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« The truths expressed by scientific research are not absolute and
definitive truths but historical approximations, and science is a
continually evolving movement. If scientific truths were indeed
definitive and permanently established on an absolute and meta-
historical level, science as such would have ceased to exist. Thus,
science is a historical category; it provides parameters for interpreting
reality that vary and will continue to vary with the changes in historical
epochs. In reality, science is also a superstructure, an ideology.
Therefore, science does not possess absolute validity beyond time but
represents, in its history, the reflection of real power dynamics within
classes and modes of production. »

Antonio Gramsci



«Sas beridadis espressas dae sa circa scientifica no funt beridadis
assolutas e definitivas, ma funt aprossimatzionis istoricas, e sa chistioni
iscientifica est unu movimentu in continuu desvoltu. Chi sas beridadis
scientificas fesint beridadis definitivas e crobadas in manera assoluta e
metaistorica, s’iscientzia cumenti tale iat acabadu dde esistit. Duncas,
s’iscientzia est una categoria istorica; oferesit parametrus de
interpretatzioni de sa realidadi chi cambiant e chi ant a cambiai cun su
istramudinzu de is épocas istoricas. In realidadi, puru sa scientzia est
una superstrutura, una ideologia. Pro tantu, s’iscientzia no tenit una
balidesa assoluta in pitzus de su tempu, ma rapresentat in s’istoria sua
su reflussu de is relatzionis de fortzas reales a intru de is classis e is
medius de produtzioni.»

Antoniu Gramsci
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ABSTRACT

The Romani people, Europe’s largest transnational ethnic minority, originate
from South Asia and have undergone complex demographic shifts during
their diaspora. This thesis presents genome-wide and Y-DNA analyses
revealing a shared ancestry among Romani groups, alongside distinct genetic
structures across Europe. Mating patterns, such as sex-biased gene flow and
assortative mating, have significantly shaped their genetic profile. Gene flow
with non-Romani populations often offset diversity losses due to bottlenecks
and founder effects. However, Spanish Roma show much higher internal
genetic differentiation than non-Romani Iberians, demonstrating the
presence of a substructure. The study emphasizes the need to include
underrepresented populations in genetic research to capture human diversity
more fully. It also highlights the potential for tailored public health strategies
and promotes social understanding through the study of marginalised

groups.



RESUM

El poble Romani, la minoria étnica transnacional més gran d’Europa, té els
seus orfgens al sud d’Asia i ha experimentat complexos canvis demografics al
llarg de la seva diaspora. Aquesta tesi presenta analisis de dades genomiques i
d’ADN-Y que revelen una ascendéncia comuna entre els grups romanis, aixi
com estructures genetiques distintes arreu d’Europa. Els patrons
d’aparellament, com el flux genétic amb biaix de sexe i 'aparellament
assortatiu, han modelat de manera significativa el seu perfil genetic. El flux
genctic amb poblacions no romanis ha contribuit sovint a compensar la
perdua de diversitat causada per colls d’ampolla i efectes fundador.
Tanmateix, els gitanos espanyols mostren una diferenciacié genética interna
molt superior a la dels ibérics no Romanfs, la qual cosa demostra la presencia
d’estructura interna. L’estudi subratlla la necessitat d’incloure poblacions
infrarepresentades en la recerca genetica per captar millor la diversitat
humana, 1 destaca el potencial per a estrategies de salut pablica
personalitzades, alhora que promou la comprensié social mitjancant 'estudi

de grups marginats.
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PREFACE

This dissertation explores the genetic, demographic, and historical
dimensions of the Roma people, a population that has long been under-
represented in genetic and medical research. Beyond its biological relevance,
the study also offers anthropological and historical insights into migration,
discrimination, endogamy, sex-biased gene flow. By examining admixture
patterns between Roma and other European populations, the research
highlights past cultural interactions and their consequences. This
multidisciplinary approach bridges genetics, anthropology, and history,
addressing key gaps in our understanding of the Roma. The research
involved notable challenges, including maintaining scientific rigor and ethical
standards while ensuring comprehensive analysis. The computational aspects,
especially data processing and coding, demanded precision and sustained
effort to yield accurate results. Conversely, the sociocultural and
anthropological aspects of this study were particularly rewarding, as they
allowed for a broader exploration of how historical and societal factors have

influenced the Roma genetic landscape.

My motivation for undertaking this research stems from a simple but
enduring curiosity—the desire to investigate, discover, and contribute to
scientific knowledge. This work is the product of that curiosity, combined
with a commitment to advance our knowledge of human genetic diversity

through the lens of an often-overlooked population.
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1. INTRODUCTION






1.1 The Roma people

The terminology surrounding the Roma, including the often-controversial

term “Gypsy,” is addressed in section 1.6.1 to provide clarity and context.

1.1.1 The history of the Roma people

1.1.1.1 Overview of the proto-Roma, the Out-of-India

and the first diaspora

The Roma are unique among historically migratory peoples in that they have
never been tied to a specific homeland, either in a physical or abstract sense.
While other nomadic groups, such as the Bedouin, may share a cultural or
symbolic connection to particular lands, the Roma lack a tradition of an
ancient or distant homeland from which their ancestors are said to have
migrated. Unlike many ethnic groups, whose histories are rooted in particular
lands or states, they do not claim the right to national sovereignty in any of
the lands where they reside. The Roma identity has instead been shaped by a
centuries-long journey across diverse regions and cultures. This mobility has
played a significant role in both the formation of their cultural identity and
their complex relationship with the places they have inhabited. To
understand the origins of the Roma, however, it is important to consider the
context and territories from which the proto-Roma emerged. The precise
moment when the proto-Roma left South Asia remains uncertain, as do the
specific reasons for their departure or whether they belonged to a particular
caste or homogeneous social group. Although the exact timing is uncertain,
the migration of the proto-Roma from South Asia is often referred to,
especially in genetics, as the "Out of India" event, with subsequent
movements described as the Romani diaspora. What is certain, however, is
that the Roma originated in regions that, over the span of 200 years, were

governed by various rulers, including the Hindu Shahi dynasty, the



Ghaznavid Empire, and later the Ghurid Empire. The proto-Roma are
believed to have left during the period of Ghaznavid rule, which was a
Persianate Muslim dynasty of Turkic mamluks. This entity existed from 977
to 1186 and, at its height, governed a vast territory extending from modern-
day Uzbekistan to the Indus Valley, encompassing what is now North-

Western India ..

Scholars have proposed various hypotheses regarding the origins of the
Roma people, with two main speculative perspectives dominating the debate.
classes (for more on their social status within the Ottoman empire see
section 1.1.2.2). The first hypothesis suggests that the Roma descend from
an itinerant caste specialising in service-based trades, such as crafts and
entertainment >, gradually migrating through Asia before reaching Europe *
5. Some authors extend this theory further, proposing that their migration
from South Asia occurred between 600 CE and 800 CE, potentially driven
by economic hardship, such as famine, or socio-political pressures . The
second hypothesis, instead, associates the Roma with a contingent of
warriors from Rajasthan who left South Asia after the year 1000 AD, to
participate in the Battle of Dandanaqan against the Seljuk Empire. After
their defeat, these people were reportedly taken into Seljuk territories,

possibly Anatolia, as captives or displaced peoples .

Supporting the first hypothesis, various ethnonyms used in regions of Iran—
one of the first areas the proto-Roma would have crossed upon leaving
South Asia—Iink the “gypsies” with different arts and crafts. For instance, in
Azerbaijan, the term Aseq refers to musicians, while in Fars, roubaz denotes
cow traders ". In medieval times, they were also referred to as Luli, Louri,
Kouli, and Zot (Jai). The latter term is reminiscent of jat/, a term in India used
to describe endogamous social groups that form the foundation of the
traditional caste system. Persian sources from the early medieval period

provide some of the earliest references to these groups. Hamza-i (d. 972 CE)

4



and Ferdowsi (d. 1033 CE) mention the arrival of "Gypsies" in Iran.
According to these accounts, Bahram-i, the Sasanian king who reigned from
421-439 CE, summoned 12,000 Lx/i or “Gypsy” musicians from India ’.
Several medieval Muslim historians also recorded details about these
migrations. For example, Mas'udi (d. 957 CE) described how a famine in
India forced the Zof (or Zati) to migrate in large numbers, settling in several
Iranian provinces, including Kerman, Fars, and Khuzestan. Over time, they
gained power but were defeated by the Abbasid Empire in 835 CE, leading
to their relocation to Syria. Evidence also suggests that, as early as the late
Sasanian period, groups of Hindus known as Lar or Kat (or Zati) migrated
from India in different waves, settling in southeastern IKKChuzestan in what is

now modern-day Iran ".

An argument for the second hypothesis is based on linguistic evidence
regarding the Romani language. The absence of agricultural or civilian terms
of Indic origin, coupled with the presence of military-related vocabulary, has
been interpreted by proponents of this theory as evidence that Romani
migration was linked to a military or wartior-based context *’. This would
support the theory that the Roma were part of a military force that left
India, possibly during or after conflicts such as the Ghaznavid invasions of
the Hindu Shahis °. Furthermore, certain linguistic features suggest that the
separation of the Romani language from its Indic roots likely occurred no
eatlier than around AD 1000, with significant phonological changes and
vocabulary reflecting influences from the period following the 9th and 10th
centuries. This evidence points to the migration of the Roma from India
after this date, supporting the hypothesis of an exodus during or after the

8, In addition, some scholars

eatly medieval period, rather than eatlier
propose that the Roma in Iran are descendants of eastward migrations

during the Ottoman Empire in the 16th century ", an idea further supported



by linguistic similarities between the Zargari group in Iran and Roma

populations in the Balkans "',

However they reached West Asia, sources suggest that some of the earliest
recorded mentions of the Roma can be traced back to the Byzantine Empire,

. Ecclesiastical sources from

which was then known as the Roman Empire
this petiod identify a group known as the Aiguptoi or "Egyptians," also
referred to as the Athinganoi. One such reference comes from Patriarch
Anastasios I of Constantinople, who, during his second tenure (23 June 1303
— September 1309), admonished his clergy to caution parishioners against
associating with fortune-tellers, bear-leaders, and snake-charmers, specifically
naming the Atsinganoi as culprits (Marsh, Adrian 2008). The Byzantine
Empire is also where the term Romitoi was first recorded, which some
scholars believe is linked to the origin of the term "Roma" . While the term
"Roma" is commonly thought to detive from the Romani word for "man", a
related term, Romiti, was noted in 1384 by Lionardo di Niccolo Frescobaldi,

who observed penitents outside the city walls of Modon (modern Methoni,

Greece) referring to themselves by this name.

During their time in the Byzantine Empire, the Roma, as non-Christians,
were likely subject to a specific head tax known as the kephalition or
"capitation tax," imposed by Christian rulers. Additional levies from the
Church and widespread prejudice further exacerbated their social and

economic hardships '+

These conditions likely contributed to their
subsequent migrations across Europe. References to Roma-like groups in the
Byzantine Empire become more frequent over time, though often in a
negative context, variously referred to as Egyptians or Atsinganoi, as noted
by Nikephoros Gregoras and the scholar Joseph Bryennius (1340-1431),
who described the Atsinganoi as practitioners of magic, fortune-telling, and

enchantment, perceived as detrimental to the Empire '*'".



Although it is impossible to definitively establish whether any of these
groups were the direct ancestors of the modern Roma, many of the
hypotheses remains intriguing. Groups such as the Zott, Jat, Romitoi,
Athinganoi, and Atsingani have all been proposed as potential precursors to
the Roma, though these connections remain speculative. Some researchers
argue that these groups may be more closely related to the Lom and Dom
peoples, who, while sharing South Asian origins with the Roma, are
considered distinct from them . The Lom, primarily found in the Caucasus,
and the Dom, dispersed across the Middle East and North Africa, may have
migrated much eatlier than the Roma. Despite being historically labelled as
'Gypsies' by outsiders, both the Lom and the Dom do not identify as Roma,
and their languages bear no more similarity to Romani than other Indo-
Aryan languages, such as Gujarati "". The eatlier arrival of these groups
may explain reports of nomadic peoples of South Asian origins in the
Byzantine period, predating the arrival of the Roma. However, this provides
little insight into the specific identity of the proto-Roma. One view is that
within the Byzantine Empire—where the Roma are believed to have lived for

at least 200 years—a distinct Romani identity have begun to emerge '**.

1.1.1.2 Arrival in Europe and second diaspora

The Roma, who had likely been present in the Byzantine Empire for several
centuries by the 1400s, presumably arrived through Anatolia, with some
groups crossing the Bosphorus Strait into the European territories of the
Empire or travelling to other Greek regions by boat. While spontaneous
movements of Roma into Byzantine Greek regions occurred as early as the
12th century ", it is plausible that large groups entered as prisoners of war
and were enslaved following conflicts with the Turks *.

In the Ottoman Empire, they were often integrated into local communities,
becoming part of the artisan and labour classes (for more on their social

status within the Ottoman empire see section 1.1.2.2). They continued their
7



nomadic or semi-nomadic lifestyle as long as possible, which facilitated their
rapid spread across the continent.

Reliable accounts of the Roma's eatly history in Asia and Europe are non-
existent, with only fragmentary evidence remaining, As a result, the
interpretation of this part of their history continues to be a subject of
scholarly debate, and the exact timing of their initial settlement in Europe
remains uncertain. The period between 1200 and 1500 brought significant
changes in this sense, as by the 14th century, contemporary evidence begins
to unequivocally identify the Roma. Reliable records of their presence in
Wallachia (part of modern-day Romania) appear as eatly as 1385. From this
point onward, the Roma are increasingly mentioned in historical documents,
demonstrating their growing recognition in many European cities *.

The history of their migration within Europe is better documented than
their earlier migration in Asia, with distinct waves of migrations recorded
throughout modern and contemporary history. Generally travelling in groups
of 50 to over 300 people, they would customarily approach the rulers of
each city they visited, presenting safe conduct documents (similar to modern

) 25-27

passports and recommendation letters. They often presented themselves

as dukes or pilgrims in order to receive food, money, and goods %, privileges

2!

granted to all pilgrims at the time *. When denied entry, they would
temporarily camp outside the city walls, sleeping in tents in the open
countryside.

The first wave of Roma migration outside the territories of the declining
Byzantine Empire and the rising Ottoman Empire began between 1417 and
1421, marking what could be described as the "Out of Balkans" migration—
a significant new phase in their diaspora 7. This movement is often seen as
the Roma’s departure from what some regard as their "second home"” in the
Balkans, signalling the start of their expansion across Europe. Declaring

their journey a pilgrimage and presenting letters of safe conduct, the Roma

ensured a welcoming reception upon their first appearance in Central and

8



Western Europe. By 1540, when they were first reported in Abo (modern

Turku, Finland), they had reached neatly every extremity of the continent **.

This dispersal across Europe continued into the 17th century, as Roma
moved from the Balkans through Hungary and Poland into Russia, often in
search of economic opportunities or refuge from local persecution. During
the thirty years’ War (1618-1648), famine, epidemics, and flight affected
many areas of central Europe. This also led to increased movements of
Roma towards Bohemia and Moravia, which in turn strengthened measures
specifically targeting the newly arrived, fueling growing resentment towards
the Roma "%, At the same time, in the Holy Roman Empire (a decentralized
federation of territories in central Europe), Roma faced increasing
restrictions and expulsions, with numerous decrees calling for their removal
or forced settlement. From 1697 onwards, the Holy Roman Emperor issued
increasingly severe edicts, declaring that “gypsies” were to be “vogelfrei”
(outlaws), treated “with all possible severity both as regards body and
property”, and hanged without trial **. As a result of these harsh measures,

many Roma were forced into near-constant movement.

During the 18th century, Roma communities were scattered throughout
much of Europe, but their lifestyle and movements became more
constrained. The eatly part of this century saw the rise of European colonial
powers and the expansion of empires, which also impacted Roma migration

3

patterns . In the Habsburg lands, Roma were systematically persecuted,

forced into settled communities, or expelled, as authorities sought to control

nomadic populations *.

However, many Roma in the Russian Empire
continued to thrive in their semi-nomadic way of life, especially in southern
Russia, where they were sometimes allowed to retain their traditional

practices.

The 19th century marked a critical period of transformation for many

peoples in Europe, including the Roma. The century began with a series of

9



major conflicts, the Napoleonic wars, which caused widespread casualties
and displacement across large parts of continental Europe *". While Roma
were not explicitly mentioned in casualties’ records, it is reasonable to
assume they were also affected by these events. The consequent dissolution
of the Holy Roman Empire and the establishment of the Austrian Empire
brought about a shift in policies towards the Roma, with an increasing focus
on settling them in forced communities rather than expelling them **”. As
industrialisation advanced and the borders of nation-states were established,
many Roma were pushed into permanent settlements under state policies of
forced assimilation. However, at the same time, the Industrial Revolution led
to unstable labour relations, which significantly increased the migration of
Roma workers in search of job opportunities *. In the German states, the
British Isles, and parts of Scandinavia, laws were enacted to curtail the
Roma's nomadic lifestyle and integrate them into settled communities. Many
Roma were subjected to a process of sedentarisation, where they were made
to abandon their traditional occupations and lifestyles in favour of

agricultural or labour-based work, often under coercion.

The abolition of slavery in the Principalities of Wallachia and Moldova
triggered a significant migration of Roma people. This process unfolded
through a series of laws between 1831 and 18506, culminating in the A¢ for
the Emancipation of All Gypsies in the Romanian Principality *'. This decree
officially ended slavery and granted freedom to all Roma in this category,
who were subsequently registered as taxpayers to the state. Following these
events, a large portion of the Roma population left Romania in search of
new opportunities abroad. Although precise figures are unavailable, estimates
suggest that between 250,000 and 300,000 Roma were affected. This wave of
migration is believed to have been particularly significant and substantial,

with tens of thousands relocating to different countries *. From the second

10



half of the century, just like many other Europeans, Roma started a wave of

migration to the Americas *>**,

By the eatly 20th century, many Roma in Europe had long been forced to
abandon their nomadic ways, although a small number in rural areas were
able to maintain a semi-nomadic existence, particularly during the warmer
months. This era witnessed increased ethnic categorisation, as nationalist
ideologies and the rise of racial theories in the late 19th and early 20th
centuries began to impact the Roma, exacerbating their marginalised position
in society. By the 1930s and 1940s, with the rise of fascism and Nazi
ideology in Europe, Roma communities became targets of the racial policies
of the Third Reich, the Axis powers, and their vassals, including Romania

450 This culminated in the Romani

and the Scandinavian countries
Holocaust during World War II, where hundreds of thousands of Roma
were murdered in concentration camps, further reinforcing the tragic

consequences of centuries of persecution *.
1.1.1.3 Roma mobility in contemporary history

In the aftermath of the genocide perpetrated by the Axis powers, Roma
communities across several European regions—including those directly
under Nazi control, as well as in Croatia and Czechoslovakia—were
decimated *". Between 25% and 50% of the total European Roma
population was killed, amounting to between 1.5 and 2 million individuals *.
In addition, the Second World War was a catastrophic event that displaced
millions of people *, including an unknown and immeasurable number of
Roma. This not only prompted new migrations within Europe, but also led
to migration to other continents, such as the Americas and Oceania .

However, the end of World War II did not mark the end of Roma suffering.
Most Roma Holocaust survivors in the Federal Republic of Germany (FRG,
also known as West Germany) and Austria continued to face systemic

discrimination, being denied official recognition and compensation for their
1



persecution

. Local authorities and welfare administrations frequently
refused to acknowledge their ethnic victimisation, often imposing
bureaucratic obstacles such as requiring proof of permanent residence and
employment ***. In many cases, officials in the FRG who had been involved
in Nazi-era policies continued to influence post-war decisions, further
marginalising Roma survivors. In Austria, Roma who had lost their homes
and property were unable to reclaim them due to legal technicalities.

In the German Democratic Republic (GDR, or East Germany) and Eastern
European countries, despite the complete dismantling of Nazi legal
apparatus, Roma were either not recognised as victims or had to demonstrate
ideological loyalty to gain recognition and compensation ®. This difficulty,
even within the socialist system that granted Roma citizens equal rights to
other ethnic groups, can be attributed to the fact that outside Germany, their
persecution did not receive the same level of attention as the Jewish
Holocaust, and awareness of Roma suffering remained minimal. Even
among Roma activists and intellectuals, significant discussions on the topic
only began in the 1990s *"*. It took decades for Roma Holocaust survivors
to receive fair compensation in Western countries, with notable progress
occurring only in recent years.

In Eastern European countries such as Bulgaria, Hungary and the Soviet
Union, state policies generally aimed to recognise all ethnicities as equal.
While scholars and activists debate the extent of discrimination against
Roma in these countries, critiques—particularly from scholars based in

$-°_highlight various shortcomings in the

Western academic traditions
response to Roma issues. However, even studies that offer harsh assessments
of Roma living conditions under socialism, often influenced by political bias,
acknowledge that the planned economy significantly improved their access to
housing, education, healthcare, and stable employment “*". A central point

of contention is the sedentarisation of nomadic Roma during the 20th

century, which critics describe as a repressive policy imposed by socialist
12



governments, particularly in Euro-American human rights and academic
discourse **7. However, historical evidence indicates that many Roma had
already been living in settled communities for centuries, and sedentarisation

871 Socialist

was a process that had begun long before the socialist era
governments implemented policies that facilitated this transition, providing
housing and promoting integration into urban areas, particularly between the
1950s and 1970s. Certain policies, such as property confiscation in
Czechoslovakia and Poland, have been criticised as coercive, but the broader
process of sedentarisation was influenced by multiple factors, including

economic changes that made nomadic life increasingly difficult during the

mid-20th century.

A case in point is Fildkovo, in southeastern Slovakia. In the 1970s, Roma
huts were demolished, and residents were relocated to newly constructed
apartment buildings as part of broader urban development efforts. At the
time, the local steelworks employed around 8,000 people, including hundreds
of Roma. However, following the economic transition after 1989, the factory
was privatised and became part of a multinational corporation. In the early
2000s, only 800 workets remained, and there were no Roma among them .
This reflects wider socio-economic shifts that have had a significant impact
on Roma communities in the post-socialist era. The transition from socialism
to capitalism was accompanied by a resurgence of nationalist and reactionary
movements, during which mob violence against Roma communities occurred
in several countries, including Romania ", Ukraine ”, and Poland ™. The
fragmentation of Yugoslavia also led to ethnic conflicts, which contributed
to the displacement of Balkan Roma towards the West and the occurrence
of acts of violence against them ™. Therefore this 'third migration' of Roma
from Eastern to Western Europe in the second half of the 20th century was
driven not only by war and political unrest but also by systemic racism,

discrimination, violent pogroms, and economic hardships. These pogroms,
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sometimes incited by political figures, have continued into the 21st century,

77

as evidenced by incidents in Central """ and Eastern Europe ", such as the

2016 anti-Roma riots in Loshchynivka, Ukraine

. In this case, local
authorities, including the police and the mayor, failed to intervene during the
attacks and, in some instances, supported the violent expulsion of Roma
families. The legal system also proved complicit, as lawsuits seeking justice
for the victims were dismissed, with the court ruling that the forced evictions
were an expression of “direct democracy” These incidents of state-
sanctioned violence resulted in further migrations of Roma to Western
Europe, particularly to countries with established Roma communities and
greater tolerance, such as Spain and the Netherlands *'. Beyond these vatious
migration waves in the late 20th century, which were primarily east-to-west
within Europe, detailed information about modern Roma movements
outside the continent remains limited. However, outside of FEurasia,
significant Roma populations are known to exist in countries such as Brazil,

Argentina, and the United States *%>%.

1.1.2 Roma society and social status

1.1.2.1 Historical overview of the status and evolution

of Roma society

The arrival of the Roma in Europe marked the beginning of a complex and
often challenging relationship with their new surroundings. Initially met with
hospitality—similar to that typically extended to all pilgrims—their presence
eventually led to growing hostility, largely due to societal intolerance of their
cultural and lifestyle differences. As early as the second half of the 15th
century, the settled population began pushing them away from the urban
areas. The 1482 edict by Elector Albrecht Achilles of Brandenburg, which
prohibited the "Gypsies" from staying in his territory, and the 1497

declaration during the Reichstag (Parliament session) in Lindau, which
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declared the "Gypsies" outlaws, marked some of the first significant steps
towards the large-scale persecution of the Roma. In France, by 1504, Louis
XII ordered the banishment of Roma, and by 1510, defying this ban was
punishable by death by hanging *.

Initial frictions may have arisen due to the Roma’s nomadic or semi-nomadic
way of life, which limited their interaction with broader European societies
and, in many cases, contributed to their marginalisation. As a result, they
were often assigned a lower social status and regarded as semi-outsiders.
Some of their occupations and distinct social practices (for definitions see
section 1.4.3 Social norms and practices), such as nomadism, palmistry and
fortune-telling, were frequently viewed with suspicion by non-Roma
populations, whether in Christian or Muslim societies. These social and
cultural differences contributed to various forms of discrimination,
matginalisation, persecution, and, at times, enslavement.

Traditionally, Roma worked as metalworkers, woodworkers, animal traders,
entertainers and beggars ***®. The Christian Church viewed their practices,
particulatly the so-called “unchristian” medical remedies, palmistry, and other

887 Local workers and

activities labelled as “sorcery,” as deeply problematic
guilds often saw the Roma as unwelcome competition, perceiving a threat to
their income and monopolies, and sought to exclude them through vatious
means . As the Roma’s reputation declined and the perceived costs
associated with their presence grew, cities became less willing to tolerate
them.

In the modern era, rulers often viewed the Roma as a group of unproductive
vagabonds who resisted integration into the established social order and
lacked loyalty to any authority. Consequently, many rulers introduced anti-
Roma laws aimed at controlling or excluding them entirely. However, the

treatment of the Roma varied significantly across different regions of

Europe. The Ottoman Empire was relatively more “tolerant” in comparison

15



to regions such as the Romanian Principalities, the Holy Roman Empire, and

later the Austrian Empire, which were among the least tolerant.
1.1.2.2 The Roma in the Ottoman Empire

The Roma became part of Ottoman society following the empire’s
expansion into formerly Greek Byzantine territories, where they had already
lived for centuries. Most remained in these regions, largely unaffected by the
political transitions that followed. This was because the Ottoman authorities,
who were relatively tolerant for the era, had no major issue with the Roma—
except for their nomadism. The concern was not nomadism itself but rather
the challenge of tracking their tax payments ». Although several regulations
were issued by Suleiman I (1551) and Murad I1I (1574) to restrict nomadism
or encourage settlement, these measures were largely ineffective. Nomadism
and irregular tax payments were never considered major offences, and
taxation records often registered nomadic Roma as settled. In practice,
formal attempts to forcibly settle the Roma were rarely enforced, allowing
many to continue their preferred way of life. Under the Ottoman rule all
inhabitants were classed hierarchically into various categories, the main two
being the “true believers” (the Muslims) and the “infidels” (the subjected
Christian and Jewish populations). These categories were treated differently,
the members of each having a different status and varying obligations
towards the central state. All subjects of the Ottoman Empire, including
Roma, were obliged to pay different taxes and were described in numerous
tax registers. In these registers, Roma citizens were described by age,
occupation and family status and, according to these and other factors, were
grouped into tax units, each with its respective community leader.

The eatliest Ottoman tax record mentioning "Gypsies" dates to 1430, in a
register detailing a grant of lands for the administrative division (sanjak) of
Nicopolis (modern Nikopol, Bulgaria), mentioning that 3.5% of the

approximately 12,000 households were “Gypsies” . The majority of Roma
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in the Ottoman Empire were settled, identified primarily by their ethnicity
rather than their lifestyle, reflecting an early recognition of their distinct
identity. From the 15th to the 16th century, settled Roma predominantly
lived in segregated quarters in towns and villages across the Balkans and
Anatolia, with records confirming a significant settled population.

Sultan Suleiman the Magnificent issued a 1530 law concerning Roma in the
Province of Rumelia (which included most of the Balkans), highlighting
their unique administrative and legal status within the Empire. Both
Christian and Muslim Roma paid taxes, with Christians taxed slightly higher,
though these distinctions were inconsistent. Exceptions were granted to
Roma in the "Gypsy Sanjak", who provided essential military services such

8

as blacksmithing, fortress maintenance, and music ¥. In this context, the

sanjak was a special administrative category, not a territorial unit, and
covered all Roma living in Rumelia and Istanbul ™.

To ensure proper tax collection, Roma leaders were made responsible for
their communities' payments, a system teinforced by later decrees, such as
Sultan Selim II's 1574 order for mine workers to organise into groups for
accountability. Additionally, some Roma, particularly Muslims, were directly
conscripted into the Ottoman army, with an estimated 15,000-20,000
serving during the 16th and 17th centuries. Beyond their military
involvement, Roma were also prominent in guilds for professions such as
bear breeding, horse trading, and music, as documented by traveller Evliya
Celebi in Istanbul *.

The 17th and 18th centutries marked a decline in central authority and the
rise of the agyin—influential local notables or provincial elites who wielded
significant political and economic power within the Ottoman Empire. With
the empire engaged in near-constant warfare and experiencing frequent
territorial changes, trecords concerning the Roma became increasingly

13,33

fragmented and uncertain . Despite this, the Roma occupied a unique

position within the empire's social and administrative framework. From the
17



outset, they were considered "citizens," granted a distinct status that set them
apart from other groups and recognised for their own specific legal and
social standing;

Despite this, many historical sources highlight the evident contempt directed
towards the Roma by both the Ottoman authorities and local populations,
who often viewed them as inferior and undeserving of any respect or
attention 2. However, unlike in Western Europe, the Roma in the Ottoman
Empire were not subjected to systemic persecution. Instead, they were
largely tolerated, with their distinct social position allowing them to live
relatively unhindered, though still marginalised, within the broader societal

framework >,

1.1.2.3 The Roma in Wallachia

In contrast to the more favourable treatment in the Ottoman Empire,

stands out as one

Wallachia—de iure a territory under Ottoman suzerainty:
of the first European regions where the Roma settled and also as a place
where they endured some of the harshest treatment. In this kingdom, their
status was often perceived as subordinate or entirely outside the bounds of
"culture" and "civilisation" *. By the late 15th century, slavery had become a
central feature of the regional economy in Wallachia, with the Roma playing
an integral role in this system. Despite the harsh conditions, both free and
enslaved Roma coexisted in Wallachia **, but were consistently identified by
their occupation, social status, type of residence, and familial or social
relations rather than by ethnicity *. The pervasive dehumanisation of Roma
as a class became the dominant perspective among Romanians and others,
following a troubling archetype: prisoners of war were labelled as Roma,
Roma were enslaved, and slaves were deemed degenerate or flawed. Once
this view of the Roma as less than human became entrenched, recognising

them as anything else—particulatly as contributing members of society—
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was wholly dismissed. This perception fostered one of the most enduring
contradictions in how dominant societies have understood the Roma.
Although the Roma faced marginalisation, they historically played vital roles
in pre-capitalist societies, contributing as entertainers, craftspeople, and even
state functionaries. However, these contributions were often ovetrlooked,
dismissed, or undervalued, reflecting the broader social devaluation of the
Roma community. This disregard persists, despite the clear utility and
enjoyment their work has provided to others.

Even in such society, not all Roma were passive or marginalised; in fact, they
dominated certain sectors of the economy. In medieval Wallachia and
Moldavia, they were heavily involved in crafts, metallurgy, and alcohol
production, with Roma kettle smiths (caldarari) in 17th century laSi even
forming their own guild. Renowned for their music as well, the Roma were
an integral part of the feudal economy **.

During this period, slavery reinforced the notion that even free peasants
could lose their status, as non-Roma peasants were subjected to enserfment
. However, as feudalism waned and capitalism emerged, the Roma became
increasingly defined in ethnic and racial terms. By the 19th century,
Romanians began to identify themselves in opposition to this marginalised
group, whose low social status was perceived as antithetical to national
progress. This process significantly influenced the development of
Romanian national identity and the establishment of the Romanian nation-
state ». Capitalist modernisation and industrialisation in Romania pushed the
Roma to the margins, as mass-produced goods replaced their traditional
crafts in rural economies. Many Roma turned to day labour, contributing to
their poverty and social exclusion. Their involvement in theft and petty
crimes further entrenched their stigmatisation. As urbanisation progressed,
more Roma, including former slaves, moved to cities, securing unskilled jobs

in construction and factories. Many of them settled in overcrowded, low-
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income districts alongside other poor communities, reinforcing their

continued marginalisation in eatly Romanian society ™.

1.1.2.4 The Roma in modern and contemporary times

In several Central European countries, including the Holy Roman Empire
and later the Austrian Empire, the Roma faced systemic marginalisation and
harsh legal restrictions. The Roma were often perceived as vagrants and
outsiders, accused of lawlessness and a lack of allegiance to the state .
During the sixteenth century, the treatment of Roma in German territories
became increasingly tied to laws governing vagabonds and paupers. In
contrast, neighbouring Hungary exhibited greater tolerance—partly due to
the skills and trades the Roma were known for, but primarily because
Hungary was under Ottoman rule, which promoted a more lenient policy
towards minority groups. Meanwhile, early German legislation sought to
restrict Roma entry and later escalated to violent measures.

By 1650, Duke Eberhard 111 issued a decree calling for the violent expulsion
of the Roma, accusing them of criminal activity and social harm. This
rhetoric intensified by 1667, with official documents using the term
"eradication" to describe the intended policy *. Hostility peaked with a 1706
edict under Duke Eberhard Ludwig, which authorised the killing of Roma

on sight if they refused to leave *

. Although these extreme laws were not
fully enforced, they underscore the severe persecution Roma faced during
this period, mirroring similar developments in England.

Throughout the 16th and 17th centuties, other imperial decrees criminalized
Roma presence, ordering their expulsion or execution if caught ***. At the
time, the social status of the Roma across Burope was largely defined by
exclusion, marginalisation, and forced assimilation. They were often
perceived as outsiders, living on the fringes of society, and subjected to

restrictive laws that limited their movement, economic activities, and cultural

expression. In many regions, authorities attempted to forcibly settle them,
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banning the nomadic lifestyle. While some Roma integrated into local
economies as artisans, traders, or entertainers, they were still socially
stigmatized and often relegated to the lowest socio-economic classes.
Cultural representations of the Roma in literature and art fluctuated between
romanticised depictions of freedom and mystery and deeply negative
stereotypes associating them with criminality and deceit.

This can be seen, for example, in Kant’s writings on “Gypsies” ”*. Kant’s
works reflect and reinforce racialised Enlightenment thought, portraying the
Roma as an inherently different and uncivilisable group. While some scholars
debate whether Kant’s race theory is central to his philosophy ”, he cleatly
engaged with contemporary racial theories, particularly those of Heinrich
Grellmann, who popularised the idea of "Gypsies" as a biologically distinct
people of Indian origin '". Kant’s few but significant mentions of Roma
suggest he saw them as proof of immutable racial traits, incapable of
adapting to European civilisation. His arguments aligned with broader
Enlightenment ideas of progress but simultaneously justified exclusionary
policies by linking race to social immobility. This racialised framework
contributed to long-lasting stereotypes and shaped later exclusionary policies

against Roma populations in Europe *.

In the 1800s, attitudes towards the Roma began to shift, albeit slightly. The
Habsburg rulers attempted forced assimilation policies, particulatly under
Maria Theresa and Joseph II, banning their language, traditional clothing,
and nomadic lifestyle in an effort to integrate them into the peasantry *>'"'.
Despite these measures, Roma communities remained largely excluded from
mainstream society, facing persistent discrimination, social segregation, and
economic hardship. Their legal status varied by region, but in many areas,

they were denied land ownership, access to guilds, and basic rights,

reinforcing their position at the margins of society.
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By the mid-1800s, an abolitionist movement advocating for the end of
slavery emerged among intellectuals in the Wallachia and Moldova
Principalities. During this period, the figure of the "Gypsy" became a
common subject in newspaper articles, poetry, literature, and plays. The
Romani people also became prominent in British literature as a symbol of
the displaced "Othet," representing moral, social, and racial standards that
were seen as contrary to the national ideal. In some cases, such as in Conan
Doyle's Sherlock Holmes seties, the "Gypsies" maintain their anonymity as a
semi-independent, mobile, and distinct culture within Britain’s borders.
However, in these stories, they are never depicted as responsible for criminal
activity. Instead, it is often suspicion and prejudice that lead to their
displacement, as they are forced to move to avoid causing local unrest ',

The narrative thus suggests that the Roma do not pose a threat to domestic

spaces, despite their non-conformity.

Generally, in nineteenth-century literature, the portrayal of the Roma reflects
a constructed image rather than a realistic representation '”. Unable to speak
for themselves, the Roma were depicted according to the stereotypes and
biases of the writer or speaker—at times romanticised and alluring, at other
times criminal and filthy, shifting between these extremes without
consistency '"*'®. This pattern aligns with what Said, a century later, would
define as Orientalism: ‘the written statement is a presence to the reader by
virtue of its having excluded, displaced, made supererogatory any such real

thing as “the Orient” '°.

Although never explicitly referring to the Roma, Karl Marx offers an
opposing view of nomadic people in Das Capital. Marx explores
vagabondage as a result of socioeconomic forces rather than racial or
cultural traits ', He ties vagrancy to the shift from feudalism to capitalism,
where displaced rural populations were forced into cities, becoming

impoverished and often labelled as criminals. Marx analyses the English

22



legislation on poverty and vagabondage, where the latter was de facto aimed
at Roma ", and shows how itinerants were punished for refusing to work in
conditions that no longer existed. Marx argues that in late capitalism,
unemployment and poverty are deliberate tools to suppress wages and
sustain the system. In this context, Marx views vagabondage not as a moral
or racial issue, but as a structural consequence of capitalist exploitation,

where the ruling class imposes these conditions to protect their wealth.

Comparing to Kant, Marx offers a different view to understand the
treatment of "gypsies" in early European society, focusing on socioeconomic
structures, explaining how vagabondage and criminalisation were tied to the
rise of capitalism, with the ruling class reinforcing exclusion to maximise
profit. Kant, on the other hand, introduces a racialised view, linking the
inability of "gypsies" to adapt to their supposed racial inferiority, which
solidified their exclusion *'””. Modern debates on Roma, and their perceived
status as "anti-social," still echo these eatly racial and social constructs,

obscuring the socioeconomic factors at play *.

By the late 19th and early 20th centuries, as the Roma began to integrate into
the broader society, questions about their inclusion in social and economic
life started to arise. Nationalist movements and racial theories further
entrenched their marginalisation, with some governments implementing
policies aimed at erasing Roma identity through forced assimilation,

sterilisation programmes, and restrictions on their language and customs

42,101,109,110

The period leading up to 1945 saw a dramatic worsening of their social
status, culminating in the genocide of Roma people during the Holocaust,
when they were systematically persecuted and murdered by Nazi Germany
and its allies. For centuries, the Roma have faced systemic discrimination,
exclusion, and criminalisation in Europe, with antiziganism still deeply

rooted in society today. State policies have historically reinforced their
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marginalisation, portraying them as threats to public security while subjecting
them to surveillance and persecution. The shift from viewing "Gypsies" as a
social category to a racial one in police work played a key role in their

petsecution, patticularly under Nazism .

