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Abstract To facilitate forensic mtDNA testing in Hungary,
we have generated control region databases for two
Hungarian populations: 211 individuals were sampled from
the urban Budapest population and 208 individuals were
sampled from a Romani (“gypsy”) population in Baranya
county. Sequences were generated using a highly redundant
approach to minimize potential database errors. The Buda-
pest population had high sequence diversity with 180
lineages, 183 polymorphic positions, and a random match
probability of 1%. In contrast, the Romani population
exhibited low sequence diversity, with only 56 lineages,
109 segregating sites, and a random match probability of
8.8%. The mtDNA haplogroup compositions of the two
populations were also distinct, with the large proportion of
haplogroup M samples (35%) in the Roma the most
obvious difference between the two populations. These
factors highlight the importance of considering population
structure when generating reference databases for forensic
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testing purposes. Comparisons between our Romani popu-
lation sample and other published data indicate the need for
heightened caution when sampling and using mtDNA
databases of small endogamous populations. The Romani
populations that we compared showed significant depar-
tures from genetic uniformity.

Keywords mtDNA - Baranya county - Romani population

Introduction

MtDNA testing in the forensic context requires appropriate
population databases for estimating the rarity of the
questioned mtDNA profile. If the mtDNA haplotypes of
the evidence and the suspect are consistent, the frequency
of the haplotype, as determined from an appropriate
reference database, generally provides a conservative
estimate of the likelihood that the evidence haplotype
originated from the suspect rather than a random individual
in the population.

Because of well-established differences in mtDNA
haplotype distributions between diverse population groups,
the appropriate reference database for a particular ques-
tioned sample will vary depending on the circumstances
surrounding the case. The conceptual ideal for the appro-
priate reference database would be one that reflects the
mtDNA haplotype distribution of the potential pool of
sample contributors. In urban populations, the ideal
database might reflect diverse population groups and
mitochondrial haplotypes in proportions similar to those
found in the actual population. Unfortunately, very few
mtDNA population databases can boast such thorough
sampling and completeness, and the generation of such
databases is generally impractical. Therefore, multiple
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databases representing various relevant source are generally
used to report frequency estimates. Especially in criminal-
istics, the most conservative estimate can be given the most
emphasis [1-3]. This provides the suspect with the
maximum benefit of the doubt. The most conservative
estimate tends to be from the source population of the
suspect or reference sample. However, in the absence of
information about the population origin of the questioned
sample (such information is usually circumstantial, but
could be genetic), the population origin of the suspect or
reference sample has no direct logical relevance apart from
providing a conservative estimate.

We report here two new forensic mtDNA population
databases from Hungary: a sample of individuals from
urban Budapest and a sample of Roma from Baranya
county. These two databases reflect the two largest
population groups in Hungary. The population of Hungary
is comprised largely (~95%) of autochthonous “Euro-
peans.” However, many ethnic minorities also reside in
Hungary, with European Roma forming the largest minority
(the latest national census lists self-identified Roma at 2%
of the population, although the actual value is considered to
be substantially higher). In Baranya county, Roma represent
approximately 10% of the 440,000 or so inhabitants, and
therefore constitute a significant proportion of the residents
of this region.

Historical records indicate that the Romani populations
of Europe originally arrived in the Balkans in the eleventh
to twelfth centuries with additional migrations following
into the fifteenth century [4, 5] and later dates as well.
Multiple historical and linguistic data support the theory
that these migrations originated in India [5, 6], although no
written records exist to confirm this hypothesis. Genetic
data (classical markers, Y-STR, and mtDNA) from various
European Romani populations have supported the Indian
origins of the European Roma [6—8]. However, these
studies have also demonstrated that despite their common
origin, culturally distinct Romani subpopulations possess
significantly different mtDNA structures. Romani popula-
tions in Europe have been subject to severe discrimination
and persecution over the centuries, including mass execu-
tions in a Roma holocaust in World War II and ethnic
cleansing in the recent Balkan conflicts ([9]; and see
European Roma Rights Center, http://www.errc.org). Es-
tablishment of appropriate mtDNA population databases for
the Roma could be considered particularly desirable to
assist in identifying missing persons or individuals
unearthed from mass graves, for which mtDNA has a
well-established role. It is also important that the signifi-
cance of mtDNA matching, should it occur in criminalistic
casework involving Romani individuals, is not overesti-
mated through comparison to inappropriate databases. For
such small, culturally isolated populations, it is also
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important to assess if there is genetic uniformity between
different localities, again to ensure that comparisons are not
made to inappropriate databases.

