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Abstract

Background: A comprehensive temporal analysis of mtDNA haplogroup variation across
Lithuanian history remains limited. This study investigates the mtDNA variation land-
scape during the Iron Age by comparing newly reported Iron Age individual mtDNA
data with the new data from present-day Lithuanians. Methods: Remains of individuals
from the Iron Age Lithuania (1 = 101) were processed using standard protocols for ancient
DNA processing. For the present-day Lithuanians (n = 279), whole mitogenomes were
sequenced. Thirty-six polymorphic sites within the Hypervariable Region I were used for
haplogroup assignment, phylogenetic and population genetic analyses. Results: Fifteen
distinct haplogroups in the Iron Age and the present-day Lithuanians were identified.
Haplogroup RO/H remained the most frequent across time. Haplogroups U, T, and N were
prominent in the Iron Age. Haplogroups M and D were introduced after the Iron Age.
Phylogenetic and population genetic analyses revealed greater mtDNA diversity in the
present-day Lithuanians. Significant difference in molecular variance was observed dur-
ing the Iron Age. Barring the Viking period, the Iron Age mtDNA variation matched the
present-day Lithuanian and European populations. Conclusions: Our study showed that
mtDNA variation over time remained stable with some random fluctuations and gained
more diversity in the present-day Lithuanians.

Keywords: mtDNA; haplogroup; population; Roman period; Migration period; Viking
period; Iron Age; Lithuania

1. Introduction

The current Lithuanian territory was a crossroad during the ages [1] and experienced
many changes since the arrival of the first hunter—gatherers after the last glacial period. It
witnessed many sociodemographic processes that are reflected in contemporary popula-
tions today [2]. Population migration before and after the last glacial maximum, both to
and from refuges in Central, Southwestern, and Southern Europe, has influenced the cur-
rent European gene pool [3]. According to a recent study on ancient individuals from the
Central and Eastern Europe, the most significant sociocultural and political shifts oc-
curred over the second half of the first century CE [4].
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Iron Age in Lithuania is generally considered to have lasted from the 1st to the 11th
or 12th century CE. It is divided into three phases: the Old Iron Age or Roman period [5],
the Middle Iron Age or Migration period [6], and the Late Iron Age or Viking period [7].
The chronology differs from the rest of Europe as the territory of Lithuania was geograph-
ically distant from the major political and cultural developments. Consequently, many
processes, innovations, and ideas (visible in the archaeological context, such as settle-
ments, hill forts, and burial sites) reached the region at a considerably later stage.

During the Roman period (1st—4th c. CE), the Balts maintained trade with the Roman
world via the Amber Road, while goods from the Roman world (coins, glassware, etc.)
flowed northward, marking the early development of long-distance exchange and social
differentiation. This period can also be characterised by a decline in the use of hillforts
and inhumation as the dominant burial practice, although cremation began to spread in
the 3rd—4th c. CE [5,8,9].

Later, the Migration period (5th-8th c. CE) brought major cultural shifts, such as war-
fare, new artefact types, and richly furnished graves with the rise of warriors suggesting
external influences. This period is also marked by the emergence of regional cultures, such
as the East Lithuanian Barrow Culture [10-13].

By the Viking period (9th—12/13th c. CE), regional differences in burial traditions per-
sisted, but cremation became increasingly prevalent. This period can be marked as a turn-
ing point in the foundation of the Grand Duchy of Lithuania, as indicators of social strat-
ification became more visible, particularly as local elites consolidated their power while
trying to counter the Teutonic Order [7]. In addition, contacts (or trades) with Scandina-
vians can be traced primarily in the western part of Lithuania, particularly in Curonian
settlements and cemeteries [14].

Mitochondrial DNA (mtDNA) is important not only for cellular organismal functions
and metabolic diseases [15], and forensic analysis [16], but also as evidence for maternal
ancestry and population history [2]. Mitochondrial DNA is present at much higher copy
numbers than nuclear DNA, which makes it particularly valuable in ancient DNA (aDNA)
research where endogenous DNA is often highly degraded and scarce [17]. The high copy
number and relative stability of mtDNA increase the likelihood of successful recovery and
sequencing from archaeological remains.

Variation within mtDNA sequences defines haplotypes, which represent individual
genetic profiles as well as broader haplogroups, which are groups of related haplotypes
that share common maternal ancestry [18]. Haplogroup distributions provide insights
into population history, migration, and genetic continuity or turnover across temporal
and geographic contexts. Population studies using mtDNA have expanded from Hyper-
variable Region I (HVRI) and/or II (HVRII) to the determination of the entire mtDNA se-
quence [2] in the analysis of population genetic structure and assessment of population
affinities [2,19]. Tracing mtDNA variation change across time and space can help in recre-
ating some of the migration, admixture, and/or social practices.

There have been previous attempts to characterise the contemporary Lithuanian pop-
ulation using mtDNA diversity. Previous research [20] examined the mtDNA HVRI re-
gion of 180 Lithuanian individuals and detected 95 different haplotypes. The genetic di-
versity and average pairwise differences for them were close to the estimates for other
European populations. The Lithuanian population itself was found to be homogeneous,
genetically close to Slavic (Russia, Poland) populations, and aligned between the Finno-
Ugric populations of Northern Europe (Estonia, Finland) and the Indo-European popula-
tions of Western Europe. Most common haplogroups characteristic of European popula-
tions accounted for 97% of the Lithuanian mtDNAs [20].