Following the Second World War, the Roma continued to be broadly
‘orientalised” across large parts of Europe, as this type of portrayal persisted

in literature and popular narratives "',

In contemporary times, the Roma continue to face different levels of
marginalisation, discrimination, and socio-economic exclusion across
Europe. While legal persecution and forced assimilation policies have largely
been abandoned, Roma communities still experience widespread poverty,

113115

limited access to education, and barriers to employment . In many

countries, such as Italy, France, Serbia, and Slovakia, they remain segregated

16119 - Tnstitutional

in informal settlements with inadequate infrastructure
discrimination persists, particularly in law enforcement, housing, and
healthcare, reinforcing cycles of social exclusion. Efforts to improve Roma
integration have been made, especially through policies and advocacy
initiatives, yet progress remains slow, and anti-Roma sentiment continues to

be an issue in many European societies '**'*'.

Outside Europe, India occasionally recognised Roma heritage as part of its
diasporic connections, though these acknowledgments were symbolic rather
than involving substantial cultural programs. One significant moment came
in 2001, when the International Romani Union (IRU, organization active for
the rights of the Romani people) declared the Roma to be a part of the
Indian diaspora, and the Indian government supported this declaration '*.
The recognition underscored the Roma's historical ties to India, tracing their

origins back to South Asia. In 2016, during the International Roma

Conference held in New Delhi, the Indian Ministry of External Affairs
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reiterated this connection, with the Indian Minister Sushma Swaraj

expressing a sense of cultural affinity with Roma '*.

Roma activism and cultural revival movements have gained momentum,
promoting Roma identity and rights. However, prejudice and social stigma
still shape public perceptions, and hate crimes against Roma individuals are
reported in various regions. Despite legal protections, full social inclusion

remains an ongoing challenge in the modern era.

1.1.3 The evolution and realities of Roma culture

Culture is not something fixed, inherited, or unchallengeable. On the
contrary, it is constantly evolving, allowing for the self-expression of our
self-realisation, re-inventing as well as representing and reproducing our
ethnic identities. This is as true for the Roma as it is for any other group '*.
Culture, therefore, is not merely a collection of traditions, customs, and
artistic expressions. Rather, it can be understood as a historically determined,
class-based phenomenon, shaped by economic structures and political power
', Additionally, culture is often seen as the attainment of one’s identity, a
higher level of awareness that enables individuals to understand their

historical significance, their role in life, and their rights and responsibilities

126

To fully understand Roma culture, or the culture of any other community, an
analytical approach that is both historical and materialist is essential. This
framework moves beyond deterministic or essentialist views of culture by
examining the role of class position, economic forces, social structures, and
ideological influences in shaping cultural traditions. Roma have historically
been marginalised, excluded from dominant economic structures, and
subjected to systemic discrimination. These conditions have strongly

influenced Roma cultural patterns, yet their culture is not merely a passive
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product of oppression. Rather, it reflects a dialectical process of adaptation,

resistance, and internal continuity.

Practices such as nomadism, oral storytelling, and music are long-standing
aspects of Roma culture. While their evolution may have been influenced by
historical conditions of exclusion, economic instability, and restrictions on
land ownership and formal employment, they atre also expressions of Roma
identity, creativity, and mobility. Likewise, the persistence of extended
kinship networks and strong communal ties can be understood not only as
strategies for navigating socio-economic precarity but also as integral aspects
of Roma social organisation and cultural continuity. At the same time, some
practices often attributed to Roma culture—such as begging—are not
inherent cultural traits but rather socio-economic strategies that have
emerged under conditions of structural exclusion. The institutional framing

127" teflects how dominant

of such practices, as seen in the Italian state
societies interpret and reinforce stereotypes rather than addressing the

material causes of economic marginalisation.

Roma culture is shaped by both external pressures—such as historical
oppression and economic exclusion—and internal agency, as illustrated by
the following points:

e Migrations, adaptation, discrimination, and resistance to assimilation

have played a central role in shaping Roma culture.

e Oral traditions, craftsmanship, and communal living reflect both
internal values and historical adaptations to exclusion.
e Music, dance, and storytelling frequently express themes of struggle,
exile, and survival, directly linked to their socio-economic position.
From this perspective, Roma culture is not fundamentally different or
isolated from broader socio-economic developments. Rather, dominant

ideologies shape how Roma communities are perceived. In both feudal and
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capitalist societies, Roma people have often been stigmatised as outsiders,
reinforcing stereotypes that justify their exclusion from economic
participation. Ruling classes have historically portrayed them as "criminal,"

" or "exotic," which served to maintain their marginalisation and keep

||1 ﬁZy,'
them in precarious conditions. Meanwhile, Roma culture was often
commodified—seen in romanticised portrayals in art—while Roma people

remained structurally disadvantaged.

Despite centuries of coexistence with various populations, Roma
communities have maintained a distinct cultural identity, not through rigid
isolation but through adaptation and strategic continuity. Their
determination to preserve their heritage, rather than simply resisting
assimilation, has been integral to their survival as a separate population '*,

reflecting both resilience and historical necessity rather than an inherent

resistance to change.
1.1.3.1 Traditional Roma culture

Traditional Roma culture has been shaped by a nomadic lifestyle, strong
communal bonds, oral traditions, and distinct economic roles. Mobility was a
defining feature of Roma life, with communities travelling in family-based
groups not only out of cultural choice but also due to legal restrictions and
persecution. This constant movement allowed Roma communities to remain
flexible and adapt to changing circumstances, but it also imposed practical

constraints on their social and economic structures.

The family and community were central to Roma society. While each
community had a chief holding authority, decision-making was often
collective, reflecting a communal approach to governance and social order
112 Gender roles were traditionally defined, with men typically engaged in
external economic activities, while women managed the domestic sphere,

including child-rearing and specific trades such as fortune-telling and healing
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-1 "These roles were shaped by necessity, helping to maintain social

cohesion within the community.

Language and oral traditions played a crucial role in maintaining Roma
identity, particularly in contexts where formal education and written records
were limited. The predominantly spoken Romani language, at least within the
community, and the practice of passing down myths, proverbs, and historical
narratives through storytelling ensured that cultural knowledge was
preserved and transmitted across generations. Religion and spirituality among
the Roma have also been influenced by the dominant faiths of the regions
they inhabit, whether Christianity, Islam, or other traditions. However, Roma
communities have integrated their own folk beliefs—such as reliance on
luck, protective charms, and healing rituals—into these religious practices,
reinforcing community cohesion and offering an alternative framework for
understanding their social reality. Cultural expression through music and
dance always was one of the most recognisable aspects of Roma life. Roma
musicians have left a significant mark on genres such as Flamenco, Balkan
brass, and Jazz Manouche, dance and song have long served as vital means

of communicating social experience and historical memory.

Economic survival for many Roma communities depended on specialised
trades. The reliance on adaptable forms of work—ranging from
metalworking and animal trading to providing entertainment services, was

something the Roma were recognised for **%.

Roma communities adhered to their own system of customs and unwritten
laws, which governed social behaviour, honour codes, and conflict resolution
213 Loyalty to family and respect for elders were central values, and
traditional justice was often administered within the community rather than
through external legal systems. Clothing also catried cultural significance,

with certain items, such as long coats and one-piece dresses, being

considered shameful due to their denial of the body’s divisions "**.
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1.1.3.2 Modern Roma culture

Modern Roma communities, particularly in Europe where they are
predominantly settled, have developed a culture that blends traditional Roma
elements with the influences of the dominant societies they now live in.
While Roma cultural aspects vary significantly by country and community,
several common traits remain central to the community's way of life. Family
and community are foundational, with extended kinship networks playing a
crucial role in shaping daily life. Intergenerational ties are strong, and respect
for elders continues to be deeply ingrained, reinforcing the collectivist values
that prioritise family over individual decisions . In many communities,
traditional gender roles persist, reflecting long-established social norms (for
definitions, see section 1.4.3 Social norms and practices) *>'**. Reports
indicate that Roma girls in Western Balkan communities (Bosnia, Serbia,
Albania) are less likely to attend school, marry at a young age, refrain from
working, and have low aspirations, with little evidence of change over the
past decade . However, in Spanish Roma communities, significant positive
changes have been reported over the last decades, particularly with more

Roma women actively seeking employment 7",

At the same time, language and identity remain important markers of Roma
culture. Typically, Roma speak Romani only with other Roma they have some
kind of relation to, while using the other language for any other interaction °.
Therefore, many continue to speak Romani alongside the local language,
even as younger generations are increasingly influenced by the dominant
linguistic and cultural frameworks of their societies. This dual-language use
reflects the ongoing negotiation between maintaining cultural identity and
integrating into wider society. In “fringe” communities, so Iberian, British,
Scandinavian (except Finland), the local Romani dialects are extinct and only
exist in sparse loanwords and expressions **'*’. Religion, too, plays a
significant role in the lives of many Roma. This particular aspect has not
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changed over the centuries, with most Roma still adopting the dominant
religion of their country and retaining elements of folk beliefs and taboos
that are integral to their spiritual identity . Cultural expressions such as
music and dance remain deeply rooted in Roma identity, providing a means
of both personal expression and communal solidarity. Similarly, oral
traditions and storytelling continue to play an important role in cultural
transmission, though their prominence is waning due to increasing literacy

and the growth of digital media.

Economically, Roma have adapted to modern realities, with many working
across a range of professions from manual labour to entrepreneurship and
academia. However, historical exclusion from mainstream job markets has
often led to a reliance on self-employment, which remains common within

141

the communi . Despite progress, challenges remain. Roma communities
b bl

especially in urban areas, still face segregation and high dropout rates in

education 14

, as urbanisation has contributed to the growth of segregated
Roma neighbourhoods ''°. However, there is also a growing Roma presence
in more central urban areas, and school segregation is decreasing, indicating a
shift in social and geographical dynamics as a result of policies specifically

designed to reduce segregation >,

Modern studies suggest that much of the common knowledge about Roma
culture is outdated, with older research often based on interviews with
individuals from more conservative Roma communities, highlighting the
importance of recognising the diverse and evolving nature of Roma identity
. Certain core traditions and beliefs persist, including the increased status
and respect associated with older age ¥, the involvement of elders for
conflict resolution '*, and the determination not to assimilate into dominant
society . In daily life, women are primarily responsible for domestic duties

and generally do not work '*’, while non-parental figures often participate in
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child-rearing '*. However, these traditions coexist along with ongoing

change and adaptation ',

1.1.4 Roma language and literature

Romani is an Indo-Aryan language estimated to be spoken by at least 4
million people, with official recognition in at least 17 countries, primarily in
Eastern Europe. It is subclassified into para-Romani languages, which are
further divided into seven distinct groups '*. Within this classification, each
group encompasses several subgroups of Romani dialects, corresponding to
different Roma communities. The seven major groups are: Balkan, Vlax,
Central, Northeastern, Northwestern, British, and Iberian. Despite their
diversity, all of these dialects share a common origin, shaped by linguistic
influences encountered along the Roma diaspora route—most notably, the
Greek language during the Byzantine period °. While the exact numbers of
speakers remain uncertain, some groups, such as Vlax and Balkan Romani,
retain a strong knowledge and usage of the language "% In contrast,
dialects from regions like the Iberian Peninsula have largely disappeared due
to centuries of assimilation, surviving mostly through a few expressions '*".
Linguistic research has played a crucial role in tracing the history of the
Roma. Linguistic research has long supported the theory that the original
homeland of the Roma people was Northern India, as the Romani language
is classified within the Indo-Aryan branch of the Indo-European language
family *'*’. Genetic studies further corroborate this, showing that
contemporary Punjabi populations exhibit the closest genetic affinity to the
Roma 154155,
Therefore, the study of the Romani language is significant not only for its
preservation and perpetuation but also for the socio-historical context it
provides. To this end, in recent history, there have been several attempts to
safeguard Romani languages and document Roma history and culture in

written form, moving beyond the traditional reliance on oral transmission.
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The first initiatives to publish in Romani emerged in the Union of Soviet
Socialist Republics (USSR) and the Socialist Federal Republic of Yugoslavia
(SFRY) "*"7. As part of a broader policy of promoting minority languages,
the first textbooks, newspapers, and literary works in Romani were published
in the USSR in the 1920s. The journal Nevo Drom (New Path') became a
significant platform for Romani literature and cultural expression in the
1930s "*. In Yugoslavia, Romani publications gained traction within the
framework of socialist multiculturalism, which aimed at supporting minority
cultures as part of a collective national identity. From the late 1960s, the
term Roma was officially adopted, and in the 1970s, writers such as Slobodan
Berberski and Rajko Duri¢ emerged as some of the most prominent Romani
authors, contributing to the development of a distinct Romani literary
tradition '”. Following the pioneering efforts in the USSR and Yugoslavia,
several decades passed before other countries began supporting Romani
language and culture.

Starting in the late 20th century, nations like Sweden and Finland recognised
Romani as a minority language, launching initiatives to preserve it through

' These efforts included the publication

education, publications, and media
of books and the production of radio programs in Romani. Similarly, Spain
saw a growing interest in Romani cultural contributions, particularly through

literature and music '

, as part of broader social inclusion policies. In the
United Kingdom, organizations of citizens and academic institutions began
promoting Romani studies and media, providing platforms for Romani

12, These developments marked a shift from state-led

writers and artists
initiatives in Fastern European countries to a mix of governmental and
community-driven efforts in Western Europe, reflecting an evolving
recognition of Romani identity and heritage on an international scale.

Today, Romani language is used in magazines, websites, and other media—

sometimes in bilingual formats or in a lingua franca such as English,

primarily targeting Roma communities.
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In the academic sphere, Romani studies have gained recognition through

dedicated publications:

e The Journal of the Gypsy Lore Society, first established in 1888,
continued until 1982. It resumed publication in 1991 and was
renamed Romani Studies in 2000. It now serves as the official
journal of the Gypsy Lore Society, an international academic

organization dedicated to Roma research and cultural promotion.

e The International Journal of Roma Studies (IJRS) was launched in
2019, focusing on interdisciplinary research that examines
discrimination, exclusion, and the empowerment of ethnic

minorities, with a particular emphasis on Roma communities.

The impact of globalisation has significantly affected the preservation of
Romani languages and dialects, particularly in Western Europe. As Roma
communities increasingly adopt dominant state languages for reasons of
education, employment, and social integration, traditional Romani dialects
are gradually fading. Younger generations are less likely to speak Romani,
leading to a decline in linguistic diversity within the Roma community. For
this reason, Romani is classified as Vulnerable by the UNESCO '. While
efforts to preserve and revitalize the language continue, the widespread use
of state languages and the influence of global media and technology pose
ongoing challenges to the survival of Romani dialects. This trend is part of a
broader global phenomenon in which minority languages struggle to survive

in an increasingly interconnected world ',

1.1.5 The Roma groups

The Roma are divided into various groups, each with some unique traditions,

dialects, and social structures %1616

%. These internal divisions likely emerged
due to a combination of endogamy, social pressures, and migration patterns,

all of which contributed to the genetic diversity observed among Roma
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populations. Traditionally, Roma groups were organised along occupational
lines. For example, the Kalderash derive their name from the Romanian
calddras (coppersmith), itself from the Latin ca/daria, referring to their trade
as metalworkers or tinkers '*. Similarly, the Boyash (also known as Rudari)
are thought to originate from the term base in Old Slavonic, referencing their

1. Many of these groups are further

historical association with mining
subdivided by profession or region of origin. For instance, the Ursari (bear
trainers) are associated with Bulgaria, while the Volokhy refer to a group of
Roma in Ukraine originally from Wallachia. While most scholars—including
geneticists—use socio-linguistic classifications to define Roma groups by
country (e.g. Spanish Roma, Greek Roma), macro-region (e.g. Balkan Roma,
Carpathian Roma, Iberian Roma), or linguistic subgroup (e.g. Romungtro,
Vlax, Rudari, and Calé), some researchers have proposed an alternative
classification into five major groups: Roma, Sinti, Kale (or Calé), Manouches,
and Romanichals ™. Each of these groups comprises numerous subgroups
and communities, often shaped by historical migration routes and local
cultural influences. The Roma are primarily concentrated in Central and
Eastern Europe, especially the Balkans. The Sinti, whose name reflects their
origin in the Sindh region of South Asia, are found mainly in Northern Italy,
France, and other parts of Western Europe, and speak a German-influenced
dialect of Romani. The Kale, deriving their name from the Hindi word for
"black," are present in Wales, Finland, Spain, and Portugal. The Manouches,
mostly in France and Northern Italy, derive their name from the Sanskrit
manus, meaning "human." Lastly, the Romanichals, primarily based in the
UK, whose name is derived from Romani words meaning "Roma children"

or "young ones." """

Over the centuries, Roma communities developed divergent customs and
dialects depending on their regional settlements and the degree of

assimilation into broader societies. In some cases, this assimilation led to the
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loss of the Romani language (as in the Iberian Peninsula and in England),
although a distinct Roma identity was retained—albeit with significant
differences from other Roma groups. Self-identification also varies: some
Roma identify solely with the nation in which they reside (e.g;, Romanian,
Spanish), others as Roma, and some as both '**'*!% These layers of
classification—social, linguistic, regional, and historical—reflect the diversity
within Roma groups and point to the importance of considering each group

within its specific context.
1.1.5.1 The Iberian Roma

The Iberian Roma, also known as Calé, are a transnational Roma community
residing in modern Spain and Portugal. The earliest studies on the Iberian
Roma date back to the first half of the 18th century, though they primarily
focused on language and general culture '""'. Historical records provide
solid evidence regarding their presence in the Iberian Peninsula. At the time
of their arrival, the peninsula was divided into several realms: the Kingdom
of Aragon controlled the northeast; the Kingdom of Navarre ruled a small
part of the north; Castile governed the central territories from north to
south; Granada was under the Caliphate; and Portugal already existed within
its modern borders. In this fragmented political landscape, the Roma had to
navigate multiple kingdoms, seeking permission from various rulers to cross
their lands.

The earliest documented artrival of the Roma in the Iberian Peninsula dates
to 1425 in Zaragoza, where the King of Aragon granted them permission to
stay *. They were later documented in Navarre in 1435, allegedly on a

' in Jaén in 1462 "% in Burgos in

pilgrimage to Santiago de Compostela
1475, when another group on pilgrimage to Compostela was recorded in
what was then the capital of the Kingdom of Castile '; and in Medina del
Campo in 1480, again with pilgtrimage cited as their purpose . In Portugal,

the first literary reference to the Roma appears in Gil Vicentes Farsa das
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Ciganas, performed in Evora in 1521 for Dom Jodo II1. Notably, there are no
records of the Roma entering the Emirate of Granada, the last independent
Muslim state in Western Europe .

There is speculation that some Roma may have arrived via an alternative
route through the Arabian Peninsula, North Africa, and the Strait of
Gibraltar *'”"| although no solid evidence supports this hypothesis. Their
arrival in Iberia coincided with a period of significant political turmoil, as
Christian kingdoms overthrew Islamic rule. In the late 15th and early 16th
centuries, these kingdoms persecuted, expelled, and forcibly converted
Muslims and Jews '™, Before this petiod, Christians, Jews, and Muslims
had coexisted for neatly a century. During these turbulent times, there may
have been instances of contacts between the Roma and these populations,
who were eventually expelled, while the Roma were forcibly settled and

assimilated 8610182,

Institutional persecution of the Roma in Castile began with the Pragmitica of
the Catholic Monarchs in 1449, marking the start of ongoing efforts to
suppress them. In Portugal, Dom Jodo III issued a law in 1526 prohibiting
the entry of Roma and ordering the expulsion of those already present '*.
However, this decree was likely not strictly enforced, as similar laws
continued to be passed over the following years while Roma communities
persisted ™. In Navarre, persecution was documented as eatly as 1549, when
the Tudela Cortes decreed that any Roma found within the region were to be

' Such measures reflect the widespread

whipped and expelled
discrimination and systemic exclusion the Roma faced in Iberian societies.

By the 16th century, the Spanish and the Portuguese Empires had enacted

numerous anti-Roma laws 182186188

, severely restricting the freedoms of
Roma. During this period, with the first recorded presence of Roma in
Brazil dating back to 1574 '¥, the Portuguese Empire began forcibly

deporting Roma to its colonies in the Americas, while some also migrated
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voluntarily in search of opportunities *'*. The relationship between the
Roma and local authorities was consistently strained, as the Roma maintained
a distinct cultural identity and were often seen as disruptive to society. They

" "cheats," and "thieves," with little

were frequently stereotyped as "dirty,
recognition of their individuality. Instead, the Roma were often viewed as a
collective group, defined by negative stereotypes of barbatism, dishonesty,
and immorality *. This atmosphere of persecution in Spain culminated in
the Gran Redada (Great Round-up) on 30 July 1749, during which thousands
of Roma were arrested and imprisoned '*.

The 19th and 20th centuries saw increasingly intense assimilation policies,
which also led to the gradual disappearance of the Iberian Roma dialect '*.
During all this time, significant internal migrations within the Iberian
Peninsula caused the displacement of many people, likely including the
Roma """'2, In this period, Spain kept maintaining the same policies of strict
control towards the Roma . In 19th-century Portugal, following the end of
absolutism and the rise of liberalism, Roma people were no longer targeted
for extinction but were instead systematically marginalised. Authorities
reinforced stereotypes of Roma as "nomads"—a condition they themselves
perpetuated by preventing settlement and seizing property—then used this
label to justify further discrimination. These policies aimed to keep Roma
impoverished and culturally erased. Despite these efforts, Roma communities

maintained high birth rates, cultural resilience, and continued attempts to

settle and integrate into urban and rural life *°.

In the 1930s, under Francisco Franco’s fascist regime in Spain, state policies
towards the Roma population were shaped both by earlier imperial-era
decrees and by the influence of Nazi Germany’s concept of “racial hygiene.”
" For decades, Roma were widely regarded as inferior by many academics,
medical professionals, and legal experts within Francoist Spain. This

perception was reflected in the legal framework of the time, which included
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several explicitly anti-Roma measures—most notably, the obligation to speak
only Spanish; the drafting of the “Social Danger Law”; and the use of the
Guardia Civil as an enforcement arm of the dictatorship's policies towards

the Roma people '”".

Similarly, the fascist regime of Salazar in Portugal employed comparable
identity-based mechanisms of exclusion. The construction of a collective
‘bad object’—whether external, such as the Spanish, or internal, such as the
so-called ‘bad Portuguese—was central to the identity politics of the Estado
Novo, which ruled Portugal from 1928 to 1974 . Portuguese Roma were
often conflated with these negatively perceived groups, with scientists of the
regime using terms like ‘nomadic’ and ‘primitive’ to characterise not only
Roma, but also other marginalised Portuguese populations. This
homogenising discourse served to reinforce a hegemonic sense of

supetiority among the majority '*.

1.1.5.2 The Iberian Roma today

The Roma can be found in most parts of the world, including Europe, the
Americas, Asia, Oceania, and North Africa. Despite their long presence in
Europe, the Roma in Iberia continue to face varying degrees of social
challenges, even into the 20th and 21st centuries, although there have been
significant improvements in their conditions. In Europe, particularly in
Western Europe, the largest Roma community resides in the Iberian
Peninsula, comprising Spanish and Portuguese Roma. This community
numbers between 1 and 2 million people, a minority of which (around
60,000 as first language) speaks the Cald, a para-Romani language that

140,196

evolved in this region and is now nearly extinct . The Iberian Roma are

11% with a significant

predominantly concentrated in the Andalusian region
presence in Catalonia and a smaller presence in Portugal. The Iberian Roma
nowadays are involved in every aspect of society but still retain a certain level

of closure. This can also be attributed to the fact that Romani culture has
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historically been relatively closed and inaccessible to outsiders *'*"'*%.

Despite being much more integrated than in the past, they continue to suffer
from socioeconomic inequities compared to non-Roma individuals """,
This is evident in school issues, but also in health and economic disparities.
In fact, it appears that in some regions Roma have lower access to education
or other public services, or they are discriminated against in these sectors
2022 Due to higher difficulties in finding employment, many Iberian Roma

are self-employed *”, with some researchers suggesting the presence of an

ethnic income gap in Spain **.
1.1.5.3 The Czech Roma

The Czech Roma have been the focus of numerous medical studies, yet
remain understudied in the fields of genetics, history, and sociology, with
most existing research concentrating on their situation in the 20th century.
The Roma reached the regions of Moravia and Bohemia in the early 15th
century *, establishing a presence in what is now the Czech Republic for
over five centuries. A large part of the Roma in this region call themselves

Servika or Serviko 2%

, as many Czech Roma trace their origins to Slovakia
following World War 11, due to the extermination of the Roma population in
Czechia by the Nazis ***". Other groups in the Czech Republic include the
Vlax and Romungro, the latter being part of the broader Carpathian Roma.
As the Roma populations in both the Czech Republic and Slovakia are
closely related, particularly given that the two countries were united until the

1990s, it is crucial to consider the history of the Slovak Roma to better

understand the context of the Czech Roma.

The Roma began settling in present-day Slovakia as eatly as the 13th century,
with the earliest documented mention of Roma in Slovakia dating back to
1322 in the Spis$ region **. Their migration into Central Europe is tied to the

Ottoman expansion, which pushed populations out of the Balkans **. While
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a charter issued by the Holy Roman Emperor Sigismund of Luxembourg in
1423 granted Roma certain rights, the treatment of Roma in Silesia,
Bohemia, and Moravia (now part of the Czech Republic and Slovakia), was
markedly different from that in Slovakia. The Holy Roman Empire
developed a history of discriminatory and violent policies toward the Roma,
whereas Slovakia, part of Hungary (which was under Ottoman influence),
exhibited more flexibility in its treatment of Roma *”. This was especially
evident in Slovakia’s guild system, which facilitated the integration of Roma
into crafts during the 15th—17th centuries **. As a result, most Roma in
Slovakia became settled, while in Czech lands, they remained nomadic, often
facing precarious economic conditions *”. This lasted until the 18" century,
when the Habsburg policied towards the Roma shifted from persecution to
forced assimilation *”. By the 18th century, Roma communities had become
widespread in Slovakia, particularly in southern regions. Administrative
inquiries by Maria Theresa and Joseph 11 documented significant
concentrations of Roma in areas like Bratislava, Nitra, Tekov, and Gemer 2,
In the 19th century, Roma began migrating from Wallachia and Moldavia in
response to legal reforms, part of which established in Slovakia. As noted
earlier, most of the Czech Roma—Iliving in areas of Czechia that came under
direct control of the Third Reich following the annexation of the
Sudetenland—were completely exterminated, with only a handful of families
surviving *”.

The post-WWII period saw a marked increase in the Roma population, with
significant concentrations in cities like Kosice, Levoca, Presov, and Bratislava
208 In 1945, with the establishment of Czechoslovakia, the Roma were able
to move more freely between the territories, which facilitated the spread of
Slovak Roma into Czech regions. A 1955 survey identified over a thousand
segregated Roma settlements in Slovakia, where a majority of the population

lived. In the late 1950s, the Czechoslovakian state began efforts to end
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nomadism, which impacted thousands of people, pushing for greater
integration into settled communities ***. By the 1960s, Slovakia had
numerous Roma settlements spread across the eastern, western, and central
regions, moving in particular to the areas previously occupied by ethnic
Germans. In 1980, there were about 300,000 Roma in Czechoslovakia (2%
of the total population) *'°. Over the 20" century, the population continued
to grow and according to estimates, in 2012, over 353,000 Roma lived in

Slovakia, constituting 6.5% of the total population **.

In the Czech Republic, official census data identifies only 4,458 individuals
who exclusively identify as Roma, with an additional 17,233 identifying as
both Roma and Czech *''. However, unofficial estimates from the 1990s
suggested that Roma made up at least 2-3% of the country’s population of
10 million *. Many Roma choose not to disclose their ethnicity due to fears
of discrimination *"%, which means the actual population size remains

uncertain.

Roma communities in the Czech Republic continue to face a range of
structural challenges, particularly in the areas of education, health, and social
inclusion. A longstanding and issue is the segregation of Roma children in
education. Many are placed in special schools or segregated "Roma classes”
within mainstream institutions, significantly limiting their opportunities for
academic achievement and social mobility *"*. Although racially motivated
violence is relatively rare and generally addressed by law enforcement,
systemic educational discrimination remains a significant concern®”. In the
realm of healthcare, persistent disparities between Roma and the majority
population remain evident. Over the past two decades, recent health
strategies increasingly emphasize personal responsibility, portraying Roma as
primarily accountable for their own health outcomes. This individualised
framing often overlooks structural determinants such as discrimination, poor

housing conditions, and limited access to healthcare services **.
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1.2 Genetics of the Roma

The Roma have been subject of scientific interest for the past decades.
Genetic studies began in the 1960s with early research based on blood
groups, and in recent years, there has been a growing focus on studying this
population. The genetics of the Roma have been relatively well studied,
although research remains incomplete, with several aspects still unresolved
and many Roma groups across Europe under-represented in the literature.
Many studies have relied on available data rather than structured
methodologies, partly due to the complexities of human genetic research,
which requires extensive ethical approvals and lengthy procedures, as well as
challenges in engaging with the interested communities. As a result, research
on the Roma spans multiple countries but varies in technology, methodology,
and sampling strategies. This lack of consistency has made it challenging to
compare findings, with data often being sparse and sample sizes relatively
small. Despite this, researchers have made significant breakthroughs in
understanding the genetic history, population structure, and health-related

genetics of the Roma.

1.2.1 The development of genetic studies on the Roma

Genetics is a biological discipline that is relatively old, with its foundations
rooted in the 19th-century studies of Gregor Mendel, who is considered the
father of the field. Since his discovery of the basic laws of inheritance —
now known as Mendelian inhetitance — around 160 years ago *"°, numerous
groundbreaking discoveries have shaped the field. A major turning point
came in 1901 with the discovery of the ABO blood group system by Karl
Landsteiner, the first reliable genetic markers in humans, which will be used
in population genetic studies until the 1990s. In the early 20th century, the
concept of the “gene” was formalised by Wilhelm Johannsen (1909), and

Thomas Hunt Morgan’s experiments proved that genes are located on
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chromosomes (1910s). Blood group typing quickly became a valuable tool in

studying genetic variation across populations.

Among the early applications of this approach were studies on the Roma
people, using blood group data to investigate aspects of their origins and
genetic affinity to non-Roma. Although the very first scientific mentions of
the Roma in this context are unclear, they were briefly referenced in a study
from 1928 *'¢ and again in a 1933 forensic study *"". However, the first proper
genetic studies appeared in the 1940s, describing the frequency of blood
groups of Roma communities in Hungary *'***. It was observed that
Hungarian Roma retained gene frequencies and blood group distributions
similar to those of the Rajput people in Northern India, and that they were
“strikingly different from the Hungarian people generally” . The Roma of
the Balkans, in comparison to the more admixed English Roma, were

” 28 3 term then used to denote lack of

defined as genetically “pure
admixture. A 1948 study similarly referred to the Roma as an “unmixed
group.” ! While these early studies were framed by the racialised
perspectives common in Western Europe at the time, and though limited in

scope, they correctly identified genetic similarities between the Roma and

Northern Indian populations.

More advanced studies began to appear during the 1960s and 1970s.
Alongside ABO blood group frequencies, researchers started examining
additional blood group systems, protein markers (such as Haptoglobin), and
enzymatic markers (like Phosphoglucomutase), supported by more
structured statistical analyses. For instance, studies examined blood group
distributions in Swedish Roma *?, and blood and protein markers in Roma

223,224

from Slovakia and Slovenia **. Notably, these eatly studies often

included relatively large sample sizes, ranging from 160 ** to nearly 400

223

individuals “, as it was easier at the time to conduct large-scale genetic

studies using inexpensive, simpler methods like blood group typing and
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protein electrophoresis, which produced rapid results compared to today’s
resource-intensive genomic sequencing. These studies generally found that
the Roma were genetically distinct from other European populations, and

that certain Roma groups (e.g. the Swedish and Welsh Roma) were slightly
different from others, likely due to genetic drift and founder effects *>***.

Evidence of genetic substructure within individual countries, such as

Slovakia, was also observed 2.

In the early 1990s, researchers hypothesised a significant genetic distinction
between Eastern and Western European Roma: the western groups were
more genetically homogeneous and admixed with local European
populations, while the eastern groups retained stronger affinities with Indian
populations—possibly due to greater isolation, genetic drift, and internal
migration among subgroups .

Therefore, up until the 1990s, early Roma genetic research largely focused on
three questions: their South Asian origins, their genetic differentiation from
non-Roma Europeans, and the differences among Roma groups themselves.
The technical limitations of the time likely contributed to this narrow scope.
A shift began in the 1990s, notably with the discovery of the Y-sarcoglycan
gene, which had particular relevance to Roma genetic studies. The Y-
sarcoglycan gene, part of the sarcoglycan complex, is essential for
maintaining muscle cell membrane integrity. A founder mutation was
identified in Roma groups, linked to limb-girdle muscular dystrophy
(LGMD), a condition disproportionately affecting the Roma *"**. The
mutation was estimated to have originated between 60 and 200 generations

27 One medical

ago, possibly even before the Roma migrated out of India
genetics study also reported that consanguinity rates among Spanish Roma
were roughly 20 times higher than in non-Roma populations—an early

genetic indication of endogamy and inbreeding **’. These early studies,
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however, often underestimated admixture in Roma populations—Iikely due

to both technical constraints and cultural biases of the time.

In the beginning of the 2000s, studies based on autosomal and uniparental
markers, particularly microsatellites (STRs), began to emerge ***'. Major
findings included evidence that socially distinct Roma groups shared
common origins, as revealed by unique mutational events and the first
identification of founder lineages. A sex-biased pattern of admixture was
observed: mitochondrial DNA (mtDNA) showed mote non-Asian
haplogroups, while Y-chromosome (Y-DNA) lineages retained more Asian
ancestry. The MSY1 Y-lineage, known for its high mutation rate, was
estimated to be about 400 years old, indicating more recent differentiation
2, These findings confirmed that the Roma were genetically heterogeneous
s

Such studies laid the foundation for Roma genetic research over the next two
decades, defining key questions: Do all Roma share a common origin? Did
they experience a founder effect, and when? How internally stratified are
Roma groups? What are the timelines of their migrations? Is there evidence

of sex-biased admixture?

Importantly, a shift in tone and terminology also began to emerge in the
literature. Terms like “Gypsies” were still used, but “Roma” increasingly
appeared, along with growing awareness of the ethical dimensions of
studying marginalised populations. More attention was paid to the
discrimination faced by Roma, and researchers began recommending more

ethical and respectful approaches to studying their genetics.

By the late 2000s, Single Nucleotide Polymorphism (SNP)-based research
had begun, with the first study on Y-SNPs in Portuguese Roma published in
2008 **, followed by the first application of genome-wide array data on
European Roma in 2012 . From that point onward, some of the most

transformative discoveries in Roma genetics were made, fuelled by the
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sequencing of the human genome and the computational power of modern

bioinformatics—ushering in a new era of population genomics.

1.2.2 Origins of the Roma from a genetic perspective

TThe origins of the Roma have long been traced to South Asia, particularly
the Punjab and Kashmir regions. While historical and linguistic evidence had
already pointed in this direction, by the 1970s it was generally accepted
among biologists that the Roma originally came from South Asia. This
conclusion was strongly supported by the distribution of the haptoglobin
(Hp) gene, which showed strikingly similar frequencies between all the (then-
studied) European Roma groups and Indian populations *°. Additionally,
other genetic markers such as the ABO, Rhesus, and Duffy blood group
systems in Roma displayed patterns very similar to those observed in
populations from Punjab and western Pakistan . Studies on Slovakian
Roma—among the most frequently researched Roma populations—tound
that frequencies of phosphoglucomutase and other isoenzymes aligned with

the broadly accepted hypothesis of Indian ancestry for European Roma **.

In the 1980s, this evidence was further reinforced through newer types of
markers, such as allotypic variants of immunoglobulin heavy chains, in
studies focused on Hungarian Roma >, another well-studied group. In 1990,
a large-scale study combined existing data with new samples from Roma
communities across nine countries, along with individuals from northwestern
India, reinforced the close genetic affinities between these populations *.
Similatly, a study of Human Leukocyte Antigen (HLLA) in Spanish Roma

populations provided further confirmation of South Asian origins **.

A key development following the era of blood group and protein marker
analysis was the identification of founder mutations. These included a
mutation in the Y-sarcoglycan gene associated with limb-girdle muscular

dystrophy (LGMD), and the 1267delG mutation causing congenital
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myasthenic syndromes (CMS), shared by Roma and Indian/Pakistani

populations #7252,

More recent genomic research using autosomal and uniparental DNA has
further corroborated these conclusions, identifying a substantial Punjabi
ancestral component in the Roma population '*****%*¥ In particular, Y-
chromosomal haplogroup H1ala-M82, which is highly prevalent among
South Asian populations—particularly among Dravidian and Austroasiatic
speakers—has been found at high frequencies among European Roma.
However, it exhibits reduced diversity in Roma, suggesting a relatively recent
founder event and migration from India **. A significant portion of Roma
paternal ancestry has been linked specifically to Indian scheduled caste and
tribal populations. Shared haplotypes between Roma and South Indian
groups such as the Lingayat, Vokkaliga, and Soliga indicate a moderate
contribution of South India to proto-Romani ancestry **'. On the maternal
side, key mtDNA haplogroups supporting Indian ancestry include M5al,
M35, and M35b. These have been identified in numerous Roma groups
across Europe and serve as markers of their shared South Asian heritage
#22 The overrepresentation of Indian-origin haplogroups (e.g., M5al, M35,
H1a-M82) in both mitochondrial and Y-chromosomal studies reaffirms the

Roma’s South Asian roots.

Concerning the date of the Roma's departure from South Asia, haplotype
coalescence estimates suggest that the emergence of the proto-Roma
population occurred around 800—900 years ago, consistent with historical
records linking their migration to the early Islamic invasions of India during
the 11th century ******, Further genetic evidence suggests a divergence into
distinct migratory branches approximately 500-600 years ago, aligning with
the period of Roma enslavement and dispersal in Romania **. Studies of
uniparental DNA—specifically mitochondrial and Y-chromosome lineages—

reinforce these findings, identifying South Asian founder lineages that
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provide compelling evidence for the Roma's ancestral origins %3424,

These genetic markers further support the hypothesis of a migration from
India to Europe during the early second millennium CE #%*2#%% The
autosomal markers in genome-wide array data and whole-genome sequences
support the hypothesis, as Roma groups across Europe have been found to
possess at least 20% South Asian ancestral components »***. Given the
substantial body of genetic evidence, it is now widely accepted that the
origins of the Roma trace back to the Punjab region, which spans parts of

present-day India and Pakistan.
1.2.3 Roma genetic structure and regional

differentiation

1.2.3.1 Autosomal genetic structure

The Roma exhibit a distinct genetic profile among European populations.
Aside from recent South Asian immigrants, they are the only group in
Europe with a significant proportion of South Asian ancestry—accounting
for approximately one-third of their genetic makeup in most groups >
The remaining two-thirds typically comprise West Eurasian ancestry, though
the proportions of European and West Asian vary regionally. For example,
Romanian Roma show higher genetic affinity with Romanian populations,
while Spanish Roma display signatures of Spanish ancestry **'*°. All of
them, generally show components that closely resemble Iranians and other
West Asian populations such as Armenian, Lebanese or Turkish *"** These
patterns reflect the differential admixture, the complex migration routes of
the Roma and their historical interactions with local populations along the
way.

