluster (EuropeanRoma).

Ancestry profiles derived from NNLS analysis showed
that Roma individuals primarily shared haplotypes with
European clusters, particularly Balkan and CentralEurope,
followed by West and South Asian clusters, though the order
varied (Supplementary Fig. 8). Minor components included
other populations with negligible contributions. To sim-
plify the interpretation of the NNLS results, we grouped the
Donor clusters (Supplementary Table 1a) into 14 geographi-
cal macro-regions. Both Roma clusters show similar Donor
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Fig. 2 Ancestry proportions in Roma and geographic correlations. (a)
Inferred proportions of shared ancestry among Iberian (N=93) and
European Roma (N=49) clusters using the NNLS method. Roma indi-
viduals that clustered outside the Roma branch in the FineStructure
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compositions, although Iberian Roma showed a higher non-
Roma Iberian ancestry and traces of southern European and
North African ancestry, which were absent in other Euro-
pean Roma groups (Fig. 2a). We further divided the Iberian
Roma in five subclusters and the European Roma in three
subclusters (Supplementary Table 1b) for finer-scale analy-
sis. Among the Iberian Roma subclusters, the European
component ranged from 42 to 70%, while the South Asian
component varied from 13 to 27%. Notably, the Iberian-
RomaSouthEast subcluster exhibited the highest European
and lowest South Asian percentages, with the other subclus-
ters displaying more similar percentages (Supplementary
Fig. 9a-b).

To further examine ancestry proportions, we estimated
population-level averages from the NNLS results rather
than using cluster averages. These findings revealed moder-
ate differences, suggesting lower heterogeneity among Ibe-
rian populations compared to the clusters, and also among
European populations. The primary distinction between
Iberian Roma and other European Roma lies in the pres-
ence of Iberian and North African components, along with
smaller South Asian and Southeastern European compo-
nents (Supplementary Fig. 10a-b).

In summary, the Roma populations analysed exhibit
genetic profiles with varying proportions of West Eurasia
and South Asia ancestry, shaped by geographic factors.
Pearson’s correlation tests on the NNLS ancestry compo-
nents by macro-region revealed significant correlations
between longitude and several ancestral components (Sup-
plementary Table 2a-b; Supplementary Fig. 11). Specifi-
cally, there is an ecast-to-west and south-to-north decrease
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in Southeastern European and Northern Indian components
among European Roma, reflecting greater gene flow with
non-Roma groups outside the Balkans. Conversely, an east-
to-west increase in Iberian and North African components
was observed among Iberian Roma, indicating higher gene
flow with non-Roma Iberians (Fig. 2b).

Multiple events of admixture in European Roma
groups

To estimate the timing of the major admixture events in
the Roma populations, we used two methods based on an
admixture pulse model. To explore admixture dynamics
across various geographical scales, we conducted fast-
GLOBETROTTER analyses on the /[berianRoma and
EuropeanRoma clusters (Supplementary Tables 3 and Sup-
plementary Fig. 12a-b), followed by analyses of the Iberian
and European Roma subclusters (Supplementary Table 3a
and Fig. 12c-d). The fastGLOBETROTTER analysis iden-
tified multiple waves of admixture (Fig. 3a), while MAL-
DER detected only a single event for each significant test.
For the EuropeanRoma cluster, two significant admixture
events were identified (Fig. 3, Supplementary Table 3a-b).
The first occurred approximately 30+0.49 generations ago
(GA) (1218 to 1243 CE, assuming 25 years per generation),
involving two nearly equal ancestry sources: a major source
with over 50% South Asian ancestry and a minor source pre-
dominantly consisting of Southeastern European, Caucasus,
and Middle Eastern/West Eurasian ancestries. The second
event, dated about 10.06+1.06 GA (1722 to 1775 CE), had
a major source contributing 73%, characterised by a blend
of the earlier sources, evenly distributed among Southeast-
ern European, Caucasus-Middle Eastern, and South-Asian
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groups. The minor source in this recent event was primarily
European, with smaller contributions from West and South
Asian ancestries. For the Iberian Roma cluster (Fig. 3,
Supplementary Table 3a), two admixture events were also
identified. The first occurred approximately 25+0.21 GA
(1363 to 1374 CE), with two sources: one comprising 64%
European (mainly Iberian) and Caucasus-Middle East com-
ponents, and the other an equal mix of South Asian and
European/West Asian ancestries, including a small 2%
North African component. The second event, dated to about
5+0.29 GA (1864 to 1878 CE), had a major source showing
a balanced contribution from European, Caucasus-Middle
Eastern, and South Asian ancestries, while the minor source
was predominantly West Eurasian, with a small South Asian
component.

The key differences between the Iberian Roma and Euro-
pean Roma clusters were the presence of Iberian, North
African, and Southern European components in the Iberian
Roma, compared to a much larger Central and Southeastern
European components in the European Roma. Additionally,
the minor source in the recent admixture event of Iberian
Roma included a JewsMix ancestry component, which
comprises Jewish individuals from Poland, Turkey, and
Morocco. This component, absent in European Roma, may
indicate gene flow from North African or Jewish groups.