Based on the distribution of mtDNA haplogroups, previous research showed that the
Lithuanian population falls within the same cluster as the Polish, Ukrainian, Russian, and
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Belarusian populations, whereas Estonian, Czech, Slovak, and Balkan populations re-
mained distant from the Eastern European population group [21]. Another study con-
firmed Lithuanians clustering between Slavs and Middle/Near East populations [22]. In
addition, interpopulation genetic differences between West and East ethnolinguistic
groups in Lithuania were found and explained by the distributions of the two main (H
and U) and the other (A, HV, L, ], K, M, N, T, V, W) mtDNA lineages. Haplogroup U was
suggested to be dominant in the first inhabitants of the present-day territory of Lithuania
and then replaced by newcomers who carried the haplogroup H [22].

Compared to present-day Lithuanian mtDNA studies, ancient DNA analyses from
the territory of present-day Lithuania are sparse. Initial findings [23] from a study of
mtDNA diversity in four Baltic Mesolithic and Neolithic individuals confirmed previous
suggestions about the first people in the territory of Lithuania having haplogroup U: one
individual belonged to U4 (haplogroup typical to Eastern hunter-gatherers) and three in-
dividuals to U5 [24,25]. Subsequent analyses that included additional Mesolithic/Neo-
lithic and Bronze Age individuals revealed the presence of haplogroup H (H4alala3, H5,
H11a), together with haplogroups K (K1b2a), I (12, I4a), W (W6a), and T (T2b) [26]. Hap-
logroup H is typically associated with the Neolithic expansion into Europe, yet there was
no evidence of Neolithic farmer ancestry in their autosomal DNA [26]. This suggested that
the haplogroup H may have already been present among local Western hunter—gatherer
groups.

The limited number of analysed individuals is indicative of the rarity and poor
preservation state of the Mesolithic/Neolithic materials from the territory of present-day
Lithuania. Due to cremation practices in the region, the preservation of material suitable
for genetic analysis is no better in the Bronze Age. Thus, we reinitiated further mtDNA
study on 132 Baltic Iron Age (LA) samples to fill the knowledge gap regarding the structure
and spatial-temporal variation in maternal ancestry in present-day Lithuania.

2. Materials and Methods

2.1. Iron Age Sample Group

A total of 132 IA individuals, originating from the territory of present-day Lithuania,
were selected for the study. The authors of this paper are the curators of the human oste-
ological collection at Vilnius University with full permission and authorization to study
the material. All the procedures followed recognised professional standards for the care
and study of human remains.

The selection of individuals for the study was carried out to cover all three regions of
Lithuania—Western (Zemaitija), Central (Western and Southern Aukstaitija), and Eastern
(Eastern Aukstaitija). This allowed a balanced geographic distribution to compare with
the data from the present-day Lithuanians (described in Section 2.2).

IA individuals representing the three key historical phases—the Roman, Migration,
and Viking Ages—were selected as each contributed in distinctive ways to the developing
social organisation, technological innovation, and cultural exchange processes whose im-
pact remains evident in today’s European history [5]. Although burial traditions and so-
cial organisation differed across the three time periods, the individuals selected for this
study appear typical for their respective archaeological contexts (references to archaeo-
logical sites are provided in Table S1 in Supplementary Materials).

In addition to creating a uniform spatial and temporal representation, the selection
of individuals was also determined by the state of osteological material preservation. At
least two teeth from each individual were selected for analysis. The chosen teeth showed
minimal to no dental wear and did not have any carious lesions that could potentially
impact the results. Out of the selected 132 individuals, 29 from Roman, 48 from Migration,
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and 24 from Viking periods (101 in total) yielded sufficient data for genetic analysis (their
geographic and time period distribution is represented in Figure 1).
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Figure 1. Map with the Iron Age (IA) sample sites from the territory of present-day Lithuania, sam-
ple group sizes, and archaeological dating. Circle sizes denote sample group size and circle colours

denote the IA time periods.

The sex and age at death of the individuals were determined using standard methods
outlined by Buikstra and Ubelaker (1994) [27]. Sex was assessed based on the morphology
of the skull and pelvis. For non-adults, age was evaluated based on dental and overall
skeletal development, while for adults, the primary method used was the examination of
the pubic symphysis, when available [28,29]. Other skeletal indicators for ageing included
the changes in the sternal end of the ribs, the auricular surface of the pelvic bone, general
degenerative changes in the skeleton, including the closure of skull sutures, and dental
wear [30-32]. The individuals were grouped into three age categories: young adults (18—
34 years), middle adults (3549 years), and older adults (=50 years). Some overlaps be-
tween age groups and age categories were noted, i.e., individuals who fell within the 30—
39 years age range were interpreted as “middle adult”, for skeletal maturity was already
reached [33] (Table S1 in Supplementary Materials).