Contrary to early assumptions of complete genetic isolation, numerous
studies have shown that the Roma are indeed admixed with surrounding

European populations, as well as with groups encountered during their
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diaspora '7%**5! However, the nature and extent of this admixture have
been shaped by historical circumstances and enduring social barriers. Like
other historically marginalised communities—such as the Ashkenazi Jews—
the Roma were often perceived as genetically “unmixed,” “pure,” and socially

isolated, and thus different from other European populations.

Eatly genetic research, which relied on simple markers such as ABO blood
groups, lacked the resolution to detect nuanced patterns of admixture.
Nevertheless, these eatly did hint at internal population structure among
Roma groups. For instance, certain isolated Roma communities, such as
those in Sweden or Wales, exhibited distinct blood group frequencies,
suggesting heterogeneity within the broader Roma population ***. Notably,
an East—West gradient was observed: Roma groups in Western Europe
appeared more admixed, with blood group frequencies more closely
resembling those of local European populations, while Eastern groups
retained more genetic signatures of Indian ancestry *°. More recent genetic
analyses using high-resolution markers have confirmed these initial
observations. While admixture with non-Roma populations has occurred to
varying degrees, the Roma have largely maintained a distinct genetic identity.
This persistence is attributed in large part to their strong social organisation

and endogamous marriage practices ***°.

The regional differentiation observed among Roma populations can be
partially explained by the varying historical, political, and social contexts they
experienced across Europe. Geographic and cultural separation between
Roma subgroups has contributed to the development of genetic
substructure within the broader population. Early studies proposed two
possible scenarios to account for this: either the Roma originated from a
genetically sub-structured ancestral population that preserved endogamous
practices, or they descended from a small, genetically homogeneous group

that diverged over time due to genetic drift ***. Recent research supports
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the former explanation, with increasing evidence of substructure within the
Roma population and indications of further microgeographical
differentiation ***%***%> The impact of a bottleneck is evident in the
reduced genetic diversity observed in Roma compared to non-Roma

European populations, as well as the high degree of homozygosity—both

reflecting historical inbreeding and long-term isolation—which have further

contributed to regional genetic differentiation ***7*%,

1.2.3.2 Uniparental genetic structure

The mitochondrial genome offers several key advantages for studying human
origins and genetic diversity, including its high mutation rate, strict maternal
inheritance, and absence of recombination. The Y chromosome provides a
complementary perspective by tracing paternal lineages. As a haploid marker
passed from father to son without recombination, it mirrors patrilineal
descent and, in many cultures, aligns with surnames. Its diverse mutation
rates allow for the reconstruction of male-specific genealogies across various
time scales, from families to populations. Together, these uniparental markers
are powerful tools for tracing migration patterns and understanding

population structure.

Genetic studies focusing on uniparental markers in the Roma population
have a long-standing history, beginning alongside eatly autosomal studies that
employed markers such as STRs. However, early research faced limitations
due to the lack of well-defined human haplotypes and incomplete knowledge
of human genome origins, as the human genome had not yet been fully
sequenced. These challenges were reflected in Roma studies, where certain

20 Over the

haplogroups were identified, but their origin remained unclear
past 25 years, more than 30 studies have examined mitochondrial DNA
(mtDNA) and Y-chromosome haplotypes among the Roma, with most

research concentrated on populations in the Balkans, Central Europe, and
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the Iberian Peninsula. However, genetic data from Roma groups in other

regions remain scarce.

Overall, analyses reveal that the Roma carry moderate to high frequencies of
distinct paternal (Y-chromosome H) and maternal (mtDNA M) lineages,
both tracing back to India, particularly North-Western India ***. The
remaining lineages typically consist of varying frequencies of West Eurasian

haplogroups, such as Y-DNA ]2 and R1b *', or mtDNA U3b and J1/]2

243,249,259

Regional studies further highlight the genetic diversity among Roma
subgroups. Research on Serbian Roma, for example, revealed significant
variation in Y-chromosome haplogroup frequencies: while some subgroups
carried high levels of the Indian-origin haplogroup H-M69, others showed a
predominance of Southeastern European haplogroups, including E and I—
indicative of substantial local admixture **'**. In Slovakia and the Czech
Republic, mtDNA analysis confirmed the presence of Indian-origin
haplogroups M5al and M35. Additionally, the identification of a novel
mtDNA sub-haplogroup, J1a—shared between Roma and non-Roma
populations—suggests either a shared founder event or historical gene flow

with surrounding groups **.

A study of Roma in northeastern Bosnia revealed a highly diverse mtDNA
profile, comprising Indian (M5al, M35b), Indian-European (H7a, X2b), and
European/Middle Eastern haplogroups. This divetsity points to distinct
migration pathways and early divergence from other Roma groups **.
Among Bosnian-Herzegovinian Roma, Y-chromosome analysis showed a
high level of haplotype diversity, with three-quarters of individuals carrying
unique Y-STR haplotypes. The dominant paternal lineage, Hlala-M82, was
once again traced back to North-Western India, although evidence of

admixture with local European populations was also present **%
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In the Iberian Peninsula, studies of the Portuguese Roma revealed Y-
chromosome lineages of South Asian origin (e.g., Hla, J2alb1), alongside
markers of local Iberian admixture (e.g., R1blc), particularly during and
following their migration from the Balkans >, Among Spanish Roma,
mtDNA diversity appeared significantly reduced in comparison to the
general Iberian population. While South Asian M lineages were still evident,
European founder haplogroups—especially U3b1lc—were predominant.
Additional West Eurasian lineages, such as J1b3a and J2b1c*, were also
detected, indicating some degree of limited admixture with Iberian

populations **'.

The uniparental genetic structure of the Roma population has been strongly
shaped by demographic processes that have left distinct signatures in both
maternal and paternal lineages. Founder effects and long-term endogamy
have played a significant role in reducing genetic diversity and increasing
differentiation between subgroups. The Vlax Roma—a major subgroup—
exemplify this trend. Likely descended from a single founder population,
they display pronounced internal genetic structuring due to strict endogamy

and regional isolation *'.

The combined analysis of maternal and paternal lineages highlights how
distinct migration routes and early divergence shaped subgroup-specific
genetic profiles. Lineages such as mtDNA U3 and Y-chromosome J2f
suggest independent migration events and region-specific admixture patterns
among Roma groups, as evidenced in Polish, Lithuanian, Spanish, and
Bulgarian populations *. Despite their overall reproductive isolation, Roma
are not genetically isolated. Increased gene flow—Ilikely influenced by
modern shifts in social norms—has reduced some of the historical genetic

*!The differences among Roma groups

boundaries between subpopulations
suggest admixture during various stages of their migration through the

Balkans into Europe **. Genetic drift has further amplified these effects over
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generations, resulting in the distinct genetic substructure observed across

European Roma populations today **.

1.2.4 Sex bias in the Roma population

Sex bias refers to asymmetries in the genetic contributions or inheritance
patterns between males and females, often resulting from historical, social,
and demographic factors. In the case of the Roma, this phenomenon has
been repeatedly identified across genetic studies and appears to have played a
significant role in shaping their genetic landscape from their South Asian

origins through their diaspora into Europe.

Initial evidence for sex-biased admixture in Roma populations emerged from
early STR studies. These revealed that over 70% of Roma males belonged to
a single Y-chromosome lineage, indicating low heterogeneity in the paternal
gene pool . In contrast, approximately 50% of maternal lineages were of
non-Asian origin—suggesting that female admixture had been more
extensive than male . A concurrent study found that South Asian Y-
chromosome lineages accounted for nearly 45% of Roma males, while Asian
mtDNA haplogroup M was found across all Roma populations, comprising

26.5% of female lineages 263,

Later research expanded on these findings, comparing Portuguese Roma to
non-Roma populations. Results showed markedly less genetic differentiation
on the autosomes than on the X chromosome—evidence consistent with a
sex-biased admixture process ***. Given that males carry only one X
chromosome, a slower rate of homogenisation on the X chromosome
suggests a higher proportion of male gene flow from surrounding European
populations into the Roma gene pool. Further estimates for maternal
admixture in Iberian Roma were around 30%, compared to 47% for paternal
lineages **.

The disparity in genetic contributions from different West Eurasian regions

is also evident when comparing mtDNA and Y-chromosome data. One
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study found that 49% of paternal lineages retained South Asian ancestry,
whereas mtDNA showed stronger gene flow from West Eurasian sources,
reaching 75% *>*. This confirms that while the Roma have preserved a
significant portion of their paternal heritage, their maternal ancestry has

been more heavily influenced by surrounding non-Roma populations.

Further analyses traced founder lineages in proto-Roma populations before
their migration into Europe, revealing significantly higher gene flow from
host populations into Roma than vice versa. Male gene flow was especially

while

pronounced—ranging from 17% in Romania to 46% in Hungary:
female gene flow from Roma to non-Roma remained minimal. The
persistence of the Indian mitochondrial haplogroup M in up to 23% of
Roma maternal lineages, but rarely among non-Roma Europeans, supports

this pattern **.

Hence, Roma experienced regionally variable gene flow and consistently
incorporated more non-Roma women than men over the course of the
diaspora *°. This is supporting the presence of patrilocal social systems.
European male influence is largely confined to specific episodes, with the
most notable input traced to the Balkans. In contrast, maternal lineages show

widespread and ongoing integration of European women **.

1.2.5 Effects of complex demography on human

populations: the Roma as a case study

The genetic effects of complex demography on isolated populations are
profound, as small population sizes and unique historical trajectories shape
their genetic landscapes. Reduced genetic diversity, often the result of
demographic events such as population bottlenecks or expansions, amplifies
the effects of genetic drift. This, in turn, can lead to the accumulation of
deleterious mutations, which increases the genetic load—the reduction in a

265

population’s mean fitness relative to its theoretical maximum “*. During a

bottleneck, many genetic variants, including harmful ones, may be lost or rise
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in frequency purely by chance. In such contexts, purifying selection—which
would normally act to remove deleterious mutations—becomes less
effective. As a result, variants that would be efficiently purged in larger
populations may persist in smaller, isolated ones. Founder effects and
endogamy further increase homozygosity, which can unmask recessive

diseases—a pattern clearly observed in several Indian populations **.

The Roma population offers a particularly compelling example of how
complex demographic events shape genetic variation. Originating from the
Indian subcontinent and spreading across Europe over the past millennium,
the Roma have experienced multiple severe bottlenecks and sustained
reductions in effective population size ***. Compounded by prolonged
periods of genetic isolation and endogamy, these events have shaped a
distinct genetic profile marked by reduced diversity, high levels of
homozygosity, and elevated frequencies of certain pathogenic alleles. Unlike
large populations, which often recover genetic diversity after bottlenecks, the
Roma have maintained relatively small effective population sizes, allowing
drift to continue operating strongly and limiting the efficacy of purifying

selection 2.

Similar patterns are found in other founder populations. For instance,
isolated Greenlandic communities and the Finnish population—both shaped
by bottlenecks and founder effects—show elevated frequencies of
deleterious vatiants compared to broader populations *"***. These parallels
underscore how reduced diversity and population history can impact the
distribution and persistence of harmful alleles. The Roma, however, offer a
distinctive case due to their wide geographic dispersion, mobility, and

complex admixture patterns.

Historical records and genetic data converge to suggest that the Roma
descended from a small founding group, with an estimated male effective

population size of around 100 individuals *°. This estimate is consistent with
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Ottoman tax records from the 16th century, similarly pointing to a modest
Roma presence in the Balkans "**°. Upon artiving in Europe in small groups,
the Roma’s gene pool was rapidly shaped by founder effects and drift,
further intensified by strong endogamy and social isolation. Genetic analyses
reveal subgroup-specific patterns of diversity and disease, including the
independent evolution of disease-associated haplotypes—strong evidence

for sustained isolation and limited gene flow between communities *****.

The unique demographic trajectory of the Roma—now a large, widespread
population known to have migrated across multiple continents in a relatively
short time span—makes them an exceptional model for studying complex
human demography. Their history integrates all major population-genetic
processes: sharp bottlenecks, founder effects, long-term genetic drift,
endogamy, and multiple, geographically varied admixture events. These
factors have exerted a combined influence, though they have manifested at
distinct periods and with differing intensities across subgroups, producing a
mosaic of genetic signatures within the population. The Roma also provide a
case of a population that has combined fragmentation and internal
reproductive isolation with significant episodes of gene flow from diverse

host societies.

This singular combination offers a valuable opportunity to observe how
contrasting demographic forces—such as drift versus admixture, or isolation
versus mobility—interact to shape genetic diversity and disease risk in real-
world human populations. In this sense, the Roma stand out as a
paradigmatic case for investigating the consequences of complex

demography and its lasting imprint on genetic composition.
1.2.6 Genetic overview of the Iberian Roma

The Spanish Roma have been the focus of genetic research for over two
decades, though much of this work has either concentrated on medical
issues or examined Roma populations more generally, without specifically
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addressing the Spanish Roma. Genetic studies on the Iberian Roma

232,247,249,256,269

predominantly focused on uniparental markers , with smaller

*, and

portions dedicated to the X chromosome **, genome-wide array data
complete genomes **. These studies primarily addressed broad historical
questions, such as the origins and differentiation of European Roma, rather

than focusing specifically on Iberian Roma groups.

Despite limitations such as partial genome data and small sample sizes, these
findings have revealed several important insights. Iberian Roma share a

154,155,238,239

common origin with other European Roma , possess founder

A 232,247,269

lineages in both uniparental DN , and belong to the first wave of

migration out of the Balkans, alongside Central and Northern European

ROm a 249,25

°. This westernmost expansion of the Roma in Europe is
characterised by the highest proportion of European-like ancestral
components compared to other Roma populations, and it displays significant
geographical substructure within the Iberian Peninsula *’. For instance, in
the Basque Country, analysis of MAPT inversion polymorphism (tau
haplotypes) showed that Roma individuals carried significantly more H1
haplotypes than the surrounding populations. This pattern was consistent
with South Asian ancestry and limited gene flow with Europeans due to
social endogamy *'.

Uniparental DNA studies have also revealed sex-biased admixture patterns in

232249256264 More recent

various Roma groups, including the Spanish Roma
studies have expanded the scope by analysing both autosomal and
mitochondrial DNA, providing deeper insights into the genetic diversity,
relationships with other populations, population history, and the impact of
socio-cultural practices on genetic variation and population structure %%,
However, these studies have not fully addressed the internal diversity within
Roma groups, their heterogeneity both within Iberia and across Europe, or

how socio-cultural practices have influenced gene flow and population
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admixture. Additionally, the role of assortative mating in shaping the

distribution of genetic variation was not explored.

1.2.7 Medical studies of the Roma

The earliest genetic investigations into the Roma population emerged in
parallel with medical research, as both fields often overlapped in their initial
stages. These early studies were frequently conducted within university
medical departments or hospital research institutes, where clinicians had
direct access to patient blood samples. Consequently, many of the first
insights into Roma genetics were derived from investigations into the

prevalence of hereditary disorders among Roma patients.

One of the first notable findings came from a study on Greek Roma, where
congenital glaucoma was observed in 1 out of 200 individuals—an
extraordinarily high frequency compared to the general population, where it
affects approximately 1 in 10,000 to 20,000 people. Other hereditary
conditions, such as cystic fibrosis, were also identified at elevated frequencies

among Roma patients eatly on *.

Metabolic disorders were another area of early detection. For example,
phenylketonuria (PKU) was reported at a higher frequency among Welsh
Roma "', Among the most extensively studied conditions in the early
period was primary congenital glaucoma, which received considerable
attention in the 1980s, particulatly in Slovakia, where several epidemiological

and genetic studies were conducted *>*7.

By the late 1990s, more complex and novel genetic disorders began to be
identified. One such condition was Congenital Cataracts Facial
Dysmorphism Neuropathy Syndrome (CCFDN), a multi-systemic genetic
disorder identified in Balkan Roma *"*. Around the same time, galactokinase
275

deficiency was found to be relatively common among Roma individuals *,

and pathogenic mutations in the Y-sarcoglycan gene were also widely reported

276
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Genetic conditions such as limb-girdle muscular dystrophy, galactokinase
deficiency, and hereditary neuropathies are also notably prevalent among the
Roma ***’. In some groups, cartier rates for specific mutations exceed 5%,
with frequencies reaching as high as 15% in certain communities ***.
Interestingly, many of these genetic disorders are not exclusive to European
Roma. They are also found among populations in Pakistan and India,
suggesting that the mutations predate the Roma diaspora out of India
228234238 "This shared genetic heritage further supports the South Asian origin
of the Roma and highlights how ancient genetic variants have persisted
through centuries of demographic change.

However, not all pathogenic variants can be attributed solely to South Asian
ancestry or the effects of endogamy. Some mutations were likely introduced
through multiple admixture events with surrounding non-Roma populations
during the diaspora *>*"7*". Others—particularly those associated with
complex diseases—are more likely to reflect recent shifts in lifestyle, such as
the transition from a nomadic to a sedentary way of life. This is especially
evident in the case of cardiovascular disease, where increased prevalence has
been linked to changes in diet, reduced physical activity, and other
consequences of settlement “"*®. In some instances, admixture appears to
have mitigated the prevalence of certain diseases within specific Roma
subgroups. For example, a study of the Spanish Roma population suggests
that genetic factors, particularly HLA haplotypes, may influence the
prevalence of multiple sclerosis (MS). The researchers reported an MS
prevalence of 52.9 per 100,000—comparable to that of the non-Roma
Spanish population, yet notably lower than the rates observed in other

European Roma groups *”.
1.2.7.1 Rare variants and pathogenic mutations

Rare variants, generally defined as alleles occurring at low frequencies within

a population, are an essential aspect of genetic research, particularly in the
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study of complex diseases. These variants, which can arise from de novo
mutations (a genetic alteration that is present for the first time in one family
member) or specific ancestral lineage events, are of particular interest
because they can contribute significantly to disease risk *****'. In many cases,
these mutations are population-specific, influenced by the unique genetic
history and demographic events of specific populations.

In populations that experienced genetic isolation, such as the Roma, the
elevated prevalence of disorders is often linked to factors such as long-term
genetic isolation, endogamy, and consanguineous marriage, which can
increase the frequency of recessive deleterious mutations within a population
*2, Founder effects occur when a small subset of the population catries a
limited genetic pool, and this genetic makeup is passed down through
successive generations, leading to higher rates of certain variants. Similarly,
genetic bottlenecks—periods of reduced genetic diversity due to population
decline or migration—can accentuate these effects.

In addition, recent findings suggest that generally the Roma carry a higher
load of deletions in intergenic and intronic regions—yparticularly in genes
intolerant to loss-of-function mutations—indicating a slight relaxation of
purifying selection in their population *’. This pattern may reflect the effects
of founder events and partial reproductive isolation, as well as admixture,
which introduced additional variation while selection continued to act against
strongly deleterious exonic mutations **’.

The persistence of rare variants at higher frequencies increases the likelthood
that pathogenic mutations will be passed down through generations,
resulting in a higher incidence of monogenic diseases. For instance,
mutations causing galactokinase deficiency (due to mutations in the GALK1
gene) and Primary Congenital Glaucoma (associated with pathogenic
variants in the CYP1B1 or LTBP2 genes) are more prevalent in such
populations *?***. These diseases, which follow Mendelian inheritance

patterns, can manifest with varying degrees of severity. Because many rare
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mutations are deleterious, they are typically subject to purifying selection;
however, in isolated populations where reduced genetic diversity weakens
selection, such mutations may persist. In the context of Mendelian diseases,
understanding how rare variants segregate within families—whether via
autosomal recessive, autosomal dominant, or even pseudodominant patterns
—is crucial for elucidating disease inheritance. Additionally, X-linked and
mitochondrial inheritance can further influence the expression of these

conditions.
1.2.7.2 Mendelian and complex diseases

The Roma population is known to be affected by a variety of Mendelian and
complex diseases, which are largely shaped by a combination of endogamy,
inbreeding (for definition, see section 1.4.2 Inbreeding and endogamy), and
their complex demographic history. Mendelian diseases are genetic disorders
caused by mutations in a single gene and following Mendelian inheritance

patterns 285,286

. In contrast, complex diseases are disorders influenced by
multiple genetic and environmental factors, rather than a single gene
mutation, and do not follow simple Mendelian inheritance pattern. These
conditions often run in families due to shared genetic factors and lifestyle

influences 2.

In clinical genetics, consanguineous marriage is defined as a union between
individuals related as second cousins or closer ***, while endogamy refers to
marriage within one’s own group as dictated by custom or law *. For
cultural reasons, some populations view consanguineous marriage
favourably, and endogamy remains a customary practice. Historically, this has
been the case among the Roma, although it is less common today ***.
Endogamy and inbreeding are also observed in other groups such as North

292,293

African and Arab populations , and is prevalent in physically isolated

populations, such as those on islands or remote and scarcely populated
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294-296

territories , where it influences both Mendelian and complex diseases

297,298

Genetic screening in Roma populations has revealed exceptionally high
carrier rates for various genetic disorders, with about one in eight individuals
carrying a pathogenic mutation **’. Specific mutations have frequencies
exceeding 5% in certain groups, reflecting strong founder effects similar to

those observed in Finnish and Ashkenazi Jewish populations >’

. Among
Iberian Roma, at least 90 distinct autosomal recessive disorders have been
identified, manifesting as 91 distinct phenotypes and 111 pathogenic disease
variants . These findings indicate a significant health burden due to
recessive Mendelian disorders, suggesting that targeted genetic screening

programs could be highly beneficial for early diagnosis and intervention.

Beyond Mendelian disorders, studies have indicated a higher prevalence of
type 2 diabetes, metabolic syndrome, cardiovascular disease, obesity, and
hypertension within the Roma population *"*****. These conditions likely
result from a combination of genetic predispositions and socio-economic

factots.
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1.3 Population Genetics of the European Roma—A

Review
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This section presents a review paper written as part of my PhD thesis, aiming to compile
and summarise the current state of knowledge in the population genetics of the European
Roma up to the time of publication. My contributions included writing the majority of the
sections (excluding the one on sex bias), creating the figures, and refining and finalising the

manuscript.
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Abstract: The Roma are a group of populations with a common origin that share the Romani identity
and cultural heritage. Their genetic history has been inferred through multiple studies based on
uniparental and autosomal markers, and current genomic data have provided novel insights into
their genetic background. This review was prompted by two factors: (i) new developments to
estimate the genetic structure of the Roma at a fine-scale resolution have precisely identified the
ancestral components and traced migrations that were previously documented only in historical
sources, clarifying and solving debates on the origins and the diaspora of the Roma; (ii) while
there has been an effort to review the health determinants of the Roma, the increasing literature
on their population genetics has not been subjected to a dedicated review in the last two decades.
We believe that a summary on the state of the art will benefit both the public and scholars that are
approaching the subject.

Keywords: population genetics; genomics; Romani; genetic structure; bottleneck; founder event

1. Introduction

The Romani population constitute the largest transnational ethnic minority across the
European continent, and while they are commonly known to be traditionally itinerant, most
of them have been settled for centuries. Despite their long presence in numerous countries
and the assimilation into part of the local culture to different extents, Romani groups share
a common identity and cultural traditions [1,2]. For centuries, most of the information
regarding Romani history originated from linguistics, written historical records from non-
Romani populations and socio-anthropological comparisons, although recent insights have
come from the characterization of their genetic background [3-7]. According to historical
findings [2,8], this nomadic state of living, including cultural and social practices (for
instance, endogamy) that are uncommon in the dominant European populations, has led to
a cultural friction which very often resulted in social marginalization and persecution. Due
to this, a significant number of the Roma might have decided not to register their ethnicity
in official censuses [9]. In 2019, Romani people in Europe were estimated to number
10 million [10]; however, some Romani and international human rights organizations
declare that they exceed 14 million, meaning that they constitute 1.5-1.8% of the total
European population [10]. Most Romani populations are established in South-Eastern
Europe, while other major groups are found in Central and Western European countries.
Other Romani live outside of the European continent, in particular in the Middle East and
in the Americas [2,8]. The Roma are a complex, structured population and considering
just the national origin of its members usually fails to properly characterize this diversity.
Understanding Romani structure requires the concerted efforts of many disciplines, as well
as the involvement of the Romani public. For instance, the main linguistic units within
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the Roma are based on seven main dialect groups: Balkan, Vlax, Central, North-Eastern,
North-Western, British and Iberian [11,12].

Linguistic and historical research has provided evidence that the Roma originated
in the northern regions of South Asia, in particular the Punjab and Kashmiri regions of
northern India [5,11]. Anthropological records have shown resemblances between the
cultures of different Indian groups and Romani people [13], who have a similar social
structure to the jatis of India where groups are usually defined by profession and the
endogamous group constitutes the primary unit [2,14]. The origins of the Roma have been
a subject of debate for a long time and hypotheses on their Indian origins were already made
in the 19th century [15-18]. However, it was as a result of studies based on autosomal [5,7]
and uniparental markers [19-21] that their genetic South Asian origin was corroborated,
which was also supported by previous evidence of Mendelian mutations that are shared
by the Roma and individuals of South Asian ancestry [22,23]. Because their history of
migrations, bottlenecks and endogamy practices have led to the presence of a number
of founder mutations [23] and sharing of unique Mendelian disorders [3,22], as well as
founder mitochondrial DNA (mtDNA) and Y-chromosome (Y-DNA) lineages [6], the Roma
are described as a group of founder populations with a relatively complex demography
and history [21,24].

Historical records show that the Roma were initially welcomed with mixed feelings in
most of the European kingdoms and became known as “Egyptians” and locally derived
terms, such as ‘astigani’, ‘tsigane” and ‘gitanos’, leading to misconceptions regarding the
origins of the population. The first descriptions of the Roma included a variety of differently
skilled workers, such as farmworkers, blacksmiths, craftsmen and mercenary soldiers, as
well as musicians and entertainers [2,8,25]. Due to changes in the political climate, between
the 15th and 16th century, the Roma were engulfed by a wave of intolerance, often forced
to settle or to leave the countries in which they were travelling [26-28]. When Romani
individuals did not accept these new imposed laws, they were arrested, enslaved, deported
or killed [29,30]. Since then, and until the second part of the 19th century, they lived
in slavery in many parts of western, central and eastern Europe [8,31]; the persecutions
culminated into the genocide that occurred during the Second World War, in which it
is estimated that the Nazi regime and its allies exterminated around half of the Romani
population of Europe [32-37].

Romani people nowadays are full-right citizens in the European Union, but despite
improvements in their living conditions, there is still an anti-Romani sentiment which has
proven to be a difficult prejudice to overcome [38]. The Roma still suffer many inequalities,
with high rates of unemployment and poverty, low participation in education and a
poor health status [39,40], and governments are still slow in taking action against their
discrimination [38,40].

2. Origins of the Roma from Genetic Evidence

The first genetic evidence of the Indian origins of the Roma came from studies based
on blood group genetic markers [41-43] and founder mutations in the y-Sarcoglycan
gene [44,45]. The presence of several disease-causing Mendelian mutations [22], which
can be explained by founder events, such as the congenital myasthenia caused by the
1267delG mutation in the CHRNE gene, also supported the Indian origin of the Roma, as
this form of inherited disorder was otherwise described only in patients of Indian and
Pakistani genetic ancestry [23,46]. Other mutations, such as the W24X mutation present
in the GJB2 (connexin 26) gene related to non-syndromic hearing loss or the mutations
present on the LTBP2 gene, were found in the Roma [47-49] and are known to be present
at a high frequency in a number of Indian populations [50].

However, most of the genetic evidence regarding the South Asian origin of the Roma
has been provided by the analyses of uniparental lineages (mtDNA and Y-DNA), as the
presence of South Asian lineages in Romani groups pointed to an Indian origin of the
proto-Roma [3]. Regarding mtDNA, M haplogroups (such as M5al, M18 and M35b),
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which originated in South Asia, are present in Romani groups [21]. One of the most
distinct maternal lineages found in the Roma is the M5alblal haplogroup that, as expected
from a founder lineage, has been observed at a high frequency but low diversity [51],
and whose diversity in the Roma has been dated around 1.5 kya [51]. Other strong
evidence on the Indian origin comes from Y-DNA data due to the high frequency of the
Y haplogroup H1a-M82 [19,52], which is originally from North-Western India [53]. While
studies based on uniparental DNA agree on the estimating dates of the origins [51,53],
some have contradicted each other about the exact location within the Indian subcontinent
in which the proto-Roma originated [20,21]. A study suggesting that southern India could
have also contributed to the gene pool of the proto-Roma, based on the exact matches of
Y-DNA H haplotypes [20], contradicted previous reports based on mtDNA and sparked
an intense debate. However, as some authors noted [4], the Indian sampling of the study
in question did not include groups from the north-western regions, biasing the results.
More recent findings have proven that Dravidian-speaking populations from South India
are also involved in the South Asian source of the Romani individuals [7], appearing to
solve the contradiction regarding the identification of uniparental Roma lineages with a
North-Western Indian origin and the high level of Y-STR haplotype sharing among the
Roma and South Indian populations.

Based on genome-wide SNP arrays and whole-genome sequences, it has been deter-
mined that the Romani people carry approximately 20-35% South Asian ancestry [4,7], and
North-West India constitutes the major source of this component [4,7,54]. The South Asian
genetic ancestry is complex and can be decoupled into two components: Ancestral North
Indian (ANI) and Ancestral South Indian (ASI) [55]. The former is related to the admixture
events that occurred in South Asia around 2—4 kya from West Eurasian migrations [56]
and, as a result, the Roma may have already carried an Ancestral West Eurasian (AWE)
component derived from the South Asian ANI prior to their arrival into Europe [4,7]. The
general consensus on the origins was eventually reached with the results coming from
analyses of uniparental markers and whole-genome sequences, which pinpointed the ori-
gins in north/northwestern India 1.5 kya [5,6,57], in agreement with the dates obtained
from uniparental markers [21,52]. Additionally, these results proved that all the analyzed
Romani people descended from a common single founder population [5-7], as previously
suggested by Kalaydjieva et al. [24].

3. The Romani Diaspora out of India

Historical and genetic sources agree on the fact that after the proto-Roma left North-
Western India, they migrated through the Middle East, mostly through Persia (in the Iranian
Plateau) and the Caucasus, Armenia in particular [4,8,13,21]. Such evidence suggests the
occurrence of a southern Black Sea migration through Anatolia into the Balkans [11,58],
which might account for the near absence of Arabic and the existence of a few lexical
items of Georgian derivation in the Romani language [11]. At the same time, a more
northerly route through the Caucasus and Crimea into Eastern Europe has been deemed as
unlikely by historical sources, due to the fact that the first evidence of the Roma in Russia
appears rather late, already into the 16th century [13]. Nonetheless, there is no agreement
on the amount of gene flow that the Roma received during their diaspora until reaching
Europe. Some genome-wide studies have suggested a long stay of Romani groups in the
Middle East with substantial gene flow from local populations [59], whereas others have
proposed a moderate Middle East and Caucasus gene flow during the migration across
these territories [5,7]. The migration through the Middle East and Caucasus is supported
by the presence of uniparental haplogroups, which most likely have a Middle Eastern and
Caucasus origin, having their highest frequency in these present-day regions, such as the
mtDNA U3 haplogroup in Iran and Lebanon [60] or the Y-DNA J2 haplogroup in Ingushetia
and Chechnya [61]. Despite this, Middle Eastern admixture is probably overestimated due
to its genetic similarity with European-related ancestry, and the presence of high-frequency
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uniparental haplogroups from this region in the Roma could be explained by the occurrence
of high levels of genetic drift.

It has been historically suggested that the Roma reached the Anatolian peninsula between
the 11th and 12th centuries [2,8,27] and the Balkans as early as the 13th century [8,31]; the
dating of these events is also supported by genetic studies [4,5,7,57] (Figure 1). The Balkan
genetic footprint in the Roma is well documented [4,57,59] and there is evidence of an ancestry
gradient that correlates with the distance to the Balkans. In fact, the Balkan genetic component
varies from 45% in Bulgarian, Greek and Serbian Roma to 25% in Baltic and Iberian Roma,
which is further evidence that the dispersion into Europe took place via the Balkans [5,7].
After subsequent migrations and dispersal across Europe, Romani groups eventually reached
Northern Europe and the Iberian Peninsula, the western-most part of the continent, in the
15th century [5,8]. We can speculate that one of the earlier migration waves of the Roma
that started from the Balkans is the one that generated the Polish, Lithuanian and Iberian
Roma [21], because only these three subpopulations show a high frequency of mtDNA U3
and Y-DNA ]2 haplogroups, present in over a third of the individuals [3,51,62,63].
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Figure 1. Early routes of the Romani diaspora. The figure is based on data from Kenrick 2007,
Mendizabal et al., 2012, Moorjani et al., 2013, Font-Porterias et al., 2019 and Bianco et al., 2020, and
reports the estimated date of arrival and settlement of the Romani populations in different regions
of West Eurasia. The wheel symbols indicate the two main reported bottlenecks experienced by the
Roma, the arrows indicate the main flow of the migrations and the dotted lines indicate the possible
routes of the diaspora.

In general, Romani people carry approximately 65-80% West Eurasian (European,
Middle Eastern and Caucasian) ancestry, estimated to have been acquired by extensive gene
flow between the 13th and 16th centuries [4,7]. Among the West Eurasian sources, Eastern
Europe constitutes the major source of European ancestry [4,6,7,54]. The different estimates
of West Eurasian ancestry depend on the inclusion, or exclusion, of the South Asian AWE
component in the Roma (derived from the ANI in Indian populations): estimates of the
recent West Eurasian component increase from 65% [7] to 80% [4] when AWE is included.
In addition, the influence of West Eurasian gene flow in the Roma is attested by the presence
in the moderate to high frequencies of West Eurasian mtDNA (i.e., H, U, X, ], T) and Y-DNA
lineages (i.e., ] and R) [3,19,24,52,64].
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4. The Genetic Differentiation and Heterogeneity among Different European
Romani Subpopulations

Despite their common origin, Romani groups have experienced several population
splits, founder effects, small population sizes and differential gene flow from non-Romani
groups that have caused strong drift effects and rapid genetic differentiation and hetero-
geneity among different Romani subpopulations. The effect of this genetic heterogene-
ity is shown in the diverse frequency patterns of uniparental haplogroups [65-68], as
well as in the frequency of disease-causing mutations [22-24] and genome-wide struc-
tures [4,54,57,69,70]. This has resulted in a marked genetic substructure with different
levels of complexity [57,71].

In addition to differential bottlenecks and the loss of genetic variation experienced by
each Romani group, part of the heterogeneity might be explained by different exogamy
patterns expressed as gene flow within non-Romani groups, which might have been
different in sources and amount [7]. As part of the recent European admixture, every
Romani exhibits a Balkan common element (with different percentages in each group)
and some local gene flow that are specific to each group, i.e., non-Roma Spanish into the
Spanish Roma or non-Roma Polish into the Polish Roma [4,7]. The Western European Roma
generally differ by exhibiting higher amounts of non-Roma European ancestry and lower
levels of South Asian ancestry [4,7,72] (Figure 2).

__
Ancestry component

South-Asian

Figure 2. South Asian and West Eurasian ancestry components in Romani groups based on the results
from Font-Porterias et al., 2019. The weighted means for the individuals obtained in the original
analysis by genetic clusters are regrouped by country of origin. For sake of clarity, only West Eurasian
ancestry percentages are shown.

Some differences between Romani groups can be spotted from the heterogeneous
distribution of the mtDNA haplogroups and from the low frequency of M5 in the Polish,
Iberian and Lithuanian Roma [3] to the presence of some exclusive branches, such as X2e,
in the same Roma populations [73]. As other instances of differentiation, the Polish Roma
frequently show haplotypes from W and K haplogroups that appear to be absent in other
Romani populations [65], while the Romungro from Ukraine have the highest frequency of
the J1 haplogroup and show a complete absence of the M5 haplogroup [6].

Differences in the time of admixture between the Roma and non-Romani groups have
also been explored through the use of haplotype-based methods of dating, as these results
show that the older dates of admixture for the Balkan Roma genetic clusters (a grouping
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method based on haplotype affinity) are around 800 ya, whereas the Iberian Roma genetic
clusters are estimated to be around 600 ya [7]. The presence of South-Western European
elements in the Iberian Roma also supports this hypothesis, as these elements are lacking in
the Balkan groups. Nonetheless, Balkan genetic clusters, such as the Croatian Roma, show a
higher level of more recent admixture, with an estimated date of admixture around 400 ya [7].

Local ancestry analyses have been used to infer more details about the time of these ad-
mixture events by measuring the length of ancestral chromosomal segments. As suggested
by Mendizabal et al. [5], recent gene flow coming from non-Romani groups is supposed to
generate individuals with long chromosomal segments of non-Roma European ancestry
and individuals without traces of these segments, whereas cumulative recombination
tends to shorten and spread the non-Roma European chromosomal tracts across the Roma
population [74]. This is the case for several Romani groups from Central Europe and the
Balkans, where a few individuals have shown very long ancestral chromosomal segments
of non-Roma European origin; meanwhile, the populations overall have low mean values
of admixture, which is possibly reflective of modern changes in social rules and endogamy
practices, in particular [5]. The Roma from Lithuania and the Iberian Peninsula instead
show higher values of non-Roma European admixture but in shorter segments, which
might be proof of a more recent genetic isolation [5].

5. The Genetic Diversity of the Roma: Current Insights in the Bottleneck and
Founder Events

The analysis of the demographic history of the Romani people presents two main
levels of complexity. The first level of complexity comes from the gene flow with non-
Romani groups that occurred all over their history, as shown in the previous sections.
The second level is represented by the series of bottlenecks and splits experienced during
their diaspora [5,57,75] and the different amounts of endogamy that have left traces of low
intragroup diversity and high intergroup heterogeneity [6,52,63—65,76-78]. In this sense,
two major bottlenecks have impacted the history of the Roma: the out-of-India and the
out-of-Balkans migrations (Figure 2), events that are discernible through variations in the
effective population size (Ne), which fluctuated moderately for generations and drastically
reduced in these particular instances [5,57].