MALDER’s estimates, which identified single admix-
ture events for each reference pair, also revealed several
statistically significant results (Supplementary Table 4).
For the FuropeanRoma, using Punjabil and Balkan clus-
ters as references, the estimated date was 35.67+2.18
(1001 to 1215 CE). For the IberianRoma, using Punjabil
and IBS as references, the estimated date was 26.41+1.78
GA (1253 to 1427 CE), while using Punjabil and Balkan
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Fig. 3 Admixture events in Roma history. (a) Admixture events
inferred by fastGLOBETROTTER, showing relative ancestry propor-
tions grouped into macro-regions for each source of the two inferred
admixture events. The plot displays recent admixture events at the bot-
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clusters produced a date of 28.81+2.22 GA (1171 to 1389
CE). These IberianRoma estimates overlap with those from
fastGLOBETROTTER but have larger standard errors
(Fig. 3b). To further trace the earliest Roma migrations and
their dispersion routes from South Asia, we used MALDER
to infer admixture dates between incoming Roma and local
populations. Using Punjabil as a proxy for proto-Roma
ancestry, we tested whether the Iberian Roma could have
been formed through admixture events with various popula-
tions along the proposed dispersion path. As expected from
a westward dispersal originating in South Asia, the earliest
date (36.49+2.22 GA) was obtained for an admixture event
between the Punjabil and Iranian clusters (Supplementary
Fig. 13). The dates inferred for other groups along the way
were consistent with this hypothesis, showing more recent
admixture dates along an east-to-west axis, with the lat-
est date (25.23+1.81 GA) corresponding to an admixture
event between Punjabil and Basque clusters (Supplemen-
tary Fig. 13). Both methods used to infer admixture dates
identified sources consistent with the NNLS analysis, pri-
marily composed of South Asian, Southeastern European,
and Middle Eastern sources, with the addition of an Iberian
source specifically in the Iberian Roma.

Evolution of admixture dynamics over time

We investigated how admixture dynamics with non-Roma
European populations have varied over time among dif-
ferent Roma groups by analysing the distribution patterns
of European local ancestry segment sizes and the shared
IBD segments within Roma groups and between Roma
and non-Roma Europeans. We categorised these European
segments based on their length, using time approximations
from previous studies (Baharian et al. 2016; Harris et al.
2018; Castro e Silva et al. 2022) to infer when the haplo-
types were formed (see Supplementary Note 1 and Sup-
plementary Note 2). On average, the length of non-Roma
European ancestral segments was similar across different
Roma groups, ranging from 15.7 to 22.3 Mb (Supplemen-
tary Fig. 14a). When analysing the number of non-Roma
European segments by length category (Supplementary
Fig. 14b), Iberian Roma, along with the Romungro from
Hungary and Lithuanian Roma, exhibited an increased
number of segments in the longer categories (representing
more recent admixture events). In the shorter categories,
there were fewer differences, or none, compared to other
Roma groups. The average number of segments in most cat-
egories for Iberian Roma differed significantly compared to
Czech Roma and the Romungro from Ukraine (Supplemen-
tary Table 5b). This suggests that the timing of admixture
with non-Roma Europeans has varied across Roma groups,
with a more recent increase observed in Iberian Roma over
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the last 200 years. This period corresponds to the end of the
Roma slavery and the contemporary era (Greenberg 2010;
Marushiakova and Popov 2010).

To further support the idea of changing levels of admix-
ture over time, we analysed the distribution of shared IBD
segments within Roma populations and between Roma
and non-Roma populations. Iberian Roma consistently
showed significantly lower levels of within-population
shared IBD compared to other Roma groups (Supplemen-
tary Fig. 15, Supplementary Table 6a-b). Conversely, shared
IBD between Roma and non-Roma groups did not signifi-
cantly differ in most cases when comparing Iberian Roma to
other Roma groups (Supplementary Table 7). This suggests
that while Iberian Roma have experienced lower levels of
endogamy, they have maintained similar levels of gene flow
with local non-Roma populations compared to other Roma
groups.

Roma in the Iberian Peninsula exhibit high internal
genetic structure

In addition to exploring the continental-scale genetic
structure of European Roma, we aimed to investigate the
genetic structure of Roma at a regional level. To this end,
we assessed the genetic structure of Iberian samples (both
Roma and non-Roma) using PCA and ADMIXTURE anal-
yses, classifying the samples based on their geographic
locations within the Iberian Peninsula (see Material and
Methods) (Fig. 4a). The PCA plot reveals a clear distinc-
tion between Roma and non-Roma individuals (Fig. 4b).
While non-Roma form a cohesive and distinct cluster, the
Roma are more scattered across the plot, indicating regional
substructure, as evidenced by the non-overlapping averages
of PC1 and PC2 estimated for each Roma geographical
group (Supplementary Fig. 16). The ADMIXTURE plot at
the lowest cross-validation error K=2, further differenti-
ates Roma and non-Roma groups: Iberian non-Roma (IBS)
show a single ancestral component, whereas Iberian Roma
exhibit two components at varying frequencies across indi-
viduals (Fig. 4c). In contrast, the IBS display uniformity in
their ancestral components even at K=4, while the Roma
show four components that are unevenly distributed (Sup-
plementary Fig. 17; cross-validation plot in Supplementary
Fig. 18).

To detect differences in ancestry profiles across Roma
from different Iberian regions, we conducted an NNLS
analysis, which showed that proportions are highly similar
across all regions (Supplementary Fig. 19).