Teeth from IA individuals were delivered to the ancient DNA (aDNA) laboratory at
the Department of Molecular Biology, Medical University of Lodz, Poland. Sample prep-
aration and molecular genetic analyses were performed in a facility dedicated exclusively
to ancient DNA work and free from any prior handling of modern DNA. All protocol
steps (excluding sequencing) were conducted by personnel wearing disposable protective
clothing. All procedures were performed under a laminar-flow hood (Heraeus Biohazard
II, Heraeus Group, Hanau, Germany) using DNA-free, filter-equipped consumables. Rou-
tine decontamination included treating all instruments and surfaces with DNA-Exi-
tusPlus (AppliChem, Darmstadt, Germany) after each experiment, followed by UV irra-
diation of the clean room until the next session. Multiple negative controls were incorpo-
rated at every stage of the workflow. To exclude potential contamination from laboratory
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staff, a Personal Genetic Identification Database (PGID) containing their genetic profiles
was established.

Mitochondrial DNA was extracted and sequenced according to the protocols de-
scribed previously in Witas et al. [34]. Primer pairs, L16112 (5-
CGTACATTACTGCCAGCC-3") and H16262 (5-TGGTATCCTAGTGGGTGAG-3') as well
as L16251 (5'-CACACATCAACTGCAACTCC-3") and H16380 (5-
TCAAGGGACCCCTATCTGAG-3') were used to amplify the HVRI between 16,112 and
16,380 bp. PCR products were usually readable between 16,115 and 16,340 bp as two over-
lapping PCR products of 186 and 171 bp. PCR products were sequenced using BigDye 3.1
Terminator Pre-Mix Kit (Applied Biosystems, Foster City, CA, USA) on ABI Prism 3130
Genetic Analyzer (Applied Biosystems). The resulting sequences were edited and ana-
lysed using BioEdit (v7.2) and MEGA 4 software [35].

2.2. Present-Day Lithuanian Sample Group

The present-day Lithuanian group consisted of 279 unrelated individuals from West-
ern (Zemaitija), Central (Western and Southern Aukstaitija), and Eastern (Eastern
Aukstaitija) Lithuania. Individuals reported at least three generations of Lithuanian de-
scent.

Venous blood samples (and DNA extracts) were collected in 1994-1995 and during
the LITGEN project (VP1-3.1-SMM-07-K-01-013) in 2011-2013. Ethical approval from the
Vilnius Regional Research Ethics Committee was obtained for this study (No. 158200-05-
329-79, date: 3 May 2011). Samples were collected with informed consent from partici-
pants. As this study is itself a population genetic investigation, the formulation in the in-
formed consent form allows the use of the samples for this study and similar population
genetic studies. There were no follow-up engagements with participants of the study.

Genomic DNA was extracted from blood using either a phenol-chloroform extrac-
tion method or an automated nucleic acid purification protocol following manufacturers’
guidelines (Freedom EVO® Nucleic Acid Purification Workstation, Tecan Group Ménne-
dorf, Switzerland; PROMEGA kit “MagneSil® Genomic, Large Volume System”, Madison,
WI, USA). The quality and quantity of purified genomic DNA were evaluated spectro-
photometrically (NanoDrop® ND-1000 Spectrophotometer, Waltham, MA, USA).

Multiplex sequencing on the Illumina GAII platform (San Diego, CA, USA) after in-
solution capture enrichment was used to obtain complete mtDNA genome sequences with
an average of 352-fold coverage depth at the Department of Evolutionary Genetics, Max
Planck Institute for Evolutionary Anthropology (Leipzig, Germany).

The dataset of complete mtDNA sequences from the present-day Lithuanian popu-
lation has been deposited in the NCBI SRA database, project PRJNA1378471, accession
numbers SAMNG53838778-SAMN53839056.

2.3. Mitochondrial DNA Data Analysis Methods

For the IA sample groups, due to the technical limitations, this study used 36 sites in
the mtDNA HVRI (np 16,112-16,380 bp). The analysed polymorphic sites are diagnostic
variants of haplogroups. mtDNA HVRI positions were aligned relative to the revised
Cambridge Reference Sequence (rCRS) (NC_012920) [36] (Table S2 in Supplementary Ma-
terials).

For present-day Lithuanians, complete mtDNA sequences were generated with the
nf-core/eager pipeline (v2.5.2) [37]. FASTQ files were pre-processed by removing adapters
and bases with quality lower than 20 and reads shorter than 30 bp using AdapterRemoval
(v2.3.2). DNA sequences were aligned to rCRS using the BWA-MEM algorithm (v0.7.17-
r1188). Duplicated sequences were removed using DeDup (v0.12.8). The variants were
called using GATK UnifiedGenotyper (v3.5-0-g36282e4), and consensus FASTA
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sequences were generated via VCF2Genome (v0.91). For haplogroup classification and
further phylogenetic and population genetic analyses, present-day Lithuanian mtDNA
data were filtered down to the aforementioned 36 polymorphic sites in HVRI for adequate
comparison with the JA mtDNA data.