According to genetic evidence, initially, the Ne of the Roma overlapped with the Ne
of Northern Indian individuals until ~125 generations ago (ga), in agreement with the
Roma origins in this region of the subcontinent [5]. The proto-Roma started to differentiate
soon after the out-of-India event, proven by the occurrence of a bottleneck in which the
proto-Roma Ne became half of the parental Indian population [5,57]. It is thought that the
proto-Roma generated in this circumstance left their place of origin in a single migration
event [6,7]. In the period of time that goes from 125 ga to 50 ga, the Roma Ne became lower
than that of Northern Indians, and around 50 ga, it became even lower than the Dravidic
groups of southern India [79,80].

The out-of-Balkans bottleneck is estimated to have happened around 900 ya, which
coincides with the divergence between the Eastern and Western European Roma; the West-
ern European Roma appear to have undergone an additional bottleneck, which reduced
their Ne to a third of that of the Eastern European Roma [5]. In the following period, both
the Western and Eastern European Roma admixed with non-Roma European populations,
and in a few generations, extensive gene flow from non-Roma Europeans increased the
Roma Ne, thus, compensating for the previous loss of genetic diversity [5,57]. Historically,
the cessation of the Ne reduction coincides with the settlement of the Roma in Europe
and the beginning of more intense assimilation policies during the 17th century [2,57,81].
The increasing genetic distance from the Balkans and the decaying Ne in the Western
Roma suggest that cumulative drift events within Europe are one of the main catalysts of
genetic differentiation within the subpopulations [5,82,83]. For this reason, Roma diversity
decreased from Eastern towards Western and Northern groups due to the accumulation
of drift effects during successive population splitting and migrations along the dispersion
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within Europe [5]. The signature of the founder effects and subsequent bottlenecks, am-
plified by higher levels of isolation and rates of endogamy, is also evident in the presence
of a high number and total length of runs of homozygosity (RoH), in comparison to other
European and Northern Indian populations [57]. In addition, a lower number of RoH was
found in the Roma from the Balkans [57], possibly explicable by the fact that this group did
not experience the out-of-Balkans bottleneck.

6. Gene Flow Sex Bias in the Roma Population

The Roma, as many human societies [84], traditionally have patrilocal residence
patterns where the sociocultural group affiliation is patrilinearly inherited [85,86].

The genetic evidence for sexual asymmetries in gene flow has been provided by
the data coming from studies on maternally inherited mtDNA and paternally inherited
Y-DNA, due to their lack of recombination and well-established phylogeography [87].
Besides uniparental lineages, comparing differences in ancestry proportions between the X
chromosome and the autosomes also provides information about sex-specific population
history as two-thirds of the X chromosomes in a population are carried by women; therefore,
the influence of female ancestry is higher than that of male ancestry [88]. In the case of
the Roma, sex-biased patterns have been found in their genetic variation. The South
Asian ancestral component in the Romani groups has been found in significantly different
proportions in male and female lineages [3,6,89]. In this sense, South Asian lineages (mainly
represented by the Hlala4b2 haplogroup) have been found at high frequencies in the Y-
chromosome genetic pool (approximately 50%), whereas their presence in the maternal
counterpart (represented by the M haplogroups) is less frequent (less than 25%). This points
to a higher male South Asian gene pool in the Romani groups [7]. Interestingly, comparing
X chromosome ancestry proportions to those in the autosomes, South Asian ancestry had a
higher result in the X chromosome than in the autosome [7].

Both uniparental South Asian lineages present clear evidence of founder effects [6],
although the maternal lineages show higher levels of diversity, and their origin does not
seem to be restricted to a single geographic location. In contrast, the Y-DNA lineages
are more homogeneous, and their origin seems to be restricted to the region of Pakistan,
reflecting a patrilocal pattern in the formation of the proto-Roma population [89].

Differences between males and females can also be observed in the West Eurasian
lineages incorporated by the Roma during their diaspora. More than half of the mtDNA
lineages in the Roma have a West Eurasian origin, belonging to different haplogroups (i.e.,
H7,J1b3 and J1c1) [6,21]. Some of these lineages present evidence of founder effects [6], and
their origin seems to be explained by the independent assimilation of non-Roma females all
along the Romani diaspora [6,21]. In contrast, the West Asian paternal lineage composition
is dominated by Middle Eastern lineages with very low diversity (i.e., J2alb). In a similar
way, most European paternal lineages belong to a single haplogroup of Balkan origin
(I1a-Z140) [89].

In agreement with the uniparental markers’ data, higher Middle Eastern and Cau-
casian ancestry proportions were observed in the autosomes when compared to the X
chromosomes, suggesting a higher influx of non-Roma males in the Middle Eastern and
Caucasian regions through the Romani diaspora [7].

The differences between mtDNA and Y-DNA suggest that the inclusion of non-Romani
people into Roma communities has been different according to sex: non-Roma females seem
to have been adopted more easily, while the low diversity levels in male lineages suggest a
sporadic inclusion of non-Roma males due to changes in the socio-historical context [2,90].

7. Biomedical Implications of the Complex Romani Population Demography

Due to the characteristic history of the Romani population, some genetic conditions
have been reported to be more frequent than in non-Romani groups. Others have been
reported to be less frequent or absent, while new founder mutations have been detected,
highlighting a distinct genetic background in terms of disease occurrence [22,23,91,92]. The
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possible impact of bottlenecks on the health of the Roma is discernible from the reduced
genetic diversity (compared to other Europeans and South Asians), the depletion of rare
alleles and the increased high frequency of slightly deleterious genomic variants [69,92].
The high level of homozygosity is another factor that can generate a higher frequency of
harmful recessive mutations [91,92]. These demographic factors might have increased the
mutational load in the Roma; however, this increase might have been counterbalanced
by the extensive gene flow coming from the admixture with other populations. As a
consequence, the excess of deleterious mutations is limited, as most did not have time to
fixate due to rapid admixture events occurring shortly after founder events [69].

Regarding selection, several pathways related to immunity, metabolism, histone
modification, cardiovascular traits, and xenobiotic response have been described to be
subject to selective pressures in the Romani groups [69,93]. However, these signals of
positive selection are also present in European or South Asian populations, pointing that
the signals found in the Roma might be explained by selection processes that occurred
before the admixture between these two groups, and that the signal is maintained in the
Roma due to drift or weaker positive selection after the admixture [69].

Aside from genetic factors, previous reports suggest that the health status of the Roma
is typically characterized by higher mortality, higher morbidity and shorter life expectancy
(LE) than the non-Romani populations of Europe [94-96], where the most common causes
of mortality are cardiovascular and respiratory diseases [96]. The causes of these are still
unidentified and under research; however, they could likely be caused by a combination
of inherited metabolic risk factors, socio-cultural and economic factors, discrimination
or cultural constraints that prevent Romani people from accessing health care which has
consequences, including limited access to preventive medicine [97].

As in other human populations that have experienced founder effects and bottlenecks
linked to geographical, linguistic or cultural isolation, such as Finns [98], Sardinians [99]
and French Canadians [100], among others, a number of private Romani mutations as-
sociated with specific single-gene disorders (Mendelian disorders) have been reported.
For instance, among these private conditions, we found hereditary motor and sensory
neuropathy Lom type and Russe type, congenital-cataracts facial-dysmorphism neuropathy,
congenital myasthenic syndromes, limb-girdle muscular dystrophy type 2C and galac-
tokinase deficiency to be the most common [22,23]. On average, one out of eight Romani
people is a carrier of one of the five more common Mendelian mutations [22], with carrier
rates for specific mutations often exceeding 5%, and sometimes 15%, depending on the
analyzed group [22,23,101]. Many of the private mutations detected in the Roma have been
described as ancient mutations present in the population prior to the out-of-India diaspora
and are, therefore, shared by Romani patients throughout the European continent, Pakistan
and India [22].

Regarding complex diseases, multiple studies have reported a higher prevalence of
type 2 diabetes (T2DM) and prediabetes (PreDM) [97,102], metabolic syndrome, cardiovas-
cular disease, a higher occurrence of obesity, overweight and hypertension [96,103], which
all may contribute to their higher mortality [104]. All the risk factors were reported to be
present more regularly in the Romani population compared with the majority populations
in some of the studies, including smoking, sedentary lifestyle, unhealthy dietary habits,
low socio-economic status and alcohol consumption, which was also associated with a
higher incidence of obesity in many of them [97]. While studies have reported that the
cardiovascular risk load in the Romani population differs from the non-Romani population
of the same countries, the genetic risk for cardiovascular diseases appears to be in line with
other European populations [105], if not lower [106]. Obesity, hypertension and smoking
are also associated with metabolic syndrome, insulin resistance, high blood pressure and
elevated serum lipids that can lead to the development of metabolic disorders, such as
T2DM and cardiovascular disease [96]. Considering the fact that no firm conclusions can be
made with the current knowledge, a metabolic hypothesis has been proposed in an effort to
identify some of the causes of obesity in the Roma. The hypothesis suggests that the Roma
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may have experienced inadequate maternal nutrition throughout their diaspora, which
would have led to fetal undernutrition. As a result, genes that would alter glucose-insulin
metabolism and help the body store more energy reserves might have been selected. After
settling in Europe, they acquired better nutrition and substantially lowered their energy
expenditure (due to the end of their nomadic lifestyle), which may have contributed to
obesity, T2DM and metabolic syndrome, all of which negatively affect LE [93,107].

For some cardiovascular/metabolic conditions, the Roma show a higher average risk
allele frequency (RAF) compared to other Europeans, but the difference in RAF has so far only
been found to be statistically significant only for insulin response [92]. A similar but weaker
tendency was observed when comparing the Roma to Indian groups [91,92]. Generally, it is
necessary to keep in consideration that Asians are genetically more susceptible to insulin
resistance and diabetes than Europeans [97], and although some of the existing studies
suggest a substantial prevalence of diabetes among Romani populations, and even a higher
risk of developing diabetes in Romani individuals compared to non-Roma individuals,
the amount of published literature on the topic remains scarce and insufficient to draw
any conclusions.

In light of these aspects, it is likely that public interventions that improve general
and preventive healthcare access for the Roma would have a large impact on their health
conditions and life expectancy.

8. Future Perspectives

Despite the efforts performed in recent times to provide a complete panorama of the
genetic diversity of our species and to overcome the lack of genetic data of some human
populations, ethnic minorities are still underrepresented in large genomic projects [108,109].
In this sense, one important challenge in studying the population genetics of the Roma is a
lack of data, the sampling biases and the underrepresentation of some of the Romani groups
analyzed so far. Most population genetic studies have only considered the countries of
origin of the Roma individuals, regardless of their socio-cultural and ethnic characteristics.
This bias might mask part of the genetic diversity of Romani groups. Genetic data are
absent for some of them, such as the scanty data from Central European Sinti groups, not to
mention the complete lack of knowledge of the Middle Eastern and American Roma gene
pools. In relation to social issues, it is not known to what extent socio-cultural customs are
a factor in limiting gene flow and population admixture in the Roma, and sociocultural
norms may promote assortative mating [110]. So far, no studies on the assortative mating
of the Roma have been undertaken, and this is another matter that needs to be addressed.

Minority communities regularly experience discriminatory practices in healthcare
and receive inferior medical care [111]. Therefore, as in other minoritarian populations, in
contrast to the one-fits-all model, a right-treatment-to-the-right-patient approach should
be sought and broader access to personalized medicine should be built. It is particularly
important to evaluate how to assess the frequencies of functional genetic variants in key
drug responses and metabolism genes of the Roma, as these significantly influence drug
response differences in different populations [112]. To conclude, for the interpretation of
ethnic inequalities, further research is required to determine the impact of how genetic,
inherited, environmental effects and other environmental factors interact. As ethnicity is not
only influenced by genetic ancestry but also by socio-cultural factors, a multidisciplinary
approach is needed to unravel the population history of Romani groups.

Future genetic studies including Romani groups should follow the general ethical
guidelines required for genetic studies of human populations, including those where
minority populations participate, ensuring appropriate informed consent is obtained and
data sharing policies, among other ethnic regulations, are followed [113,114]. However,
some recent articles have casted a shadow over the entire field by questioning the ethical
review and consenting process in studies of the Roma [115]. This patronizing attitude
assumes that only members of human minorities are unable to exercise their free will when
consenting to participation in a genetic project, which can be considered a form of racism.
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As in any other underrepresented group, the engagement of the Roma community in future
genomic approaches is of pivotal importance to maximize benefits, minimize potential
harms and protect the rights and interests of the participants [116,117].
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1.4 Overview of genetic markers utilised in this study

Over the past 20 to 30 years, genetic research has seen significant
advancements in various genotyping techniques, particularly in the use of
Single Nucleotide Polymorphism (SNP) arrays and Y-chromosomal Short
Tandem Repeat (Y-STR) analysis. SNP arrays have evolved to allow the
detection of thousands to millions of genetic variants across the genome,
enabling high-resolution genome-wide association studies (GWAS) and
advancing our understanding of genetic diversity, disease susceptibility, and
population genetics. Similarly, Y-STR analysis has advanced through
improvements in marker selection and analytical methods, and being less
computationally intensive, offers a simpler and more efficient tool for
studying paternal lineage and human migration patterns.

Recent advances in population genomics have been driven by high-
throughput sequencing technologies, with whole-genome sequencing (WGS)
providing a comprehensive view of genetic variation, capturing both
common and rare genetic variations across all regions of the genome. This
method allows researchers to identify structural variants, copy number
variations, and mutations that could be missed with other techniques like
SNP arrays. WGS is transforming our understanding of complex traits,
disease mechanisms, and human evolution by providing unprecedented
resolution of genetic diversity across populations. The analysis of ancient
DNA has revolutionised our understanding of human migrations and past
admixture events, shedding light on long-term demographic processes.
Machine learning and sophisticated statistical models now allow for more
precise inference of population history, natural selection, and gene-
environment interactions. Large-scale biobanks and genomic databases, such
as the UK Biobank and the 1000 Genomes Project, provide extensive
reference panels that improve ancestry inference and trait mapping across

diverse populations. Additionally, functional genomics and multi-omics
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approaches are increasingly being integrated to connect genetic variation
with gene expression, epigenetics, and phenotypic traits, deepening our
understanding of the molecular mechanisms underlying human diversity. In
this thesis, data were generated using both SNP array and Y-STR analysis
methodologies, chosen due to the trade-off between cost and the level of
resolution required for the analysis, as whole-genome sequencing is not
typically necessary for most demographic analyses. Additionally, some data
from previous studies were repurposed for this research, having utilised the

best available genotyping techniques at the time.

1.5.1 Genome-wide SNP arrays

This thesis utilises genome-wide SNP array data. SNP arrays target specific,
pre-identified genomic loci, providing a broad but representative picture of
genetic variation across the genome. While they lack the comprehensive
coverage of whole-genome sequencing, SNP arrays are well-suited for a wide
range of population genetics analyses, such as those relying on identity-by-
descent fragments or leveraging the abundance of non-coding variants. One
of the key advantages of SNP arrays is their relatively low computational
and financial burden, making them more accessible for large-scale studies
with thousands of individuals. Some of the limitations of SNP arrays are
the susceptibility to ascertainment bias, arising from the fact that the
included variants are often discovered in specific, well-characterized
populations, leading to over representation of certain groups while
underrepresenting polymorphisms specific to other populations. SNP arrays
are also generally ineffective for studying functional variations, as they mainly
capture non-coding variants and exclude large portions of coding regions,
therefore in case of studies on pathogenic mutations, only the SNPs

surrounding the target regions will be generally available.

Different SNP array designs address distinct research needs, incorporating
markers linked to traits like disease susceptibility, immune responses, or
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population-specific adaptations. In this study we used Affymetric Human
Origins 1 Array, a genotyping panel specifically designed to capture global
genetic diversity and ancestry-informative markers for high-resolution
demographic studies. This array minimizes ascertainment bias by
incorporating markers representing diverse modern populations as well as
archaic hominids, offering a valuable resource for demographic and

evolutionary studies.

1.5.2 Y-chromosomal Short Tandem Repeats

This thesis employs Y-chromosomal Short Tandem Repeats (Y-STRs), which
are short DNA sequences repeated in tandem and located outside of
pseudo-autosomal regions of the human Y chromosome. Due to their high
mutation rate, Y-STRs exhibit considerable variability, are regarded as
particulatly valuable markers for evolutionary investigations, in particular for
studying paternal lineage and population dynamics. These markers are passed
down from fathers to the male offspring in a non-recombinant form,
allowing for the tracing of direct male ancestry over many generations.
Furthermore, Y-STRs are widely used in forensic genetics and genealogical
studies due to their ability to differentiate between closely related male
lineages. However, since the Y chromosome is non-recombining, the genetic
diversity observed in Y-STRs reflects mutations rather than the combined
effects of recombination and mutation seen in autosomal markers. For this
reason, they provide a complementary, lineage-specific perspective on human

population structure and evolutionary history.

For this study, both the Yfiler™ kit and the Yfilet™ Plus kit were utilised.
The Yfiler™ kit targets 17 Y-STR loci, while the Yfiler™ Plus kit expands
this coverage to include 10 additional loci, offering increased resolution and
discriminatory power. The additional markers included in the Yfiler™ Plus
kit are particularly beneficial for distinguishing between closely related male

lineages and for enhancing its applicability across diverse populations.
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However, as these kits are designed primarily for forensic purposes, a
potential bias exists. The loci selected for these panels are optimised for
individual identification and kinship analysis, often prioritising populations
of forensic interest. This focus may lead to an under-representation of
markers that are more informative for global population diversity or
evolutionary studies, potentially skewing results when applied in a broader
genetic context. Despite these limitations, the combined use of the Yfiler™
and Yfilet™ Plus kits provides robust data for investigating paternal lineage,
enabling the identification of male-mediated gene flow and offering valuable

insights into population history.

1.5 The importance of studying population genetics in

Roma people

For the Roma people—an under-represented group with many aspects of
their history remaining undocumented or unclear—population genetics
serves as a powerful tool for uncovering their demographic past and the
factors that have shaped their genetic diversity over time. The Roma genetic
profile has been shaped by centuries of migration, isolation, and endogamy,
which have led to both shared genetic traits and regional variations within
the population. By examining their genetic data, we can uncover insights into
their ancestral origins, migration patterns, and potential health risks that may
be specific to the community. Furthermore, this research can contribute to
improving healthcare and genetic counselling for Roma individuals,
addressing health disparities that may arise from their specific genetic profile.
One of the practical applications is identifying genetic predispositions to
specific health conditions that may be more prevalent in this community.
Beyond scientific and medical implications, studying Roma population

genetics also helps challenge stereotypes and misconceptions, providing a
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deeper, evidence-based understanding of Roma identity, heritage, and

diversity.

1.6 The significance of effective communication in

science

1.6.1 Roma versus Gypsies

The terminology used to refer to the Roma community carries significant
social and cultural weight, making it important to address the distinction
between "Roma" and "Gypsies." The term "Roma" is the self-designation
used by many members of the community and is derived from the Romani
word rom, meaning “man” or “husband.” It is widely accepted in academic
and official contexts, reflecting respect for the group's own identification and

cultural heritage.

In contrast, the terms "Gypsy" or "Gypsies," along with their equivalents in
other languages, such as gitano in Spanish, cigano in Portuguese, or cigan in
Slavic languages, are often regarded as offensive by Roma individuals and
organisations. These terms originated in a historical misunderstanding, as
early Huropean observers mistakenly believed the Roma to come from
Egypt. Over time, "Gypsies" has been associated with stereotypes,
discrimination, and negative connotations that have contributed to the
marginalisation of Roma communities. Its usage is frequently tied to

outdated and pejorative ideas, which continue to perpetuate harm.

In this thesis, the term "Roma" is intentionally used to respect the
community's self-identification and to align with contemporary ethical
standards in academic research. When historical sources or contexts
necessitate the use of the term "Gypsies," it is presented in quotation marks

and accompanied by a clear acknowledgment of its controversial nature.
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1.6.2 Inbreeding and endogamy

The terms “inbreeding” and “endogamy” are used in this research to
describe specific genetic phenomena, and their scientific meanings warrant
careful clarification to avoid misinterpretation. In population genetics, these
terms refer to measurable patterns of genetic inheritance observed in
populations with particular social or demographic structures. However,
outside of scientific contexts, they can carry cultural, social, or moral

connotations that may lead to misunderstanding,

“Inbreeding” in its scientific use refers broadly to the increased likelihood of
inheriting identical genetic material from both parents, a pattern that can
arise in populations with restricted gene flow or smaller effective population
sizes *"'. On the other hand, “endogamy” typically describes the social
practice of marriage within a defined group, which can similarly result in
higher genetic similarity among group members. While both terms may
describe overlapping phenomena, endogamy is culturally specific and
associated with social practices, whereas inbreeding is a broader term used to

capture genetic effects, irrespective of cultural context *.

In this thesis, the term “inbreeding” is used primarily as a neutral, scientific
descriptor of genetic patterns, with “endogamy” applied where relevant to
acknowledge cultural or social factors influencing genetic structure. The
intention is not to ascribe value judgments to these terms but to describe
observed genetic phenomena accurately. Recognising the potential for
misinterpretation, this thesis makes a deliberate effort to contextualise these

terms, ensuring clarity and sensitivity when discussing their implications.

Finally, we define “ancestry,” which in population genetics refers to the
origins of an individual’s genome, based on the populations from which their
biological ancestors originated. However, in the absence of detailed pedigree
data, ancestry is often used to describe genetic similarity between individuals
or populations rather than direct genealogical links. It is important to
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distinguish ancestry from ethnicity and race, especially since the latter is
considered outdated, unscientific, and crude *. Ethnicity, while being
scientifically valid, is not often used in population genetics studies because
the term is not only related to genetics, but also to cultural factors—such as
language, culture, religion, history, and socioeconomic status—that may not

always align with genetic origins .

1.6.3 Social norms and practices

This dissertation employs sociological terms to elucidate the social and
cultural factors influencing genetic variation within the Roma community. All
of these concepts are social constructs, and for this reason they are dynamic.
To ensure clarity and prevent misinterpretation, each term will be defined in

accordance with established research in the field:

¢ Social norms:
Social norms are the shated expectations that govern behaviour
within a reference group, and they are often rooted in traditions,
beliefs, and customs. They are not explicitly designed but emerge
from repeated interactions and are often applicable to specific social
contexts. Social norms can shape behaviour in various settings—
such as workplaces, schools, or public spaces—and often regulate
actions like politeness, dress codes, or etiquette, as well as broader
social structures like marriage and gender roles. These norms are
maintained by social influence and can be resistant to change due to

the interdependence of people's expectations and behaviours. >~

e Social practices:
Social practices refer to the actual behaviours, activities and rituals
that individuals or groups routinely engage in as part of social life.
These can include a wide range of habitual actions, such as greeting
others, attending meetings, or participating in community events, as

well as a religious ceremony, or traditional dance. Social practices can
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depend on group identification and reflect behaviours shaped by
social norms, but they are more about the actions themselves rather

than the undetlying norms or expectations that guide them. >

Thus, social norms can be specific to a culture or community (e.g., ethnic,
religious, or geographic group), and are about general behavioural
expectations that apply across a wide range of contexts. Norms can also be
broader, emerging from everyday interactions across diverse groups and
settings. Social practices reflect how these norms are effectively applied

within societies.
1.6.4 Ethnicity and genetic disorders: Social challenges

and perceptions

The development of genetic research has significantly contributed to the
detection of genetic diseases and deleterious mutations. While this is
undeniably useful in a practical sense and aids carriers of such diseases, in
some cases, the identification of rare or exclusive mutations has led to
negative social implications. In the worst-case scenarios, these include
increased stigma from outsiders towards a population and, to some extent,
the disruption of the positive image that these groups have of themselves.
The social consequences of identifying a genetic disease can reflect a return
to an essentialist view of identity, which assumes that genetic traits are fixed,
inherent characteristics that define an individual's or group's identity. This
perspective can reinforce stereotypes, deepen social divisions, and contribute
to discrimination, particularly when certain genetic conditions are
disproportionately associated with specific populations.

An example of this is the case of the Kashubian population, where the
LCHAD enzyme deficiency, relatively common in this group, was referred to
in the media as the “Kashubian gene”, leading to negative social and cultural

consequences. It has been argued that a genetic disease can become a form
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of stigma, resulting in the perception of a “spoiled identity” within the
affected community .

In the case of the Roma, the identification of population-specific genetic
mutations or diseases could inadvertently fuel misconceptions about
biological determinism, overlooking the complex interplay of genetics,
culture, and environment in shaping health outcomes. For this reason,
researchers in the field must carefully describe their findings and avoid

potential misinterpretations of their data, cleatly articulating the meaning

and implications of their topics and results.

1.6.5 Engaging public and communities

For centuries, research has often reinforced the social exclusion of Roma
people by legitimising stereotypes rather than challenging them. As a result,
many Roma individuals have been hesitant to participate in genetic studies
', For this reason, over the past two decades, institutions such as the
European Union have introduced programmes and frameworks aimed at

supporting Roma communities within the EU **

. Among these initiatives is a
greater emphasis on involvement in research and education, encouraging

more representative studies 313,

Engaging Roma, or any other community, in research is crucial as it
facilitates access and helps build trust between researchers and participants.
However, significant challenges remain, including low literacy rates, social
stigma, and the fluid nature of identity, which can complicate participant
recruitment and definitions of community membership. Researchers must
therefore adopt a flexible approach, adapting to shifting community
dynamics, funding changes, and other external factors that may impact
engagement. Effective strategies include offering incentives, ensuring
culturally sensitive communication, and tailoring research methods to meet

the specific needs of vulnerable populations *'*.
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Given these considerations, meaningful engagement with the Roma
community has been central to this research. Meetings with Roma individuals
and associations have been organised to share findings, promote
transparency, and ensure that the research aligns with their concerns and
interests. Collaboration with Roma organisations, alongside non-biologist
researchers specialising in Roma studies, further enriches the project by

incorporating diverse perspectives and expertise.

This approach is not only ethically significant but also enhances the quality
of the research itself. Involving the communities fosters trust and ensures
that their voices are actively included in the interpretation of findings,
reducing the risk of misrepresentation or the reinforcement of harmful
stereotypes *'*. Moreovet, it acknowledges their agency and promotes a sense
of shared ownership over the knowledge produced. By working closely with
both Roma associations and interdisciplinary scholars, the research benefits
from broader insights and culturally informed perspectives, ultimately
making it more inclusive, respectful, and impactful for the communities it

seeks to understand.

88



2. OBJECTIVES
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The general objective of this PhD thesis is to investigate the demographic

history and genetic structure of the Iberian Roma population, focusing on

the interplay between geography, migration, and social practices in shaping

both autosomal and paternal genetic diversity. By analysing genome-wide

array data from various European Roma groups and Y-STR markers from

Iberia, Central, and Southwestern European Roma, this study seeks to bridge

existing knowledge gaps through allele-frequency and haplotype-based

methods, focusing on the following specific objectives:

a)

b)

d)

Analyse admixture events before and after the Roma’s arrival to the
Iberian Peninsula, examining the impact of historical demographic

events and gene flow on their genetic profile. (Resuits section 3.7)

Assess the genetic relatedness between Iberian Roma and other
Roma and non-Roma populations across Europe, including
potential historical influences from North African and Jewish

groups. (Results section 3.7)

Evaluate the role of endogamy, assortative mating, and founder
effects in shaping genetic diversity within Iberian Roma
communities, while exploring how these factors compare to broader

European Roma populations. (Results section 3.7)

Construct a comprehensive database of Y-STR haplotypes for the
Spanish Roma to provide a detailed assessment of patrilineal

diversity and population substructure. (Results section 3.2)

Investigate the paternal genetic structure of the Spanish Roma and
its correlation with micro geographical variation to assess regional

substructure. (Reswits section 3.2)

Infer the historical migration and demographic dynamics of Roma
patrilineal lineages across Europe and the Iberian Peninsula,
reconstructing the factors that contributed to their present-day

genetic structure. (Results section 3.2)
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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
04 David Comas place the Romani population at approximately 10 million,

david.comas@upf.edu though, without a formal census, this number is likely an
. underestimation (Bernat and Messing 2016). While Roma
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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
2006; 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 (Gusmdo 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 (Gusméo
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 FAGIC (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 geography; (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

Population
@ Evopeanoma

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. lc 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 f3 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 /4 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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results showing the lowest cross-validation error (K=6)

@ Springer

99



466

Human Genetics (2025) 144:463-479

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 east-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 IberianRoma 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 EuropeanRoma, 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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and European Roma (n=49). (b) Comparison of inferred admixture
events between the fastGLOBETROTTER (representing older events)
and MALDER dating methods. CE=Common Era
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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 PCI 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. 4¢). 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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Fig. 4 Population stratification of the Iberian Peninsula. (a) Distribu-
tion and size of Iberian Roma populations included in this study. Ibe-
rian Indeterminate population is not represented on the map due to

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%,
»=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

insufficient geographic information. (b) Principal Component Analy-
sis (PCA) using the Iberian dataset. (¢) 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 N, 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 Pragmadtica, 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 fineSSTRUCTURE 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.c., 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-
castern 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 c¢M 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-
Roldén 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 bly, and quality control

The present study is based on genome-wide data of 105 self-
reported Spanish Roma, 5 Portuguese Roma (Font-Porterias
ctal. 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

106



Human Genetics (2025) 144:463-479

473

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
veftools (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 12 > 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 /3(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 /4 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, FineSTRUCTURE 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 nullind: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¢M 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 REMix 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.

Supplementary Information The  online  version  contains
supplementary material available at https://doi.org/10.1007/s00439-0
25-02735-z.
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Abstract

Background: The Iberian (Calé) Roma constitute one of the largest Roma
communities in Europe, yet their internal genetic structure and connections
to other Roma groups remain understudied. This study explores the
microgeographical structure of the Iberian Roma and their relationships
with other Roma groups by analysing paternal lineages using 17 Y-
chromosome short tandem repeat markers in a geographically stratified

sample of 173 Spanish Roma individuals.

Results: The haplogroup distribution patterns indicate that the paternal
genetic profile of the Spanish Roma is shaped by founder effects, population
bottlenecks, and multiple admixture events with non-Roma groups.
Haplogroups H and J2alb dominate the genetic landscape, reflecting their
South Asian origin and subsequent dispersal patterns through West Asia into
Europe. A distinctive feature of the Spanish Roma is the high frequency of
haplogroup R1b, indicating significant gene flow from non-Roma Iberian
populations. The absence of North African or Jewish genetic influences
rules out the possibility of a North African migration route for the Calé
Roma into the Iberian Peninsula. Microgeographical analyses (AMOVA)
reveal substantial genetic substructure among Calé Roma across Spanish
regions, consistent with historical isolation and localised gene flow.
Additionally, a striking sex-biased admixture is observed when comparing the
current results with previous mitochondrial DNA (mtDNA) data, with
paternal South Asian ancestry being twice as high as maternal contributions,
suggesting that Roma communities have historically been more inclined to

integrate non-Roma women.

Conclusions: The genetic landscape of the Iberian Roma is shaped by a
complex history of founder effects, admixture, and isolation. The observed
genetic substructure and sex-biased admixture reflect historical social
dynamics. These results contribute to the broader understanding of Roma
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genetic diversity and demography in Spain and underscore the importance of

integrating Y chromosome, autosomal, and mtDNA data in future studies.
Keywords

Iberian Roma, Population genetics, Migration, Demography, Y-chromosome
Introduction

The Romani are the largest transnational ethnic minority in Europe.
Although traditionally nomadic or semi-nomadic, most of them have been
settled for centuries and generally share a common identity and cultural
traditions [1-3]. The history of Roma has been reconstructed through
linguistics, historical records, and anthropological studies, which combined
with genetic research, traced their origins in the northwestern region of
India and southeastern Pakistan [4—8]. The Roma have a complex social
structure that transcends the concept of national identities, characterised by
a tradition of living in relatively closed social groups [1, 3], and using distinct
varieties of the Romani language alongside local languages of the countries
in which they reside [5, 9]. Romani language is classified within the Indo-
Aryan branch of the Indo-European language family, and its dialects—
despite regional variation—share a common origin [9, 10]. Linguistic
influences acquired during the diaspora—such as Farsi loanwords from eatly
stages of migration and Greek loanwords from the Byzantine period—
reflect key historical contact zones [11, 12]. As such, linguistic research has
provided an independent line of evidence for tracing Roma migrations,

supporting their origins in Northern India [13, 14].

The Roma community is widespread across Europe, with one of the largest
groups, the Calé Romani in Iberia (Spain and Portugal), where some
members still speak the endangered Calé language [15, 16]. Historical
records indicate that the Roma arrived in the various kingdoms of what is
now Spain in 1425 [17] and in Portugal likely earlier than 1521 [106], the year

of their first documented mention, having migrated from Eastern and
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Central Europe [17, 18]. This marks six centuries of Roma presence in
Spain, a history that has contributed to the country's cultural and social
development. While popular myths and some scholars have hypothesised
that the Iberian Roma may have migrated from North Africa [4, 19], or share
close genetic connections with Jewish groups [20, 21], previous studies have
found no genetic evidence to support these claims [22, 23]. In the
fragmented political landscape of the time, they sought safe conducts by
presenting themselves as pilgrims traveling to Santiago de Compostela,
which most rulers initially granted [24]. The arrival of the Roma in present-
day Spain coincided with a period of social and political turmoil,
characterised by the expulsion of Jews and Muslims by the Christian
kingdoms. Although initially tolerated, the Roma soon encountered
increasing restrictions and persecution, with policies aimed at their forced
settlement or expulsion [18, 24, 25]. In the 19th and 20th centuries, internal
migrations further displaced Roma populations within Spain, potentially
increasing admixture among groups [24]. Despite their centuries-long
presence in Europe and some recent improvements in their conditions, the
Roma have historically faced varying degrees of social marginalisation, both

from the broader population and through systemic discrimination [25-27].

Over the past 25 years, genetic research on Spanish Roma has often focused
on medical issues [28—-31]. However, several studies on uniparental DNA
have included Spanish Roma individuals, with two specifically examining
Spanish mtDNA [32, 33], collectively revealing evidence of bottlenecks,
identifying founder lineages, and uncovering sex-biased admixture patterns
[34-37]. In addition, two studies focusing on Roma autosomal data have also
included Spanish Roma samples [7, 38], while the most recent and
comprehensive research to date consists of an in-depth whole-genome array
study on Iberian Roma [22]. These studies provide extensive insights into

their genetic diversity, relationships with other populations, population
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history, and the impact of socio-cultural practices on genetic variation and
population structure. However, Y-chromosome genetic diversity remains
largely understudied, with only one study examining paternal lineages in
Portugal [23], and another including a limited sample size of Spanish Roma
that did not specifically focus on this group [34], and none dedicated solely
to the Spanish Roma. This leaves a critical gap in understanding the paternal
genetic history of the Spanish Roma, which is essential for a more
comprehensive view of their genetic diversity, admixture patterns, and
historical migration. Y-DNA studies, in particular, offer unique insights by
revealing sex-biased gene flow and the presence of founding lineages—
elements not captured by autosomal DNA analysis. These features are
crucial for understanding male-mediated gene flow and its impact on the

Roma’s genetic profile and demographic history.

To address these gaps, this community-driven initiative conducted in
collaboration with FAGIC (Federation of Roma Associations of Catalonia),
analysed up to 27 Y-DNA Short Tandem Repeats (STRs) data from 173
Spanish Roma volunteers, including 133 newly genotyped individuals. The
primary aims of this study were to: i) evaluate Spanish Roma Y-chromosome
diversity and whether their patrilineal lineages are geographically
substructured; ii) evaluate the paternal genetic relatedness with other Roma
and non-Roma populations from Europe, investigating potential influences
from North Africa and Jewish groups; iii) infer the population history of the
Roma patrilineal lineages through Europe and the Iberian Peninsula. This
comprehensive study provides a detailed picture of the patrilineal genetic
diversity of the Iberian Roma, offering insights from both micro-
geographical and broader perspectives on European Roma history and

demography.
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Materials and Methods

Samples

We genotyped Y-STRs from 133 Spanish Roma volunteers using saliva
samples. The collection of the samples was conducted under the umbrella of
the "El Cami del Poble Gitano: una historia de diversitat' project [39], in
collaboration with the Roma FAGIC association (Federacid d’Associacions
Gitanes de Catalunya). Participants were selected based on their self-identified
Roma ancestry, with recruitment facilitated by FAGiC, which helped identify
volunteers from the Spanish Roma community. To maximise sample
inclusion, we used two different Y-STR kits: the Yfiler® Plus PCR
Amplification Kit (27 markers) and the AmpFISTR® Yfiler® PCR
amplification kit (17 markers), based on the availability of samples and kits at
the time of genotyping.

Y-STR genotyping

A total of 64 Spanish Roma samples were typed for the 27 Y-STR loci

included in the Yfiler® Plus PCR Amplification Kit (Applied
Biosystems/Thermo Fisher Scientific) and additional 69 Spanish Roma
samples were typed for the 17 Y-STR loci included in the AmpFSTR®
Yfiler® PCR amplification kit (Applied Biosystems, Inc.). Resulting
amplicons were separated on an ABI 3730 XL Genetic Analyzer using ABI
GeneScan 600 LIZ as an internal size standard, and fragment lengths were
estimated by GeneMapper v4.1 [40]. Y-STR alleles were assigned by
comparison with an allelic ladder provided by the manufacturer. Allelic
nomenclature follows the recommendations of the International Society for

Forensic Genetics (ISFG) [41].

After genotyping, 133 Spanish Roma samples were included in the dataset,
while the inclusion of 40 Spanish Roma samples from Martinez-Cruz et al.

[34] brings the final number to 173. For regional-scale analyses, the Spanish
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Roma and non-Roma populations (references in Table S1) were grouped into
five Iberian geographical regions (Centre, North, South, West, and East)
based on their sampling location, following the approach used in Aizpurua-

Iraola et al. [33] and Ena et al. [22] (sample distribution in Figure S1).

A total of 50 reference populations (10,307 individuals; Table S1) with Y-
STR frequency data were included for comparisons with the Spanish Roma
population, 11 of which are Roma groups from different European
countries. All collections, biogeographical origins, reference publications, and

total number of individuals analysed are listed in Supplementary Table 1.

To ensure compatibility with a broader range of reference populations,
analyses were conducted using only the 17 Y-STR markers included in the
AmpFSTR® Yfilet® PCR amplification kit. Y-chromosomal haplogroup
prediction was primarily conducted using Whit Athey’s Haplogroup
Predictor v5 (27-Haplogroups version) based on allele frequencies from 17
Y-STR loci. However, where additional Y-STR loci wete available,
predictions incorporated these additional markers to enhance accuracy. Whit
Athey’s Haplogroup Predictor is based on the Bayesian-allele-frequency
algorithm [42]; for our analysis we set the fitness score to 0, the Bayesian
probability to 85%, and applied equal priors. In the case of intermediate
alleles, repeat numbers were rounded to the nearest integer; missing alleles
were coded as ‘99’ in input files and considered as missing data, as
performed in previous studies [43]. For the prediction, DYS38911 is

represented as the sum of the two parts of this marker.
Statistical Analysis

Haplotype diversity (HD) of the Spanish Roma population samples was
assessed using Nei’s HD formula [44] and calculated with R software [45].
Haplotype frequencies were determined by direct counting. We then
calculated the confidence interval using the bootstrap method with 10,000

iterations, implemented via the ‘boot’ package in R [406]. The genotypic data
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for Y-STR in 133 novel individuals are presented in Supplementary Table S2.
A permutation test was performed to compare the number of distinct
haplogroups in Spanish Roma with those in other Roma populations, based

on 10,000 permutations.