We formally tested the genetic structure of the Iberian
samples through a series of AMOVA analyses (Supplemen-
tary Table 8). The analyses were conducted in four steps,
including all individuals from the Iberian dataset except
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those classified as “Indeterminate”. When Iberian Roma and
IBS were considered as a single group, significant genetic
heterogeneity was detected between individuals (2.79%,
p=0.00001). When these two groups were analysed sepa-
rately, 1.43% (p<0.0001) of genetic heterogeneity was
observed. To further explore internal heterogeneity within
each group, we found that genetic heterogeneity within
the Iberian Roma (1.07%, p=0.0001) was more than ten
times higher than that among Iberian non-Roma (0.08%,
p=0.0021). This finding was reinforced when Roma sam-
ples were grouped by region, showing significant hetero-
geneity (0.55%; p=0.0001) between regions, while the
regional heterogeneity in IBS is ten times lower (0.04%,
p=0.0019).

Finally, we estimated gene flow between Iberian Roma
and IBS. A f4 test was conducted to determine whether Ibe-
rian Roma individuals from different geographical regions
share more alleles with non-Roma from the same regions.
The results indicate that Roma groups share nearly equal
numbers of alleles with all non-Roma groups, except for the
IBS from Western Iberia (Supplementary Fig. 20a). East-
ern Iberian Roma and Indeterminate Roma groups tend to
show slightly greater genetic similarity with IBS, while
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insufficient geographic information. (b) Principal Component Analy-
sis (PCA) using the Iberian dataset. (¢c) ADMIXTURE results showing
the lowest cross-validation error (K=2)

comparisons involving IBS and Western and Central Iberian
Roma often fall outside the significant threshold (Supple-
mentary Fig. 20a).

To investigate interactions with Jewish and North African
populations following the arrival of the Roma in the Iberian
Peninsula in the 15th century, f4 tests were conducted to
analyse gene flow between these groups. The results indi-
cate that Jews and North Africans share more alleles with
the Iberian non-Roma than with the Iberian Roma, except
for the Cochin Jews from India (Supplementary Fig. 20b-c).
This may be due to the absence of direct gene flow between
Roma and these populations, while the genetic proximity to
Cochin Jews likely reflects the Indian origin of the Roma.

Mating patterns in the Roma population: endogamy
and ancestry-assortative mating

We analysed shared segments of IBD to understand demo-
graphic history and mating patterns within the Roma popula-
tion. Compared to other global populations (Supplementary
Fig. 21), Roma exhibit a high degree of internal IBD shar-
ing, both in terms of segment size and number (Supplemen-
tary Tables 9 and 10). This level of sharing surpasses that
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observed in traditionally endogamous populations, such as
the Cochin Jews, Brahui, Balochi, and Mozabite (Reich et
al. 2009; Henn et al. 2012; Waldman et al. 2016), as well
as Jews from Libya and Tunisia (Campbell et al. 2012).
Iberian Roma share more IBD segments with Basque, Pun-
jabi, Greek, and Iberian (IBS) populations; while European
Roma share the most with Greek, Punjabi, Hungarian, and
Czech populations. In general, Roma groups share more
IBD segments with Greek than Punjabi, although Iberian
Roma show lower levels of sharing with both (Supplemen-
tary Tables 9 and 10).

The inferred historical effective population size (N,)
estimates for most Roma groups reveal a common pattern
(Supplementary Fig. 22). N, has remained low, gradually
decreasing from around 50 to 8 generations ago (800—1800
CE), with the lowest NV, occurring between 7 and 29 genera-
tions ago (Supplementary Table 11). In contrast, reference
populations such as Iberian, Czech, and Punjabi exhibit
larger N, values (Supplementary Fig. 22) and do not show a
similar decline in N, over time.

Genetic bottlenecks, like those experienced by the Roma,
result in a higher number of shared ancestors over time and
an increase in long runs of homozygosity (ROHs) (Ceballos
et al. 2018). In populations where mating pairs share recent
ancestors, such as the Roma, a higher number of long ROHs
is expected, as they indicate recent endogamy. Conversely,
many short ROHs can signal older bottlenecks followed
by genetic admixture with different communities. Analys-
ing the distribution of ROH lengths provides insight into
the historical patterns of isolation and endogamy within the
Roma population. To explore these patterns, we examined
the length and number of ROH in our cohort (Supplemen-
tary Table 12) and found that Roma groups generally have
more and longer ROHs compared to non-Roma reference
populations (Supplementary Fig. 23). When analysing the
average number of ROHs by length category, Roma groups
exhibit fewer short ROHs but more medium-length ROHs
compared to most populations (Supplementary Fig. 24a-b),
with numbers comparable to South Asian groups such as
Kalash and West Asian groups like the Bedouins in most
categories (Supplementary Fig. 24a-d). These findings rein-
force the notion that the Roma have higher levels of endog-
amy compared to non-Roma Europeans, primarily due to
more recent isolation.

Lastly, to investigate the presence of ancestry-assortative
mating within Roma populations, we applied the ANCES-
TOR method to the previously inferred local ancestry tracts,
focusing on the proportions of European and South Asian
ancestries. The results revealed that the inferred ancestries
of mating pairs over the last generation showed signifi-
cantly positive correlations in most Roma groups, deviating
from the expectation under random mating (Supplementary
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Fig. 25a-b). This suggests that European and South Asian
ancestry traits have influenced the mating patterns within
the Roma population.