2.3.1. Haplogroup Classification

Haplogroups were assigned using HaploGrep 2 with the PhyloTree v17 Forensic Up-
date 1.0 [18]. HaploGrep 2 uses Kulczynski distance metric to calculate the distance to
each haplogroup and assigns the best hit [38]. mtDNA HVRI sequences were used for
haplogroup classification of ancient and present-day Lithuanian samples. Haplogroups of
IA samples are provided in Tables 52 and S3 and haplogroups of present-day samples in
Table 54 in Supplementary Materials.

For validation purposes, we also assigned haplogroups using HaploGrep 3 (Kulczyn-
ski distance metric) [39] with the PhyloTree v17 Forensic Update 1.2 [40]. To further vali-
date our results, we performed EMPOP haplogrouping (v4/R14) [40] with SAM 2 query
engine [41] based on phylogenetic build PhyloTree v17 [18]. EMPOP identified neigh-
bours by cost, and patterns were matched between the query and the database. The fol-
lowing haplogroup distribution and phylogenetic analyses were performed using sam-
ples that met either of the criteria: (1) the HaploGrep haplogroup assignment corre-
sponded with EMPOP, or (2) more than one variant differing from the rCRS was found
among the analysed mtDNA positions. Except for the samples with no variants differing
from the rCRS, they were assigned to macrohaplogroup RO/H (Supplementary Materials
Table S2). After criteria application, 79 IA samples (Roman, n = 23, Migration, n = 37, and
Viking, n = 19) and 206 present-day Lithuanian samples remained.

2.3.2. Statistical Analysis

The following statistical and population genetic analyses, described in Sections 2.3.2
and 2.3.3, were performed using R software (v4.4.2) [42]. A p-value less than 0.05 indicates
a statistically significant result.

Haplogroup distribution pie charts were created using the R package ggplot2
(v3.5.1). Fisher’s exact test with 10,000 replicates from the R package stats (v4.4.2) was
used to compare haplogroup distribution spatially and temporally.

2.3.3. Phylogenetic and Population Genetic Analyses

The temporal change in Lithuanian population mtDNA diversity across the three IA
periods and the present-day population was further explored through phylogenetic and
genetic variation analysis.

Median-joining networks [43] of mtDNA haplotypes of haplogroups H and U were
generated and visualised using PopART (v1.7) with default parameters (e = 0) [44]. Me-
dian-joining networks were reconstructed as phylogenies based on sequence similarities,
rather than evolutionary history, by calculating median vectors, and allowed for the visual
comparison of haplotype distribution among different sample groups [43,45].

For genetic differentiation between the IA and present-day groups, we estimated
pairwise Fixation index (Fsr) [46] (bootstrap 1000, 95% CI) using the StAMPP R package
(v1.6.3). For further population analyses, we used pairwise Hamming distances between
samples and mtDNA variation calculated with R package ape (v5.8.1). Hamming dis-
tances were chosen for a comparison between haplotypes across different time periods,
that is direct and without assumptions. Analysis of Molecular Variance (AMOVA) was
used to assess inter- and intra-population genetic diversity [47]. AMOVA with 10,000 per-
mutations was performed using the pegas R package (v1.3). Classical Multidimensional-
scaling (MDS) [48] was conducted using R packages stats and ggplot2. MDS reduces
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dimensions while preserving distances between samples to assess their genetic relation-
ships.

A comparative analysis with other European populations was performed by assem-
bling a dataset from publicly available data [49,50], the NCBI database [51-58], and the
1000 Genomes Project [59]. The data and the references are described in Table 1 and in
Table S10 in the Supplementary Materials. These data were filtered down to the HVRI
sequence for adequate comparison with the IJA mtDNA data. The comparative dataset
was used for Fsr and MDS analyses.

Table 1. Abbreviations and sources of the data used in this study. n—sample size.

Abbreviation Country n Reference
Roman Lithuania 29
Migration Lithuania 48 .

Vgiking Lithuania 24 This study
LTU Lithuania 279
LVA Latvia 114
EST Estonia 117 Lappalainen et al., 2008 [49]
SWE Sweden 307

UKR Ukraine 566 Pshenichnov et al., 2013 [52]
CZE Czech 94
BLR Belarus 260 Kushniarevich et al., 2015 [51]
RUS Russia 518

S(B)I; iﬁﬁj ;g Helgason et al., 2001 [53]
ROU Romania 433 Cocos et al., 2017 [54]
POL Poland 196 Piotrowska-Nowak et al., 2023 [55]
HRV Croatia 488
:\IE Bosnia a;ivlizzegovm 39679 Saraé et al., 2014 [50]
SRB Serbia 81

25;: g;;jfles 39119 Trwin et al., 2008 [56]
ITA Italy 191 Modi et al., 2020 [57]
ITA Italy 50 .
FRA France 53 1000 Genomes Project (Auton et al., 2015)
NGA Nigeria 25 [59]

3. Results

After data quality control, 101 out of 132 sampled IA individuals from archaeological
sites in the territory of present-day Lithuania were used.