Population pairwise genetic distances (Slatkin Rsy) [47] were calculated using
Atlequin version 3.5.1.2 [48], after converting raw data to the arp format via
a custom script. The analysis used 17-locus haplotypes from individuals
belonging to haplogroups H, J2alb, R1b, and 12a(x) (defined as the grouping
of 12a, 12a(xI2al), and 12al1). The statistical significance of the Rgr values
generated, based on a stepwise mutation model, was ascertained through
permutation tests (10,000 iterations). The migration rate (M) matrix was
computed for all the Spanish individuals using Arlequin. A multidimensional
scaling (MDS) analysis was performed using the metaMDS function from
the vegan package [49], and a plot was created using ‘ggplot2’ to visualise the
genetic distances among the populations examined, based on the Rgr
pairwise matrix. The patterns of genetic differentiation were further assessed

through an analysis of molecular variance (AMOVA) conducted in Arlequin.
Median-joining networks

Y-STR haplotypes of individuals belonging to the J2alb, H, R1b and 12a(x)
haplogroups were used to generate Median-Joining networks using
NETWORK 10.2.0.0 (www.fluxus-engineering.com). The networks were
generated using the median-joining algorithm, with the weight of each STR
locus assigned a value from 1 to 10, inversely proportional to the STR
variance, following references [50, 51]. The Maximum Parsimony (MP)
option was employed to infer the simplest topology with a good fit to the
data. In the case of intermediate alleles, repeat numbers were rounded to the
nearest integer, following the approach of previous studies [52]. For
calculating networks, we excluded the constitutively duplicated loci (385a/b),
as indicated by the Network User Guide, while we retained DYS3891/11 after
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subtracting the number of repetitions in DYS3891 from DYS38911. Any
missing data or deleted alleles were replaced with the standard code ‘99’ in
the input files. To enhance interpretability of the analysis and address
computational challenges caused by the large number of samples, we applied
random sampling to limit the reference sample size to 20 in H, R1b and

12a(x) networks.
Time estimates

Y-STR haplotypes were used to estimate the time to the most recent
common ancestor (TMRCA) of the H haplogroup, along with the J2alb,
R1b, and 12a(x) sub-haplogroups prevalent among Spanish Roma. To achieve
this, the rho statistic (9) and weighted rho (oW) were computed using a
modified version of the weighted rho method [53], adjusting the mutation
rates to fit our input data. We first applied the pedigree mutation rates for
each STR obtained from the Y-Chromosome STR Haplotype Database
(YHRD, www.yhrd.org). In addition, we applied the rho method using a
median pedigree-based mutation rate of 2.5X107%, as desctibed by
Goedbloed et al. [54] and implemented by Pamjav et al. [55]. The DYS385
marker was excluded from the calculations. The statistical significance of
differences in time estimates was evaluated by comparing the standard

deviation of the dates.
Migration rates in the Roma population

We used MIGRATE version 5.0.6 [50], a software based on coalescent
theory that applies Bayesian inference to jointly estimate all parameters of a
demographic model, to infer migration patterns in the Roma population
from Spain and other relevant Roma populations across Europe. The
following parameters were found to provide the models with the highest
likelihood after a series of exploratory analysis: one single long chain was run

in three independent replicates with a sampling increment of 500 and 2,000
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recorded steps, while the number of discarded trees per chain (burn-in) was
set to 2,500. Based on the increment value and the number of discarded
trees, each sample was visited 3,000,000 times. All models were inferred with
uniform priors, using two distinct prior settings: one for effective population
size and migration (Min: 0.0, Max: 50.0, Delta: 2.0), and another for
divergence and divergence standard deviation (Min: 0.0, Max: 50.0, Delta:
5.0).

Metropolis-Coupled MCMC (“MCMCMC”) or “heating” was applied for
auxiliary searches with more permissive acceptance criteria. The search was
executed with four chains at different temperatures (1.0, 1.5, 3.0, and 10,000)
with an adaptive heating scheme that manipulated the temperatures
according to their swapping success, as described in previous studies [52, 57,
58].

Gene flow was explored at two geographic scales: investigating the dispersal
patterns within the Iberian Peninsula, and examining long-distance
movements from the Balkans to Western Europe. First, we inferred the
migration rate between Iberian regions, considering the Spanish Roma
divided by geographic regions, also including the reference Portuguese
Roma. We employed five distinct population history models to investigate
migration patterns, following the approach of Almohammed et al. [52]: (i)
the first model assumed all populations belonged to the same panmictic
population; (if) the second model entailed unidirectional gene flow from one
population to another (East to West); (iii) the third model accounted for
divergence from a common ancestral population; (iv) while the fourth model
incorporated both divergence from the ancestral population and ongoing
immigration; (v) the fifth model included both divergence from the ancestral
population and ongoing immigration in two directions (Hast to West and
viceversa) (Figure S2). Subsequently, we conducted the analysis on a

continental scale, where pairwise comparisons were made between Spanish
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Roma and Roma from three other European countries: Greece, Romania
and Slovakia. For this analysis, we used the same previously described

migration models.

To assess the relative strengths of the model fits, log marginal likelihoods
were used to calculate Bayes factors using the script provided by the
developer. The magnitudes of the Bayes factors provided evidence for the
degree of dissimilarity between the models, which informed us about the

relative fit of each model to the data.

Results

Y-chromosome haplogroup composition and diversity
of Spanish Roma

The largest proportion of Y-chromosome lineages in Spanish Roma (35.8%)
are assigned to haplogroup J2alb, followed by H (27.7%), R1b (18.5%), ]2
(3.5%), and 12a1 (3.5%), with smaller percentages (<3%) for the remaining
haplogroups (Table S3). Differences are observed between Spanish Roma
and other Roma groups (Table S4), with the exception of Portuguese Roma,
who display a haplogroup frequency profile similar to that of Spanish Roma.
Spanish Roma exhibit notably lower frequencies of the South Asian
haplogroup H and higher frequencies of haplogroups R1b and J2alb, both
associated with West Eurasian regions (i.e., Europe and West Asia),
compared to most Central and Eastern European Roma populations (Figure
1). These findings suggest higher levels of gene flow between Iberian Roma
(Spanish and Portuguese Roma) and non-Roma Western European
populations, in contrast to other European Roma groups. Among the
haplogroups identifiable using Athey’s method, no significant differences in
the number of distinct haplogroups were observed between the Spanish

Roma and other Roma populations (permutation test p-value = 0.0985).
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Figure 1. Geographic distribution of Y-chromosome haplogroups in
European Roma populations. Pie charts show the frequencies of the inferred
haplogroups in each population. Haplogroups with frequencies below 3% are

labelled as "Othet" in the legend.

To investigate potential admixture from North African and Jewish
populations, which may have occurred during the period of cohabitation in
the Iberian Peninsula in the 15th century, we examined the presence of Y-
DNA haplogroups linked to these ancestries in the Spanish Roma. Our
analysis revealed no significant North African influence on the Y-DNA
composition of the Spanish Roma, as evidenced by the complete absence of
native North African E haplogroups, such as E-M81 (which represents
around 40-46% in North Africa) and the internal clade E-V65 of E-M78
(found in around 3%) [59, 60]. Similarly, we found no genetic connection
between Spanish Roma and Jewish populations, as markers typically
associated with Jewish ancestry (such as J1-P58, J2-M172, E-M34, and R1a-
M582) [61-64] were absent in Spanish Roma. Having ruled out significant
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admixture and shared ancestry from North African and Jewish populations,
we next turned our attention to the internal diversity of haplogroups within

the Spanish Roma.

To explore this further, we constructed median-joining networks based on
the Y-STR haplotypes (15 loci) for all Spanish Roma individuals, as well as
independent networks for each of the four most frequent haplogroups (H,
J2alb, 12a(x), and R1b). Haplogroups were assigned within the network
based on predicted clusters and, where available, Y-SNP data from reference
populations. The resulting network analysis revealed distinct patterns of
haplogroup diversity, highlighting the dominant features of each lineage. The
dominant feature of the general Spanish Roma network (including all
haplogroups; Figure 2) is the tight clustering of all H haplotypes within short

branches, indicating minimal diversity.
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Figure 2. Median-joining network of 173 Spanish Roma individuals based on
17 Y-chromosome STR markers. Colours represent the inferred haplogroups

derived from the STR profiles.
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Similarly, J2alb exhibits low diversity, although with some haplotypes more
distantly located from the main cluster. R1b individuals are more dispersed
across the network, reflecting greater diversity, while the other haplogroups
are distributed between the main clusters without distinct patterns, except for
a small subgroup of 12a(x). This network structure suggests that the H and
J2alb haplogroups in the Spanish Roma population may have experienced a
founder effect, where a small initial group of ancestors contributed to the
genetic pool, resulting in reduced diversity within these haplogroups

compared to others.

Building upon the general network analysis of Spanish Roma, we next
examined the diversity of individual haplogroups across all populations in
our study. Y-STR median-joining networks for the founder haplogroups H
and J2alb show no clear clustering or differentiation within the Spanish
Roma and exhibit limited diversity (Figures S3, S4, S5), suggesting an eatly
and common divergence from other Roma groups. In contrast, the R1b and
12a(x) networks display considerable genetic diversity and a lack of clear
structure among the Roma, indicating that the diversity in these haplogroups
likely arose from independent admixture with local European populations
during the Roma's migration through Europe (Figure S6 and Figure S7).
Overall, these findings suggest that the Spanish Roma carried relatively low
diversity for the founder haplogroups H and J2alb upon their arrival in
Spain, but incorporated a broader range of R1b and 12a(x) sub-haplogroups
through admixture with local populations during their diaspora to the Iberian

Peninsula.

To further investigate genetic differentiation within these haplogroups, we
performed an MDS analysis based on pairwise genetic distances (Slatkin Ry).
The MDS results for the H and J2alb haplogroups (Figure 3a-b) show Roma

populations tightly clustered, with a higher frequency of these haplogroups
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compared to non-Roma groups, highlighting the effects of founder events

and genetic drift after their arrival in Europe. In contrast, for R1b and 12a(x)

(Fig 3-c-d), show a more dispersed distribution among Roma populations,

with no distinctive clustering and lower frequency relative to non-Roma

groups, suggesting greater diversity from multiple introgressions and a more

recent introduction into the Roma gene pool after their arrival in Europe.
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Figure 3. Multidimensional scaling (MDS) plot of the four major

haplogroups found in Spanish Roma, based on RST distances. Roma

populations are shown in blue and non-Roma populations in green. The size of the

circles represents the population frequency of the haplogroups.

To explore the timing of these genetic events, we estimated the time to the

most recent common ancestor (IMRCA) for the four major haplogroups

across three contexts: the entire dataset, all Roma populations, and Spanish
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Roma (Figure S8 and Table S5). In all cases, the TMRCA dates were more
recent for the Spanish Roma, reflecting their more recent differentiation.
The inferred dates predate the suggested out-of-India diaspora, which
occurred over a thousand years ago [2, 4, 6, 7], hinting that the internal
haplogroup diversity in the Roma gene pool predates their migration into
Europe. Furthermore, this implies that the diversity observed in the R1b,
J2alb, and 12a(x) haplogroups was already present at the time of
introgression, with no significant diversification detected subsequently within
the Spanish Roma. These findings indicate that the Y-chromosome diversity
in Roma groups reflects a series of distinct ancestry sources: (1) eatly genetic
diversity from their South Asian ancestors, particularly for haplogroup H,
which was present in South India; (2) the introduction of haplogroups such
as J2alb during their migration out of South Asia, but before reaching
Europe; and (3) further admixture events in Europe involving haplogroups

such as 12a(x) and R1b, which became prevalent once they arrived in Europe.
Geographic Y-chromosome sub-structure within the
Iberian Peninsula

To examine the Spanish Roma at a finer geographic scale and compare
genetic variation across Spanish regions, we measured and compared
haplogroup composition and haplotype diversity within regional groups of
Spanish Roma and non-Roma individuals (Table S6 and S7). The Spanish
Roma groups exhibit lower haplotype diversity than the Spanish non-Roma
(Table S8), likely due to smaller sample sizes and reduced genetic variability,
which may result from serial population bottlenecks within the Roma
population. Comparisons of haplogroup distributions between Spanish
Roma and non-Roma populations reveal substantial differences, with no
clear regional pattern linking Roma groups to geographically close non-
Roma populations. Notable differences include the exclusive presence of

haplogroup H and a higher prevalence of J2alb in Roma groups, and the
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dominance of R1b in all Spanish non-Roma groups. The haplogroup
distributions among Roma groups across different regions of Spain also
show regional variation, which may reflect the impacts of differential
admixture, isolation, and genetic drift (Table 89, Figure 4). Haplogroup H,
associated with South Asian ancestry, is most frequent in Roma from
Southern and Western Spain, with its frequency decreasing in Central and
Northern Spain (Figure 4, Table S9). In contrast, J2alb, linked to West Asian
ancestry, is more common in Northern and Eastern Spain (Figure 4, Table
S9). R1b, the dominant haplogroup in non-Roma Europeans, shows regional
variability, with higher frequencies in Northern and Central Spain, suggesting
increased gene flow with non-Roma populations in these areas (Figure 4,

Table S9).
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Figure 4. Geographic distribution of Y-chromosome haplogroups in Spanish
Roma and non-Roma populations. Pie charts show the frequencies of inferred
haplogroups in each population. Haplogroups with frequencies below 3% are

labelled as "Othet" in the legend.
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Additionally, less frequent haplogroups, such as 12 and its sub-haplogroups,
exhibit regional patterns, appearing exclusively in Central and Eastern Spain
(Figure 4, Table S9). Together, these findings indicate diverse genetic
influences and highlight regional substructure within Roma populations

across Spain.

We next assessed the extent of genetic differentiation within the Spanish
Roma using AMOVA to better understand internal heterogeneity and
potential regional substructure (Table S10). Comparisons between the Y-
chromosome composition of Spanish Roma and non-Roma populations
showed significant differentiation, with 11.28% (p<<0.05) of the vatiation
observed between these groups. When analysing the Spanish Roma and
Spanish non-Roma populations by region, we found that 19.77% of the
genetic variation could be attributed to differences between these
populations (p<<0.05) with no significant differences within groups (0.9%,
p>0.05). Further exploration of genetic variation within Spanish Roma and
Spanish non-Roma populations revealed that regional differentiation was
over six times higher among Spanish Roma (3%, p<0.05) compared to
Spanish non-Roma (0.48%, p<0.05), highlighting greater internal

heterogeneity within the Roma group.
Estimation of migration rates in the Roma population

To better understand regional substructure within Spain and quantify shared
gene tflow between groups, we used Slatkin’s RST to calculate the migration
rate (M) between Spanish regions (Table S11). Our analysis reveals that in all
pairwise comparisons, the M values exceed 1, indicating the presence of gene
flow. Notably, M values among Spanish non-Roma regions are exceptionally
high (M > 40), suggesting an absence of population substructure. In
contrast, M values between Roma regions are generally around 1, indicating
more limited levels of gene flow and supporting the presence of regional

substructure, consistent with our AMOVA results. Furthermotre, moderate
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gene flow (M > 1 and < 2) was observed between Roma and Spanish non-
Roma regions, with no distinctive pattern among regions. However, this
demonstrates the existence of at least some level of gene flow between the

Roma and Spanish non-Roma across all regions.

To explore migration patterns within and into the Iberian Peninsula, we
analysed five distinct migration models, focusing on the Iberian Roma
(Spanish Roma divided by geographic regions and Portuguese Roma) and
their genetic structure (Table S12 A). The model with the highest likelihood
indicates that genetic differentiation among regions within the Iberian Roma
is best explained by divergence from a common ancestor, likely driven by
historical isolation and genetic drift, with minimal recent gene flow between
regions (Figure S9). The second most likely model assumes divergence with
ongoing east-to-west migration, suggesting that the Spanish Roma
populations originated from eastern ancestors, with continuous gene flow

between eastern and western Spanish Roma groups in a west-to-east cline

(Table S12 A).

To trace the movements of the Roma from southwestern Europe into the
Iberian Peninsula, we broadened the scope of our analysis, testing migration
models across Roma populations from southern and central Europe to the
Iberian Peninsula (Table S12 B). The highest likelihood model, which
assumes migration from East to West—spanning Greece, Romania, Slovakia,
and Spain—indicates that the genetic structure of the Spanish Roma aligns
with a stepwise westward migration process through these regions (Figure
S10). This pattern suggests sequential movement with genetic differentiation
likely occurring at each stage, consistent with historical routes of Roma
dispersal across Europe, and limited gene tlow between populations in
different regions during this westward migration. The second most likely

model assumes divergence from a common ancestor along a west-to-east
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cline, indicating that all European Roma trace their origins to eastern

ancestors, with continuous gene flow from eastern to western Roma groups.
Discussion

The paternal genetic diversity observed within the Spanish Roma can be
explained by demographic events including bottlenecks, founder effects, and
multiple episodes of admixture with populations encountered throughout
their diaspora, as well as following their settlement in the Iberian Peninsula.
The Spanish Roma exhibit a distinctive paternal genetic profile with lower
frequencies of South Asian haplogroups and a higher representation of
Western European lineages, in contrast to Roma groups outside the Iberian
Peninsula. This profile is characterised by a predominance of haplogroups
J2alb (34.1%) and H (27.7%), associated with West Asian and South Asian
origins, respectively [65, 66]. For comparison, the frequency of haplogroup
H in other European Roma ranges from a minimum of 28.6% in Ukrainian
Roma to 67.2% in Greek Roma, possibly showing lower admixture with non-
Roma. In the case of J2alb, apart from Romanian Roma (30.7%),
frequencies in other groups range from 19.8% in Portuguese Roma to 5.1%
in Serbian Roma, suggesting that the increased frequency in Spanish Roma
may result from genetic drift and endogamous practices, as observed with
other haplogroups in previous studies on other Roma groups [67—69]. It is
important to note that endogamy, combined with the practice of patrilocal
residence observed both historically and in modern times among Spanish

Roma [70, 71]—where women traditionally moved to their husband's

community—has likely influenced haplogroup frequencies in both paternal
and maternal lineages. Overall, the frequency of these haplogroups in the
Roma is consistent with their South Asian origin and subsequent migration
through West Asia during their diaspora. Haplogroup R1b, commonly
associated with Central and Western European populations [72], is found at a

relatively high frequency in Spanish Roma (18.5%) compared to non-Iberian
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Roma groups in our dataset, where it remains below 8%. This haplogroup is
particularly prevalent in Spanish (68%) and Basque (88%) populations, as
estimated from data combined from eatrlier research [34, 73—75]. Taken
together, this suggests substantial gene flow from Iberian populations into
the Roma following their arrival in the region. This pattern of admixture
with non-Roma populations in Iberia aligns with findings from autosomal
DNA studies [22, 38] and likely reflects the history of forced assimilation

occurred within the peninsula over several centuries [17, 24, 76].

Therefore, Roma populations likely arrived in Europe with existing diversity
within haplogroups H and J2alb, later incorporating additional lineages such
as R1b and I12a(x), which are also prevalent in Europe [77], through
admixture with local European populations. This process is reflected in the
median-joining networks and MDS analyses, where haplogroups H and
J2a1b show tight clustering and higher frequencies with minimal
differentiation from other European Roma. In contrast, the R1b and I12a(x)
haplogroups exhibit greater diversity and dispersion but occur at lower
frequency in Roma compared to non-Roma populations, likely indicating
multiple admixture events with European populations during their migration
through Europe. Collectively these results align with historical accounts of
the Roma’s migration routes [2, 3] and are consistent with previous genetic
studies on mtDNA [33], Y-chromosome [34, 69], and whole-genome array
data [22] in Spanish Roma.

To explore alternative routes of the diaspora into Iberia, we examined
genetic relationships with North African and Jewish groups. Our analyses
reveal no significant North African influence on the Spanish Roma paternal
gene pool, despite its presence in the non-Roma Spanish population [78],
where haplogroup E-M81, associated with Amazigh ancestry [79-81],
accounts for around 1%. This contrasts with the Portuguese Roma, where

3.2% carry E haplogroups of African origin [23]. In comparison, predictions
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for the Portuguese non-Roma, based on combined data from multiple
studies [82, 83], indicate that 12% carry the E1b1b haplogroup. However,
due to the lack of Y-SNP data, we cannot confirm how many of these
haplotypes are specifically of North African origin. The presence of E
haplogroups in the Portuguese Roma, but not in the Spanish Roma, suggests
that North African haplogroups entered the Roma gene pool via non-Roma
Iberian populations—who had previously admixed with North African
groups—rather than through direct contact between Roma and North
Africans before their arrival in Iberia. Besides, as 2-3% North African
ancestry was observed in the autosomal DNA of Iberian Roma [22], the
absence of E haplogroups in our Spanish Roma sample may reflect random
variation and the haplogroup's low frequency in the population. These
tindings corroborate mtDNA studies [33], which also found no evidence of
North African gene flow into the Spanish Roma. Additionally, we found no
genetic link between Spanish Roma and Jewish populations, as paternal
lineages commonly associated with Jewish ancestry were absent in the
Spanish Roma and rarely present in other Roma groups. For example, J1-
P58, which is predominant in several Jewish groups [84], was observed only
twice in the Spanish non-Roma and in Bulgarian Roma, while E-M34 was
detected in Serbian Roma at a frequency of 3.8%. These results suggest no
evidence of admixture between Spanish Roma and Jewish populations,

consistent with prior autosomal DNA findings [22].

Increased genetic drift, resulting from bottlenecks, founder events, and
periods of isolation, has contributed to the preservation at high frequencies
of specific founder lineages—defined by their presence in Roma and
absence in non-Roma European populations [34, 37]— within the Roma
population [85]. In this context, previous research has identified both
maternal and paternal founder lineages within the Roma population [33, 34,

37]. These lineages include South Asian haplogroups (such as H-52 and H-
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M82) and Western European haplogroups (I-P259, J-M92, and J-M67),
which has been explained as a result of a single Roma origin from North-
Western India, with admixture and bottlenecks during their diaspora through
Middle East and Europe. Despite the limited resolution of our STR-based
data, we identified the presence of some paternal founder lineages such as
H1al and J2alb*. Beyond that, evidence from the median-joining network
analysis shows that some newly-genotyped samples, particulatly within
haplogroups such as H and J2alb, cluster with reference individuals carrying

known founder lineages.

While mtDNA studies reported an 86% West-Eurasian and 14% South
Asian maternal heritage in Iberian Roma [33], our results show a significantly
higher South Asian contribution (30%) on the paternal side in the Spanish
Roma. This discrepancy aligns with observations of sex-biased admixture in
European Roma when analysing complete mtDNA and Y-chromosome
sequences [36]. The migration of the proto-Roma appears to have been
mostly male-driven, with South Asian paternal lineages preserved and
maintained at higher frequencies in the population, while a large amount of
West Eurasian maternal lineages was incorporated during their diaspora.
Cultural customs, where non-Roma women are more likely to join the
community through marriage with Roma men [86—88], likely explain, at least

in part, the observed sex-biased ancestry.

We provide evidence of regional population structure within the Spanish
Roma, as AMOVA analysis shows that genetic differentiation among
geographic regions is six times greater than in the Spanish non-Roma. This is
consistent with autosomal DNA findings [22] but contrasts with maternal
DNA studies [33], which showed less pronounced inter-regional
differentiation. This suggests that the preferential integration of non-Roma
women has likely homogenised mtDNA across regions, while more

restricted and region-specific paternal gene flow has led to the higher
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differentiation observed in Y-DNA and autosomal markers. Although Roma
groups have experienced historical gene flow between regions, prolonged
isolation during later periods—potentially linked to the transition from a
nomadic to a settled lifestyle—may have contributed to the observed genetic
substructure. This is supported by the migration rate analysis, which reveals
significant but low M values between Roma populations across different
Spanish regions—substantially lower than those observed between non-
Roma Spanish from different regions. This may depend on the patrilocal
residence patterns [70, 71], which could help explain the reduced paternal

gene flow between regions.

Finally, we contribute to understanding Roma migrations in the Iberian
Peninsula and Europe by applying coalescent methods and Bayesian
demographic model inference. At the European scale, the model with the
highest likelihood suggests a westward migration pattern, consistent with
previous autosomal DNA findings [22, 38], which identified multiple
migration waves from the Balkans and Southwestern Europe towards Iberia,
as well as with historical sources [2, 3]. At the Iberian scale, the model with
the highest likelihood indicates divergence from ancestral populations
without ongoing migration. These findings suggest that the Roma in the
Iberian Peninsula diverged early from their ancestral populations and
subsequently experienced limited gene flow. This supports the presence of a
genetic structure shaped by geographic distribution and highlights distinctive
genetic patterns within Iberian Roma compared to broader European Roma

populations.
Conclusions

This study sheds light on the paternal genetic profile of Spanish Roma,
highlighting the influence of different populations, demographic processes
and cultural practices on their genetic structure. These findings contribute to
the broader understanding of Roma migration patterns in Europe, offering
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valuable insights into the complex demographic history of Spanish Roma.
While Y-STR analysis provides valuable insight into the paternal genetic
structure of the Spanish Roma, its resolution is limited compared to whole
Y-chromosome sequencing. Future studies should prioritise generating high-
resolution paternal sequence data from a diverse set of European Roma
populations to detect deep genealogical branches, identify new founder
lineages, and capture a broader range of genetic diversity. Integrating this
with autosomal, mtDNA and X-chromosome analyses will provide a more

comprehensive view of Roma’s demographic history.
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This chapter follows a top-down structure, beginning with macro-scale
analyses of Roma origins, broad patterns of gene flow, and continent-wide
genetic variability. It then narrows in scope to examine microgeographical
patterns, including regional differentiation within the Iberian Roma and the
ancestry of specific pathogenic variants in Czech Roma. This organisation
allows for a comprehensive understanding of Roma population history—
from its deep ancestral roots to the contemporary regional dynamics

observed today.

4.1 New evidence on Roma. Insights and contributions

of this thesis

Genetic data on Roma is fragmentary, with some groups more represented
than others and varying levels of resolution. Many studies have a narrow
focus—some are limited to medical research describing specific mutations,
while others provide only basic population data with a low number of SNPs.
Even whole-genome studies often rely on very small sample sizes, sometimes
using only two or three individuals per group. Moreover, data collection
continues to be challenging due to low participation, which is partly driven
by historical and ongoing fears of discrimination and persecution. This issue
is further compounded by difficulties in obtaining samples from certain
communities and countries, as well as the strict ethical requirements that
apply to all human populations. Despite these limitations, this thesis—
utilising the largest Roma array-data dataset to date—aims to provide a
comprehensive study focused on Iberia, while also considering Central and
Southwestern European Roma.

In addition to expanding the available genetic data, this thesis provides an
extensive genetic characterisation of Roma populations, focusing on
demographic studies using array data, defining the Y-chromosome profile,

and assessing the genetic background of pathogenic variants related to rare
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ocular diseases. More specifically, this work includes the first studies on the
demographic history of Roma populations in the Czech Republic, as well as
contributions to the understanding of genetic ancestry and the distribution
of pathogenic variants within this group. Additionally, this research
integrates genetic findings with socio-cultural factors, offering a deeper
understanding of the genetic landscape of Central, Southwestern, and
Iberian Roma. It also represents the first population genetics study to take
into consideration mating patterns, having inferred assortative mating in
Roma populations. Besides, this thesis provides new, more detailed evidence
regarding the genetic influence of populations across the Roma diaspora,
addressing several key questions that remained unanswered prior to our

work.
4.1.1 Origins, dispersal, and patterns of gene flow in

Roma

A central question regarding the Roma concerns their origins, the shared
nature of these origins across groups, and the patterns, routes, and scale of
their migrations, along with the resulting gene flow. Previous studies have
traced the origins of the Roma population to South Asia, specifically North-
Western India, where the proto-Roma emerged approximately 1,000 years

154,155,239,2
ago 4,155,239,244

, a conclusion supported by both historical records and clear
South Asian ancestry in modern Roma genomes ?"*7*”?* The arrival of
the proto-Roma in Europe thus marks a pivotal moment in their genetic

history, setting the stage for centuries of interaction with local populations.

Building on these foundations, our analyses suggests that the proto-Roma
first entered Europe around 30-35 generations ago, carrying a distinct north-
western Indian genetic component. Early admixture events, particularly
among eastern Roma populations, reflects interactions with local groups as
the proto-Roma moved through the Middle East and into the Balkans. These

events align with earlier genetic studies confirming the Roma’s South Asian
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origin ****. Our Y-DNA analysis further supports the petsistence of South
Asian lineages, such as H1al, even after the Roma’s long diaspora across
Europe. These lineages, common in the Indian subcontinent, further
corroborate the Roma’s South Asian origin, consistent with previous studies

of both maternal and paternal lineages *>***%.

Turning to the question of how Roma reached the Iberian Peninsula, we
tested hypotheses of a North African entry route. While autosomal data
reveal a modest North African signal in the genomes of Iberian Roma, Y-
DNA analysis detects none in Spanish Roma, very little in Portuguese Roma,
and none elsewhere. The overall level of North African admixture is lower
than that seen in non-Roma Iberians, and Y-chromosome haplogroups of
North African origin are virtually absent, leading us to reject a North African
entry into Iberia, in line with previous studies . Likewise, although
autosomal DNA shows trace Jewish ancestry, its frequency is lower than in
non-Roma Iberians, implying regional admixture rather than direct gene flow

from Jewish communities.

Our findings also indicate two major waves of European admixture. Roma
who settled in the Balkans experienced a pulse around 31 generations ago,
whereas those in Western Europe—especially Iberia—underwent a later
wave approximately 25-26 generations ago. The genetic profiles of Iberian
Roma, with their pronounced southwest-European component, suggest that
westward migration was accompanied by increasing integration into local
populations, perhaps driven by impetial-era assimilation policies *.

By contrast, Southeastern European Roma—such as the Czech and
Macedonian groups—have remained relatively isolated. Their stronger
retention of South Asian signatures reflects prolonged marginalisation,
historic practices of endogamy and fewer opportunities for intermarriage.
These patterns were likely shaped by more severe policies of persecution

within the Holy Roman Empite and later under the Habsburgs , as well as
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the institution of slavery in the Romanian principalities *. As a result, these
groups display lower levels of West Eurasian admixture and a more distinct

genetic profile, when compared to Iberian Roma.

This regional contrast highlichts how multiple migration waves and vatiable
social contexts have shaped Roma genetic diversity. Moreover, analysis of
more recent admixture events reveals continued gene flow in both eastern
and western Roma around 10 and 5 generations ago, respectively. These late
pulses demonstrate that, despite historic barriers to mixing, the Roma have
remained genetically dynamic and responsive to new external influences

throughout their European diaspora.

Ultimately, the varying proportions of South Asian and West Eurasian
ancestry across Roma groups attest to the complex interplay of ancient
migrations, regional interactions and evolving social norms. This evidence
reinforces the view of the Roma as an admixed and dynamic population,
shaped by centuries of migration, isolation, and integration across the

continent.

4.1.2 Sex bias gene flow in Spanish Roma

Our analyses confirm previous findings of sex-biased gene flow in the Roma
population. As seen in other Roma communities **, Spanish Roma display
markedly lower diversity in the Y-chromosome compared to mitochondrial
DNA, a pattern shaped by sociocultural dynamics throughout their diaspora
% This asymmetry in diversity points to a male-driven migration out of
South Asia, with South Asian paternal haplogroups—such as H—preserved

at higher frequencies, while maternal lineages are overwhelmingly of West

Eurasian origin.

Research on mtDNA indicate that over 85% of maternal lineages in Iberian

#7129 whereas West Eurasian Y-

Roma derive from West Eurasian sources
DNA lineages account for approximately 70% of paternal ancestry in our

results. This disparity is best explained by higher integration of non-Roma
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women in the communities, leading to the incorporation of West Eurasian
mitochondrial lineages into the gene pool, while South Asian Y-
chromosomes were maintained across generations. Limited integration of
non-Roma men, in contrast, is reflected in the lower frequency of South
Asian mtDNA lineages, suggesting that Roma women had fewer

opportunities to enter non-Roma communities.

Nonetheless, the presence of considerable West Asian and European Y-
haplogroups among Spanish Roma shows that gene flow from non-Roma
males did occur—likely at various stages during their migration and
settlement in Europe. These instances may reflect the inclusion of men from
outside the Roma community who perhaps shared a similar itinerant or
marginalised lifestyle. The relatively high differentiation and lower frequency
of European Y-lineages compared to non-Roma populations suggests
sporadic introgression, whereas the high frequency and low diversity of
South and West Asian haplogroups indicate founder effects and population

bottlenecks early in the Roma diaspora.

These patterns are further influenced by likely patrilocal social structures,
wherein women traditionally move to live with the husband’s family after
marriage. This would promote genetic continuity through the paternal line,
reinforcing the observed sex bias *°. Altogether, the combined effects of
social exclusion, endogamy, patrilocality, and asymmetric integration of non-
Roma individuals have shaped the distinctive patterns of maternal and

paternal ancestry observed in the Iberian Roma today.
4.1.3 Variability across Roma groups: geographic and

genetic substructure

The Roma population exhibits significant spatial genetic variability, with
distinct substructures emerging across different Roma groups in Europe
1992924 Our genetic analysis reveals that the composition of Roma ancestry

is not uniform, but rather exhibits a strong correlation with geographic
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distribution, reflecting both historical migration routes and regional
interactions. Western Roma, particularly Iberian Roma, show a higher
proportion of Western European ancestry, while Central and Eastern Roma
groups retain a greater share of South Asian and Southeastern European
ancestry. This genetic-geographic pattern is further supported by
fineSTRUCTURE analysis, which clusters Iberian Roma separately from
other BEuropean Roma groups, highlighting the genetic differentiation

between Western and Eastern Roma populations.

Most notably, through statistical testing of these ancestry components in
relation to geographic location, particularly longitude and latitude, we have
formally demonstrated a correlation. Specifically, as one moves westward,
there is a significant increase in West Eurasian, particularly European,
ancestry. Conversely, moving eastward, we observe a statistically significant
increase in South Asian ancestry. Additionally, we note a slightly significant
cline, with North African components being more pronounced in the
Iberian Roma compared to other groups, reflecting the introgression of
North African genetic material via the Iberian non-Roma population. This
genetic substructure within the Roma is therefore again reflecting the

complex and differential admixture patterns.

Additionally, regional substructure within groups like the Spanish Roma, as
revealed by AMOVA and migration rate analysis, further emphasizes the role
of local factors in shaping genetic diversity. Iberian Roma show a higher
degree of genetic differentiation between regions compared to non-Roma
Spanish, reflecting the historical patterns of settlement and isolation within
the Iberian Peninsula. This variability underscores the dynamic nature of
Roma genetic history, shaped by both ancient migrations and more recent
events, such as forced assimilation, regional isolation, and varying levels of

gene flow. The differing patterns of genetic substructure across Roma
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groups reinforce the need for region-specific studies to better understand the

complex history and genetic diversity within the Roma population.
4.1.4 Endogamy and evolving social norms within

Roma

Endogamy has been a significant factor in shaping the genetic structure of
Roma populations over time. Our study aligns with the hypothesis that
endogamy levels within Roma groups have evolved in response to both
historical and social factors '*°. In particular, the Iberian Roma demonstrate
higher levels of endogamy during the initial periods of their arrival in
Europe and in the Iberian Peninsula. This increased isolation in the past
likely served to preserve their distinct genetic identity, a practice that would

have been crucial during periods of forced settlement and marginalisation.

As the Roma integrated into European societies and faced changing social
norms, the dynamics of endogamy began to shift. Over time, particulatly
after the end of slavery and during subsequent waves of migration, Iberian
Roma experienced increasing gene flow with non-Roma Europeans, which
contributed to the gradual reduction of endogamy levels. This pattern
contrasts with that of Southeastern European Roma, who, despite similar
historical challenges, maintained a higher degree of isolation, likely due to
differing social structures and external pressures. The decline in gene flow
between Southeastern European Roma and non-Roma populations has led
to a greater degree of genetic similarity within these groups, as evidenced by
the longer shared IBD segments and a higher degree of inbreeding observed

in these populations.

The analysis of European local ancestry tracts and shared IBD segments
highlights the historical shifts in social norms regulating mating patterns
within Roma communities. The Iberian Roma exhibit evidence of increasing
gene flow from surrounding European populations, particulatly during and

following the second migration out of the Balkans in the 19th century—a
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migration event closely associated with the abolition of slavery in the
Romanian principalities. In contrast, Southeastern European Roma exhibit
evidence of more persistent endogamy, as suggested by the greater length of
IBD segments and the higher levels of genetic isolation. These findings
suggest that endogamy in Roma communities is not a static practice, but
rather one shaped by complex historical events, including migration, forced

assimilation, and changing social norms across generations.

The shift in endogamy patterns also reflects broader societal changes, where
social and economic pressures likely influenced the extent to which Roma
communities interacted with non-Roma populations. As Roma began to
encounter more opportunities for integration and mobility, particularly in the
wake of socio-political changes in Europe, the practice of endogamy likely
weakened, resulting in the increasing genetic admixture seen in
contemporary Iberian Roma populations. However, the persistence of
endogamy in certain groups, such as Southeastern European Roma,
illustrates how social norms can evolve at different rates depending on the

region and local conditions.

Regional variation in endogamy patterns and gene flow is a key aspect of
understanding the genetic structure of Roma populations across Europe.
Endogamy has historically been a prominent feature of Roma communities
’1. However, these practices have varied considerably depending on
geographical location, historical context, and the level of integration with

surrounding populations.
4.1.5 Assortative mating and the impact on Roma’s

genetic profile

Assortative mating, the non-random mating pattern where individuals with

similar traits are more likely to mate with each other, plays a critical role in
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shaping the genetic profile of populations *°. For the Roma, assortative

mating is an important factor that has contributed to the genetic structure of
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their communities. This phenomenon has been particulatly significant in

Roma populations due to their unique social, cultural, and historical contexts.

In Roma communities, mating patterns have been influenced by social

W21 These practices

stratification, cultural preferences, and endogamy *
have reinforced the genetic cohesion within specific subgroups of Roma,
limiting the gene flow between different Roma groups as well as between
Roma and non-Roma populations *. For example, within the Roma,
subgroups with distinct linguistic or regional backgrounds tend to marry
within their own groups, perpetuating genetic similarities *. This has led to
the formation of distinct genetic clusters within the broader Roma
population. In particular, linguistic, cultural, and geographical boundaries

have reinforced assortative mating, maintaining a degree of genetic isolation

even as the Roma moved across different regions of Europe *"".