Materials and methods
DNA samples and extraction

Blood samples were obtained from 211 unrelated individ-
uals from urban Budapest, Hungary and 205 unrelated, self-
declared Roma from Baranya county, Hungary. DNA was
extracted as in Egyed et al. [10]. To the best of our
knowledge, these samples represent individuals who are
unrelated by at least two generations. The individual
samples in this study were essentially the same as those in
a report on nuclear short tandem repeats (STR) [10], with a
few individuals more (Roma) or less (Budapest). Addition-
al STR loci from a subset of the samples in this paper were
published in Fiiredi et al. [11] and Egyed et al. [12].

Amplification and sequencing of mtDNA

Polymerase chain reaction (PCR) amplification and ampli-
con sequencing were performed as in Brandstitter et al. [13]
with minor modifications. Automated PCR setup was
performed on a Corbett CAS-1200 robotic workstation
and sequencing was performed on a Tecan Genesis 200.
Primers used for sequencing, in addition to the amplifica-
tion primers, were: F16190 (CCCCATGCTTACAAG-
CAAGT), F16450 (GCT CCG GGC CCA TAA CAC
TTG), F15 (CAC CCT ATT AAC CAC TCA CQG), F314
(CCG CTT CTG GCC ACA GCA CT), R285 (GTT ATG
ATG TCT GTG TGG AA), and R16400 (GTC AAG GGA
CCC CTATCT GA).

Sequences were aligned using Sequencher software
(GeneCodes, Ann Arbor, MI). The nucleotide positions
considered for analysis were 16024—16569 and 1-576, as
defined by the revised Cambridge reference sequence
(rCRS, [14, 15]). Sequences are denoted in this paper as a
list of polymorphisms that differ from the rCRS. Observed
point heteroplasmies were denoted by the appropriate
International Union of Biochemistry code, and observed
length heteroplasmies were treated consistently, with the
predominant molecule described.

To ensure data quality, a redundant multilaboratory
approach to data generation and analysis was used. Details
of the approach can be found in Brandstitter et al. [13].
Sequence data in electronic form are available from the
authors upon request or may be downloaded directly from
GenBank (Baranya Roma, GenBank accession numbers
DQ359273-DQ359477; Budapest, GenBank accession
numbers DQ359478-DQ359688).
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Analysis of population data and comparison to other
populations

Pairwise comparisons within and between the Romani and
Budapest populations were performed using custom soft-
ware (LISA, Future Technologies, Fairfax, VA), with C-
stretch insertions at 16193, 309, and 573 ignored. Genetic
diversity indices and random match probabilities were
calculated by hand [(1—sum of squares of haplotype
frequency)x(n/n—1); see [16]]. Random match probabil-
ities were generated both empirically and as the sum of
squares of the haplotype frequencies. For these compar-
isons, entire control region data were used.

The Baranya county Romani population was compared to
six other European Romani populations described in Gresham
et al. [7]. Only populations for which 20 or more individuals
were characterized were used in our analyses. Thus, the 205
Hungarian Roma were compared to five Bulgarian Romani
populations (Monteni, n=42; Lom, n=43, Kalderash, n=23;
Kalaidjii North, n=25; Turgovzi, n=25) and one Spanish
Romani population (z=25) [7]. Analysis of molecular
variance (AMOVA) were conducted on HV1 data spanning
positions 16023 to 16384, using 1,000 permutation repli-
cates, an alpha of 0.3, and the Kimura two-parameter method
for calculating distance [17].

The urban Budapest population was compared to the
SWGDAM “Caucasian” database. To include the maximum
number of samples in the analysis, only positions falling
within HVI (16024-16365) and HVII (73-340) were
considered for these comparisons.

mtDNA haplogroup affiliation

Haplogroups were assigned to sequences based on motifs
of control region polymorphisms that are either specific to,
or associated with, recognized haplogroups [7, 8, 18-33].
In cases where there were one or several differences from
reported “defining” polymorphisms, we evaluated the
significance with relation to the relative evolutionary rate
of the sites in question (TJ Parsons, unpublished data, but
similar to relative rates in, e.g., [3]). In two cases, we were
unable to assign the sample to a particular haplogroup due
to a lack of defining polymorphisms.

