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Abstract To test for human population substructure andvestigate human population history we have analysedromosome
diversity using seven microsatellites (Y-STRs) &amdbinary markers (Y-SNPs) in samples from eightanally distributed populations
from Poland (=913) and 11 from Germang<1,215). Based on data from both Y-chromosome mays&ems, which we found to be
highly correlatedr=0.96), and using spatial analysis of the molecudaiance (SAMOVA), we revealed statistically siggant support
for two groups of populations: (1) all Polish pagtidns and (2) all German populations. By mearanatysis of the molecular variance
(AMOVA) we observed a large and statistically sfgraint proportion of 14% (for Y-SNPs) and 15% (#:STRs) of the respective total
genetic variation being explained between both trtees The same population differentiation was clet# using Monmonies

algorithm, with a resulting genetic border betw@atand and Germany that closely resembles the eadithe political border between
both countries. The observed genetic differentiati@s mainly, but not exclusively, due to the frexgey distribution of two Y-SNP
haplogroups and their associated Y-STR haplotyR&al*, most frequent in Poland, and R1*(xR1al), nfregjuent in Germany. We
suggest here that the pronounced population diffexteon between the two geographically neighbagigauntries, Poland and
Germany, is the consequence of very recent evemitisman population history, namely the forced hunesettlement of many millions
of Germans and Poles during and, especially, shaftier World War 1l. In addition, our findings heaconsequences for the forensic
application of Y-chromosome markers, strongly suppg the implementation of population substructmte forensic Y chromosome
databases, and also for genetic association studies




Introduction

It is often believed that most neutral human generiation observed today has its root far badinme and is a result of ancient rather
than recent population movements. This has leddogg number of studies in which genetic analgéisontemporary human
populations is used to reconstruct ancient humaetgehistory (Bowcock et al994; Stoneking and Soodydlb96; Jin and S2000;
Jobling and Tyler-SmitR003; Barbujani and Goldstei?004; Schurr2004). However, in principle all migration events, rater ancient,
can leave their traces in the genome and thusnflriemnce genetic diversity as observed at a giventpn time, if they involve enough
individuals of genetically differentiated populatg) and/or result in preferential reproduction. rélfi@re, neutral genetic diversity as
observed today can—in principle—be a mixture otiaknown number of population movements in the anidat also the recent past.
The human Y chromosome, due to its mostly non-rdxwoimg inheritance and its small effective popwatsize, has been proven to be a
good detector of migration events in human popaatiistory (Jobling and Tyler-Smi#2003). Y-chromosome DNA analysis has
successfully contributed to a better understandirthe more ancient human population history frem many thousands of years ago
(Rosser et ak000; Kayser et al2001; Wells et al2001; Semino et al2002; Zegura et al2004)] and the more recent history of human
populations [i.e. from a few thousand or some hedsliof years ago (Kayser et 2000a, Wilson et al2001; Weale et al2002; Zerjal et
al. 2003; Capelli et al2003; Bosch et al2003)]. However, studies that convincingly demonsttaginfluence of very recent events in
human population history (i.e. a few hundred yetrduman genetic diversity are rare (Soodyall.€2@3; Hurles et al. 2004) and do
not yet exist for events less than a hundred years.

The Polish population is interesting for studyihg effect of population history on human genetiediity, since it has suffered from a
large number of severe changes in its territotp@wvery recent past, the more distant past, asalialthe historical and ancient past,
leading to human population movements. In a pre/giudy, we showed that haplotypes defined by Bolmsome microsatellites [or
short tandem repeats (STRs)] were surprisingly lgameous within Poland, but differed significantigrh populations of neighbouring
geographic regions (Ploski et 2002). In particular, we observed statistically sigedgiint Y-STR differences between all six Polish and
two German populations studied. Such pronouncddrdiices were unexpected, given the close interexcbetween the Poles and
Germans, such as those caused by the intense Geetti@ments in Silesia and Pomerania in the #miteto fifteenth centuries, and the
political and social events associated with progiueslosses of western Polish territories to thesBian kingdom in the eighteenth
century.