3.1. Haplogroup Distribution

Haplogroups were determined using HaploGrep 2 and validated with HaploGrep 3
and EMPOP (v4/R14). Over the third of the assignments corresponded (40% of IA samples
and 43% of the present-day Lithuanians) (Supplementary Table S5 of HaploGrep 2 vs.
HaploGrep 3 vs. EMPOP results). Based on this, for the haplogroup distribution analysis,
we omitted samples that had only one variant differing from the rCRS and for which hap-
logroup assignment did not match between HaploGrep and EMPOP (22% of 1A samples
and 27% of the present-day Lithuanians).

The 79 out of 101 mtDNA samples from IA were classified into 12 haplogroups and
18 sub-haplogroups (Figure 2A). For the present-day Lithuanians, 206 out of 279 samples
were classified into 13 haplogroups and 36 sub-haplogroups. A total of 15 distinct haplog-
roups and 39 sub-haplogroups in total were identified in the IA groups and the present-
day Lithuanians. Majority of the samples in all groups did not differ from the rCRS and
were assigned to haplogroup RO/H (Roman 48%, Migration and Viking groups 32%, and
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present-day Lithuanians 37%) (Figure 2). Haplogroup U was the second most frequent
lineage in the Migration, Viking, and present-day Lithuanian groups (16-27%). Haplog-
roup T was the second most frequent in the Roman period (18%), and third most frequent
in the Migration period and present-day (11%). Haplogroup N was also frequent in the
Roman (13%) and Viking groups (16%); however, its frequency was lower in the present-
day Lithuanians (4%). Interestingly, despite ambiguous results from different tools (see
Supplementary Materials Table S5), sub-haplogroups L4b2 (HaploGrep) or M (EMPOP)
and B4 popped out in two individuals (accordingly PLI044 and PLI043) from the Plinkai-
galis archaeological site, dated to the Migration period. Differences in 15 haplogroup fre-
quencies between all four time periods were statistically insignificant (Fisher’s exact test

with 10,000 replicates, p > 0.05).
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Figure 2. Diversity and distribution of determined mitochondrial DNA (mtDNA) haplogroups in
the IA group and present-day Lithuanians. (A) mtDNA haplogroup distribution across the three IA
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periods—Roman, Migration, and Viking—and the present day. (B) mtDNA haplogroup temporal
and spatial distribution across the Western, Central, and Eastern regions. IA samples were divided
into the Roman, Migration, and Viking groups based on archaeological dating. Percentages around

the pie charts represent haplogroup frequencies in each group, n—sample group size.

To see if the temporal mtDNA haplogroup variation was associated with geography,
we divided the IA period and present-day Lithuanian samples by their geographic loca-
tion into Western (Zemaitija), Central (Western and Southern Aukstaitija), and Eastern
(Eastern Aukstaitija) regions (Figure 2B, Figure S2 in Supplementary Materials). Haplog-
roup RO/H remained consistently the most frequent haplogroup in all regions across time.
However, samples assigned to RO/H may include lineages belonging to haplogroup H, as
the available mtDNA variants do not provide sufficient resolution to distinguish between
basal RO and derived H haplogroups. Conversely, haplogroup U was the second major
haplogroup in all time periods and geographic regions, although it was not found in the
Roman period individuals from Western and Central Lithuania.

Present-day samples from the Western region had the highest diversity of haplog-
roups overall (12 vs. 9 in the Central and 8 in the Eastern regions). Significant regional
differences (p =0.04; Fisher’s exact test, 10,000 replicates) were observed in the haplogroup
distributions of IA samples (as one group) and present-day Lithuanians as well. Fisher’s
exact test (10,000 replicates) revealed no significant differences in haplogroup distribu-
tions across geographic regions during the Roman, Migration, or Viking periods (p > 0.05).

3.2. Phylogenetic Analysis

Phylogenetic analysis was conducted to investigate the evolution and haplotype di-
versity of the most frequent haplogroups R0/H and U over time. The constructed median-
joining haplotype network of haplogroup RO/H (Figure 3A) featured a mostly star-like
network, revealing greater diversity in present-day mtDNA with a few haplotypes found
only in the IA groups. Greater diversity might be uncovered due to the larger sample size
of the present-day Lithuanians. Most of the samples were assigned to the haplogroup
RO/H (82% out of all the samples in the RO/H network), plotted as the largest circle in the
network, and did not differ from the rCRS in the analysed range (Table S2 in Supplemen-
tary Materials).

U5a

Uda

Usb
Time period

Roman Viking ) U2e
Migration @ LTU

Figure 3. Median-joining haplotype networks of samples assigned to haplogroup R0O/H (A) and hap-
logroup U (B). Median-joining networks were generated using PopART (v1.7). Colours represent
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IA groups—Roman, Migration, Viking—and present-day Lithuanians (LTU). Coloured circles rep-
resent discrete haplotypes, and black circles represent missing haplotypes. Circle sizes denote the
number of samples assigned to each haplotype. Black strikes on branches represent the number of
nucleotide differences between samples.

Haplogroup U haplotypes appeared more dispersed in the median-joining network
compared to the network of haplogroup RO/H (Figure 3B). The network of haplogroup U
exhibited more diverse mtDNA haplotypes in the present-day Lithuanians and a few dis-
tinctive A mtDNA haplotypes.