Discussion

Our comprehensive genome-wide analysis of several Euro-
pean Roma groups reveals that the Roma population has a
genetic profile composed of approximately two-thirds West
Eurasian ancestry and one-third South Asian ancestry. This
finding aligns with previous genetic studies, which sug-
gested a proto-Roma origin in the Indian subcontinent, fol-
lowed by extensive gene flow during their diaspora, arrival
in the Balkans, and subsequent dispersion across Europe.
However, this genetic profile varies among Roma groups,
showing a strong correlation between genetic ancestries and
geographic location. Our results show that Western Roma
(i.e. Iberian Roma) exhibit a significantly higher southwest-
ern European component and lower southeastern European
and South Asian components compared to Central and East-
ern Roma groups. This patterns aligns with the long his-
tory of assimilation experienced by Roma in the Iberian
Peninsula, where centuries of enforced settlement policies
and assimilation laws likely led to greater incorporation of
Iberian ancestry. These policies began with the 1499 Prag-
matica (a royal decree), which ordered Roma to abandon
their nomadic lifestyle, acquire a trade, and serve a local
lord, and culminated in the 1783 Pragmatica, which granted
citizenship but aimed at complete assimilation by prohibit-
ing Roma culture and traditions (Martinez Dhier 2007; San-
chez 2022).

In contrast, the fragmented socio-political landscape
of Central and Southeastern Europe contributed to greater
endogamy and genetic isolation. Under the Ottoman Empire,
Roma faced marginalisation but were generally tolerated,
and settlement was not actively enforced (Marushiakova
et al. 2001; Celik 2004; Marsch 2008). However, extreme
marginalisation persisted in the Ottoman suzerainties of
Wallachia and Moldavia, where many Roma were segre-
gated or enslaved (Gheorghe 1983; Achim 2004; Crowe
2016). In the Habsburg Empire, various assimilation laws
were enacted, including four issued by Empress Maria The-
resa (1758-1773) and a decree by Joseph II in 1783 (Crowe
2006; Zahra 2017). Despite strict sanctions, these measures
were only partially effective, achieving lasting settlement in
a few areas where Roma communities remain to this day,
such as Burgenland in Austria (Klamper 1993; Halwachs
2005).

These differing historical circumstances likely shaped
the genetic landscape of Roma populations, with greater
isolation and endogamy in Eastern Roma groups leading
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to the preservation of a higher proportion of South Asian
ancestry. This supports the notion that as Roma groups
migrated westward, gene flow with local populations gradu-
ally increased. This differential gene flow may explain the
distinct genetic profiles observed among European Roma
groups, as demonstrated by our fineSTRUCTURE analy-
sis, which shows that Iberian Roma form a separate cluster,
while the rest of the European Roma exhibit a geographi-
cal structure. Specifically, the Czech and Macedonian Roma
each form distinct clusters, while the remaining Roma sam-
ples are grouped together in a third cluster. The lack of sub-
structure in some European Roma groups may be explained
by the limited sample size.

The arrival of the Roma in Europe has been documented
through historical and genetic data (Fraser 1992; Martinez-
Cruz et al. 2016; Font-Porterias et al. 2019; Sanchez 2022).
However, more recent migrations, such as mass movements
that could be described as a second out-of-Balkans, have
not been detected in previous genetic studies. Our admix-
ture estimates performed with fastGLOBETROTTER and
MALDER, suggest an earlier arrival of the proto-Roma to
Eastern Europe (i.e., the European Roma groups analysed
in our study) approximately 30-35 generations ago, com-
pared to Western Europe (i.e., Iberian Roma) with estimates
around 25-26 generations ago. In both cases, a significant
northern Indian component is present in the admixture pro-
files, consistent with a North-western Indian origin of the
proto-Roma (Fraser 1992; Hancock 2006; Gomez-Carballa
et al. 2013; Martinez-Cruz et al. 2016; Banfai et al. 2019;
Font-Porterias et al. 2019), while other more specific ances-
try components are evident in eastern and western Roma.
These inferred dates slightly predate the historical records
and may indicate that the earliest reports were recorded
shortly after the actual arrival of the Roma to Europe. A
key finding of our analysis is the evidence for previously
undetected recent admixture in the Roma. Our fastGLOBE-
TROTTER results reveal recent admixture events in both
eastern and western Roma, occurring approximately 10
and 5 generations ago, respectively. The similarity of the
ancestry components involved suggests ongoing migrations
and gene flow during the 17th and 19th centuries among the
Roma across Europe.

We assessed the effects of evolving social norms that
have historically influenced relationships between Roma
and non-Roma, and how these dynamics have been reflected
in the genome. These changes in social norms were evalu-
ated through the use of local ancestry tracts of European
ancestry and shared IBD segments, as the presence of seg-
ments of different lengths point out to changes in admixture
and endogamy over time (Baharian et al. 2016; Harris et al.
2018; Castro e Silva et al. 2022). We analysed the size and
number of European ancestry tracts within Roma groups,

as well as within- and between-population IBD segments,
to evaluate variations in endogamy (within population) and
gene flow (between populations). Finally, we categorised
the segments by length and linked them to key events in
Roma history. Observing the distribution of European local
ancestry tracts, Iberian Roma displayed higher levels of
endogamy in the past, particularly around the time of the
arrival in Europe and the Iberian Peninsula. Over time,
they experienced increasing gene flow with non-Roma
Europeans, especially after the end of slavery and during
the second out-of-Balkans migration event (Marushiakova
and Popov 2010; Crowe et al. 2016), when many Roma
migrated westward in search of opportunities (Marushia-
kova-Popova and Popov 2018). This contrasts with South-
eastern European Roma groups, where gene flow with
non-Roma Europeans decreased over time. Moreover, the
distribution of shared IBD segments revealed an increase
in endogamy levels among Southeastern European Roma
and a decrease among Iberian Roma, suggesting a shift in
mating patterns where, in recent times, Iberian Roma faced
higher gene flow with the non-Roma, while Southeastern
European Roma grew more isolated. This can also be attrib-
uted to differences in social structures between Iberian and
Southeastern European Roma. These findings diverge from
previous results (Mendizabal et al. 2012), where Roma
from Spain, Portugal and Lithuania — all originating from
a first out-of-Balkans event — showed a high number of
short non-Roma European local ancestry tracts. Conversely,
Southeastern European Roma groups had more long tracts.
These discrepancies can be attributed to the significantly
higher resolution of the current study, which included over
six times more SNPs and a larger sample size for groups
such as Spanish and Czech Roma, allowing a more accurate
estimation of the ancestry segments.