Results and discussion
Population comparisons
Romani individuals from Baranya county, Hungary (n=205),
and native Hungarian individuals from Budapest (n=211)

were sequenced for the mtDNA control region. These two
population samples differed dramatically at the mtDNA

level. To begin with, the genetic diversity of mtDNA within
the Romani sample was much lower than in the Budapest
sample (0.915 vs 0.995), with an intrapopulation pairwise
match probability in the Roma ~13-fold higher than in the
Budapest sample (Table 1). In the Budapest sample, 183
variable sites were observed, while only 109 sites were
observed in the Roma. Despite the similar sample size, the
Budapest sample had more than three times the number of
distinct haplotypes than the Roma and a fivefold greater
proportion of the number of haplotypes that were unique in
the population samples. The five most common haplotypes
in the Romani population account for ~44% of the sample,
with the most common type occurring in ~16% of the
population. A close relative of the most common mtDNA
type, differing only by the presence of an AC repeat indel at
position 524, occurred at ~8% of the population.

Pairwise sequence comparisons were performed in both
populations. The mismatch distribution for the Budapest
samples was smoothly unimodal, centered at nine differ-
ences (mean=9.7). The ragged, bimodal histogram of the
Romani sample showed two peaks: 1 at zero differences,
which reflects the high empirical random match probability
of 7.12%, and another at 12 differences. The peak at 12
differences likely represents the multiple pairwise compar-
isons between divergent mtDNA types (such as the
common M haplogroup and H haplogroup samples).
Unimodal mismatch distributions tend to reflect popula-
tions that have expanded from an initial pool, while ragged
distributions tend to result from a more constant population
size over time and/or heterogeneous founder events [34].

For both population samples, the control region sequences
were assigned to probable evolutionary haplogroups by
identification of haplogroup-diagnostic or haplogroup-asso-
ciated sequence motifs. The haplogroup representation
within the Budapest and Romani samples was also strikingly
different. The Budapest sample was very similar in
haplogroup representation to that of the pooled “Caucasian”
(US and European) samples in the FBI/[SWGDAM database.

Table 1 Diversity measures for urban Budapest and Baranya County
Roma populations

Population statistics Urban Budapest

(n=211)

Baranya county
Roma (n=205)

Random match prob.

Empirical 0.53% 7.12%

Sum of squares 1.00% 8.97%
Haplotypes 180 (167 unique) 57 (33 unique)
Polymorphic sites 183 109
Mean pairwise differences 9.5 9.8
Genetic diversity 0.995 0.915

Indices were generated from the entire control region data (16024—
16576), with C insertions at 16193, 16309, and 16573 ignored.
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Of the Budapest samples, 94% fell into various western
European haplogroups, with 40% of all samples belonging to
haplogroup H. The most common haplotype, 16519C 263G
315.1C, was seen in 6.2% of the samples (HVI/HVII only:
263G 315.1C, seen in 7.5% of samples). In the SWGDAM
database, this HVI/HVII haplotype was observed in 6.7% of
the samples. The high frequency of this type and of
haplogroup H is distinctive of western European populations
(e.g., [13, 18, 35)).

The majority of the Romani samples were assigned to
known haplogroups. Thirty-five percent of the samples
derived from haplogroup M (including the most common
haplotype), but these were represented by only six
haplotypes. Nearly all of the remaining samples fell into
various western European haplogroups (H, X, T, J, U, V, [,
W, K). Only three sequences (1.5%) were attributable to
other Eurasian or African haplogroups (two individuals
from Eurasian haplogroup N1bl, one from African hap-
logroup L3f). The mtDNA haplogroup distribution of the
Baranya county Roma was much more similar to that seen
in a study of 14 European Roma HVI sequences by
Gresham et al. [7]. Gresham et al. [7] observed a large
proportion of haplogroup M samples (26.5%), with the
remaining mtDNA lineages comprised largely of western
European haplogroups. The single most common haplotype
seen in the Baranya county Roma was also the most
common haplotype observed overall in Gresham et al. [7].
However, the overall representation of this haplotype in the
Baranya county Romani population was much greater than
in the composite European Romani population. This M5a
haplotype (73G 263G 315.1C 489C 524.1A 524.2C
16129A 16223T 16291T 16298C 16519C) was seen 51
times in our Hungarian Romani database, representing
24.5% of all sequences and 73% of the observed M
lineages. In the composite European Romani populations,
this haplotype represented 10% of all sequences and 40%
of the observed M lineages. The second most common
haplotype seen in the Gresham et al. [7] study, a haplogroup
M sequence, which represented 8.4% of the total database,
was not observed at all in the Baranya county Roma.