The unique inheritance of the Y chromosome offeesgossibility of choosing genetic markers relativéhe time scales of the
population history event under question, becaugkedf highly different mutation rates. The Y-ST&e believed to be suitable for more
recent events, whereas Y-chromosome single-nudkeeptlymorphisms (Y-SNPs) are suitable for moreeame@vents (de Knijf2000).
This has been concluded because of a 100,000-lowes mutation rate of Y-SNPs compared with Y-STRayser et al2000b;

Thomson et al2000). However, systematic studies to compare the pafveoth marker systems in detecting the time-depthuman
population history by analysing both marker syst@émzarallel are still scarce.



The purpose of the present study was to investigadetail the Polish—German differences in malediges by (1) expanding the
population sample and including a systematic repriasion of Polish as well as German geographiereglons, and by (2) analysing Y-
chromosomal SNPs—in parallel with Y-STRs—to invgaste the time-depth of the Polish—German Y-chrommesdifferentiation and to
evaluate the correlation of the regional differatiin as observed so far based on Y-STRs (PlosKi 2002) with the pan-European
frequency gradients as reported based on Y-SNPss@Ret al2000; Semino et al2000).

Materials and methods
DNA samples

The DNA samples of an overall 2,128 unrelated nraleviduals were included in this study, comprisBiIB samples from eight
different regions in Poland, and 1,215 samples ftdndifferent regions in Germany (see Hidor geographic location and Taldidor
sample size per group).
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Fig. 1 Haplogroup distribution in regional populationsrfr Poland (eight regions) and Germany (11 regiand)for pooled German
and Polish datadNumbers indicate the ratio of haplogroup R1al* to haplagré&k1*(xR1al). For population abbreviations seeldab
Note the striking differences in haplogroup R1*(>R) and haplogroup R1al* distributions (and thugheratio) between Polish and
German populations




Genotyping

Ten Y-chromosomal binary markers, consisting ohe§NPs [M9, M74, M173, M170, M172, M35, M89 (Unkd#ret al. 2000) and
Tat-M46 (Zerjal et al1997; Underhill et al2000)], one 1-bp deletion [M17 (Underhill et &000)] and oneAlu insertion/deletion
polymorphism [YAP (Hammet994)], were selected to be most informative in thedpeian population based on two previous large
population studies (Rosser et 2000; Semino et al2000). YAP (DYS287) was analysed as described elsewlitasmmer and Horai
1995). For the other markers, simple PCR-RFLP methogl®wsed in order to assure simple analyses (TabRegional samples were
mostly typed in regional laboratories, except feBMP analysis of Berlin, typed in M. Kayssilaboratory, Rostock and Cologne typed
in R. Ploskis laboratory, and Krakow, Suwalki and SzczecindyipeR. Ploskis lab for Y-STRs and in T. Doboszlab for Y-SNPs.

. N : . . . . Iz .

Standard PCR conditions were applied in all lalmyres as follows, with additional details providedrablel: 0.4 M of each primer,
T

1x GeneAmp PCR buffer Il (Applied Biosystems, Fo§tay, Calif., USA), 1.5 M MgCl,, 1 U AmpliTaq Gold DNA polymerase or

I i
AmpliTaq DNA polymerase (Applied Biosystems), (§.M dNTPs (Amersham Pharmacia Biotech, Chalfont, UI4)7,# M bovine
serum albumin (Sigma, St. Louis, Mo., USA), 10—H@0DNA and a hot-start PCR of 4 min 95°C initiahd&uration (11 min for
AmpliTaq Gold DNA polymerase), followed by 30-35ctys of 30 s at 94°C, 30 s at the locus-specifiealing temperature, and 45 s
at 72°C, followed by a final step of 10 min at 729®e PCR products were digested using suitabtdaten endonucleases (see
Tablel) according to the recommendations of the suppl@igested PCR products were visualised in a 3%i&ue?l% Seakam-
agarose gel using ethidium bromide. For some msufét7, M170, M172, and M173) no restriction enzyves commercially
available for detection and therefore primer induB&LP assay (PIRA)-PCR assays were designed tiengpftware described by Ke
et al. 001a) (http://cedar.genetics.soton.ac.uk/public_html/prizdetm)). In PIRA-PCR, a mismatch is introduced in thiesBe of the
PCR primer placed immediately next to the SNP ltespin the creation of a restriction site in comdgion with the SNP sequence.
Binary markers were analysed hierarchical accortbrtfge Y-chromosome marker phylogeny (Jobling ayler-Smith2003). Some
laboratories (Leipzig, Mainz, Warsaw, and Wrocladlitionally used alternative protocols, as desttiblsewhere (Bender et a003;
Lessig et al2005). Data for binary markers are described hereteffirst time for all samples except for three neaskM46-Tat, M17,
and M9) in the samples from Mainz (Bender e2@l)3). Seven Y-chromosomal microsatellites [or shantdtm repeats (Y-STRS)],
DYS19, DYS389I, DYS389Il, DYS390, DYS391, DYS392y8393, were analysed as mentioned previously (P&isk.2002). The
Y-STR data are described here for the first tinteafbsamples except for Warzaw, Leipzig, 123 dut®0 males from Gdansk, 13 out of
142 males from Bydgoszcz (Ploski et202; Roewer et al2005), as well as Berlin, Magdeburg, Rostock, Greifsly&reiburg, Mainz,
Munich, and 37 out of 102 males from Muenster (Reregt al.2005).