To better understand the Roma community and their
social history, we examined demographic dynamics, finding
that all Roma groups have lower N, values than non-Roma
reference groups, with Iberian Roma showing a higher N,
than the other Roma groups. This difference likely stems
from higher admixture with non-Roma Europeans and lower
levels of isolation, which is consistent with the presence of
the many long European local ancestry tracts detected in
previous analyses. Interestingly, the N, curve shows consis-
tently low values across all Roma groups over the past 50
generations. After hitting its lowest point between 7 and 29
generations ago, the average N, of Roma groups began to
rise, suggesting a reduction in endogamy due to migration
and increased gene flow with other populations. This trend
is supported by the inferred admixture events (arrival into
Europe and arrival into the Iberian Peninsula), aligning with
earlier research (Bianco et al. 2020).
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Continuing our focus on social and cultural dynamics,
we conducted a detailed analysis of endogamy patterns
within Roma populations by examining the distribution of
ROH and IBD segments. Consanguineous unions increase
the likelihood of identical genomic segments being paired
within individuals, leading to the formation of ROHs (Sev-
erson et al. 2019). The presence of both short and long ROHs
within Roma indicates historically high levels of inbreeding
(understood as mating between relatives, (Ceballos et al.
2018), consistent with previous research (Mendizabal et al.
2012; Bianco et al. 2020; Font-Porterias et al. 2021). This
is further supported by examining IBD segments, where the
abundance of shared segments of any length between Roma
individuals confirms the presence of a historical pattern of
isolation. Specifically, the high number of segments under
8 cM of length suggests that endogamy likely peaked in a
period that goes from ~ 1000 to ~ 500 years ago, correspond-
ing to the lowest historical N, and the estimated older dates
of admixture inferred by fastGLOBETROTTER.

Assortative mating is a form of sexual selection that
shapes the characteristics and reproduction of communities.
Genetic evidence now shows for the first time that Roma are
subject to this process, as evidenced by ANCESTOR results
showing that Roma tend to choose partners with similar
ancestry proportions. With their distinctive ancestry profiles,
this means that Roma partners are often chosen from within
the same community, which contributes to higher levels of
endogamy. This mating pattern is reflected in the positive
correlation between European and South-Asian ancestries
across all groups. These findings align with cultural studies
(Weyrauch 2001; Drummond 2011; Gamella and Alvarez-
Roldan 2023) and highlight the significant role of non-ran-
dom mating on the genetic profile of Roma communities.

The availability of extensive data from Iberian individ-
uals enables a detailed analysis of the Roma’s microgeo-
graphical genomic structure. Our findings reveal a distinct
ancestry profile and genetic substructure between Iberian
Roma and non-Roma individuals. The AMOVA indicates
that Iberian Roma groups exhibit a level of heterogeneity
and geographical structure ten times greater than that of
non-Roma groups. Despite this genetic substructure, the
allele-sharing between Iberian Roma and non-Roma groups
does not demonstrate significant within-region genetic
similarity. For example, Roma from Eastern Iberia do not
exhibit more allele-sharing with non-Roma from the same
region than with other non-Roma Iberians, suggesting that
inter-group mating has occurred randomly without a clear
regional pattern.

We also explored the presence of alternative ancestries
with the Iberian Roma, considering their cohabitation with
Christians, Jews, and Muslim North Africans from their
arrival on the Iberian Peninsula in the 15th century until the
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expulsion of Jews and Muslim North Africans (Pérez and
Hochroth 2007; Carr 2017). F-statistics indicate that non-
Roma groups are genetically closer to Jews and North Afri-
cans than to the Roma, with the sole exception of Cochin
Jews (from southern India), who share closer ties with the
Roma due to their Indian ancestry. A small fraction of North
African ancestry is present in both Iberian Roma (2-3%)
and non-Roma (11%) but is absent in other Roma groups,
suggesting that this North African component in Iberian
Roma likely results from admixture with Iberian non-Roma
after their arrival on the Peninsula. Similarly, the Jewish
ancestry found in Iberian Roma (1%) likely entered their
gene pool through admixture with Iberian populations
(being 2% in IBS; Supplementary Fig. 26a-b) after their
arrival. These results indicate minimal historical interaction
between Roma, Muslims, and Jews in the Iberian Peninsula,
challenging hypotheses of Jewish descent or North African
migration in Roma origins (Aparicio Gervas 2006; Hancock
2006; Pohoryles 2018). Our findings support a South Asian
origin for the Roma, followed by a diaspora across western
Asia before reaching the Balkans and eventually dispersing
across Europe until their arrival on the Iberian Peninsula,
consistent with previous studies (Mendizabal et al. 2011;
Martinez-Cruz et al. 2016; Bianco et al. 2020).