The social norms within Roma communities often emphasize the
importance of maintaining ethnic and cultural identity through marriage .
This cultural preference for endogamy is typically associated with the idea of
preserving Roma traditions, customs, and kinship networks ', which has
further contributed to assortative mating, For example, Roma communities
may prefer to marry individuals with similar social status, familial ties, or
shared social practices *, thus reducing genetic diversity within those
groups.

The effects of assortative mating in Roma populations can be observed in
several ways. First, it can lead to the persistence of certain genetic traits or
disorders that are more likely to be passed down through generations within
tightly-knit subgroups ***. This type of mating pattern can have both
beneficial and detrimental consequences to health. On the one hand,
assortative mating may help preserve beneficial traits that enhance survival
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and adaptation within a particular environment °”. On the other hand, it may

163



increase the risk of recessive genetic disorders, as certain genetic variations

become more concentrated within small populations *'*.

Moreover, assortative mating in Roma groups may limit the introduction of
new genetic material from outside populations, especially during periods
when Roma were geographically isolated or subjected to discrimination. This
restriction of gene flow can result in a higher degree of genetic homogeneity
within Roma subgroups, which is reflected in the genetic profiles of
contemporary Roma populations. For example, when compared to non-
Roma European populations, Roma tend to exhibit more distinct genetic

markers due to centuries of endogamy and assortative mating.

However, in more recent generations, as Roma have faced social and political
integration into broader European societies, assortative mating patterns have
likely shifted. Increasing social mobility and changes in cultural attitudes have
made it more common for Roma individuals to marry outside of their
immediate social or regional group, leading to more genetic admixture and
the gradual reduction of genetic isolation. This shift in mating patterns has
contributed to greater genetic diversity within Roma communities,
particulatly in regions where Roma populations have been exposed to higher

levels of gene flow from surrounding populations '*>*%",

In conclusion, assortative mating has played a fundamental role in shaping
the genetic profile of Roma populations. The combination of social norms
and practices, as well as historical experiences have reinforced genetic
cohesion within subgroups, leading to distinct genetic profiles across
different Roma communities. While assortative mating has contributed to
genetic isolation in the past, changing social dynamics and increasing gene
flow from non-Roma populations are reshaping the genetic landscape of the

Roma today.
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4.2 Microgeographic structure and medical

implications

4.2.1 Microgeographical structure in Roma

Genetic analyses of Roma populations across Europe have revealed notable
microgeographic vatiation, reflecting differences in historical admixture
levels, population size, and sociocultural practices such as endogamy. Studies
have consistently shown that Western European Roma groups—such as
those in Spain, Portugal, and Wales—exhibit higher levels of genetic
admixture with surrounding non-Roma populations than their Eastern
European counterparts, who often display more genetic continuity with the
original Roma gene pool ?****", MtDNA and Y-chromosome data further
underscore the regional diversity in Roma genetic structure. Demographic
events and varying degrees of endogamy have been key drivers of this
genetic variation. Although endogamy has been a longstanding feature of
Roma history, its intensity and consistency differ notably across regions.
Recognizing these regional patterns underscores the need to consider local
social and historical contexts when examining the genetic diversity of

marginalised populations.

4.2.2 Genetic substructure within the Iberian Roma

The genetic substructure within Iberian Roma reveals significant
microgeographical variation. A notable feature is the absence of strong
geographic patterns in allele sharing between Roma and non-Roma
populations. Our results show that Roma groups do share alleles with local
non-Roma populations, but this affinity does not follow a clear geographic
pattern. For example, Roma groups from northern regions are not
necessarily closer to local non-Roma than to Roma from other regions. This

suggests that historical and social factors, rather than simple geographic
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proximity, have played a more important role in shaping genetic
differentiation.

Haplotype-sharing analyses, including fineSSTRUCTURE and NNLS, reveal
that regional Roma clusters display moderately varying ancestry proportions,
further emphasizing the non-uniform nature of Iberian Roma. This is also
evident in the dendrogram, where Roma from different regions form distinct
subclusters, though these do not strictly correspond to administrative or
geographic boundaries. In the paternal lineage, we observe low to moderate
differences in haplogroup frequencies across regions—for example, southern
Spanish Roma show higher proportions of South Asian ancestry, while
eastern groups appear more admixed with local non-Roma populations.
These regional genetic distinctions reflect the complex interplay of
migration history, social practices, and endogamy within the Iberian Roma

community.

4.3 Limitations and Potential Biases in the Study

4.3.1 Challenges with sample size and representation

The study of Roma genetics faces significant challenges related to sample
size and representation. Obtaining large, diverse, and representative samples
is difficult due to social barriers, recruitment challenges, and historical
exclusion of Roma communities from research. Many Roma populations are
dispersed across various regions, and obtaining participation from these
communities is hindered by concerns about privacy, stigma, and
marginalisation. Furthermore, Roma groups are unevenly distributed across
Europe, and regional substructures—shaped by historical migration patterns
and varying levels of integration with non-Roma populations—complicate
efforts to capture the full genetic diversity of the population. Without proper
geographic representation, studies may fail to reflect the genetic vatiation

present across different Roma groups, leading to biased conclusions. The
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combination of small sample sizes and uneven geographic coverage can
hinder the ability to accurately understand Roma genetic structure and

history, making it essential to address these issues in future research.
4.3.2 Methodological constraints

The study of Roma genetics, as most other human populations, is also
limited by several methodological constraints that can impact the accuracy
and depth of the findings. One of the primary challenges is the resolution of
genetic data, particularly when using lower-resolution techniques like SNP
arrays or Y-STR analysis. These methods, while informative, miss rare
variants and deeper genealogical branches, potentially underestimating the
complexity of Roma genetic history. Furthermore, the use of historical
records to create models to infer migration patterns and gene flow is prone
to oversimplification, and the accuracy of these inferences depends heavily
on the assumptions made during analysis. The lack of well-defined and
comprehensive reference groups—especially from regions where Roma
populations are under-represented—can also lead to inaccuracies in
admixture and ancestry estimations. Additionally, methodological choices,
such as the algorithms used for admixture analysis or the clustering methods
for population substructure, may introduce biases depending on how they
are applied to the available genetic data. These constraints emphasize the
need for the application of high-resolution sequencing technologies and the
inclusion of a broader range of reference populations to better capture the

intricate genetic history of the Roma.
4.3.3 The need for improved reference databases

A significant limitation of the study is the lack of comprehensive and diverse
reference databases, which can impact the interpretation of genetic data,
particularly in terms of admixture estimates and population compatisons.
The Roma, with their complex history of migration and admixture with

various populations across Europe and Asia, present a challenge in terms of
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accurately characterising their genetic profiles. The absence of well-
represented reference groups from regions with under-represented Roma
populations—especially those in more remote or less-studied areas—Iimits
the resolution and accuracy of ancestry analysis. Inadequate reference data
can lead to errors in estimating the proportion of genetic contributions from
different populations, skewing the interpretation of historical migration
patterns and gene flow. The creation of more inclusive, global reference
databases, particularly from regions with large and diverse Roma
communities, would allow for more precise comparisons and a better
understanding of Roma genetic structure. Such databases could also help
capture the genetic diversity across the entire Roma diaspora, offering more
accurate models of their demographic history and enabling future studies to

draw from a broader and more robust set of genetic data.

4.4 Conclusions and future directions

4.4.1 Concluding Remarks

The study of Roma population genetics has provided significant insights into
the complex history, migration patterns, and social dynamics of this unique
ethnic group. Key findings indicate that the Roma's genetic structure reflects
a complex interplay of historical events, geographic factors, and social norms
such as endogamy. The initial migration of the Roma from northern India to
Europe, followed by centuries of settlement across different European
regions, has generated unique genetic diversity in various Roma groups. This
genetic diversity is further shaped by the effects of isolation, assortative
mating, and the influence of local populations through gene flow, while
maintaining a clear separation from non-Roma populations in certain areas,
such as among Iberian Roma. The importance of integrating diverse genetic
data, including mitochondrial and Y-chromosome studies, has highlighted

how these lineages have contributed to the Roma’s distinct genetic profile.
g g p
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Furthermore, the limitations of current research, particularly in terms of
sample size, geographic representation, and reference databases, underscore
the need for more comprehensive and diverse data collection. This study not
only enriches our understanding of Roma population genetics but also opens
the door for future research that could enhance our grasp of the Roma’s

unique place in the genetic landscape of Europe.

4.4.2 Pathways for further research

4.4.2.1 The need for Whole-Genome Sequencing

The advancement of whole-genome sequencing (WGS) represents a crucial
step forward in the study of Roma population genetics. Until now genetic
studies of the Roma populations have primarily relied on targeted
sequencing methods or smaller genomic regions, which has limited the
resolution of genetic variation observed. Whole-genome sequencing would
enable a more comprehensive analysis of the genetic structure and variation
across the entire genome, providing deeper insights into both rare and
common genetic variants that contribute to the unique genetic landscape of
the Roma. This approach will improve the accuracy of admixture analyses
and clarify the relationships between Roma subgroups and their ancestral
populations, offering more precise models for studying migration and
population structure. This technology would also facilitate the identification
of previously unknown genetic diseases and help trace the evolution of
genetic traits over time. It is crucial that future studies incorporate whole-
genome sequencing to enhance our understanding of Roma’s genetic history
and health, allowing for a more accurate and inclusive representation of the

population’s genetic diversity.
4.4.2.2 Importance of targeted sequencing

Targeted sequencing is crucial for studying the genetic background of

pathogenic variants, particularly in rare diseases among the Roma population.
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Given the high prevalence of founder effects and population-specific
mutations, this approach enables precise identification of disease-associated
variants at the individual level. By focusing on relevant genomic regions,
targeted sequencing enhances sensitivity in detecting rare pathogenic
mutations while reducing the complexity and cost of whole-genome analysis.
However, a key challenge in studying these diseases is the absence of many
pathogenic variants in reference databases, making standard approaches less
effective. Targeted sequencing on a broader scale overcomes this limitation
by allowing in-depth analysis of specific mutation regions, not only in
affected individuals but also in non-affected individuals from the same
population. This comparative approach is essential for distinguishing true
pathogenic variants from benign polymorphisms, particularly within the
genetic profile of the Roma community. By sequencing both groups,
researchers can more accurately assess variant frequency, inheritance
patterns, and potential disease mechanisms, ultimately improving genetic
diagnosis, risk assessment, and personalised treatment strategies for rare

conditions.

4.4.2.3 Expanding sample coverage and regional

diversity

Expanding sample coverage and regional diversity is essential for gaining a
comprehensive understanding of Roma population genetics. While current
studies have provided valuable insights, the sampling methods often focus on
specific subgroups or geographic regions, which may not capture the full
extent of the genetic diversity within the Roma population. By increasing the
geographic scope of future studies to include under-represented areas,
particularly in Eastern and Southeastern Europe, researchers can uncover
regional variations in genetic structure that may have been overlooked.

Additionally, incorporating a wider range of Roma subgroups—each with

170



potentially distinct histories of migration, endogamy, and genetic influence
—will provide a more complete picture of the population's genetic diversity.
Ensuring that both urban and rural populations are included in genetic
studies is also crucial, as different environmental, social, and cultural factors
may contribute to regional variation in genetic profiles. Expanding the
sample diversity will also help improve the accuracy of admixture models
and provide deeper insights into the complex patterns of gene flow and
migration. This approach will not only refine our understanding of Roma
population history but also enhance the inclusivity and representativeness of

genetic research in the Roma community.

4.4.2.4 Exploring the influence of social norms and

practices on genetic structure

Exploring the role of social norms and practices in shaping genetic structure
is key to understanding the ways in which the Roma populations genetic
profile has evolved over time. Social practices, such as endogamy and
assortative mating, along with regional migration patterns, play a significant
role in shaping the genetic makeup of Roma groups. The norms that
regulate these practices tend to limit gene flow between different Roma
subgroups and surrounding non-Roma populations, helping to preserve
distinct genetic markers within Roma communities. By investigating how
these social practices influence the genetic diversity, researchers can gain
insights into the mechanisms behind genetic similarity within specific Roma
subgroups, as well as variation across regions. Furthermore, understanding
the influence of social practices such as marriage customs, social cohesion,
and identity on genetic structure could provide valuable context for
interpreting historical and contemporary patterns of gene tflow. This research
could also reveal how cultural adaptation and social networks have

influenced genetic drift and selection over generations, offering a more
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nuanced understanding of the dynamic relationship between genetics,

culture, and social structure within human populations.

4.4.2.5 Integrating maternal and paternal lineage

studies

Integrating maternal and paternal lineage studies is crucial for gaining a more
comprehensive understanding of the genetic structure and history of the
Roma population. MtDNA and Y-chromosome analysis provide valuable
insights into the maternal and paternal inheritance patterns, respectively, and
can reveal distinct genetic trajectories within Roma communities. MtDNA is
passed down through the maternal line, while Y-chromosome analysis
focuses on the paternal line, allowing researchers to track two separate, yet
complementary, genetic histories. By examining both lineages, researchers
can uncover migration patterns, genetic bottlenecks, and the extent of gene
flow between Roma and non-Roma populations over time. For example,
differences in the maternal and paternal genetic profiles could reveal
asymmetries in migration or social practices, such as preferential mate
selection or gender-specific patterns of settlement. Additionally, studies of
the X chromosome—due to its unique mode of inheritance—can further
lluminate sex-biased demographic events and complement uniparental and
autosomal findings. Integrating these studies would enable a clearer
understanding of how Roma groups have evolved genetically, considering
both the direct genetic contributions from the maternal and paternal lineages

and the social dynamics influencing them.
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Supplementary Figure 1 Principal Component Analysis on an Afro-Eurasian
scale.
PCA displaying Principal Components 3 and 4, including all Roma samples and

references analysed in this study.
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Supplementary Figure 2 ADMIXTURE results on the whole dataset.
Results from all ADMIXTURE runs performed on the main dataset, with values of
K ranging from 2 to 10.
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Supplementary Figure 4 f3 outgroup statistical test for admixture.

(a) f3 outgroup test in the form f3(Yoruba, Roma, Reference), incorporating all

reference populations. (b) f3 outgroup test in the form f3(Yoruba, Iberian Roma,

Reference), incorporating all reference populations. (c) £3 outgroup test in the form

f3(Yoruba, Czech Roma, Reference), incorporating all reference populations.
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Supplementary Figure 7 Composition of the fineSSTRUCTURE dendrogram.

(a) Whole-tree: European populations are shown in green, the Iberian Roma branch
in yellow, and the other European Roma branch in blue. (b) Detailed view of the
Europe macro-branch, highlighting the three Roma individuals that cluster outside
the Roma macro-branches. (c) Details of the Roma macro-branches, including the

section containing the three separated Roma individuals.
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Supplementary Figure 8 Composition of the Roma genetic profile based on
NNLS analysis. NINLS results derived from the classification of Roma populations based on

genetic clustering. The analysis grouped all Roma individuals into two distinet clusters.
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Supplementary Figure 9 Results of the NNLS analysis on the subclusters.

(a) NNLS results categorised by genetic cluster, grouped by donor cluster. (b) NNLS

results categorised by genetic cluster, grouped by donor macro-region.
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Supplementary Figure 10 Results of the NNLS analysis on geographical
regions. (a) NNLS results grouped by donor clusters. (b) NNLS results grouped by

donor macro-region.
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Supplementary Figure 11 Linear regression plot and Pearson correlation

coefficients related to the gradient in NNLS ancestry components.
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donor clusters grouped into macro-regions for each Roma individual.
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Supplementary Figure 12 Bootstrap analysis of the fastGLOBETROTTER

estimated dates for recipient genetic clusters. Vertical lines represent the

average admixture time for each cluster, with dates expressed in years (CE).

(a) Bootstrap analysis of Date 1 for the main Roma clusters. (b) Bootstrap analysis

of Date 2 for the main Roma clusters. (c) Bootstrap analysis of Date 1 for

subclusters within the main Roma clusters. (d) Bootstrap analysis of Date 2 for

subclusters within the main Roma clustets.
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Supplementary Figure 13 Migration of the Roma diaspora.

Map illustrating the inferred admixture events identified by MALDER and proposed
migration routes across the Roma diaspora. The starting point is based on historical

estimations.
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f European local ancestry tracts.

istribution o

(a) Distribution of local ancestry tracts across each Roma population. (b)
Distribution of local ancestry tract numbers by length category for each Roma

Supplementary Figure 14 D

population.
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Supplementary Figure 15 Distribution of shared IBD segments within

populations by length category in Roma and non-Roma reference

populations.
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Supplementary Figure 16 Principal Component Analysis on the Iberian

dataset. PCA conducted using the Iberian dataset. We calculated the confidence

intervals at a significance level of 95% for each centroid, representing the average of

each principal component.
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Supplementary Figure 17 ADMIXTURE results on the Iberian dataset.
Results from ADMIXTURE analyses using the Iberian dataset for all performed

runs (K = 2 to K = 10).

223



0.675-

0.650 -

0.625-

CV Average

0.600-

0.575-

0.550 -

Supplementary Figure 18 Plot of cross-validation values for the

ADMIXTURE on the Iberian dataset.
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Supplementary Figure 19 Results of the NNLS analysis on the Iberian

dataset.

(a) NNLS performed by genetic cluster, with results grouped by donor macro-
region. (b) NNLS performed by genetic cluster, with results grouped by donor
cluster.
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Supplementary Figure 20 f4 statistical tests for admixture.

(a) f4 test on the Iberian dataset. (b) 4 test for admixture with North African

populations. (c) f4 test for admixture with Jewish populations.
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Supplementary Figure 21 Heatmap of pairwise shared IBD segments in the

Roma population and reference populations.

The heatmap displays IBD segment sharing between pairs of populations included
in the present study. Reference populations were selected to represent each macro-

region. Data is presented on a logarithmic scale.
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Supplementary Figure 22 Effective population size trend for each Roma
population over the past 50 generations. The vertical lines indicate the dates of
the Roma's arrival in Europe (citca 31 generations ago) and in Spain (circa 25
generations ago), as inferred by fastGLOBETROTTER analysis. The horizontal
lines represent the detected effective population size (Ne) values for each generation,

with shaded areas indicating the confidence intervals for these values.
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Supplementary Figure 23 Cumulative number (NROH) and size (SROH) of

ROH:s by individual for Roma and a limited set of references.
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Supplementary Figure 24 (a-d) Average number of ROHs per individual by

length class in each population of the dataset.
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Supplementary Figure 25 Assortative mating analysis results for each Roma

population. (a) Assortative mating test for the European ancestral component. (b)

Assortative mating test for the South Asian ancestral component.
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Supplementary Figure 26 Results of the NNLS analysis with IBS as the

recipient cluster. (a) NNLS analysis by genetic cluster, with results grouped by

donor cluster. (b) NNLS analysis by genetic cluster, with results grouped by donor

macro-region.
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Supplementary Figure 27 Distribution of the Iberian Roma samples.
Distribution of the Iberian Roma individuals based on their grandparents’

birthplace. The colours represent the macro-regions used for classifying the Iberian

Roma within the Iberian Peninsula.
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Supplementary Notes

Supplementary Note 1 IBD sharing patterns.

The length and number of shared IBD segments between populations
provide insights into the timing of admixture events and help identify trends
in changing levels of endogamy. In this case, the characterization of
between-population shared IBD segments is used as an indicator of
admixture level over time, while the IBD segments shared within the
population are a proxy for the population size and inbreeding level. We
expressed shared IBD segments in three categories of comparison: 1) within-
population, which are the IBD shared between individuals from the same
Roma group; 2) Roma-nonRoma, the IBD shared between Roma and non-
Roma individuals; 3) between-Roma, the IBD shared between individuals of
different Roma groups. The length categories were assigned following an
approximation (Baharian et al. 2016; Harris et al. 2018; Castro e Silva et al.
2022) which can be used to infer when the IBD segments were formed
based on their length:

E (generations ago) = 3/ (21); I = IBD segment length in morgans

Using this approximation we selected four periods: 1) Arrival into Europe
~< 1100 CE (segments of 0-4 cM) (Fraser 1992; Kenrick 2007); 2) out-of-
Balkans and arrival into Iberian peninsula ~ 1100-1570 CE (segments of 4-8
cM) (Fraser 1992; Kenrick 2007); 3) second out-of-Balkans waves ~ 1570—
1800 CE (segments of 8-16 ¢cM) (Achim 2004; Marushiakova and Popov
2010); 4) ending of slavery and contemporary period ~> 1800 (segments
>16 cM) (Achim 2004; Greenberg 2010). Where 4 ¢cM corresponds to circa
940 years ago (37.5 generations ago * 25 years per generation), and 16 cM
corresponds to circa 230 years ago (9.37 generations ago * 25 years per
generation). The average number of IBD segments and the average length of
shared IBD were then calculated for each length category, by dividing these
averages, one at a time, by the product of the sample sizes of the 2

populations being compated, as in Castro e Silva et al. (2022). Two-sided and
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one-sided Wilcoxon tests with Bonferroni correction were then computed to
test for significance in the differences in shared IBD numbers within and

between populations.

Supplementary Note 2 Distribution of European Local Ancestry tracts.
The measurement of LAI tract lengths of European ancestry was performed
on the RFmix output files generated for the ANCESTOR (Zou et al. 2015a,
b) analysis. Measurement was performed using AncestryLength.rb, a script
designed to measure the length of segments in the chromosomes. This
measurement is calculated using the formula:

Ending Position of the switch ending point — Starting Position of the switch starting point
Here, the 'switch' refers to the SNP where the ancestry changes for a given
haplotype. The switch points are identified as the first and last SNP of the
segment within a certain random forest window. Ancestrylength.rb can
iterate through multiple ancestries and individuals. It was run with two
settings: --hap, which omits haplotype information (needed when
considering segments of the two haplotypes as part of the same individual),
and --MB, which converts the tract length to MegaBases. The tracts were
divided in categories following the same criteria used in the IBD test,
assuming that 1 MB = 1 ¢cM. We grouped the segments into six categories,
where the longer segments are divided into three additional categories: 16-32
MB, 32-64 MB, >64 MB, which correspond to time periods going from circa
1800 CE until the last generation. The mean tract length and the number of
tract length by length category were computed for each Roma group. One-
sided Wilcoxon tests with Bonferroni correction were then computed to test

for significance in the differences.

Supplementary Note 3 Genetic variation and geographic distribution.
To assess the relationship between the inferred proportion of each ancestry

component (summary of CHROMOPAINTER copying vectors obtained
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with NNLS) and the geographic distribution (Longitude and Latitude) of
Roma individuals, Pearson's correlation tests were performed. Specifically,
correlation tests were conducted for each ancestry component with longitude
and latitude. The correlation coefficient (r), t-value, p-value, and 95%
confidence intervals were calculated and tabulated for each test. The results
were used to evaluate the strength and direction of the linear associations.
For each individual we used the geographic coordinates of the principal city
within their region. In the case of the “Indeterminate” group, coordinates
were assigned to the geographical centre of the Iberian Peninsula. Last, for
non-Iberian Roma groups we assigned the coordinates of the geogtraphic

centre of their respective countries of origin.

Supplementary Note 4 Local Ancestry Inference.

The local ancestry inference was estimated using the software REMix v2
(Maples et al. 2013) with the -e switch set to perform 5 iterations of the
expectation-maximization optimisation of the model. The analysis was
conducted with two (European and Punjabi) parental populations, analysing
both the Roma and 10 additional European individuals to provide a baseline
of comparison. For the analysis, 58 individuals were used as a reference for
each component. The European component was selected from Spanish
(IBS), Czech, Croatian, Greek, Hungarian, and Romanian populations, while
the Punjabi component came from Punjabi (PJL). To measure the North
African ancestry component in the IBS, an analysis was conducted using two
parental populations (European and North African), including all IBS
individuals and 59 reference individuals for each component. The European
component was represented by Basques from France, French, Central
Europeans (CEU), and Tuscans (TSI), while the North African component

was represented by Moroccans, Libyans, Algerians, and Tunisians.
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Supplementary Tables

a) Composition of the donor clusters.

Cluster Population N Macro-cluster
Greek 18
Balkan Romanian 10
Turkish 1
Croatian 10 SouthEasternEurope
CentralEurope HuCaneaCrE]an %g
Roma Vlax from Hungary 1
BBasqueSFreng:hh 290
Basque asque Spanis
q Frenc‘:ESSouth 172 Iberian
French Central 1
S ‘5' 5' S ‘E' o 2
ardinian ardinian
TUscanian JESL SouthernEurope
NorthWesternEurope English
) P FrenchCentral NorthWesternEurope
Norwedian Norwegian
Armenian
Assyrian
Armenian Greek
Syrian Caucasus
Turkish
Assyrian Assyrian
Georagian Georaian
BedouinA BedouinA
BedouinB BedouinB
| _\ranBian dari zﬁ
. ranian Bandari
Iranian Cochin Jew 2
Turkish 2
Jew Georgian 7
JewsMiddleEast Jew Iranian 9
Jew lraqi 6
Jordanian 1
Lebanese Christian 9 MiddleEast
Lebanese Lebanese Muslim 11
Syrian 2
Turkish 1
BedouinA 2
Jordanian 8
WestAsia Palestinian 3
Syrian 5
Yemeni 3
Palestinian Palestinian 22
Turkish urkis 15
Ashkenazi Jews (Poland) 7
JewsMix Moroccan Jews 6 JewsMix
Sephardic Jews (Turkey) 8
Jew Libyan 9
JewsNorthAfrica Jew Tunisian 7
Tunisian 2
Mozabite Mozabite 21
Algerian 3
WesternMaghreb Moroccan 21 .
Tunisian 14 NorthAfrica
EasternMaghreb lellrtii‘é?gn g
BEedOltJ'mA 188
i ayptian
Egyptian Iranian Bandari g
EthiopianJew Eth\i{()e%aennJiew -1’
Maroccan 7 Subsaharan
Yoruba Yoruba 25
Punijabi1 Eill: gl
Punjabi2
L gl 4 Northindia
Punjabi3 GIH 4
CochinJ Coshin P
ochinJew ochin Jew "
Westernindia GIH 16 Westemnindia
BEB 1
Southindia & 28 Southindia
PJL 2
NorthernPakistan B}{‘ari‘ass?lo %g
Sindhi 18
SouthEastPakistan Bajochl ] Pakistan
PJL 12
WesternPakistan BBar.!aOhClnl ;?
Bangladesh BEB 23 Bangladesh
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b) Composition of the recipient clusters
Cluster

rop
Eastern Iberia
Indeterminate
Northern Iberia
Southern Iberia
Western Iberia
Southern Iberia
Northern Iberia
Indeterminate
Eastern Iberia
Central Iberia
Southern Iberia
IberianRoma Central Iberia
Eastern Iberia
Indeterminate
Central Iberia
Eastern Iberia
Northern Iberia
Central Iberia
Eastern Iberia
Southern Iberia
Western Iberia
Indeterminate
Northern Iberia
Czech Roma
Roma Romungro from Ukraine
Czech Roma
Macedonian Roma
EuropeanRoma Czech Roma
Roma Romungro from Hungary
Roma Romungro from Ukraine
Lithuanian Roma
Roma Vlax from Hungary

IberianRomaSouthEast

IberianRomaCentralWest

BOoraabo b0z

=

IberianRomasSouth

IberianRomaNorthEast

IberianRomaMix

W= Ao W h g aw = -

@

CzechRoma

|

MacedonianRoma

=)

EuropeanRomaMix

N -

Supplementary Table 1. Composition of fineSTRUCTURE genetic clusters

based on the dendrogram.

Cluster Test tvalue p-value Lower 95% Cl Upper 95% CI r
Iberian Longitude -6,572 0,000 -0,599 -0,347 -0,483
SouthEasternEurope Longitude 7,574 0,000 0,409 0,644 0,536
NorthWesternEurope Longitude -1,788 0,076 -0,305 0,016 -0,148
SouthernEurope Longitude -6,809 0,000 -0,610 -0,362 -0,496
Caucasus Longitude 2,765 0,006 0,065 0,376 0,226
NorthAfrica Longitude -7,561 0,000 -0,643 -0,408 -0,536
MiddleEast Longitude 1,161 0,248 -0,068 0,256 0,097
Pakistan Longitude 0,282 0,778 -0,140 0,187 0,024
NorthIndia Longitude 5,815 0,000 0,296 0,562 0,439
Bangladesh Longitude 3,348 0,001 0,112 0,416 0,270
Westernindia Longitude 1,445 0,151 -0,044 0,278 0,120
SouthIndia Longitude 1,875 0,063 -0,008 0,311 0,155
SubSaharan Longitude 1,996 0,048 0,002 0,320 0,165
JewsMix Longitude -3,774 0,000 -0,444 -0,146 -0,302
Iberian Latitude -5,812 0,000 -0,562 -0,296 -0,438
SouthEasternEurope Latitude 6,492 0,000 0,342 0,595 0,478
NorthWesternEurope Latitude -2,071 0,040 -0,326 -0,008 -0,171
SouthernEurope Latitude -6,161 0,000 -0,579 -0,320 -0,459
Caucasus Latitude 0,736 0,463 -0,103 0,223 0,062
NorthAfrica Latitude -6,143 0,000 -0,578 -0,318 -0,458
MiddleEast Latitude 2,940 0,004 0,079 0,388 0,240
Pakistan Latitude 0,516 0,607 -0,121 0,205 0,043
Northindia Latitude 4,780 0,000 0,222 0,505 0,372
Bangladesh Latitude 4,184 0,000 0,177 0,469 0,331
Westernindia Latitude 0,520 0,604 -0,121 0,206 0,044
SouthIndia Latitude 0,849 0,397 -0,094 0,232 0,071
SubSaharan Latitude 2,905 0,004 0,076 0,385 0,237
JewsMix Latitude -3,221 0,002 -0,407 -0,102 -0,261

Supplementary Table 2. Pearson’s correlation tests for the geographic cline

across all donor clusters grouped by macro-regions.
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b) Bootstrap results and dating statistics for all recipient clusters.
jean Date 1-
" Date1- Date1- o 95% .o Mean Date2- Date2- Date2- 95% 95%
Recipient Cluster (D,;e‘:r:) MKW Standard  95% (35%%  Lower QSCAI’(UC'ET' (D,;’e'::) admixture Standard  95%  95%  Lower Upper Cl
e Emor  Lowerci URP" ci(ce) time2(CE) Eror LowerCl UpperCl CI(CE) (CE)
TheranRoma 2526 1369 011 2504 2547 1363 1374 | 516 7871 075 487 546 184 1678
EuropeanRoma 3079 1230 025 3030 3128 1218 1243 | 1006 1749 054 899 1112 1722 1775
CzechRoma 35,90 1103 0,56 34,78 37,01 1075 1131 10,54 1736 0,70 9,16 11,93 1702 1771
MacedonianRoma 29,25 1269 0,22 28,80 29,69 1258 1280 NA NA NA NA NA NA NA
EuropeanRomaMix 30,79 1230 0,51 29,79 31,79 1205 1255 9,94 1751 0,58 8,80 11,09 1723 1780
IberianRomaMix 27,96 1301 0,28 27,40 28,51 1287 1315 4,60 1885 0,18 4,24 4,95 1876 1894
IberianRomaNorthEast 2527 1368 0,56 24,16 26,37 1341 1396 7,39 1815 0,51 6,39 8,40 1790 1840
lberianRomaSouth 2545 1364 023 2499 2590 1352 1375 | 439 1890 022 395 482 1879 1901
IberianRomaSouthEast 28,29 1293 0,39 27,51 29,07 1273 1312 3,56 1911 0,21 3,14 3,97 1901 1921
lberianRomaCentralWest 24,97 1376 020 2441 2554 1362 1390 | 7.26 1818 046 634 818 179 1841

Supplementary Table 3. Dating estimates results.

Mea Mean oo, . Woan — Tean

Target Reference A RoforoncoB  Pvaluo  Zscore  admixture o) admixture S5% couer G 95% Uppor C1 aomixtte aamitate
lime (GA) time (CE) (CE) (CE)
IberianRoma Punjabi1 Iranian 0,00 13,93 36,49 2,62 1088 959 1216 1022 1153
IberianRoma Punjabi1 Lebanese 0,00 11,31 33,09 293 1173 1029 1316 1100 1246
IberianRoma Punjabi1 Turkish 0,00 12,48 32,24 2,58 1194 1068 1320 1130 1259
IberianRoma Punjabi1 Jordanian 0,00 13,28 32,30 243 1193 1073 1312 1132 1253
IberianRoma Punjabi1 Georgian 0,00 11,59 36,20 3,12 1095 942 1248 1017 1173
IberianRoma Punjabi1 Armenian 0,00 16,15 34,09 21 1148 1044 1251 1095 1201
IberianRoma Punjabi1 Balkan 0,00 13,00 28,81 2,22 1280 M7 1389 1224 1335
IberianRoma Punjabi1 CentralEurope 0,00 13,65 27,66 2,03 1309 1209 1408 1258 1359
IberianRoma Punjabi1 Basque 0,00 13,91 2523 1,81 1369 1281 1458 1324 1415
IberianRoma Punjabi1 IBS 0,00 14,83 26,41 1,78 1340 1253 1427 1295 1384
EuropeanRoma Punjabi1 Iranian 0,00 12,85 40,70 3,17 983 827 1138 903 1062
EuropeanRoma Punjabi1 Lebanese 0,00 11,50 39,91 347 1002 832 1172 916 1089
EuropeanRoma Punjabi1 Turkish 0,00 13,02 37,79 290 1055 913 1197 983 1128
EuropeanRoma Punjabi1 Jordanian 0,00 10,69 39,73 3,72 1007 824 1189 914 1100
EuropeanRoma Punjabi1 Georgian 0,00 10,79 44,84 4,16 879 675 1083 775 983
EuropeanRoma Punjabi1 Armenian 0,00 12,91 38,58 299 1036 889 1182 961 1110
EuropeanRoma Punjabi1 Balkan 0,00 16,03 35,67 2,18 1108 1001 1215 1054 1163
EuropeanRoma Punjabi1 CentralEurope 0,00 15,80 34,63 2,19 1134 1027 1242 1080 1189

Supplementary Table 4. Results of statistically significant MALDER tests.
Cases of detected admixture dates that were statistically significant (p-value<0.01), z-
scores for each test and the average admixture time expressed in generations ago

(GA) with relative Standard Error and time in C.E.
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a) Average segment length across all categories.

P-value (Alpha
0.05)

Pairs

Iberian Roma and Czech Roma
Iberian Roma and Macedonian Roma
Iberian Roma and Lithuanian Roma
Iberian Roma and Romungro Hungary 0,908

Iberian Roma and Romungro Ukraine 0,000
Iberian Roma and Vlax Hungary 0,016

P-value (Alpha

Category Pair 0.05
0-4 Iberian Roma and Czech Roma m
0-4 Iberian Roma and Macedonian Roma 0.113
0-4 Iberian Roma and Lithuanian Roma 0.593
0-4 Iberian Roma and Romunaro Hunqary
0-4 Iberian Roma and Romunaro Ukraine
0-4 Iberian Roma and Vlax Hunagarv
4-8 Iberian Roma and Czech Roma
4-8 Iberian Roma and Macedonian Roma U,UZ0
4-8 Iberian Roma and Lithuanian Roma 0.761
4-8 Iberian Roma and Romunaro Hunaary &Sﬁ&
4-8 Iberian Roma and Romunaro Ukraine
4-8 Iberian Roma and Vlax Hunagarv 0.273
8-16 Iberian Roma and Czech Roma
8-16 Iberian Roma and Macedonian Roma U,Uz |
8-16 Iberian Roma and Lithuanian Roma 0.085
8-16 Iberian Roma and Romunaro Hungary 0.776
8-16 Iberian Roma and Romunaro Ukraine 0.168
8-16 Iberian Roma and Vlax Hungary 0.862
16-32 Iberian Roma and Czech Roma 0.240
16-32 Iberian Roma and Macedonian Roma 0.731
16-32 Iberian Roma and Lithuanian Roma 0.596
16-32 Iberian Roma and Romunaro Hunagary 0.893
16-32 Iberian Roma and Romunaro Ukraine 0.428
16-32 Iberian Roma and Vlax Hunaarv 0.825
32-64 Iberian Roma and Czech Roma
32-64 Iberian Roma and Macedonian Roma VUl |
32-64 Iberian Roma and Lithuanian Roma 0.949
32-64 Iberian Roma and Romunaro Hunaarv %
32-64 Iberian Roma and Romunaro Ukraine
32-64 Iberian Roma and Vlax Hunaarv 0.165
> 64 Iberian Roma and Czech Roma Uy
> 64 Iberian Roma and Macedonian Roma U,Us0
> 64 Iberian Roma and Lithuanian Roma 0.185
> 64 Iberian Roma and Romunaro Hunaarv g!géz
> 64 Iberian Roma and Romunaro Ukraine
> 64 Iberian Roma and Vlax Hunaarv 0.099
0-4 Lithuanian Roma and Czech Roma 0.311
0-4 Lithuanian Roma and Macedonian Roma 0.668
0-4 ithuanian Roma and Iberian Roma 0.593
0-4 L|thuan|an Roma and Romunaro Hunaarv 0.674
0-4 ithuanian Roma and Romunaro Ukraine 0.105
0-4 Lithuanian Roma and Vlax Hunaarv 0.389
4-8 Lithuanian Roma and Czech Roma
4-8 Lithuanian Roma and Macedonian Roma 0.157
4-8 ithuanian Roma and Iberian Roma 0.761
4-8 L|thuan|an Roma and Romunaro Hunaarv %
4-8 ithuanian Roma and Romunaro Ukraine
4-8 Lithuanian Roma and Vlax Hunaarvy 0.463
8-16 Lithuanian Roma and Czech Roma 0.068
8-16 Lithuanian Roma and Macedonian Roma 0.537
8-16 Lithuanian Roma and Iberian Roma 0.085
8-16 Lithuanian Roma and Romunaro Hunaarv 0.248
8-16 ithuanian Roma and Romunaro Ukraine 1.000
8-16 Lithuanian Roma and Vlax Hunaarvy 0.340
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Supplementary Table 5. Two-sided Wilcoxon rank sum test with continuity

correction for European LAI tracts.
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A) One-sided test with the alternative hypothesis of less.

Pair 1

Pair 2

IBD Length Category

IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma

CzechRoma_CzechRoma
LithuanianRoma_LithuanianRoma
MacedonianRoma_MacedonianRoma
RomaRomungroHungary_RomaRomungroHungary
RomaRomungroUkraine_RomaRomungroUkraine
RomaVlaxHungary_RomaVlaxHungary
CzechRoma_CzechRoma
LithuanianRoma_LithuanianRoma
MacedonianRoma_MacedonianRoma
RomaRomungroHungary_RomaRomungroHungary
RomaRomungroUkraine_RomaRomungroUkraine
RomaVlaxHungary_RomaVlaxHungary
CzechRoma_CzechRoma
LithuanianRoma_LithuanianRoma
MacedonianRoma_MacedonianRoma
RomaRomungroHungary_RomaRomungroHungary
RomaRomungroUkraine_RomaRomungroUkraine
RomaVlaxHungary_RomaVlaxHungary
CzechRoma_CzechRoma
LithuanianRoma_LithuanianRoma
MacedonianRoma_MacedonianRoma
RomaRomungroHungary_RomaRomungroHungary
RomaRomungroUkraine_RomaRomungroUkraine
RomaVlaxHungary_RomaVlaxHungary

b) One-sided test with the alternative hypothesis of greater.