Table 1 The PCR and RFLP typing conditions for ten Y-chosome binary markers

Annealing [Enzyme |PCR-RFLP
Marker/mutation [Forward primer (5" —3") Reverse primer (5 —3") temperature (PCR- fragment(s) (bp)

(°C) RFLP)  |Ancestral Mutant
M9 C—G? IGCAGCATATAAAACTTTCAGG (GAAATGCATAATGAAGTAAGCG 54 Hinfl 100 + 64 | 164
M74 G— AP AACTAGGAAAGTCTGAAAAATAATCAGA |GCTGCTGTTGTCTTTTAAGTAACTTACT |56 Rsal ‘151 “1‘(7) 4+
IM170 A—C°®  |[TATTTACTTAAAAATCATGGTTC ICCAATTACTTTCAACATTTAAGACC |49 Nlalv 99 23+ 76
M173 A—C  [TTTCTGAATATTAACAGATGACAACG  |CAGTACTCACTTTAGGTTTGCCA 63/56' IHpyCH4IV [102 + 26 | 128
IM46 (Tat) T—+C° |GACTCTGAGTGTAGACTTGTGA (GAAGGTGCCGTAAAAGTGTGAA 60 Nialll 85 +27 [112
M172 T—C'  TCTCCATCAGAAGATGCCCCAT ATAATTGAAGACCTTTTAACT 46 i 126 7
M17 G—ind  |GTGGTTGCTGGTTGTTACCGG AGCTGACCACAAACTGATGTAGA 53 Agel 124 184 *
M35 G—C TAAGCCTAAAGAGCAGTCAGAG AGAGGGAGCAATGAGGACA 63/56 Btsl 513 fg; *
IM89 C—T? IACAGAAGGATGCTGCTCAGCTT \GCAACTCAGGCAAAGTGAGACAT 56 INlalll 65+22 |87
'YAP del —»ins"  |CAGGGGAAGATAAAGAAATA /ACTGCTAAAAGGGGATGGAT 50 - 1150 | 455

®Kayser et al. (2000b)

bKayser et al. (2003)

°‘Nasidze et al. (2004)
“Touch-down PCR, decreasing annealing temperature by 0.5C for 14 cycles, followed by 25 cycles at cons tant temperature

®Zerjal et al. (1997)

'Cordaux et al. (2004)

%Ke et al. (2001b)

"Hammer and Horai (1995)




Table 2 Y-SNP haplogroup counts and frequencies (%) irufans studied (and their diagnostic binary meske
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Statistical analysis

The degree of genetic differentiation between pafphs was quantified by means of the analysisaéoular variance (AMOVA)

using the Arlequin 2000 package (Schneider €2Gal0). This method allows us to define the percentdgbengenetic variation that is
explained (1) among groups of population defingdiari, (2) between the populations of the samaigr@and (3) within the populations.
The spatial analysis of the molecular variance (®AM) algorithm (Dupanloup et a002) was used to identify groups of
geographically neighbouring populations in ordemt@ximise the genetic differentiation between treigs and minimise the genetic
differentiation between the populations within egobup; thus, this method allow us to detect tles@nce of putative geographic
barriers between groups of populations based angbeetic diversity. Multidimensional scaling (MPp&nalysis was used to plot the
pairwise genetic distanc&st based on Y-SNP haplogroups, &g based on Y-STR haplotypes (that were computed dgns of
Arlequin) using the software package SPSS, verkiomhis multivariate method defines for each papoah coordinates so that the
distances among them are as close as possible titjinal genetic distances. The stress is a nmeadwoodness-of-fit that indicates
how similar is the distance matrix based on the ocewerdinates to the original genetic distance matnid it is actually smaller for better
fits. Since SPSS converts negative values intoingsslues, the genetic distances were scaled bp #il-positive. A correspondence
analysis was performed with the frequencies off¥&NP haplogroups by means of the STATISTICA paekddnis multivariate