This study is the first to provide a genetic characterisa-
tion of the Roma, confirming their Indian origins, Central
European migration routes, and revealing a genetic sub-
structure marked by varying levels of non-Roma admixture,
shaped by complex historical events and evolving social
norms. Despite challenges such as uneven sample sizes and
the absence of key reference groups, our findings suggest
that the Roma are a highly admixed and evolving com-
munity, shaped by centuries of migrations and interactions
with other populations, and highlight the need for further
research, including whole-genome sequencing and studies
of underrepresented Roma communities.

Materials and methods
Sampling, dataset assembly, and quality control

The present study is based on genome-wide data of 105 self-
reported Spanish Roma, 5 Portuguese Roma (Font-Porterias
etal. 2019, 2021), and 42 Roma individuals sampled in the
Czech Republic (see Data Availability), all genotyped using
the Affymetrix Axiom Genome-Wide Human Origins 1
array, which includes 630k genome-wide SNPs. Addition-
ally, 52 Czech non-Roma controls were genotyped with the
same array for this study. Beyond the newly generated array
data, we included previously published sequence data from
29 Roma individuals from other European regions (North
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Macedonia, Lithuania, Hungary, Ukraine) from Bianco
et al. 2020. As the Roma populations exhibit appreciable
population substructure, the inclusion of Czech and Eastern
European Roma alongside Iberian Roma aimed to enhance
the representation of Roma genetic diversity across Europe,
allowing for a comparative analysis of genetic differentia-
tion and admixture patterns between Western and Central
European Roma groups.

For the genotyped Czech samples and the complete
genomes in the Bianco et al. (Bianco et al. 2020) dataset,
the variant calling using GATK (McKenna et al. 2010) was
performed following the GATK Best Practices pipeline
(Auwera et al. 2013). Sequencing reads were aligned to
the GRCh37 human reference genome using BWA-MEM v
0.7.12(Li2013), removing PCR duplicates with Picard Tools
v 2.18.6 (Picard Toolkit 2019), and performing base qual-
ity recalibration using GATK’s BaseRecalibrator (BQSR).
We performed joint genotype calling (HaplotypeCaller and
GenotypeGVCFs), and we used GATK DepthOfCover-
age program (--minBaseQuality 20 --minMappingQuality
20) to estimate sequencing depth. The final call set con-
sists of 613,535 autosomal SNPs in the Czech dataset and
28,678,694 autosomal SNPs in the Bianco dataset.

Besides the Roma samples described above, refer-
ence samples from previously published whole genome
sequences and genome-wide data from Europe, Caucasus,
Central Africa, Central and Southern Asia (Lazaridis et al.
2014; Auton et al. 2015), as well as North Africa (Patterson
et al. 2012; Lucas-Sanchez et al. 2023), were included in
the analyses. Following the approach used in Font-Porterias
et al. (2019), populations from the reference dataset were
standardised to include 25 individuals to mitigate poten-
tial biases caused by highly imbalanced sample sizes while
maintaining optimal representation. However, the non-Roma
Spanish population (IBS) and Punjabi from Lahore (PJL)
from the 1000 Genomes Project were excluded from this
standardisation due to their pivotal relevance in the analysis
of Roma. Using PLINK 2 (Chang et al. 2015), SNPs with
a missingness rate higher than 5% and with a minor allele
frequency below 0.05 were removed, and individuals with
more than 10% of missing calls were removed. We used
vcftools (Danecek et al. 2011) to extract biallelic SNPs and
to check for related individuals using the included related-
ness2 method; we then removed individuals related above
the third degree of relatedness (values of kinship coefficient
between 0.0442 and 0.5). The final dataset includes 335,367
autosomal SNPs in 1,189 individuals after filtering for QC
(Supplementary Table 13), including 95 Iberian Roma and
21 Czech Roma unrelated individuals.

In our analyses, we refer to the combined Spanish
and Portuguese Roma samples as the Iberian Roma. For
some specific analyses we selected a subset of individuals

containing exclusively Iberian Roma and IBS populations
clustered by geographic regions (henceforth called Ibe-
rian dataset). The Iberian Roma were classified into five
geographical regions (Centre, North, South, West, and
East; Supplementary Fig. 27) based on their parents and
grandparents’ birthplaces, similar to the approach used in
Aizpurua-Iraola et al. (Aizpurua-Iraola et al. 2022). In the
cases where no information about the geographical origin
of the volunteer and volunteer ancestors was available, or
the cases where ancestors originated in different geographi-
cal areas, they were classified as ‘Indeterminate’. For the
IBS population from the 1000GP dataset our classifica-
tion strategy consisted in assigning each individual to the
respective region of their sampling location. Due to the lack
of detailed information about birthplace or family origins
for the Roma from Central and Eastern Europe, they were
assigned to their respective countries based solely on the
sampling location.
(distribution of the Roma samples in Fig. 1a).

Principal component analysis (PCA) and population
structure

Data was pruned for linkage disequilibrium using PLINK
v2, removing SNPs with an > > 0.5 in a sliding window
of 200 SNPs, and steps of 25 SNPs. The pruned dataset
contains 156,153 SNPs, which were then used to perform a
PCA with SmartPCA from the EIG v6.0.1 software package
(Price et al. 2006; Patterson et al. 2006) on the complete and
the Iberian datasets.

To infer the global ancestry components in the Roma
populations, ADMIXTURE v1.3.0 (Alexander and Lange
2011) was used with 10 iterations of cross-validation error
calculation and they were plotted using PONG v1.4.9.

To estimate within-population and between-population
genetic variation, an analysis of the molecular variance
(AMOVA) was conducted, and diversity indices were calcu-
lated using the Poppr R package (Kamvar et al. 2014; Behr
et al. 2016) on the Iberian dataset.