3.3. Population Genetic Analysis

The pairwise Fst between the Roman, Migration, Viking, and present-day Lithuanian
population groups revealed no significant differentiation in between different time peri-
ods (p > 0.05 between all pairs). We observed low genetic differentiation between the Mi-
gration and Viking sample groups (Fsr = 0.016) and between the Viking and present-day
Lithuanian populations (Fsr = 0.015) and no genetic differentiation between the Roman
group and the other groups, as well as between the Migration group and the present-day
Lithuanian population (Fsr < 0) (Figure 4). Higher Fst values between the Viking and the
Migration period groups or present-day Lithuanians were possibly affected by the small
sample size of the Viking period group, with additional samples possibly revealing higher
genetic affinities between these periods. Similarly, low differentiation was detected by in-
cluding the present-day European population data, with Fsr values remaining below 0.1
(Table S8 in Supplementary Materials). However, haplotypes were able to differentiate an
outgroup African population (Yoruba, Nigeria) from European populations, including the
Lithuanian IA, with Fsr values ranging from 0.26 (Roman group) to 0.36 (Bosnia and Her-
zegovina), and the differences were statistically significant (p < 0.05 for all populations).

LTU
Viking Fst
0.015
0.010
0.005
Migration 0.000
Roman

Roman
Migration
Viking
LTU

Figure 4. Fixation index (Fst) values for pairwise comparison between the IA groups and present-
day Lithuanians (LTU).
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For the following genetic analyses, we calculated Hamming/pairwise distances using
36 sites from the HVRI region of mtDNA. We used these distances to carry out AMOVA
to assess the genetic variation proportion (Table 2). Most of the genetic variation was de-
termined within populations (96-99%). When comparing the proportion of total variance
among different combinations of groups, the highest variance (3.7%) was between the
three IA groups. The variance between the three IA groups and present-day Lithuanians
was lower (2.2%). The lowest genetic variance (<1%) between groups was estimated when
we analysed IA as one group and present-day Lithuanians as another. There were statis-
tically significant differences found between IA groups and between IA groups and pre-
sent-day Lithuanians (p < 0.05).

Table 2. Comparison of Analysis of Molecular Variance (AMOVA) results between (a) the samples
of three IA periods based on archaeological dating, (b) the IA samples as one group and the present-
day Lithuanian group, and (c) the IA samples of the three periods and present-day Lithuanian

group. Statistical significance p-value < 0.05; statistically significant values are denoted in bold.

Estimated  Proportion of
Variance (0?) Total Variance
(a) Roman, Migration, and Viking groups

Sources of Variation Phi-Statistic p-Value

Between groups 0.290 3.7% 0.037 0.039
Within groups 7.612 96.3%
Total 7.902 100%
(b) IA and present-day Lithuanians
Between groups 0.049 0.7% 0.007 0.102
Within groups 7.147 99.3%
Total 7.196 100%
(c) Roman, Migration, Viking groups and present-day Lithuanians
Between groups 0.163 2.2% 0.022 0.015
Within groups 7.095 97.8%
Total 7.258 100%

The AMOVA results could indicate changes in genetic population structure among
different IA time periods and the overall genetic continuity from the IA to the present day.
It is important to note that unequal sizes of our sample groups could also have affected
results, as larger groups, such as present-day Lithuanians, might increase statistical
power. Additionally, in our case, there was a limited number of populations, which de-
creased the number of unique permutations affecting p-values [60].

We used MDS to compare mtDNA diversity in the Lithuanian sample groups during
the IA and the present-day. We generated an MDS plot based on Hamming distances with
95% confidence ellipses to visualise the dispersion of the mtDNA variation data of each
individual representing the IA group (Figure 5). The overlap of confidence ellipses and
sample projection along the first dimension implied similar patterns of mtDNA diversity
during the Migration period and today. The Roman and Viking group data dispersion
differed from those of the other two groups. The confidence ellipse of the Viking group
notably extended along both first and second dimensions, while the majority of the Mi-
gration and present-day data clustered around zero.
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Figure 5. Multi-dimensional scaling (MDS) of Hamming distances between the IA samples from
Lithuania and present-day Lithuanians (LTU) by mtDNA variation. Each data point represents an

individual sample. Ellipses denote the 95% confidence interval.

To compare differences and/or similarities, we projected the same mtDNA sites of
other present-day European populations on a second MDS plot (Figure 6). The Migration
period individuals fell into the range of present-day European populations’ mtDNA di-
versity, whereas the Roman and Viking period mtDNA variation was more dispersed.
Moreover, the Viking group exhibited higher genetic diversity than the other Lithuanian
IA groups or present-day European populations. It should be emphasised that such dif-
ferences in data dispersion might have resulted from the small sample size of the Viking
group, rather than its genetic differentiation per se.
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Figure 6. MDS of Hamming distances between the IA samples from Lithuania, present-day Lithua-
nians (LTU), and other present-day European populations. Data from present-day European popu-
lations: Bosnia and Herzegovina (BIH), Belarus (BLR), Cyprus (CYP), Czech (CZE), Estonia (EST),
France (FRA), England (GBR), Greece (GRC), Croatia (HRV), Italy (ITA), Latvia (LVA), Norway
(NOR), Poland (POL), Romania (ROU), Russia (RUS), Serbia (SRB), Slovenia (SVN), Sweden (SWE),
Ukraine (UKR). Nigeria (NGA) as an outgroup. Each data point represents an individual sample.
Ellipses denote the 95% confidence interval.