Pair 1

IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma
IberianRoma_lberianRoma

Pair 2

CzechRoma_CzechRoma
LithuanianRoma_LithuanianRoma
MacedonianRoma_MacedonianRoma
RomaRomungroHungary_RomaRomungroHungary
RomaRomungroUkraine_RomaRomungroUkraine
RomaVlaxHungary_RomaVlaxHungary
CzechRoma_CzechRoma
LithuanianRoma_LithuanianRoma
MacedonianRoma_MacedonianRoma
RomaRomungroHungary_RomaRomungroHungary
RomaRomungroUkraine_RomaRomungroUkraine
RomaVlaxHungary_RomaVlaxHungary
CzechRoma_CzechRoma
LithuanianRoma_LithuanianRoma
MacedonianRoma_MacedonianRoma
RomaRomungroHungary_RomaRomungroHungary
RomaRomungroUkraine_RomaRomungroUkraine
RomaVlaxHungary_RomaVlaxHungary
CzechRoma_CzechRoma
LithuanianRoma_LithuanianRoma
MacedonianRoma_MacedonianRoma
RomaRomungroHungary_RomaRomungroHungary
RomaRomungroUkraine_RomaRomungroUkraine
RomaVlaxHungary_RomaVlaxHungary

2-4
2-4
2-4
2-4
2-4
2-4
4-8
4-8
4-8
4-8
4-8
4-8

8-16

8-16

8-16

8-16

8-16

8-16
>16
>16
>16
>16
>16
>16

IBD Length Category

2-4
2-4
2-4
2-4
2-4
2-4
4-8
4-8
4-8
4-8
4-8
4-8
8-16
8-16
8-16
8-16
8-16
8-16
>16
>16
>16
>16
>16
>16

P-value (Alpha
0.05

P-value (Alpha
0.05)

1,000
1,000
0,999
0,293
0,986
0,998
1,000
1,000
0,975
0,357
0,998
0,803
1,000
1,000

0,000

0,309
0,910
0,677
1,000
1,000
0,097
0,719
0,999
0,728

Supplementary Table 6. Wilcoxon rank sum test with continuity correction for

the number of shared IBD segments by length category.
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IBD Length ~ Average IBD  Average IBD Cumulative IBD Cumulative IBD
POP1 POP2 Catego?y Leng_g_lh Nurrg|ber Length Number Category

CzechRoma CzechRoma 2-4 47,48 13,74 9971 2885 Within-population
CzechRoma CzechRoma 4-8 107,82 19,74 22641 4146 Within-population
CzechRoma CzechRoma 8-16 54,76 5,33 10460 1018 Within-population
CzechRoma CzechRoma >16 51,69 2,33 3463 156 Within-population
IberianRoma IberianRoma 2-4 30,49 8,82 131436 38041 Within-population
IberianRoma IberianRoma 4-8 68,62 12,65 294169 54235 Within-population
IberianRoma IberianRoma 8-16 35,85 345 138577 13346 Within-population
IberianRoma IberianRoma >16 33,88 1,59 35097 1644 Within-population
LithuanianRoma LithuanianRoma 2-4 45,53 13,30 455 133 Within-population
LithuanianRoma LithuanianRoma 4-8 122,96 22,20 1230 222 Within-population
LithuanianRoma LithuanianRoma 8-16 125,95 11,40 1260 114 Within-population
LithuanianRoma LithuanianRoma >16 220,46 9,14 1543 64 Within-population
MacedonianRoma MacedonianRoma 2-4 38,01 11,02 1710 496 Within-population
MacedonianRoma MacedonianRoma 4-8 73,89 14,00 3325 630 Within-population
MacedonianRoma MacedonianRoma 8-16 20,78 2,08 790 79 Within-population
MacedonianRoma MacedonianRoma >16 18,92 1,00 95 5 Within-population
RomaRomungroHungary RomaRomungroHungary 2-4 27,64 8,10 276 81 Within-population
RomaRomungroHungary RomaRomungroHungary 4-8 63,98 11,90 640 119 Within-population
RomaRomungroHungary RomaRomungroHungary 8-16 38,11 3,67 343 33 Within-population
RomaRomungroHungary RomaRomungroHungary >16 58,98 2,67 177 8 Within-population
RomaRomungroUkraine Jkraine 24 45,21 13,17 2711 79 Within-population
RomaRomungroUkraine RomaRomungroUkraine 4-8 112,56 20,00 675 120 Within-population
RomaRomungroUkraine RomaRomungroUkraine 8-16 121,45 1,17 729 67 Within-population
RomaRomungroUkraine groUkraine >16 23741 9,25 950 37 Within-population
RomaVlaxHungary RomaVlaxHungary 24 48,24 13,83 289 83 Within-population
RomaVlaxHungary RomaViaxHungary 4-8 72,71 14,00 436 84 Within-population
RomaVlaxHungary RomaVlaxHungary 8-16 33,45 3,40 167 17 Within-population
RomaVlaxHungary RomaVlaxHungary >16 35,97 1,50 72 3 Within-population
CzechRoma Croatian 2-4 3,40 1,00 58 17 Roma-nonRoma
CzechRoma Croatian 4-8 4,99 1,08 30 7 Roma-nonRoma
CzechRoma Croatian 8-16 8,09 1,00 4 1 Roma-nonRoma
CzechRoma Czech 2-4 3,61 1,09 190 57 Roma-nonRoma
CzechRoma Czech 4-8 4,96 1,00 50 10 Roma-nonRoma
CzechRoma Czech 8-16 10,48 1,00 10 1 Roma-nonRoma
CzechRoma Greek 2-4 3,98 1,17 197 58 Roma-nonRoma
CzechRoma Greek 4-8 6,52 1,22 163 31 Roma-nonRoma
CzechRoma Greek 8-16 10,82 1,00 49 5 Roma-nonRoma
CzechRoma Hungarian 2-4 3,70 1,10 148 44 Roma-nonRoma
CzechRoma Hungarian 4-8 521 1,06 44 9 Roma-nonRoma
CzechRoma 1BS 2-4 3,86 1,16 461 139 Roma-nonRoma
CzechRoma 1BS 4-8 6,86 1,33 230 45 Roma-nonRoma
CzechRoma 1BS 8-16 11,22 1,13 45 5 Roma-nonRoma
CzechRoma Romanian 2-4 3,62 1,05 69 20 Roma-nonRoma
CzechRoma Romanian 4-8 5,42 1,09 30 6 Roma-nonRoma
IberianRoma Croatian 24 3,68 1,06 173 50 Roma-nonRoma
IberianRoma Croatian 4-8 4,98 1,00 140 28 Roma-nonRoma
IberianRoma Czech 2-4 3,53 1,07 664 202 Roma-nonRoma
IberianRoma Czech 4-8 5,06 1,01 169 34 Roma-nonRoma
IberianRoma Czech 8-16 11,52 1,00 12 1 Roma-nonRoma
IberianRoma Greek 2-4 3,77 1,12 725 217 Roma-nonRoma
IberianRoma Greek 4-8 6,26 1,19 701 134 Roma-nonRoma
IberianRoma Greek 8-16 9,54 1,00 124 13 Roma-nonRoma
IberianRoma Hungarian 2-4 3,59 1,08 611 183 Roma-nonRoma
IberianRoma Hungarian 4-8 521 1,05 208 42 Roma-nonRoma
IberianRoma 1BS 24 3,90 1,16 3287 980 Roma-nonRoma
IberianRoma 1BS 4-8 7,20 1,36 1907 360 Roma-nonRoma
IberianRoma IBS 8-16 13,31 1,29 346 34 Roma-nonRoma
IberianRoma IBS >16 25,03 1,00 50 2 Roma-nonRoma
IberianRoma Romanian 24 3,64 1,08 269 80 Roma-nonRoma
IberianRoma Romanian 4-8 5,04 1,03 101 21 Roma-nonRoma
LithuanianRoma Croatian 2-4 324 1,00 15 5 Roma-nonRoma
LithuanianRoma Croatian 4-8 5,60 1,00 1 2 Roma-nonRoma
LithuanianRoma Czech 24 3,58 1,10 36 " Roma-nonRoma
LithuanianRoma Czech 4-8 4,91 1,00 25 5 Roma-nonRoma
LithuanianRoma Greek 2-4 4,06 1,21 49 15 Roma-nonRoma
LithuanianRoma Greek 4-8 579 1,09 67 13 Roma-nonRoma
LithuanianRoma Greek 8-16 11,01 1,00 6 1 Roma-nonRoma
LithuanianRoma Hungarian 2-4 3,33 1,00 30 9 Roma-nonRoma
LithuanianRoma Hungarian 4-8 524 1,00 13 3 Roma-nonRoma
LithuanianRoma 1BS 24 3,98 1,20 137 42 Roma-nonRoma
LithuanianRoma 1BS 4-8 7,52 1,46 105 21 Roma-nonRoma
LithuanianRoma 1BS 8-16 9,36 1,00 5 1 Roma-nonRoma
LithuanianRoma Romanian 2-4 3,73 1,11 17 5 Roma-nonRoma
LithuanianRoma Romanian 4-8 4,82 1,00 5 1 Roma-nonRoma
MacedonianRoma Croatian 2-4 3,30 1,00 17 5 Roma-nonRoma
MacedonianRoma Croatian 4-8 4,88 1,00 15 3 Roma-nonRoma
MacedonianRoma Croatian 8-16 8,09 1,00 4 1 Roma-nonRoma
MacedonianRoma Czech 2-4 3,47 1,07 75 23 Roma-nonRoma
MacedonianRoma Czech 4-8 5,52 1,00 39 7 Roma-nonRoma
MacedonianRoma Greek 24 3,61 1,10 920 28 Roma-nonRoma
MacedonianRoma Greek 4-8 7,15 134 114 22 Roma-nonRoma
MacedonianRoma Greek 8-16 10,01 1,00 30 3 Roma-nonRoma
MacedonianRoma Greek >16 18,23 1,00 9 1 Roma-nonRoma
MacedonianRoma Hungarian 2-4 3,35 1,00 65 20 Roma-nonRoma
MacedonianRoma Hungarian 4-8 5,06 1,00 23 5 Roma-nonRoma
MacedonianRoma 1BS 2-4 3,79 1,15 190 58 Roma-nonRoma
MacedonianRoma 1BS 4-8 8,34 1,65 96 19 Roma-nonRoma
MacedonianRoma 1BS 8-16 13,31 133 20 2 Roma-nonRoma
MacedonianRoma Romanian 2-4 3,48 1,00 31 9 Roma-nonRoma
MacedonianRoma Romanian 4-8 5,26 1,00 29 6 Roma-nonRoma
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Supplementary Table 7. Distribution of shared IBD segments by category
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Source of Variation

Percentage of variation

Between individuals 1,07
a) Iberian Roma Within individuals 98,93
Genetic differentiation (®PT): 0.0001*
Between individuals 0,08 |

b) IBS Within individuals 99,92 |
Genetic differentiation (®PT): 0.0021*
Between individuals 2,79 |
c) Roma-IBS Within individuals 97,21 |
Genetic differentiation (®PT): 0.0001*
Between regions 0,55
N Between ind. within reg. 1,47
d) tberian Roma Within individuals 97,98
Genetic differentiation (PPT): 0.0001*
Between regions 0,04
Between ind. within reg. 0,38
e) IBS Within individuals 99,58
Genetic differentiation (®PT): 0.0019*
Between populations 1,43
. Between ind. within pop. 1,24
f) Roma-IBS Within individuals 97,33

Genetic differentiation (PPT): 0.0001*

Supplementary Table 8. AMOVA analysis of the Iberian dataset. Six

hypotheses were tested across the Iberian peninsula: a) genetic differentiation among

Iberian Roma individuals, b) genetic differentiation among IBS individuals, c) genetic

differentiation between Roma and IBS individuals, d) genetic differentiation among

Roma individuals grouped by region, e) genetic differentiation among IBS

individuals grouped by region, and f) genetic differentiation between Roma and IBS

populations.
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Supplementary Table 9. Heatmap showing the average pairwise IBD sharing
length between populations in the dataset, with lengths expressed in

centimorgans (cM).
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Supplementary Table 10. Heatmap showing the average pairwise number of

IBD segments shared between populations in the dataset.
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Population Generation Ne Cl 95 % (Lower) CI 95% (Higher)

Roma Central Iberia 14 805 579 1030
Roma Eastern Iberia 13 557 463 655
Roma Northern Iberia 8 266 200 375
Roma Southern Iberia 14 671 564 759
Roma Western Iberia 9 132 113 220
Iberian Roma Indeterminate 15 535 386 746
Macedonian Roma 24 738 469 1060
Lithuanian Roma 7 126 101 199
Czech Roma 16 460 403 532
Romungro Hungary 9 744 431 1280
Romungro Ukraine 1 82,3 48,9 160
Roma Vlax Hungary 29 765 498 2630
Czech 15-16 2420 2200 2680

IBS 50 106000 79400 139000

PJL 31 17700 14900 20500

Supplementary Table 11. Lowest Ne value for each Roma population and

three reference populations.

252



- AvgROH  Avg ROH " AVgROH  Avg ROH length
Population Category number length (MB) Population Category number (MB)
Algerian O-T 715 479 Jewlranian 10,6 56
Algerian 1-2.5 12,0 16,1 Jewlranian 294 42,2
Algerian 255 6,5 229 Jewlranian 83 297
Algerian >5 7.0 55,1 Jewlranian 55 418
Armenian 0-1 974 65,9 JewLibyan 102,1 69,5
Armenian 1-2.5 15,0 18,8 JewLibyan 233 328
Armenian 255 23 78 JewLibyan 53 17,8
Armenian >5 17 9,9 JewLibyan 52 422
Assyrian 0-1 1025 69,7 JewMoroccan 106,3 722
Assyrian 125 18,7 24,9 JewMoroccan 172 23,0
Assyrian 255 37 13,0 JewMoroccan 1,6 56
Assyrian >5 2,0 16,8 JewMoroccan 0 7,6
BEB 0-1 96,9 654 JewTunisian 100,7 68,9
BEB 1-2.5 113 14,1 JewTunisian 294 42,5
BEB 255 3,5 12,7 JewTunisian 16,0 574
BEB >5 3.4 26,9 JewTunisian 14,3 1249
Balochi 0-1 98,9 67,3 JewYemenite 1105 75,1
Balochi 125 338 50,7 JewYemenite 27,1 377
Balochi 255 15,9 573 JewYemenite 45 14,6
Balochi >5 9,7 76,7 JewYemenite 5.2 36,3
BasqueFrench 0-1 127,3 86,5 Jewiraqi 99,7 66,9
BasqueFrench 1-2.5 264 36,0 Jewiraqi 205 289
BasqueFrench 255 2,2 7,0 Jewiraqi 4.7 16,6
BasqueFrench >5 1.3 10,9 Jewiraqi 26 16,7
BasqueSpanish 0-1 141,0 96,1 Jordanian 86,3 58,7
BasqueSpanish 1-2.5 271 375 Jordanian 229 313
BasqueSpanish 255 33 10,3 Jordanian 11,3 408
BasqueSpanish >5 17 104 Jordanian 9.4 747
BedouinA 0-1 90,1 61,1 Kalash 1153 795
BedouinA 125 223 32,2 Kalash 422 62,8
BedouinA 2.5-5 93 33,5 Kalash 13 38,0
BedouinA >5 7.9 63,1 Kalash 29 217
BedouinB 0-1 116,0 794 LebaneseChristian 100,8 68,0
BedouinB 1-2.5 40,5 59,5 LebaneseChristian 12,7 15,7
BedouinB 255 10,9 37,9 LebaneseChristian 2,0 6,1
BedouinB >5 59 474 LebaneseChristian 1,0 55
Brahui 0-1 1014 69,2 LebaneseMuslim 88,9 60,0
Brahui 125 237 335 LebaneseMuslim 17,0 235
Brahui 255 6,8 24,0 LebaneseMuslim 8.2 28,8
Brahui >5 6.8 50,9 LebaneseMuslim 44 33,0
Burusho 0-1 95,5 64,4 Libyan 778 53,7
Burusho 1-2.5 141 19,1 Libyan 184 24,7
Burusho 255 35 12,1 Libyan 4.6 16,0
Burusho >5 1,9 15,3 Libyan 4,0 282
CEU 0-1 120,4 814 LithuanianRoma 104,4 726
CEU 1-2.5 16,6 21,2 LithuanianRoma 40,8 59,6
CEU 255 13 37 LithuanianRoma 9.6 339
CEU >5 10 86 LithuanianRoma 6,3 44,2
Croatian 0-1 11,8 75.2 MacedonianRoma 99,0 674
Croatian 125 15,8 20,6 MacedonianRoma 288 413
Croatian 2.5-5 33 15 MacedonianRoma 53 17,1
Croatian >5 13 7.9 MacedonianRoma 15 9.9
Czech 0-1 120,3 814 Moroccan 756 50,6
Czech 1-2.5 16,9 21,0 Moroccan 16,0 218
Czech 255 2,0 58 Moroccan 52 18,4
Czech >5 1,5 9,8 Moroccan 3.8 297
CzechRoma 0-1 105,5 723 Mozabite 87,3 59,6
CzechRoma 125 36,0 533 Mozabite 23,1 335
CzechRoma 255 118 414 Mozabite 54 18,0
CzechRoma >5 6,1 46,4 Mozabite 17 1.1
Egyptian 0-1 794 53,2 Norwegian 1145 775
Egyptian 125 102 12,8 Norwegian 19,2 25,0
Egyptian 255 24 83 Norwegian 17 63
Egyptian 55 15 9.2 Norwegian 1,0 98
English 0-1 1254 85,2 94,5 63,9
English 1-2.5 17,8 222 PJL 19,9 277
Engli 255 1.0 2,9 PJL 6.6 229
FrenchCentral 0-1 17,5 79,0 6,7 53,1
FrenchCentral 12,5 16,1 202 Palestinian 942 637
FrenchCentral 255 22 7.8 Palestinian 16,5 22,6
FrenchCentral >5 3,0 29,7 Palestinian 6.8 245
FrenchSouth 0-1 1247 84,7 Palestinian 54 414
FrenchSouth 1-2.5 243 324 RomaVlaxHungary 102,4 69,2
FrenchSouth 255 2,6 9,2 RomaVlaxHungary 30,2 436
FrenchSouth >5 15 18,1 RomaVlaxHungary 7.8 264
0-1 104,0 703 RomaVlaxHungary 28 249
GIH 12,5 19,7 26,1 Romanian 1103 745
GIH 255 25 78 Romanian 19,0 252
GIH >5 14 103 Romanian 30 1,1
Georgian 0-1 14,3 776 Romanian 2,0 14,2
Georgian 1-25 18,4 229 RomungroHungary 103,6 69,6
Georgian 255 10 39 RomungroHungary 26,4 36,8
Georgian 55 10 8.0 RomungroHungary 4,0 137
Greek 0-1 11,7 75,7 RomungroHungary 2,0 14,9
Greek 1-2.5 14,8 18,7 RomungroUkraine 104,5 72,1
Greek 255 3,0 10,2 RomungroUkraine 35,0 51,1
Greek >5 1.3 12,0 RomungroUkraine 9.8 336
Hungarian 0-1 1190 803 RomungroUkraine 50 367
Hungarian 12,5 14,9 18,5 STU 100,1 67,6
Hungarian 255 14 43 STU 21,0 303
Hungarian >5 1,0 8,7 STU 8,0 28,4
0-1 115,8 78,0 STU 3,9 278
1BS 1-2.5 17,9 227 Sardinian 129,2 88,0
1BS 255 2,4 8,3 Sardinian 245 321
1BS >5 2,0 13,9 Sardinian 35 12,2
ITU 0-1 103,1 69,5 Sardinian 8 12,5
ITU 1-2.5 16,4 224 SephardiJewTurkey 1014 68,0
ITu 255 6,0 206 SephardiJewTurkey 14,3 17,7
>5 15,7 1373 SephardiJewTurkey 32 10,8
IberianRoma 0-1 98,9 675 SephardiJewTurkey 4,0 34,6
IberianRoma 125 276 39,6 Sindhi 97,4 657
IberianRoma 255 10,1 354 Sindhi 228 328
IberianRoma >5 55 423 Sindhi 10,2 36,0
Iranian 0-1 95,5 64,4 Sindhi 8,0 64,0
Iranian 1-2.5 14,5 19,3 Syrian 87,1 59,4
Iranian 255 45 16,1 Syrian 25,0 36,5
Iranian >5 4,0 30,7 Syrian 16,7 613
IranianBandari 0-1 90,1 615 Syrian 9,0 747
IranianBandari 125 158 217 TSI 1103 747
IranianBandari 255 54 185 TSI 15,2 19,0
IranianBandari >5 3.2 24,6 TSI 11 33
JewAshkenazi 0-1 104,3 708 TSI 18 15,0
JewAshkenazi 1-2.5 17,9 243 Tunisian 782 534
JewAshkenazi 255 13 39 Tunisian 206 293
JewAshkenazi >5 1,0 7.4 Tunisian 94 324
JewCochin 0-1 87,8 59,6 Tunisian 79 68,3
JewCochin 1-2.5 17,8 25,1 Turkish 103,2 69,5
JewCochin 255 10,0 354 Turkish 17,0 228
JewCochin >5 2,7 17,0 Turkish 6,5 23,0
JewEthiopian 0-1 496 337 Turkish 6,5 50,3
JewEthiopian 125 119 156 Yemeni 777 53,4
JewEthiopian 2.5-5 1,0 37 ‘Yemeni 133 18,9
JewEthiopian >5 1,0 55 ‘Yemeni 6,0 213
JewGeorgian 0-1 111,9 756 ‘Yemeni 7,0 50,2
JewGeorgian 1-2.5 240 342 Yoruba 42,0 286
Iiimnrminn L - e Variha by 2
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Supplementary Table 12. General ROH statistics.

Europe N Source North Africa N Source Widdls-East Source
Ashkenazi Jews 7 Lazaridis et al. 2014 Algerian 4 Patterson et al. (2012) Bedouin A 2! Lazaridis et al. 2014
Geniral European from Utah (CEU) % Auton et al. 2015 Egyptian 18 Bedouin B 7 Lazaridis ot al. 2014
Croafian 0 Tazaridis et al. 2014 Libyan 5 Trarian 2 Lazaridis et al. 2014
Czech % Newly Genotyped Tibyan Jows 9 Lazaridss et al. 2014 Tranian Bandart Lazaridss et al. 2014
English 10 Lazaridis et al. 2014 Moroccan 25 |Lezarnds elal 2014 Lucas- Iranian Jews 9 Lazaridis et al. 2014
Basque from France E Lazaridis ot al. 2014 | Moroccan Jows 5 Lazardis et al. 2014 Traqi Jews 5 Cazarids of al. 2014
Basque from Spain 9 Lazaridis et al. 2014 Mozabite 21 Patterson et al. (2012) Jordanian 9 Lazaridis et al. 2014
French Central 25 Lazaridis et al. 2014 Tunisian 25 |Lezandselal 2014 bucas | Lenanese Christians 9 Lazaridis et al. 2014
French South 7 Lazaridis et al Tunisian Jews 7 Lazaridis et al. 2014 Lebanese Muslims 1 Lazaridis et al
Greek 20 azaridis et al. Palesfinian 25| Lazarids otal
Hungarian 20 azaridis otal. i 8 azaridis otal.
Spanish 107 azaridis otal. 25 | Lazaridisetal.
Norwegian 1 Lazaridis etal. Turkish Sephardi Jews B Lazaridis et al
Roma Central Iberia 19 o et 2o Yemenite 6 Lazaridis et al. 2014
Roma Eastern Iberia 21 B Yemenite Jews 8 Lazaridis et al. 2014
Roma Westorn Tooria 5 [Fontetal 2019Fontetal
Roma Northern Iberia 9 Font et al. zzgg'BFonl etal.
Font et al. 2019
Roma Southern Iberia 29 o et 2o
Font ot al. 2019
Roma Indeterminate 12 o e 20
Czech Roma T lewly Genotyped
Roma anco ot al. 2020
Lithuanian Roma ianco et al. 2020
Roma Viax Hungary ianco et a. 2020
Roma Romungro Hungary ianco et a. 2020
Roma Romungro Ukraine ianco ot a. 2020
Romanian Tazaridss et al. 2014
Sardinian Lazaridis et al. 2014
Tuscanian (TSI) Auton et al. 2015
South Source Africa N Source Caucasus ource
Balochi Tazaridss et al Ethiopian Jows 7 Tazaridss et al. 2014 Amenian 0| Lazaridis et al. 2074
Bengall from Bangladesh (BEB) ‘Auton et al. 2 Yoruba (YRE) 25 Auton et al. 2015 Assyrian | Lazaridss otal. 2014
Brahui Lazaridis et al. 2014 Georgian 0| Lazaridis etal. 2014
Burusho Lazaridis et al. 2014 Georgian Jews 7 Lazaridis et al. 2014
Cochin Jows Lazaridis et al. 2014
Gujarai Indians from Housion (GIF) Auton et a. 2
Indian Telugu from UK (ITU) ‘Auton et al. 2
Kalash Tazaridis et al. 2014
Punjabi from Lahore (PJL) Auton et a. 2
Sindhi Lazaridis et al. 2014
Sri Lankan Telugu from UK (STU) Auton et al. 2015

Supplementary Table 13. Sample size of the dataset populations after quality

control.
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Supplementary Table 14. Two-way local ancestry inference with IBS

designated as the target population.
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diversity and regional substructure in the Spanish
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Supplementary Figures

RomaCentralSpain
RomakEasternSpain
RomaNorthernSpain
RomaSouthernSpain
RomaWesternSpain

*¥+o> @

Figure S1. Geographic distribution of Spanish Roma individuals

throughout Spain. Map created in QGIS software.

Panmictic East-to-west Divergence

A
B
C
D
Divergence with ongoing Divergence with ongoing
E-to-W migration E-to-W and W-to-E migration

Figure S2. Five migration model routes used to investigate the

movements of Roma populations.
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Population

[ Spanish Roma
[ Non-Roma

Figure S3. Median-joining network of Y-STR haplotypes showing the
distribution of predicted H haplogroups across Spanish Roma and all
reference populations. The network includes a random sample of up to 20

individuals per non-Roma groups.
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Figure S4. Median-joining network of Y-STR haplotypes showing the

distribution of predicted H haplogroups across Roma groups.
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Figure S5. Median-joining network of Y-STR haplotypes showing the

distribution of predicted J2alb haplogroups across all populations.

Population

[ Spanish Roma
9 [J Non-Roma

Figure S6. Median-joining network of Y-STR haplotypes illustrating the
distribution of predicted R1b haplogroups across Spanish Roma and all
reference populations. The network includes a random sample of up to 20

individuals per non-Roma groups.
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[J Non-Roma

Figure S7. Median-joining network of Y-STR haplotypes illustrating the

distribution of predicted I2a(x) haplogroups across Spanish Roma and

all reference populations. The network includes a random sample of up to 20

individuals per non-Roma groups.
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Figure S8. Time to the most recent common ancestor ('MRCA) estimates for

the four major haplogroups, calculated using the rho statistics method and

evaluated at three hierarchical levels.
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Figure S9. The most dominant migration routes of Roma individuals from
the six different regions of the Iberian Peninsula. Map created in QGIS

software.

V24

%D Spanish Roma
[ Slovakian Roma
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Figure S$10. The most dominant migration routes between Roma populations
in the Iberian Peninsula, Slovakia, Romania, and Greece. Map created in QGIS

software.
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Availability
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Supplementary Table S1: Collection of populations used in this project, with

sources and availability of predicted haplogroup information.
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Supplementary Table S3: Predicted

genotyped Spanish Roma individuals.

Bosni Bosni Bulgar Bulgar
an ian a

Greek Greek
Roma Roma oot

a
Haplogroup. - Roma Roma Roma Roma Rv
N (R (N (%)

E 109 2 95 6

G 109 1 04 o0

H 72 655 106 457 39

i 0 182 28 89 2
12a1 6 55 30 129 4
J2at 9 82 0o 00 0
2 109 0 0 o0
Jta o 0 2 09 o
J2a o 0o 3 13 o
J2atb o o 3% 155 5
Ria o 0o 2 08 o
Rib o o 7 3 1
2 o o o 0o 1

c o o o o0 o
12a o o o o0 o

N o o o o0 o

o o 0o o 0 o

a o 0o 0o 0o o
R2a o o o o0 o

| o 0o o o0 o

K o o o 0 o
G2a o o o 0 o
12a(xi2a1) o o o o0 o
1201 o 0o o 0 o
” o o o 0 o
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Supplementary Table
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Portu Roma
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S4: Distribution of haplogroups

Y-haplogroups

for the 133 newly

Roma Serbia Serbia Slova Slova Spani Spani Ukrain Ukrain Portu Portu
nan n n  kan kian sh sh ian ian BasquBasqu Spani Spani
Roma Roma Roma Roma Roma Roma Roma Roma Roma e (N) e (%) sh(N) sh (%) 9‘(';)“ 92‘.;?‘
(%) (N (%) (N (%) N (R N (%) "
11 139 2 56 6 0 0 143 3 9 45 107 74 46 124
0 0o o0 0 0 0 0 0 0 5 25 5 39 2 65
50 519 8 542 58 277 48 286 6 0 0 0 0 0 0
57 57 9 65 7 0 0 19 4 0 0 33 23 16 43
45 63 10 0 0 35 6 48 1 7 35 47 32 8 22
0 0o 0 0 0 0 0 0 0 00 0 7 05 5 13
i1 06 1 0 0 06 1 0 0 10 05 2 14 4 11
¢ 0o o0 09 1 0 0 o0 0 00 0 1 01 0 0
0 25 4 14 15 06 1 95 2 00 0 5 35 5 13
07 51 8 84 9 341 59 143 3 00 0 30 21 8 22
i 12 19 65 7 06 1 48 1 00 0 17 12 2 05
45 13 2 37 4 185 3 0 0 1750 879 987 679 223 599
o 0o 0o o0 0 3 6 0 0 00 0 0 0 0 0
0 0o o0 0 0 0 0 0 0 00 0 1 01 0 0
i1 06 1 0 0 12 2 0 0 00 0 2 15 0 0
o 0o o 0o o0 o0 0 48 1 00 0 2 01 1 03
o 0o o0 o o0 o0 0 0 0 00 0 0 0 1 03
0 0o 0o o0 0 0 0 0 0 00 0 0 o0 1 03
0 0o o0 o0 0 0 0 0 0 00 0 0 0 0 0
0 0o o0 o0 0 0 0 0 0 00 0 0 0 0 0
o 0o o0 o 0 o0 o0 0 0 00 0 1 01 0 0
o o o0 0o 0 06 1 0 0 00 0 0 0 0 0
0 o 0o o0 0 17 3 0 0 00 0 1 01 3 08
o o o0 0o 0 06 1 0 0 10 05 0 0 6 16
0 0o 0 0 0 17 3 0 0 10 05 3 25 12 32
o 0o o0 0o 0 17 3 0 0 00 0 0 0 0 0
0 0o 0 0 0 23 4 0 0 00 0O 0 0 0 0
o o 0o o0 0 06 1 0 0 00 0 0 0 0 0
o 0o 0o 0o 0 06 1 0 0 00 0 20 14 7 19
o o o0 0o 0 0 0 0 0 00 0 8 06 0 0
o 0o o0 0o 0 0 0 0 0 00 0 1 01 0 0
o o o0 0o 0 0 0 0 0 00 0 2 01 0 0
in all Roma

populations across Europe and non-Roma Iberian populations.

Pedigree Mutation Rate by STR

Median Pedigree Mutation Rate (2.5x10-3)

Haplogroup Population N We;gt;ted SD Lower Date UDpa’;s' Weighted age SD Lower Date Upper Date

H Whole Dataset 1090 7026 1023 8049 6003 4250 295 4545 3955

H Roma 545 3003 955 3958 2048 2334 371 2705 1963

H Spanish Roma 48 2850 1189 4039 1661 1458 244 1702 1214
R1b Whole Dataset 2548 19658 1115 20773 18543 12734 445 13179 12289
R1b Roma 101 10243 3463 13706 6780 6640 1030 7670 5610
R1b Spanish Roma 31 3245 385 3630 2860 2925 269 3194 2656
J2a1b Whole Dataset 294 4560 242 4802 4318 4712 221 4933 4491
J2a1b Roma 200 5352 1728 7080 3624 4410 666 5076 3744
J2a1b Spanish Roma 60 3126 1216 4342 1910 4222 1651 5873 2571
12ax Whole Dataset 600 12647 1448 14095 11199 9918 672 10590 9246
12ax Roma 79 8643 2313 10956 6330 8211 1885 10096 6326
12ax Spanish Roma 10 11202 4641 15843 6561 16000 8178 24178 7822

Supplementary Table S5: Time to the most recent common ancestor

(TMRCA) estimates for the four major haplogroups, calculated using the tho

statistic method and assessed at three hierarchical levels.
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Haplotype
SpanishRoma_ht33
SpanishRoma_ht10
SpanishRoma_ht38
SpanishRoma_ht43
SpanishRoma_ht50
SpanishRoma_ht25
SpanishRoma_ht24
SpanishRoma_ht18
SpanishRoma_ht39
SpanishRoma_ht40
SpanishRoma_ht88
SpanishRoma_ht91
SpanishRoma_ht96

SpanishRoma_ht4
SpanishRoma_ht8
SpanishRoma_ht11
SpanishRoma_ht16
SpanishRoma_ht26
SpanishRoma_ht31
SpanishRoma_ht47
SpanishRoma_ht54
SpanishRoma_ht55
SpanishRoma_ht81
SpanishRoma_ht84
SpanishRoma_ht97
SpanishRoma_ht1
SpanishRoma_ht2
SpanishRoma_ht3
SpanishRoma_ht5
SpanishRoma_ht6
SpanishRoma_ht7
SpanishRoma_ht9
SpanishRoma_ht12
SpanishRoma_ht13
SpanishRoma_ht14
SpanishRoma_ht15
SpanishRoma_ht17
SpanishRoma_ht19
SpanishRoma_ht20
SpanishRoma_ht21
SpanishRoma_ht22
SpanishRoma_ht23
SpanishRoma_ht27
SpanishRoma_ht28
SpanishRoma_ht29
SpanishRoma_ht30
SpanishRoma_ht32
SpanishRoma_ht34
SpanishRoma_ht35
SpanishRoma_ht36
SpanishRoma_ht37
SpanishRoma_ht41
SpanishRoma_ht42
SpanishRoma_ht44
SpanishRoma_ht45
SpanishRoma_ht46
SpanishRoma_ht48
SpanishRoma_ht49
SpanishRoma_ht51
SpanishRoma_ht52
SpanishRoma_ht53
SpanishRoma_ht56
SpanishRoma_ht57
SpanishRoma_ht58
SpanishRoma_ht59
SpanishRoma_ht60
SpanishRoma_ht61
SpanishRoma_ht62
SpanishRoma_ht63
SpanishRoma_ht64
SpanishRoma_ht65
SpanishRoma_ht66
SpanishRoma_ht67
SpanishRoma_ht68
SpanishRoma_ht69
SpanishRoma_ht70
SpanishRoma_ht71
SpanishRoma_ht72
SpanishRoma_ht73
SpanishRoma_ht74
SpanishRoma_ht75
SpanishRoma_ht76
SpanishRoma_ht77
SpanishRoma_ht78
SpanishRoma_ht79
SpanishRoma_ht80
SpanishRoma_ht82
SpanishRoma_ht83
SpanishRoma_ht85
SpanishRoma_ht86
SpanishRoma_ht87
SpanishRoma_ht89
SpanishRoma_ht90
SpanishRoma_ht92
SpanishRoma_ht93
SpanishRoma_ht94
SpanishRoma ht95

STR Sequence
12-23-14-10-13-16-11-14-11-17-17-14-20-10-15-9-21
12-22-15-10-15-17-11-14-11-16-18-14-19-12-15-9-20
12-23-14-10-13-16-11-14-11-18-17-14-20-10-15-9-21
12-23-14-10-13-16-12-14-11-17-17-14-20-10-15-9-21
12-23-15-10-15-17-11-14-11-16-18-14-19-12-15-9-20
12-22-16-10-13-15-11-13-11-19-15-14-21-12-15-9-21
12-22-16-10-13-15-11-13-11-18-15-14-21-12-15-9-21
12-22-15-10-15-17-12-14-11-16-17-14-19-11-15-9-20
12-23-14-10-13-16-11-15-11-17-17-14-20-10-15-9-21
12-23-14-10-13-16-11-15-11-17-18-14-20-10-15-9-21
13-24-17-10-14-15-12-12-11-18-18-15-19-12-15-10-23
13-25-13-11-11-14-12-14-13-16-18-15-19-11-16-12-23
14-23-15-9-13-16-13-14-12-18-15-14-20-11-13-10-21
12-22-15-10-15-16-11-14-11-16-17-14-19-12-15-9-20
12-22-15-10-15-17-11-14-11-16-17-14-18-12-15-9-20
12-22-15-10-15-17-11-14-11-16-18-14-19-12-15-9-21
12-22-15-10-15-17-11-15-11-16-17-14-19-12-15-9-20
12-22-16-10-13-16-11-13-11-19-15-14-21-12-15-9-21
12-23-14-10-13-16-11-14-11-16-17-14-20-10-15-9-21
12-23-14-10-16-99-12-13-11-16-16-15-21-12-15-9-21
12-23-15-11-14-19-11-12-11-18-17-15-20-12-14-9-23
12-23-15-9-13-16-12-13-11-16-14-14-21-11-15-9-22
13-24-14-11-11-15-12-13-13-16-18-15-19-12-16-12-23
13-24-14-11-12-14-12-13-13-16-17-15-19-12-15-12-23
14-24-15-11-11-14-11-14-12-16-17-14-18-11-16-12-24
10-23-14-10-13-16-12-14-11-16-17-14-20-10-15-9-21
12-22-14-10-13-16-11-14-11-17-17-14-20-10-15-9-21
12-22-14-10-13-16-12-13-11-17-16-15-20-11-15-9-21
12-22-15-10-15-16-11-14-11-16-18-14-19-12-15-9-20
12-22-15-10-15-16-11-14-99-16-18-14-19-12-15-9-20
12-22-15-10-15-16-11-15-11-16-20-14-19-12-15-9-20
12-22-15-10-15-17-11-14-11-16-17-14-19-12-15-9-20
12-22-15-10-15-17-11-14-11-16-18-14-19-12-16-7-20
12-22-15-10-15-17-11-14-11-16-18-14-20-12-15-9-20
12-22-15-10-15-17-11-14-11-16-18-15-19-12-15-9-20
12-22-15-10-15-17-11-14-11-16-20-14-19-12-15-9-20
12-22-15-10-15-17-11-15-11-16-18-14-19-12-16-9-20
12-22-15-10-15-17-12-14-11-16-17-14-20-11-15-9-20
12-22-15-10-16-17-11-14-11-16-17-14-19-12-15-9-20
12-22-15-10-16-17-11-14-11-16-17-14-20-12-15-9-20
12-22-15-10-16-99-11-14-11-16-17-14-19-12-16-9-20
12-22-15-11-12-14-12-14-11-15-18-14-19-12-15-9-20
12-22-16-10-15-18-12-14-11-16-17-14-19-11-15-99-20
12-22-17-10-13-15-12-13-11-19-15-14-21-12-15-9-21
12-23-14-10-12-16-12-14-11-17-17-14-20-10-15-9-21
12-23-14-10-13-16-11-14-11--14-17-14-20-10-15-9-21
12-23-14-10-13-16-11-14-11-17-17-14-20-10-15-9-20
12-23-14-10-13-16-11-14-11-17-17-14-20-10-15-9-23
12-23-14-10-13-16-11-14-11-17-17-14-20-10-16-9-21
12-23-14-10-13-16-11-14-11-17-17-14-20-9-15-9-21
12-23-14-10-13-16-11-14-11-17-18-14-20-10-15-9-21
12-23-14-10-13-16-11-99-11-32-17-14-20-10-15-9-21
12-23-14-10-13-16-12-14-11-16-17-14-20-10-15-9-21
12-23-14-10-13-16-99-14-11-17-17-14-20-10-15-9-21
12-23-14-10-14-17-12-13-11-16-17-14-20-11-15-10-20