method plots in the same graphical representattim dolumns and rows of a contingence table (incase, populations and
haplogroups based on YSNPs). Plotting both popriatand haplogroups in the same graphical repesambpens the possibility to
asses, which haplogroups are contributing to teidution and differentiation of the populationstihe plot. The spatial distribution of
Y-SNP haplogroups were analysed by means of sgatiatorrelation analysis (Sokal and Odém8) using the PASSAGE program
(Rosenber@001). The spatial autocorrelation analysis computedetiel of autocorrelation between pairs of pothtg are within a
certain geographic distance. The plot of the Iefeutocorrelation in relation to increasing geqinia distance classes gives information
about the spatial pattern of the data. In the o&seclinal pattern of the data, it is expected tha shape of the autocorrelogram will
decrease from positive autocorrelation valuestierdosest geographical distances to negative sétuehe longest geographic distance
classes (BarbujarZi000). The geographical location of putative genetigibes was analysed by means of the Barrier vergi@n

program (Manni and Hey@004). This program computes Monmonisralgorithm to detect a spatial abrupt rate of glean terms of

the genetic differentiation between geographica#iighboring populations. Genetic diversity meas({maplotype and haplogroup
diversity, number of haplotypes and haplogroupsammaumber of pairwise haplotype differences (MRigte calculated using the
software package Arlequin 2.000 (Schneider €2@l0). Finally, a general limitation of all relevantaysis dealing with patterns of
genetic marker frequencies should be noted hexquéncies of different genetic markers are notpeddent from each other in the way
that a high frequency of one marker in a populationsequently leads to a lower frequency of onen@nre) different marker(s) in that
same population.




Results

Y chromosome diversity

By analysing ten binary markers selected to be méstmative in European populations (Semino eP@b0; Rosser et ak000), we
were able to identify ten Y-chromosomal haplogroump2,128 men from eight different geographic regian Poland and 11 in Germany
(Table2). Only four out of 2,128 individuals (0.18%, aibim Germany) could not be assigned to one of thdaplogroups (Tablg).

All ten Y-chromosome haplogroups were observedth lareas, although the number of haplogroupsiftethand haplogroup diversity
differed between regional populations (TaBJeThe total Y-SNP based haplogroup diversity wa@®63, with a higher diversity in
Germany (range: 0.6544-0.7875, pooled: 0.7531) ith&woland (range: 0.5634-0.7180, pooled: 0.6284)difference between Poland
and Germany was statistically significant (Mann—WayU-test:Z=—3.428,P=0.001). The analysis of seven Y-chromosomal
microsatellites revealed 705 different haplotypesas 2,128 individuals (total diversity: 0.9914he Y-STR-based haplotype diversity
was on average almost identical between Germanyalahd (Germany: range: 0.9767-0.9950, poole®9d.@ind Poland: range
0.9786-0.9923, pooled 0.9865), and no statisticadjgificant difference was observed (Mann—-Whithetest:Z=-1.117,P=0.264).
However, the mean number of pairwise differenceBQYlbetween Y-STR haplotypes was higher in Gernfjeanyge: 5.347-6.314,
pooled: 5.836) than in Poland (range: 4.819-5.460led: 5.233), and the difference between Polawd@ermany was statistically
significant (Mann—-Whitney-test:Z=-3.055,P,=0.002). Thus, we observed more Y-chromosome diyarsGermany than in Poland,
based on the Y-SNPs and Y-STRs analysed here.