Despite the general similarity of the Hungarian to other
European Romani populations based on haplogroup repre-

sentation, especially compared to autochthonous European
populations, there were clearly substantial haplotype fre-
quency differences among the Romani populations we
compared. Previous genetic studies and knowledge of
population history and social structure (e.g., [8]) also
indicated the potential for significant differences among
Romani populations that should be evaluated carefully with
regard to potential forensic applications. We found no
published complete control region sequences for the Roma,
so we further explored Roma interpopulation variation by
comparing the Baranya county Roma data to HVI
sequences from six other European Romani populations
[7]. Diversity measures from the seven populations are
shown in Table 2. All Romani population samples
displayed significantly lower genetic diversities than the
population sample from urban Budapest (H=0.995). Rela-
tive to the other Romani populations, the Hungarian Roma
displayed one of the lowest genetic diversities with only 43
haplotypes in 205 individuals. The Hungarian Roma did,
however, have a somewhat higher average pairwise
difference between samples and were polymorphic at more
than twice as many sites as many of the other Romani
populations (the latter is certainly a result of a much larger
sample size).

AMOVA analyses conducted on the seven European
Romani populations indicated that over 5.15% of the total
variation in the pooled population sample could be
attributed to interpopulation differences between the Roma,
with the remainder attributable to variation within popula-
tions. Pairwise F values for the Hungarian Baranya county
Roma and each of the other European Romani populations
ranged from 0.014 to as much as 0.100, and all pairwise
Fys were significant at the 0.05 level (Table 3). Likewise,
pairwise Fg values between the non-Hungarian Romani
populations ranged between —0.001 and 0.095. Of the 21
total pairwise comparisons of all Romani populations, only
four were not significant at the 0.05 level. To get a feel for
the magnitude of this interpopulation differentiation, we can
compare to a similar analysis combining our Budapest
sample with four European-derived populations represented
in the FBI/SWGDAM database (US “Caucasian,” Austria,
France, Greece; [36, 37]). In this case, only 0.02% of the

Table 2 Diversity measures for various Roma populations based on HVI data (this study, [7, 38])

Lom (Bulgarian Rudari (Bulgarian Kalderas (Bulgarian Baranya County, Spanish Turgovzi
Vlax Roma) Vlax Roma) Vlax Roma) Hungary Roma Roma Roma
Sample size 43 42 23 205 25 25
Genetic diversity 0.948 0.913 0.949 0914 0.9733 0.977
Alleles 18 15 15 43 11 19
Polymorphic sites 23 25 22 54 23 31
Mean pairwise differences 4.28 4.72 4.44 5.17 4.07 6.24

HVI defined by positions 16024 and 16384, in this case.
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Table 3 Fst values for Baranya County Roma and other European Roma Populations

Hungarian Kalderash Monteni Lom Turgovzi Kalaidjii North Spanish

Roma (Bulgaria) (Bulgaria) (Bulgaria) (Bulgaria) (Bulgaria) Roma

(n=205) (n=23) (n=42) (n=43) (n=25) (n=20) (n=25)
Hungarian Roma - 0.021%* 0.088%* 0.013* 0.035* 0.038* 0.100%*
Kalderash - 0.033* 0.004 —0.001 0.034 0.085%*
Monteni - 0.058%* 0.044%* 0.095%* 0.12%%*
Lom - 0.011* 0.009 0.084**
Turgovzi - 0.011* 0.068%*
Kalaidjii North -

Spanish Roma

0.066*

Data for the non-Hungarian Roma were taken from Gresham et al. [7].
*p value <0.05
**p value <0.01

total variation can be attributed to interpopulation differ-
ences. Within these autochthonous European populations,
there was only one significant pairwise Fy value (Budapest
to France, F4=0.004, p=0.04), whose significance is
eliminated with the application of the Bonferroni correc-
tion. Despite the distinctiveness of the Romani populations
at the level of haplogroup representation, consistent with a
common ancestry, there are clearly factors that restrict
matrilineal gene flow among various Romani groups, even
those within close geographical proximity (see also [7, 8,
38]). The Budapest sample, on the other hand, is quite
similar to other autochthonous European samples and there
appears to be no basis for treating the Budapest population
sample separately from other combined European databases
for the purposes of forensic comparisons.