Patterns of allele sharing

AdmixTools2 (Maier et al. 2023) was used to estimate allele-
sharing between the Roma populations and putative paren-
tal source populations from Europe, Asia, and Africa. To
assess evidence of admixture in Roma populations, we con-
ducted /3 tests in the form of f3(Roma; Sourcel, Source2).
To investigate the shared drift between the Roma and other
populations from a common outgroup, we employed the
three-population test (f3) using the entire dataset. This was
done through the outgroup f3-statistic: /3 (YRI; Roma, X),
where YRI represents Yoruba individuals from the 1000GP
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(Auton et al. 2015), Roma represents any Roma population
in the dataset, and X denotes any other population.

To infer more specific patterns of allele-sharing, f4 sta-
tistics were computed in the following way: (i) f4(Yoruba;
Roma, Sourcel; Source2). The source populations used in
the tests were selected as follows: (i) pairs of European
reference populations; (ii) pairs of Asian reference popula-
tions; and (iii) pairs of North African and Jewish reference
populations. In addition, we estimated f4-statistics using the
Iberian dataset, to infer if patterns of allele-sharing were
geographically-related between Roma and non-Roma from
the Iberian Peninsula, in the way f4(Yoruba; Roma, IBS;
IBS). To avoid biases, in the f3 outgroup test on the com-
plete dataset and the f4 tests with European references only
the 25 IBS individuals with the lowest North African ances-
try component were used, measured according to a Local
Ancestry Inference (LAI) (Supplementary Table 14).

Phasing

The haplotype phase was inferred for each chromosome
using default settings with SHAPEIT v2 (Delaneau et al.
2013), using the HapMap GRCh37 genetic map (Gibbs
et al. 2003) and 1000 Genomes (Phase 3) as a reference
panel (Auton et al. 2015). In a pre-phasing step carried out
(--check) to remove any SNPs that did not align correctly
to the reference no SNP was removed. Specifically, for the
identity-by-descent (IBD) analyses and IBD-based esti-
mation of effective population size, we phased autosomal
data using Beagle v 5.3 (Browning et al. 2021), following
the pipeline proposed by Browning et al. (Browning et al.
2018).

Haplotype-sharing analysis

To detect fine-scale population structure, we performed
ChromoPainter/fineSTRUCTURE analysis (Lawson et al.
2012; Hellenthal et al. 2014) on the complete dataset, first
with the Romani populations as target, then with the /BS
population as target, to provide a baseline of comparison for
the results. We used the ChromoPainter v2 (Lawson et al.
2012) expectation-maximisation (EM) algorithm to obtain
the global mutation probability (M) and the switch rate (n)
parameters by setting the -in -iM switches. This analysis
was performed on chromosomes 1, 7, 14, and 20, with 15
iterations of the EM algorithm, and the -a switch was used
to parallelise the analysis for each subset of 20 individuals,
from a total of 1,189. The resulting parameters were aver-
aged across chromosomes, weighted by the number of SNPs
per chromosome, to obtain the final values of n=252.38 and
M=0.0006. Next, we used ChromoPainter with the pre-
viously estimated parameters, to infer number and length
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of shared haplotypes between every pair of individuals
in the dataset, producing the coancestry matrix. Chromo-
Combine was then used to combine the results over all the
chromosomes.

FineSTRUCTURE v4.1.1 (Hellenthal et al. 2014) was
used on the coancestry matrix to group the data and deter-
mine genetic clusters based on patterns of haplotype shar-
ing. The analysis was conducted for 2 million iterations
using Markov Chain Monte Carlo, with 1 million iterations
designated as “burn-in,” and sampling of values was per-
formed every 10,000 iterations. For the complete dataset
analysis, FineSSTRUCTURE was run with the normalisation
parameter “c” estimated as 0.262. FineSTRUCTURE den-
drograms were built with the default parameter -m T.

The analysis was performed for three different seeds
in the chunkcounts and chunklengths sharing coancestry
matrices from ChromoPainter, and the consistency of the
dendrograms between different seeds was manually evalu-
ated. The three chunkcounts dendrograms were used as ref-
erences to assign individuals to genetic clusters.

Following that, a third ChromoPainter analysis was run
(Donors vs. Target), setting the -f switch to state which indi-
viduals belong to each cluster and which genetic clusters
would be donor groups. In the population file, all the clus-
ters were set both as donors (D) and recipients (R), except
for the Roma clusters, which were only set as recipients. A
modified version of the NNLS method implemented in the
nnls v1.4 R package (Katharine M. Mullen and Ivo H. M.
van Stokkum 2012) was used to infer the ancestry profiles
of the clusters using the ChromoPainter coancestry matrix.
The Donor clusters were combined into macroregions
defined according to geographical criteria (i.e. European,
Middle Eastern) for ease of representation.

Using the NNLS ancestry component percentages,
Pearson’s correlation tests were performed to explore the
potential presence of a geographic cline of variation in the
ancestral components of Roma individuals (see Supplemen-
tary Note 3).