12-23-14-10-14-17-12-13-11-16-17.2-14-20-11-15-10-20
12-23-14-12-13-19-11-13-11-17-18-14-20-11-14-10-21
12-23-15-10-15-17-11-14-11-16-17-14-19-13-15-9-20
12-23-15-10-15-17-11-14-11-16-18-14-19-12-15-9-21
12-23-15-10-15-17-11-14-11-16-19-14-19-13-15-9-20
12-23-15-10-15-99-11-14-11-16-17-14-19-13-15-9-20
12-24-15-10-13-17-12-12-11-18-16-16-19-11-13-9-22
12.1-23-13-10-10-13-11-13-11.1-16-16-14-18.1-11-14-11-23
13-22-15-10-15-16-11-14-11-16-17-14-19-12-15-9-20
13-23-13-10-13-16-11-14-13-16-14-15-19-11-15-9-21
13-23-14-11-11-14-12-13-13-16-17-15-19-11-15-12-23
13-23-14-11-11-14-12-13-13-17-16-15-19-13-17-12-23
13-23-14-11-11-15-11-13-13-17-17-15-19-12-16-12-23
13-23-14-12-11-14-12-13-13-18-16-15-19-13-17-12-23
13-23-14-12-11-14-12-14-13-16-16-14-19-12-16-12-23
13-23-15-10-15-17-11-14-11-16-18-14-19-12-15-9-20
13-23-15-11-11-14-12-13-13-16-17-14-18-10-15-12-23
13-23-16-10-14-16-13-13-11-16-17-15-20-11-15-10-22
13-23-16-10-14-16-13-13-11-17-17-15-20-11-15-10-22
13-23-16-10-14-16-99-13-11-17-17-15-20-11-15-10-22
13-23-17-10-12-12-12-14-11-16-17-15-20-12-14-10-21
13-23-17-10-12-99-12-14-11-16-17-15-20-12-14-10-21
13-24-14-10-11-14-11-13-14-16-18-15-19-12-16-12-23
13-24-14-10-11-14-12-13-13-16-18-15-19-12-15-13-23
13-24-14-10-11-14-12-13-14-15-17-15-19-12-15-12-23
13-24-14-10-11-14-13-13-13-16-18-15-19-11-16-12-23
13-24-14-10-9-14-12-14-13-15-17-15-19-12-15-12-24
13-24-14-11-11-14-12-13-13-17-17-15-19-12-15-12-23
13-24-14-11-11-14-12-14-13-16-17-15-19-12-15-12-24
13-24-14-11-11-14-12-14-13-17-20-14-19-12-16-12-23
13-24-14-11-11-14-14-14-13-16-18-15-20-12-15-12-23
13-24-14-11-11-16-12-13-13-16-18-15-19-12-16-12-23
13-24-14-11-12-14-11-13-13-16-17-15-19-12-15-12-23
13-24-14-11-12-14-12-13-13-16-17-15-19-12-16-12-23
13-24-14-13-14-99-13-14-13-16-19-15-18-12-15-12-23
13-24-15-10-10-14-12-13-13-16-19-15-19-12-15-12-23
13-24-17-10-14-15-99-12-11-18-18-15-19-12-15-10-23
13-25-13-10-11-14-12-14-13-16-18-14-19-11-16-12-23
13-25-14-11-11-14-11-13-13-16-17-15-19-12-16-12-23
13-25-14.1-11-11-15-12-15-13-15-17.1-16-19-12-15-12-24
13-25-15-10-11-99-10-13-11-19-16-14-20-12-16-11-23
14-22-15-11-99-14-10-12-11-16-18-15-20-12-14-10-21

Frequency  Frequency (%)
12,14

B N i i B B B B A A A A A B B A A A A A B B A A A A A B A A A A A A S A A A A A A A A A A A A A A A A A A A A A A AR A A AR R AN NN NRNRNRNRR N NN G ®®®®wao~~N~oR

4,62
4,05
4,05
4,05
2,89
2,31
1,73
1,73
1,73
1,73
1,73
1,73
1,16
1,16
1,16
1,16
1,16
1,16
1,16
1,16
1,16
1,16
1,16
1,16
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
0,58
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Supplementary Table S6: Y-STR haplotypes for 173 Spanish Roma
individuals, including both newly genotyped and previously genotyped

individuals.

Haplotype equence Frequency Frequency (%)
‘spanish_ht190 13-24-14-10-11-14-12-13-13-16-17-14-18-12-16-12-23 3 0,66
‘'spanish_ht267 13-24-14-11-11-14-12-13-13-16-17-15-19-12-15-12-23 3 0,66
‘spanish_ht321 13-24-14-11-12-14-11-13-13-16-18-15-19-12-15-12-23 3 0,66
‘spanish_ht100 13-23-14-10-13-14-12-12-11-16-16-16-21-11-14-10-22 2 044
‘spanish_ht192 13-24-14-10-11-14-12-13-13-16-17-15-19-12-15-12-23 2 044
‘spanish_ht231 13-24-14-11-11-13-13-14-13-16-17-15-19-12-15-12-23 2 044
‘spanish_ht258 13-24-14-11-11-14-12-13-13-16-16-15-18-11-17-12-24 2 044
‘'spanish_ht261 13-24-14-11-11-14-12-13-13-16-16-15-19-12-16-12-23 2 044
spanish_ht273 13-24-14-11-11-14-12-13-13-16-18-15-19-12-16-12-23 2 044
spanish_ht277 13-24-14-11-11-14-12-13-13-17-16-15-19-12-16-12-23 2 044
‘'spanish_ht307 13-24-14-11-11-14-14-14-13-16-17-15-19-12-15-12-23 2 044
‘'spanish_ht322 13-24-14-11-12-14-11-13-13-17-18-15-99-12-15-12-23 2 044
spanish_ht324 13-24-14-11-12-14-12-13-13-15-16-15-19-12-15-12-23 2 044
spanish_ht326 13-24-14-11-12-14-12-13-13-16-17-15-19-12-15-12-23 2 044
spanish_ht327 13-24-14-11-12-14-12-13-13-17-18-14-18-12-16-12-23 2 044
spanish_ht339 13-24-14-12-11-14-11-13-13-16-16-15-19-12-15-12-23 2 044
'spanish_ht388 13-25-14-11-11-14-13-14-13-16-17-15-19-12-16-12-23 2 044

spanish_ht1 10-24-14-11-11-14-12-13-13-16-18-15-20-12-17-12-23 1 0,22

spanish_ht2 14-21 - 12 1 0,22

spanish_ht3 12-22-14-10-11-13-14-13-13-16-15-15-19-12-14-12-23 1 0,22

spanish_ht4 1-13-1 1 0,22

spanish_ht5 12-22-15-10-12-15-11-13-11-16-16-14-22-11-16-9-21 1 0,22

spanish_ht6 12-22-15-10-12-16-11-13-11-16-16-14-22-11-16-9-22 1 0,22

spanish_ht7 12-22-15-10-14-16-12-12-11-16-17-16-22-11-16-10-21 1 0,22

spanish_ht8 12-23-14-10-12-13-12-13-11-17-18-14-20-11-15-10-20 1 0,22

spanish_ht9 12-23-14-10-12-17-11-13-11-16-182-14-21-11-15-10-21 1 022
spanish_ht10 12-23-14-10-13-16-10-12-11-16-15-14-20-11-16-9-21 1 022
spanish_ht11 14-10-13-16-10-13-11-16-15-14-20-12-18-9-21 1 02
spanish_ht12 14-10-13-16-12-14-11-17-17-14-20-10-15-9-21 1 02
spanish_ht13 12-23-14-10-13-17-12-12-11-18-16-15-20-11-14-9-22 1 0,22
spanish_ht14 12-23-14-10-14-15-12-13-11-17-17-16-20-13-17-9-22 1 0,22
spanish_ht15 12-23-14-10-14-17-12-13-11-16-16-15-21-12-16-9-23 1 022
spanish_ht16 12-23-14-10-14-18-11-13-11-16-15-16-19-10-15-9-20 1 022
spanish_ht17 12-23-14-10-16-20-11-13-14-16-18-16-19-11-15-10-23 1 022
spanish_ht18 12-23-14-11-14-17-11-13-11-17-18-15-20-12-15-9-24 1 022
spanish_ht19 12-23-14-11-14-18-12-12-11-16-15-15-20-11-13-9-21 1 0,22
spanish_ht20 12-23-15-10-12-17-11-13-11-17-15-16-21-12-16-9-24 1 0,22
spanish_ht21 12-23-15- 13-16-11-13-11-16-14-14-21-" 1 022
etz LISl I6 LIS 11614 142112 15 ! 0z
spanish_ht23 12-23-15-11-14-16-12-12-11-16-18-16-20-11-13-9-21 1 022
spanish_ht24 12-23-15-9-13-16-12-14-11-17-14-14-21-12-15-9-21 1 022
spanish_ht25 12-23-15-9-13-16-12-14-11-17-15-14-21-12-16-9-21 1 022
spanshize aieeis e biL S22 ! oz
spanish_ht27 12-24-13-10-17-18-11-12-11-17-14-14-20-11-15-10-22 1 022
spanish_ht28 12-24-13-10-17-18-11-12-11-17-15-14-20-11-15-10-22 1 022
spanish_ht29 12-24-13-11-11-11-12-13-13-16-16-15-19-13-15-13-23 1 022
spanish_ht30 12-24-14-10-11-13-13-13-13-16-17-15-19-12-15-12-23 1 022
spanish_ht31 12-24-14-10-11-14-11-13-13-16-18-15-19-11-16-12-23 1 022
spanish_ht32 12-24-14-10-11-14-12-13-13-16-16-15-19-13-15-12-23 1 022
spanish_ht33 12-24-14-10-11-14-12-13-13-16-17-15-19-11-16-12-23 1 0,22
spanish_ht34 12-24-14-10-11-14-12-13-13-16-17-15-19-12-15-12-23 1 022
spanish_ht35 12-24-14-10-11-14-12-13-13-16-18-14-19-11-15-12-23 1 0,22
spanish_ht36 12-24-14-10-12-12-11-14-11-16-19-14-20-11-15-10-21 1 0,22
spanish_ht37 12-24-14-10-12-16-11-13-11-17-15-14-21-11-16-9-24 1 0,22
spanish_ht38 12-24-14-10-13-16-11-13-11-17-16-15-20-11-15-9-22 1 0,22
spanish_ht39 12-24-14-10-13-17-11-12-11-17-14-15-20-11-15-9-23 1 0,22
spanish_ht40 12-24-14-10-13-18-13-13-11-17-182-14-20-11-15-10-22 1 0,22
spanish_ht41 12-24-14-10-14-16-12-14-11-17-18-15-21-12-17-9-23 1 0,22
spanish_ht42 12-24-14-10-14-17-11-12-11-17-14-15-20-11-15-10-24 1 0,22
spanish_ht43 12-24-14-11-11-14-11-14-13-17-17-15-19-12-15-12-23 1 0,22
spanish_htd44 12-24-14-11-11-14-12-13-11-14-18-15-19-12-15-12-23 1 0,22
spanish_ht45 12-24-14-11-11-14-12-13-13-16-16-15-19-12-16-12-23 1 0,22
spanish_ht46 12-24-14-11-11-14-12-13-13-16-16-15-20-13-15-12-23 1 0,22
spanish_ht47 12-24-14-11-11-14-12-13-13-16-17-15-19-12-16-12-23 1 0,22
spanish_ht48 12-24-14-11-11-14-12-13-13-16-17-15-20-13-15-12-23 1 0,22
spanish_ht49 12-24-14-11-11-14-13-13-13-16-18-15-19-12-16-12-23 1 0,22
spanish_ht50 12-24-14-11-11-15-13-13-13-16-17-15-19-13-16-12-23 1 0,22
spanish_ht51 12-24-14-11-11-16-12-13-15-15-19-15-19-12-15-12-23 1 022
spanish_ht52 12-24-14-11-13-14-12-13-13-16-17-14-18-11-15-12-23 1 022
spanish_ht53 12-24-14-13-11-15-12-13-13-14-16-15-19-12-16-12-23 1 022
spanish_ht54 12-24-14-9-11-16-13-14-11-18-17-14-18-12-14-10-22 1 0,22
spanish_ht55 12-24-15-10-13-16-11-12-11-17-16-15-21-12-14-9-21 1 0,22
spanish_ht56 12-24-15-10-13-17-12-12-11-16-16-16-19-11-13-9-22 1 0,22
spanish_ht57 12-24-15-10-14-16-13-12-11-16-16-16-19-11-13-9-21 1 022
spanish_ht58 12-24-15-10-15-18-12-12-11-16-15-16-19-12-13-9-21 1 022
pansise 221015 181212111615 16 1012 ! 0z
panih e LarIse T Ie IS e 12T 12169 ! 0z
e 20T IS IO T 0 1012 16 ! 0z
spanish_ht62 12-25-14-11-14-15-12-14-11-16-19-16-20-11-13-9-21 1 022
spanish_ht63 12-25-15-10-14-16-11-13-11-17-18-15-19-11-14-9-20 1 022
spanish_ht64 12-25-15-10-14-19-11-12-11-16-16-14-19-11-13-9-22 1 022
spanish_ht65 12-25-16-11-11-13-12-13-13-16-16-15-19-12-16-12-23 1 022
spanish_ht66 1. 14-10-11-14-11-14-13-16-17-15-19-12-15-12-23 1 022
spanish_ht67 13-21-15-9-12-14-12-12-11-17-18-16-20-11-15-10-22 1 022
spanish_ht68 13-22-14-10-13-14-11-12-11-16-16-16-20-11-13-10-21 1 022
spanish_ht69 13-22-14-10-13-14-12-13-11-16-14-15-20-11-14-10-21 1 022
spanish_ht70 13-22-14-10-14-14-11-12-11-16-15-16-20-11-14-10-23 1 022
spanish_ht71 13-22-14-10-14-15-11-12-11-16-15-16-20-11-14-10-24 1 022
spanish_ht72 13-22-14-10-15-15-11-12-11-17-15-16-20-11-14-10-21 1 022
spanish_ht73 13-22-14-11-11-14-11-13-13-16-16-15-99-12-16-12-23 1 022
spanish_ht74 13-22-14-11-11-15-12-13-13-16-18-15-20-12-16-12-23 1 0,22
spanish_ht75 13-22-14-11-12-15-12-12-13-16-17-15-19-12-16-12-22 1 022
spanish_ht76 13-22-15-10-12-14-11-12-11-17-18-16-21-11-15-10-21 1 0,22
spanish_ht77 13-22-15-10-13-14-11-12-11-16-15-16-20-11-15-8-20 1 0,22
spanish_ht78 13-22-15-10-14-15-11-12-11-17-16-16-22-11-15-10-21 1 0,22
sspanish_ht79 13-22-15-11-12-14-12-13-11-16-18-16-20-11-14-10-22 1 0,22
spanish_ht80 13-23-13-10-11-11-13-14-13-16-18-15-19-12-17-12-23 1 0,22
spanish_ht81 13-23-13-10-13-15-12-13-13-15-17-14-19-11-16-9-21 1 0,22
spanish_ht82 13-23-13-10-15-16-12-13-11-17-16-14-20-11-18-10-24 1 0,22
spanish_ht83 13-23-13-9-14-15-10-14-11-16-19-14-20-12-15-10-21 1 0,22
spanish_ht84 13-23-14-10-11-11-13-15-13-16-19-15-19-12-17-12-23 1 0,22
spanish_ht85 13-23-14-10-11-12-12-14-13-16-18-15-19-12-17-12-23 1 0,22
spanish_ht86 13-23-14-10-11-13-13-14-13-15-18-15-19-12-17-12-23 1 0,22
spanish_ht87 13-23-14-10-11-14-11-13-13-16-18-14-19-12-16-12-23 1 0,22
spanish_ht88 13-23-14-10-11-14-11-13-13-16-18-15-19-12-16-12-23 1 0,22
spanish_ht89 13-23-14-10-11-14-11-13-13-17-18-11-18-11-17-12-24. 1 0,22
spanish_ht90 13-23-14-10-11-14-12-13-13-15-15-15-18-12-16-12-23 1 0,22
spanish_ht91 13-23-14-10-11-14-12-13-13-16-16-14-18-12-16-12-23 1 0,22
spanish_ht92 13-23-14-10-11-14-12-13-13-16-18-15-19-12-15-12-23 1 022
spanish_ht93 13-23-14-10-11-14-13-13-13-16-17-15-18-12-16-12-23 1 022
spanish_ht94 13-23-14-10-11-15-12-13-13-16-17-14-18-11-15-12-23 1 022
spanish_ht95 13-23-14-10-11-15-13-13-13-16-16-15-19-12-15-12-24. 1 0,22
spanish_ht96 1. 14-10-11-15-13-13-13-17-17-15-18-1 1. 1 0,22
spanish_ht97 13-23-14-10-12-14-12-12-11-16-16-16-21-11-14-10-21 1 0,22
spanish_ht98 13-23-14-10-13-14-11-12-11-16-16-16-20-11-14-10-21 1 022
spanish_ht99 13-23-14-10-13-14-12-12-11-16-15-16-21-11-14-10-22 1 022
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spanish_ht101
spanish_ht102
spanish_ht103
spanish_ht104
spanish_ht105
spanish_ht106
spanish_ht107
spanish_ht108
spanish_ht109
spanish_ht110
spanish_ht111
spanish_ht112
spanish_ht113
spanish_ht114
spanish_ht115
spanish_ht116
spanish_ht117
spanish_ht118
spanish_ht119
spanish_ht120
spanish_ht121
spanish_ht122
spanish_ht123
spanish_ht124
spanish_ht125
spanish_ht126
spanish_ht127
spanish_ht128
spanish_ht129
spanish_ht130
spanish_ht131
spanish_ht132
spanish_ht133
spanish_ht134
spanish_ht135
spanish_ht136
spanish_ht137
spanish_ht138
spanish_ht139
spanish_ht140
spanish_ht141
spanish_ht142
spanish_ht143
spanish_ht144
spanish_ht145
spanish_ht146
spanish_ht147
spanish_ht148
spanish_ht149
spanish_ht150
spanish_ht151
spanish_ht152
spanish_ht153
spanish_ht154
spanish_ht155
spanish_ht156
spanish_ht157
spanish_ht158
spanish_ht159
spanish_ht160
spanish_ht161
spanish_ht162
spanish_ht163
spanish_ht164
spanish_ht165
spanish_ht166
spanish_ht167
spanish_ht168
spanish_ht169
spanish_ht170
spanish_ht171
spanish_ht172
spanish_ht173
spanish_ht174
spanish_ht175
spanish_ht176
spanish_ht177
spanish_ht178
spanish_ht179
spanish_ht180
spanish_ht181
spanish_ht182
spanish_ht183
spanish_ht184
spanish_ht185
spanish_ht186
spanish_ht187
spanish_ht188
spanish_ht189
spanish_ht191
spanish_ht193
spanish_ht194
spanish_ht195
spanish_ht196
spanish_ht197
spanish_ht198
spanish_ht199
spanish_ht200
spanish_ht201
spanish_ht202
spanish_ht203

13-23-14-10-13-14-12-13-11-16-15-14-20-11-15-10-24
13-23-14-10-14-14-12-12-11-17-15-16-20-11-13-10-22
13-23-14-11-11-13-12-14-13-16-16-15-19-12-16-12-23
13-23-14-11-11-14-11-13-13-16-16-15-19-12-16-12-23
13-23-14-11-11-14-11-13-13-16-18-15-19-12-16-12-23
13-23-14-11-11-14-11-13-13-17-17-14-18-12-16-12-23
13-23-14-11-11-14-11-13-14-16-16-14-18-11-15-12-23
13-23-14-11-11-14-11-14-13-15-16-15-19-12-15-12-23
13-23-14-11-11-14-12-13-13-13-17-14-18-11-17-13-23
13-23-14-11-11-14-12-13-13-16-17-14-18-11-15-12-23
13-23-14-11-11-14-12-14-13-16-18-15-19-12-16-12-25
13-23-14-11-11-14-13-13-13-16-18-16-19-11-14-12-25
13-23-14-11-11-14-13-13-13-16-19-15-18-12-15-12-23
13-23-14-11-11-14-13-13-13-17-17-15-19-12-17-12-23
13-23-14-11-11-15-12-13-13-16-17-15-20-12-17-13-23
13-23-14-11-11-15-13-14-14-17-17-16-20-12-16-12-23
13-23-14-11-11-15-14-13-13-16-17-15-19-12-17-12-23
13-23-14-11-12-13-12-13-13-17-18-14-18-10-15-12-23
13-23-14-11-12-14-10-13-13-16-17-15-19-12-16-12-23
13-23-14-11-13-14-11-12-11-16-15-16-19-11-14-10-22
13-23-14-12-11-13-12-13-13-16-18-15-19-12-16-12-23
13-23-14-12-11-14-11-13-13-16-17-15-19-12-15-12-23
13-23-14-12-11-14-12-13-13-15-16-15-19-12-15-12-23
13-23-14-9-12-17-12-14-11-16-15-14-21-12-14-10-21
13-23-15-10-10-14-12-13-13-17-18-15-18-12-16-12-25
13-23-15-10-11-14-12-13-13-17-18-15-18-12-16-12-25
13-23-15-10-11-14-12-14-13-16-16-15-19-12-16-12-23
13-23-15-10-12-18-11-12-11-18-18-16-20-11-15-10-22
13-23-15-10-12-18-11-13-11-16-17-14-20-10-15-10-22
13-23-15-10-14-14-11-12-11-17-18-16-21-11-14-10-21
13-23-15-10-14-16-11-13-13-15-16-14-19-11-15-9-21
13-23-15-10-14-16-11-13-13-16-18-14-19-11-15-9-21
13-23-15-10-14-16-11-13-13-17-17-14-19-11-16-9-21
13-23-15-10-14-16-11-13-13-17-18-14-19-11-15-9-21
13-23-15-11-11-12-13-12-14-17-17-14-18-11-17-12-23
13-23-15-11-11-13-11-14-11-16-18-16-20-11-15-10-21
13-23-15-11-11-14-12-14-13-17-17-15-18-12-15-12-24
13-23-15-11-11-14-14-13-13-16-17-14-18-11-15-12-23
13-23-15-11-11-15-13-13-13-16-16-14-18-11-15-12-23
13-23-15-11-12-12-12-14-12-15-17-15-21-13-15-10-24
13-23-15-11-16-17-10-13-15-17-15-14-19-11-15-9-21
13-23-16-10-12-12-11-13-11-15-16-15-21-12-14-10-22
13-23-16-10-12-13-11-13-11-15-18-15-21-13-14-10-22
13-23-16-10-14-15-11-13-12-17-16-16-22-11-15-10-21
13-23-16-11-11-14-12-13-13-16-19-15-19-12-16-12-22
13-23-17-10-12-12-11-13-11-15-16-15-21-12-14-10-22
13-23-17-10-12-12-11-13-11-15-17-15-21-12-14-10-21
13-23-17-10-12-12-11-13-11-15-17-15-21-12-14-10-22
13-23-17-10-12-12-11-13-11-15-17-15-22-12-14-10-22
13-23-17-10-12-12-11-13-11-15-18-15-21-11-14-10-22
13-23-17-11-12-12-11-13-11-15-18-15-21-12-14-10-22
13-23-17-9-12-12-13-13-11-15-16-15-21-11-14-10-21
13-24-12-11-10-12-11-13-13-16-18-15-19-12-16-12-23
13-24-13-10-11-14-12-13-13-16-17-16-19-12-15-12-23
13-24-13-10-14-14-10-14-11-16-18-14-20-12-15-10-21
13-24-13-10-14-19-13-14-11-18-15-14-19-12-17-9-23
13-24-13-10-15-18-12-13-11-17-17-14-20-12-17-10-22
13-24-13-10-16-16-12-12-10-18-18-14-20-9-15-10-22
13-24-13-10-17-17-10-12-11-17-14-14-20-11-15-10-21
13-24-13-10-17-18-13-12-11-19-17-14-20-11-17-10-24
13-24-13-11-11-14-11-13-13-16-17-15-19-12-16-12-23
13-24-13-11-11-14-12-13-13-17-18-15-19-12-15-12-23
13-24-13-11-11-14-12-14-13-16-17-14-18-11-17-12-23
13-24-13-11-11-15-12-13-13-16-17-15-19-12-16-12-23
13-24-13-11-12-14-12-13-13-16-17-15-19-11-15-12-23
13-24-13-11-12-14-12-13-13-16-17-15-19-12-15-12-23
13-24-13-11-12-14-13-13-13-16-18-15-19-11-16-12-23
13-24-13-11-16-18-11-13-11-17-15-14-20-12-15-10-23
13-24-13-9-13-14-10-13-11-16-18-14-20-12-15-10-21
13-24-13-9-13-14-10-14-11-16-18-14-20-11-15-10-21
13-24-13-9-13-14-10-14-11-16-18-14-20-12-15-10-21
13-24-13-9-13-15-10-14-11-16-17-14-20-11-16-10-22
13-24-13-9-13-16-10-14-12-16-16-14-20-12-16-10-21
13-24-14-10-10-15-11-13-13-16-17-15-19-12-15-12-23
13-24-14-10-11-11-12-13-13-16-17-15-20-12-16-12-24
13-24-14-10-11-13-11-14-13-16-17-15-19-12-15-12-23
13-24-14-10-11-13-12-13-13-16-16-15-19-12-16-12-23
13-24-14-10-11-13-12-14-13-16-17-14-19-12-15-12-23
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13-25-14-10-11-14-12-13-13-17-17-14-18-12-16-12-23
13-25-14-10-11-14-12-14-13-17-18-14-18-11-15-12-23
13-25-14-11-10-14-11-14-13-16-18-14-18-11-15-12-23
13-25-14-11-11-12-12-13-13-16-16-15-20-12-16-12-23
13-25-14-11-11-13-12-13-13-16-17-14-19-12-15-12-23
13-25-14-11-11-14-11-12-13-16-17-14-18-11-17-12-25
13-25-14-11-11-14-11-13-13-17-17-15-19-12-16-12-23
13-25-14-11-11-14-12-13-12-17-17-14-18-11-16-12-23
13-25-14-11-11-14-12-13-13-15-17-15-20-12-15-12-23
13-25-14-11-11-14-12-13-13-16-17-14-18-12-16-12-23
13-25-14-11-11-14-12-13-13-16-18-15-19-12-16-12-23
13-25-14-11-11-14-12-14-13-16-17-14-18-11-16-12-23
13-25-14-11-11-14-12-14-13-16-17-15-19-13-15-12-23
13-25-14-11-11-14-13-13-13-16-16-15-19-12-15-12-23
13-25-14-11-11-14-13-13-13-16-16-15-19-12-16-13-23
13-25-14-11-11-14-13-13-13-16-18-14-18-11-16-12-25
13-25-14-11-12-13-11-13-13-16-18-15-19-12-15-12-23
13-25-15-10-11-14-10-13-11-17-15-14-20-12-15-11-23
13-25-15-10-17-19-12-13-11-17-15-14-21-11-15-10-21
13-25-15-11-11-12-11-12-13-16-17-15-19-12-15-12-23
13-25-15-11-11-14-12-13-13-16-18-14-18-11-16-12-23
13-25-15-11-12-12-12-13-13-18-16-16-99-11-15-11-24
13-25-15-11-12-13-12-14-13-18-16-16-99-12-15-11-24
13-25-15-11-12-15-12-13-13-99-17-16-20-12-15-12-23
13-25-16-11-11-14-11-13-11-17-15-13-19-13-16-11-23
13-26-17-9-12-12-12-13-11-15-17-15-21-11-15-10-22
13-25-17-9-12-12-12-14-11-15-17-15-21-11-14-10-21
13-26-14-11-11-14-12-12-13-17-17-14-19-12-15-12-23
13-27-14-11-11-15-11-13-13-16-18-15-19-12-16-12-23
14-21-16-10-13-16-11-12-11-17-17-16-23-11-15-10-23
14-21-16-10-16-16-11-12-11-18-17-14-21-11-15-11-22
14-22-15-10-14-14-11-13-11-18-16-16-22-12-15-10-20
14-22-15-10-14-15-11-14-11-16-20-16-21-12-14-10-22
14-22-15-7-14-15-11-12-11-17-16-15-20-12-15-10-20
14-22-16-10-14-15-11-12-11-16-16-16-21-13-15-11-20
14-23-14-11-11-14-12-13-13-16-18-14-18-11-15-12-23
14-23-14-11-11-14-13-12-13-16-17-14-18-11-16-12-23
14-23-14-11-11-15-13-12-13-16-17-14-18-11-16-12-23
14-23-14-11-12-13-10-14-14-16-17-14-19-11-15-10-22
14-23-14-11-12-13-10-14-14-16-17-14-19-11-15-10-23
14-23-15-10-15-15-11-12-11-17-15-16-21-13-16-10-21
14-23-15-10-15-16-11-13-12-16-15-15-20-11-16-10-20
14-23-15-10-16-16-12-14-12-17-17-15-21-12-13-10-21
14-23-17-10-12-12-11-13-11-15-17-15-21-12-14-10-22
14-24-14-10-11-14-11-13-12-16-20-15-20-11-15-12-23
14-24-14-10-11-14-11-13-13-16-17-15-20-12-16-12-23
14-24-14-10-11-14-12-13-13-16-17-14-18-11-15-12-25
14-24-14-10-11-14-12-13-13-17-17-15-19-11-15-12-23
14-24-14-10-11-15-11-13-13-16-17-15-19-13-15-12-23
14-24-14-11-11-14-11-13-13-16-17-14-18-11-15-12-23
14-24-14-11-11-14-11-13-13-16-18-15-19-12-17-12-24
14-24-14-11-11-14-12-14-13-17-17-14-18-11-16-12-23
14-24-14-11-12-14-12-13-13-17-16-15-19-12-16-12-23
14-24-14-9-18-20-12-13-11-17-13-14-22-12-15-10-20
14-25-13-10-17-18-11-12-11-17-14-14-20-11-16-10-22
14-25-13-9-16-17-12-14-11-17-15-14-20-11-15-10-22
14-25-14-10-12-15-11-13-13-16-17-15-19-12-16-12-23
14-25-16-9-12-12-12-14-11-15-16-15-21-11-14-10-22
14-26-17-10-12-15-12-13-12-17-18-15-20-10-16-10-21
15-21-15-10-13-16-13-12-11-17-17-16-23-11-16-10-21
15-22-15-9-12-14-12-12-11-20-17-16-21-11-14-10-21
15-23-15-10-15-15-11-13-12-17-15-14-20-11-15-10-21
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Supplementary Table S7: Y-STR haplotypes for 456 Spanish non-Roma

individuals.

Population HD Cl lower Cl upper
RomaCentralSpain 0,979 0,917 0,973
RomaEasternSpain 0,971 0,936 0,972
RomaNorthernSpain 0,969 0,886 0,960

RomaSouthernSpain 0,960 0,870 0,953
RomaWesternSpain 0,955 0,727 0,955
CentralSpain 1,000 0,986 0,992
EasternSpain 1,000 0,990 0,994
NorthernSpain 0,999 0,987 0,993
SouthernSpain 1,000 0,984 0,991
WesternSpain 1,000 0,942 0,979

Supplementary Table S8: Haplotype diversity (HD) across Spanish regions in

Roma and Spanish non-Roma populations.

RomaN RomaN RomaS RomaS

a
Central Central Eastern Eastern Norther Norther Souther Souther Western Western RomaC RomaC RomaEaRomaEa joe (e PAHES TONE

RomaW RomaW
esternS esternS

Haplogrou Spain  Spain  Spain Spain nSpain nSpain nSpain nSpain Spain Spain entralSp entralSp sternSp sternS - - - -
OIS e M M CR M (9 amN) an(s am aim(s Shan Spain Spain Spain LIl ool
E 5 521 5 3,85 10 84 6 723 1 3,57 0 0 0 0 0 0 0 0 0 0
G 1 1,04 4 3,08 1 0,84 6 723 3 10,71 0 0 0 0 0 0 0 0 0 0
" 3 313 1 0,77 4 3,36 3 3,61 1 3,57 0 0 0 0 0 0 0 0 0 0
12a1 4 417 4 3,08 " 9,24 0 0 0 0 3 7,89 3 417 0 0 0 0 0 0
J1 2 2,08 2 1,54 0 0 1 12 0 0 0 0 3 417 0 0 0 0 0 0
J2a 3 3,13 4 3,08 0 0 2 241 0 0 1 2,63 0 0 0 0 0 0 0 0
J2a1b 6 6,25 6 4,62 3 2,52 0 0 0 0 12 31,58 25 34,72 1 42,31 10 40 1 833
J2b 2 2,08 2 1,54 1 0,84 2 241 0 0 1 2,63 0 0 0 0 0 0 0 0
N 2 2,08 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
R1a 3 3,13 0 0 0 0 1 12 1 3,57 0 0 0 0 1 3,85 0 0 0 0
R1b 63 65,63 94 72,31 83 69,75 55 66,27 21 75 9 23,68 1 15,28 6 23,08 3 12 3 25
T 2 2,08 2 1,54 3 2,52 2 241 0 0 0 0 0 0 1 3,85 0 0 0 0
E1b1b 0 0 1 0,77 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
G2a 0 0 1 0,77 0 0 0 0 0 0 0 0 0 0 1 3,85 0 0 0 0
12 0 0 1 0,77 1 0,84 1 12 0 0 0 0 0 0 0 0 0 0 0 0
12a 0 0 2 1,54 2 1,68 1 1.2 0 0 2 5,26 0 0 0 0 0 0 0 0
J2at 0 0 1 0,77 0 0 1 12 0 0 0 0 1 1,39 0 0 0 0 0 0
12a(xI2a1) 0 0 0 0 0 0 1 12 0 0 0 0 2 2,78 0 0 ) 0 0 0
L 0 0 0 0 0 0 1 12 0 0 0 0 0 0 0 0 0 0 0 0
J1a 0 0 0 0 0 0 0 0 1 3,57 ) 0 0 ) 0 0 ) 0 0 0
H 0 0 0 0 0 0 0 0 0 0 7 18,42 21 2917 4 15,38 1 44 5 41,67
12a (xI2a1) 0 0 0 0 0 0 0 0 0 0 1 263 0 0 0 0 0 0 0 0
12b1 0 0 0 0 0 0 0 0 0 0 1 263 0 ) 0 0 0 0 0 0
J2a1(xbh) 0 0 0 0 0 0 0 0 0 0 1 263 0 ) 2 7,69 0 0 0 0
J2 0 0 0 0 0 0 0 0 0 0 0 0 1 1,39 0 0 1 4 3 25
J2ath 0 0 0 0 0 0 0 0 0 0 0 0 4 5,56 0 0 ) 0 0 0
03 0 0 0 0 0 0 0 0 0 0 0 0 1 1,39 0 0 0 0 0 0

Supplementary Table S9: Distribution of haplogroups by region for Roma

populations and Spanish non-Roma populations.
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Test Source of Variation Percentage of variation

Between regions *

Roma and Spanish non-Roma by region as a single i Within 88.72*
Total 100

Between i 19.77 %
§ o ) Among fons within regions 0,9

Roma and Spanish by region as two Within popiafions 78.33"
Total 100

[ Between regions [ 37 |

Spanish Roma by region I Within regions [ o7 |

[ Total [ 100 |

I Between regions | 048 |

Spanish non-Roma by region I Within regions | 99.52 * |
[ Total [ 100

* p-value < 0.05

Supplementary Table S10: AMOVA tests performed on Spanish Roma and

Spanish non-Roma populations.

" i EasternSpai . RomaCentral RomaNorthe
Population n in n n "o CentralSpain Spain nSpain mSpain mSpain nSpain
WesternSpain
SouthernSpain 368,58
NorthernSpain 224,43 75,74
EasternSpain 152,46 89,62 93,92
CentralSpain 46,02 49,39 63,51 87,13

RomacCentralSpain 2,97 2,85 243 2,98 224

RomaEasternSpain 1,82 1,78 1,60 1,86 1,38 17,25

RomaNorthernSpain 242 2,34 2,05 243 1,76 43,01 21,05

RomaSouthernSpain 1,39 1,37 1,23 1,40 1,00 8,20 44,28 10,80
RomaWesternSpain 2,25 2,20 1,89 2,30 1,60 8,91 15,32 7,84 7,54

Supplementary Table S11: Migration rate (M) matrix between Spanish regions

in Roma and Spanish non-Roma populations.

A
Model-
Routes Model Log(mL) LBF probability
Panmictic 1 -17630,54 | -5653,45 0
East-West 2 -15454,36 | -3477,27 0
Divergence with migration in ) }
two directions 5 14205,64 2228,55 0
Divergence with migration 4 -14017,46 -2040,37 0
Divergence 3 -11977,09 0 1
B
Model-
Routes Model Log(mL) LBF probability
Panmictic 1 -15567,13 | -2550,27 0
Divergence with migration in 5 1532945 | -2312,59 0
two directions
Divergence 3 -13518,98 -502,12 0
Divergence with migration 4 -13178,29 -161,43 0
East-West 2 -13016,86 0 1

Supplementary Table S12: Comparison of likelihood estimates in Migrate
tests. A) Iberian models; B) European models.

Log(ml) = logarithm of the maximum likelihood, LBF = Log Bayes Factor.
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