Database reporting issues

Population databases are used to indicate the relative rarity
of mtDNA sequences encountered in forensic casework
and, in most cases, the evidentiary significance of mtDNA
matching improves as database size increases. As a result,
large mtDNA databases are generally desirable and pooling
of genetically similar databases is something that can be
done to establish larger databases—if this is warranted by
an absence of population differentiation. We have estab-
lished that the Budapest sample is similar to other European
samples and need not be treated separately. However, given
the substructure detected among Romani populations, it
would likely be inappropriate to pool the various Romani
population databases to create a larger database. To further
address the issue, we examined the frequency of each
Romani population’s most common haplotype in all of the
other Romani populations and in a combined “European
Roma” database. In nearly all cases, the frequency of the
most common haplotype in one population was under-
estimated (or in many cases absent) in all other populations.

The only exceptions to this were among those populations
that shared the same most common type. Furthermore, in all
but one case, the use of the pooled database significantly
underestimated (p<0.05) the frequency of each individual
population’s most common haplotype, suggesting that
frequency estimates of particular sequences would be most
conservative if populations were considered separately.

Heteroplasmy

The data were carefully scrutinized for point mutation
heteroplasmy, and in each population we detected multiple
instances where the sequence data from both strands
strongly indicated a true heteroplasmic mixture. Point
heteroplasmies were observed in 9 Romani individuals
and 11 Budapest individuals at a total of 17 positions.
Three individuals were heteroplasmic at 16183, two
individuals were heteroplasmic at 16093, and the remaining
15 individuals were heteroplasmic at 15 unique sites, for a
total incident rate of 4.8%. This rate is higher than is
typically reported from blood samples (e.g., [39]), but is
consistent with the rates we are observing in other
databasing projects. This is likely due to increased scrutiny,
very clean sequence data, and increased sensitivity of
current chemistry and detection platforms.

Of course, length heteroplasmy was common in the C-
stretch regions of HVI and HVII. We also observed
possible/apparent length heteroplasmy in the AC dinucle-
otide repeat element at position 523. As reported elsewhere
(e.g., [40, 41], a majority of the samples showed five AC
repeats and the number of elements was highly variable in
the populations. Heteroplasmy was regularly observed,
albeit at an extremely low level, in samples with five
repeats. However, in all cases where the predominant repeat
number was six or greater, we were able to consistently
detect apparent repeat length heteroplasmy, which was
generally more pronounced with seven or more predomi-
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nant repeat units. As the number of repeats increased, the
proportion of minor component molecules and our ability to
detect them also increased. This observation is consistent
with our understanding of STRs: that the incidence of PCR
amplification stutter increases with an increasing number of
repeats [42]. However, it is also possible that the observed
heteroplasmy is intrinsic. We are not aware that others have
reported heteroplasmies with such frequency, and in many
instances the apparent mixture is low enough to be hard to
detect without very clean data. Chung et al. [43] report just
three instances of AC length heteroplasmy in 500 individ-
uals using fluorescently labeled amplicons and reported that
PCR from cloned amplicons with greater than six repeats
did produce some stutter. Properly designed cloning/
amplification experiments could conclusively determine if
these length mixtures are due to intrinsic heteroplasmy or
PCR artifacts.

Conclusions

Because of the unique cultural and genetic heritage of
European Romani populations, we investigated the impor-
tance of generating independent mtDNA reference data-
bases for the Romani population of Baranya county,
Hungary and the population of Budapest, Hungary. We
also examined the degree of mtDNA differentiation
between endogamous populations of European Roma and
considered the possibility of generating a combined
database for European Romani populations.

The Baranya county Romani population was found to be
significantly different from all other European Romani
populations included in the AMOVA analysis. These
results, as well as our observations on the relative rarity
of each population’s most common type in all other
Romani and pooled populations, suggest that mtDNA
frequency estimates of particular sequences would be most
conservative if Romani populations were considered sepa-
rately, instead of pooled together and treated as a single
database. Additional sampling and larger sample sizes from
Romani populations will provide additional information on
the extent of mtDNA differentiation between, and haplo-
type representation among, various populations. Until then,
mtDNA frequency estimates should be treated with much
caution, due to small sample sizes and extreme subdivision.
Similarly, but to an obviously larger degree, the diversity
measures presented here highlight striking differences in
the mtDNA compositions of the Hungarian Romani and
Budapest—and other European—populations. Clearly,
these databases should be maintained separately. The
results of these comparisons suggest the merit of additional
investigations into other distinct ethnic minority popula-
tions in Hungary and emphasize the need for particularly
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careful database sampling and analysis when dealing with
small, isolated populations.
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