Dating admixture events

The fastGLOBETROTTER method (Wangkumhang et al.
2022) was used to infer and date admixture events in our
sample sets. For our analysis, we ran fastGLOBETROTTER
to detect admixture events in Europe and in the Iberian Pen-
insula. All the donor clusters were used as surrogate popula-
tions to represent the admixing sources in the analyses. We
applied ChromoPainter v2 to paint Roma individuals using
the surrogate population only as donors and inferred copy-
ing vectors for the target individuals.
fastGLOBETROTTER was run for 5 mixing itera-
tions using the prop.ind:1 and null.ind:1 settings. After
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reviewing the results and evaluating clusters with multiple
or single-date admixture, we conducted an additional run
with fastGLOBETROTTER using 100 bootstrap resam-
pling iterations to estimate the admixture dates, following
the developer’s approach for measuring 95% confidence
intervals (CI) around inferred dates (Wangkumhang et al.
2022). The mean admixture date was calculated as the aver-
age across bootstrap estimates for each event, with CIs and
Standard Errors derived from the bootstraps obtained using
the standard model (null.ind: 1). A generation time of 25
years was assumed, as done in previous comparable stud-
ies (Martinez-Cruz et al. 2016; Font-Porterias et al. 2019;
Vila-Valls et al. 2023). The sources of each admixture event
were combined into the previously defined macro-regions
for ease of visualisation.

As an alternative estimate of the admixture events, MAL-
DER (Pickrell et al. 2014) was run on the non-pruned and
unphased dataset containing individuals from the Iberian-
Roma and EuropeanRoma clusters. We used a set of ref-
erence clusters that reflected the diaspora route, with the
addition of Basque for the IberianRoma test. The dataset
was first converted from plink to Eigenstrat format using
the convertf function from EIG v 6.0.1 (Patterson et al.
2006). Then, MALDER was run with a minimum distance
of 0.005 cM and jackknife resampling. Similar to the fast-
GLOBETROTTER results, we converted time from admix-
ture in generations to a date by assuming a generation time
of 25 years.

Homozygosity and identity-by-descent fragment
Estimation

Runs of homozygosity (ROH) were identified using PLINK
v2, considering runs with at least 50 SNPs, a minimum
length of 500 kb, and a maximum gap of 100 kb between
two consecutive SNPs. The ROH lengths were categorised
into four length categories: very short (<1 Mb), short (1 to
2.5 Mb), medium (2.5 to 5 Mb), and long (>5 Mb).

Using the dataset phased with Beagle, we identified IBD
segments between pairs of individuals. To call IBD blocks,
we used Hap-Ibd (Zhou et al. 2020) on the main dataset,
utilising the HapMap GRCh37 genetic map to convert from
base pairs to genetic positions in centiMorgans (cM). We
excluded any segment under 3 c¢cM in length to limit over-
estimations. After the estimation, we merged the segments
using the provided tool (merge-ibd-segments.17Jan20.102.
jar) from the Browning et al. (Browning et al. 2018) pipe-
line. To construct an IBD heatmap, we summed the IBD
pairwise lengths between individuals following Han et al.
(Han et al. 2017) and used the heatmaply package to plot
the results in R (Galili et al. 2018). To explore variations in
endogamy and gene flow between populations over time,

we assessed the within- and between-population IBD shar-
ing patterns in Roma and non-Roma European populations
(see Supplementary Note 1).

Effective population size (Ne) Estimation

We further explored the demographic history of the Roma
population using the measured IBD segments to estimate
historical changes in effective population size (Ne) using
IBDNe (Browning and Browning 2015). The analysis uti-
lised the HapMap GRCh37 genetic map as a reference.
We set a minimum threshold to exclude segments of IBD
shorter than 3 cM. To generate a 95% CI for the results, we
employed a bootstrap approach with 100 simulations.
Initially, the analysis was performed on all Roma groups
and then on the IBS, Czech, and PJL reference populations.
As this method is most reliable for recent periods when
applied to genome-wide array data (Browning and Brown-
ing 2015), we filtered the data to retain only information
from the present up to 50 generations ago. The 50-genera-
tion cutoff was chosen based on Browning and Browning
(2015), which demonstrated that SNP array data provides
reliable estimates of effective population size within this
timeframe. Beyond 50 generations, increased uncertainty in
IBD-segment detection leads to underestimation of effective
population size, making the method less accurate.

Tests for ancestry-assortative mating

We conducted tests for ancestry-assortative mating using
ANCESTOR. ANCESTOR is an algorithm that leverages
phased local ancestry tracts to estimate the ancestral propor-
tions of both parents for each individual. ARFMix 2 (Maples et
al. 2013; Zou et al. 2015a, b) analysis was performed to gener-
ate the LAI used by ANCESTOR, using a two-group reference
set consisting of European and South-Asian populations. To
convert RFMix output to the required inputs we used the code
from Korunes et al. (Korunes et al. 2022). The European ref-
erence group comprised 95 individuals from IBS and Balkan
populations (Croatian, Greek, Hungarian, Romanian), while
the South-Asian group was formed by 95 Punjabi (PJL) indi-
viduals. Using the inferred parental ancestries, we tested for
assortative mating, which is indicated by a positive correlation
in ancestry between the inferred mating pairs.

Local ancestry tracts size distribution

We aimed to infer the ancestry tract size distribution to com-
pare the observed patterns for various Roma populations, with
the goal of determining which groups exhibit early and later
admixture with non-Roma European populations (or, at least,
when this admixture was most intense). To do this, first the
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local ancestry inference was performed using RFMix v2 soft-
ware, using two reference populations, European and South-
Asian (see Supplementary Note 4). Then we identified the
ancestry tracts and their length, using an in-house developed
tool (details in Supplementary Note 2). Lastly, the length tract
distributions of different Roma populations were compared,
pooling all tracts together and then splitting them in length size
categories.
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supplementary material available at https://doi.org/10.1007/s00439-0
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