4. Discussion

In this study, we compared the diversity of mtDNA in the IA (represented as Roman,
Migration, and Viking periods) and the present-day Lithuanian samples. We analysed
previously unpublished 279 mtDNA complete sequences of present-day Lithuanians, as
well as 36 mtDNA HVRI variants of 101 IA individuals. Our analysis showed a variation
in the diversity of haplogroups over time (with the presence of the non-European L4b2 or
M and B4 haplotypes in the IA and a wide spectrum of European haplogroups in the pre-
sent-day Lithuanian population), with a stable prevalence of RO/H and U as major hap-
logroups through the IA and current times.

The present-day Lithuanian population’s mtDNA was extensively studied using dif-
ferent techniques and methods. However, ancient material mtDNA studies from present-
day Lithuanian territory were fragmented and started with the oldest material from the
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Mesolithic and Neolithic periods [24]. We show that the major mtDNA haplogroup was
U (individuals Spiginas4, Kretuonas1, Kretuonas2, and Kretuonas3). By contrast, another
study conducted using the Neolithic and Bronze Age individual mtDNA data from the
territory of present-day Lithuania showed the presence of H haplogroup (H11a, H, H4a,
H5), in addition to K, I, W, and T [26]. Our results show that the majority of all the samples
were assigned to haplogroup R0O/H (32-48%). We cannot be sure of their haplogroup as-
signment without a broader set of mtDNA SNPs, although it is possible that many of these
individuals belong to haplogroup H. Future whole mitogenome analyses are required to
confirm whether the influx of haplogroup H possibly occurred during the Late Bronze
Age and the Early IA. These findings might align with the results of previous studies of
recent admixture of Western hunter-gatherers and Eastern hunter—gatherers with the
presence of haplogroup H before arrival of the Neolithic farmers [26].

Haplogroup U was the second most common in all groups, except for the Roman
period, with its highest frequency occurring in the Migration period (27%). During the
Roman and subsequent periods, haplogroups T, U, and N were among the most common
maternal lineages, though their relative frequencies varied across time. Haplogroup U is
dominated by haplogroup U4 during the Viking period, whereas haplogroup U5 is more
prevalent in both the Migration and later Viking periods. Haplogroups U4 [61] and U5
[62] have distinct evolutionary and geographic trajectories within western Eurasia, and
this temporal shift may correspond to different population processes or demographic ex-
pansions in Lithuania across these historical stages.

Notably, the sample of Migration period was assigned the old African origin [63]
sub-haplogroup L4b2 by HaploGrep tool, while the EMPOP suggested better value for
haplogroup M. The presence of haplogroup L, which is of African origin, in our IA sam-
ples would be a unique finding, as it was not reported, to our knowledge, elsewhere in
the Baltic region. In other regions of Europe, haplogroup L has been present before the
Bronze Age. There are cases of haplogroup L appearing in ancient individuals dated to
3000 BCE and ~1800 BCE (excavated in Czech Republic) [64] and an ancient individual
from the Corded Ware culture (excavated in Poland) [65]. Interestingly, in the samples
dated to the Migration period, we observed sub-haplogroup B4, which is not typical for
the analysed region and indicates East Asian ancestry [66]. HaploGrep and EMPOP qual-
ity values for this haplogroup were moderate; thus, more mtDNA sequence data might
change the result. Despite the possible presence of atypical haplogroups, either L4b2, or
M and B4, the burial customs of these individuals were not exceptional, but rather analo-
gous to those of other individuals from the same archaeological sites. Present-day Lithu-
anians also carry haplogroups of Asian (B, D, M) ancestry at low frequencies, indicating
some continuity of these lineages. Populations with Asian mtDNA ancestry reached the
central part of Europe during the Migration period [67], although there is no evidence of
such movements extending into the southeastern part of the Baltic region [68]. The unex-
pected findings of haplogroups L and B could be showing a random movement of people
during the Migration period through the territory of present-day Lithuania. Given
knowledge of the ancient trade of Baltic amber through the Amber Road during the Ro-
man period, the appearance of those haplogroups with people over the Migration period
is plausible. The amber trade even reached North Africa as indicated by the Baltic amber
found in the chest of Tutankhamun [69]. It was also proposed that the Amber Road could
have connections to the Near East, Central, and East Asia [70]. Haplogroups K (3—4%) and
I (3-5%) appeared at similar frequency and remained stable from the IA till today, except
for the increase during the Viking period (11%). ] haplogroup was found only in the Mi-
gration period (5%) and at low frequency (2%) in the present-day Lithuanian population.
Similarly, haplogroup V was found only in the Viking period (5%) and in the present-day
Lithuanian population (3%). Haplogroup V was found at significant frequencies in
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Fennoscandian present-day populations [71] but also at lower frequencies in other Euro-
pean populations [72] present. Haplogroups D (1%), R (3%), and M (0.5%) were at low
frequencies in the present-day Lithuanians and were unidentified in the IA samples.

The mtDNA haplogroup distribution pattern in different regions of the present-day
Lithuania revealed a consistent increase in diversity since the Migration period (except
for the Eastern region, regarding a small sample size), showing constant gene flow over
time. Since the IA, the mtDNA structure of the population in the territory of the present-
day Lithuania marginally changed, as indicated by 3.7% of genetic variation between the
Roman, Migration, and Viking periods (p = 0.04).

Dimension reduction into two dimensions showed no sample clustering, indicating
continuity of mtDNA diversity in the IA Lithuania. Nevertheless, MDS revealed a slightly
distinct distribution of the Roman and Viking groups in contrast to the Migration period
and present-day Lithuanian samples. Tighter confidence ellipses representing the Migra-
tion group are possibly attributed to the larger sample size (48 vs. 24 and 29). MDS re-
vealed that the Roman, Migration, and Viking periods’ mtDNA diversity in the territory
of present-day Lithuania followed a similar pattern to today’s European population
mtDNA diversity, which corresponds with other studies [73,74].

Despite the universal problem regarding the sparse (and in a way accidental/oppor-
tunistic/random) ancient samples and insufficient representation of the periods and pop-
ulations [75,76], there might be some other limitations regarding this study. First of all,
28% out of all the samples, including those not used for the haplogroup distribution anal-
ysis (38% in the Roman group, 25%—Migration and Viking, and 27% in present-day Lith-
uanians), were assigned to sub-haplogroup H2a2al by HaploGrep 2. The classification
into H2a2al sub-haplogroup might be affected by rCRS reference bias and the limited
range of polymorphic sites included in the study. We have assigned the samples that do
not differ from rCRS within the analysed range to haplogroup RO/H [77].We performed
haplogroup assignment based on the 36 SNPs within the HVRI (16,112-16,380), and we
cannot exclude the possibility that genotyping of additional sites would allow for a more
precise haplotype assignment. Due to low resolution, 53% of the IA and 57% of the pre-
sent-day Lithuanian samples differed from the rCRS by a single variant. To minimise un-
certainty, these samples were excluded from the haplogroup distribution analysis if their
haplogroup assignment could not be validated using EMPOP. Furthermore, the Viking
period sample group does not include samples representing the central Lithuanian terri-
tory, which might have affected the result of the haplogroup diversity and distribution of
the period. Additionally, each sub-haplogroup has its own coalescent time and demo-
graphic history. However, this study is limited by the low-resolution haplogroup assign-
ment; therefore, we do not discuss mtDNA diversity at a sub-haplogroup level.

To obtain finer-scale genetic data for further analysis, considering new technologies
and possibilities, additionally, we will perform next-generation sequencing to retrieve as
much data as possible from the same amount of the sample. Moreover, we will continue
studying temporal genetic structure change in the Lithuanian region by expanding the
sample size and including further time periods.

Overall, our study showed that mtDNA variation over time remained stable with
some random fluctuations and gained more diversity in the present-day Lithuanians.
While future studies will enable the analysis of maternal phylogeny, coalescent ages, and
history in greater detail, the current resolution has uncovered insights into the population
dynamics at the haplogroup level. The study revealed stable dominance of haplogroups
RO/H and U phylogenetic maternal lineages, which falls into the context of the European
landscape.
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chaeological sites [78-98]. Table S2: The Iron Age individual mtDNA HVR1 differences relative to
the revised Cambridge Reference Sequence (rCRS). Table S3: HaploGrep 2 report of mtDNA data
from Iron Age Lithuanian samples. Table S4: HaploGrep 2 report of mtDNA data from present-day
Lithuanian samples. Table S5: The comparison of haplogroup assignments between HaploGrep 2,
HaploGrep 3 and EMPOP v4/R14 tools for each individual in the Iron Age and present-day Lithua-
nian groups. MtDNA haplogroups were assigned based on the HVR1. Table S6: Temporal distribu-
tion of the Iron Age and Modern Lithuanian sample mtDNA haplogroup frequencies. Table S7:
Temporal and spatial distribution of the Iron Age and Modern Lithuanian sample mtDNA haplog-
roup frequencies. Table S8: Fixation index (FST) distances between the Iron Age and present-day
Lithuanian and other European population sample groups. Table S9: Analysis of Molecular Vari-
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Table S10: Data and sources used in this study.
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CZE Present-day Czech

EST Present-day Estonia

FRA Present-day France

Fst Fixation index

GBR Present-day England

GRC Present-day Greece

HRV Present-day Croatia
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HVRI Hypervariable Region I of mtDNA
HVRII Hypervariable Region II of mtDNA

1A Iron Age
ITA Present-day Italy
LTU Present-day Lithuania
LVA Present-day Latvia
MDS Multi-dimensional scaling
mtDNA  Mitochondrial DNA
NGA Present-day Nigeria
NOR Present-day Norway
POL Present-day Poland
rCRS Revised Cambridge Reference Sequence
ROU Present-day Romania
RUS Present-day Russia
SRB Present-day Serbia
SVN Present-day Slovenia
SWE Present-day Sweden
UKR Present-day Ukraine
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