Table 3 Y-chromosome Y-SNP and Y-STR diversity in popua$ studied

Region/population|n  |No. of haplogroupsHaplogroup diversity No. of haplotypesHaplotype diversity MPD haplotypes
Poland

\Wroclaw 1101 | 8 | 0.7180+0.0386 | 79 | 0.9923+0.0033 |  5.24047
\Warsaw 1121 | 8 | 0.6394+0.0369 | 82 | 0.9886%0.0034 |  5.5BB72
Lublin 1112 |9 10.5817+0.0496 | 70 | 0.9786+0.0061 | 5.02672
\Gdansk 1150 | 8 | 0.5899+0.0384 | 91 | 0.9834%0.0045 |  4.958%2
Krakow 1100 | 8 | 0.5634+0.0533 | 69 | 0.9842+0.0052 |  4.81RHR
Szczecin 105 7 | 0.65440.0395 | 72 | 0.9881+0.0040 | %2886
'Suwalki 82 |8 | 0.6480+0.0511 | 58 | 0.9877+0.0047 |  5.49882
Bydgoszcz | 142 8 | 0.6366£0.0363 | 93 | 0.9886+0.0031 | 132313
Poland all 1913 | 10 | 0.6284+0.0153 | 330 | 0.9865+0.0012 | .23%2.628




Region/population|n  |No. of haplogroupsHaplogroup diversity |No. of haplotypesHaplotype diversity MPD haplotypes
Germany

Berlin 1103 |9 | 0.7875:0.0197 | 78 | 0.98990.0037 | 5.97342
Leipzig 1144 | 8 | 0.7179+0.0244 | 99 | 0.9923+0.0021 | 5.68B41
Magdeburg 1100 9 | 0.7756£0.0216 | 70 | 0.9875:0.0043 |  4&D903
IRostock 196 | 8 | 0.7480+0.0203 | 81 | 0.9932+#0.0034 |  5.9BBP
Greifswald 1104 | 10 | 0.7649+0.0248 | 84 | 0.9950+0.0023 | 314t2.614
'Hamburg 1161 | 9 | 0.7280+0.0194 | 120 | 0.9940+0.0018 |  %74&B5
'Muenster 1102 | 10 | 0.7732+#0.0267 | 66 | 0.9699+0.0106 |  (&B291
Freiburg 1102 | 7 | 0.6544+0.0438 | 72 | 0.9854+0.0052 | %3417
ICologne 196 | 9 | 0.7599+0.0314 | 64 | 0.9767+0.0074 |  5.4612
Mainz 95 |9 | 0.7373+0.0339 | 68 | 0.9886+0.0039 | 5.57622.3
'Munich 112 |8 | 0.7506+0.0272 | 83 | 0.9887+0.0040 | 5.878%
Germany all | 1,2181 10.7531+0.0075 | 520 | 0.9894+0.0010 | 5.836+2.473

Y-SNP haplogroup distribution

Haplogroup R1*(xR1al) appeared at the highest &rqu in German populations, especially those froesién Germany, whereas
haplogroup R1al* was most frequent in Polish pdpmria (Table2, Fig. 1). Haplogroup R1*(xR1al) was on average 3.4-timegem
frequent in Germany than in Poland, whereas R1ais* on average 3.2-times more frequent in Polamdith&ermany. Differences in
R1*(xR1lal) and Rlal* frequencies between GermarPatidh groups were statistically significant (MakvhitneyU-test:Z=—3.633,
P<0.001 for both haplogroups). The converse frequelmstribution of both haplogroups can be demonetrdy the ratio of haplogroup
Rlal* to R1*(xR1al) (Figl), which was on average more than ten-times highBoland (4.91) than in Germany (0.46) and onayer
twice as high in Eastern (0.65) as in Western Gaynfa.30).

Haplogroup I*, the overall third-most frequent hagroup observed here, was on average 1.4-times fnegpeent in Germany than in
Poland (Table, Fig. 1). Differences in hgl* frequencies between Germaa Bolish groups were statistically significant (Ma
WhitneyU-test:Z=—2.642,P=0.008). Although being rare, haplogroup N3* wasawarage 2.3-times more frequent in Poland theuas
in Germany (Tablg, Fig.1) and the differences between both regions wetssstally significant (Mann—-Whitney-test:Z=—2.189,
P=0.029).



The haplogroups J2* and E3b* were on average a@hédimes more frequent in Germany than in Polarable2, Fig. 1) and

haplogroup P*(xR1) was on average 4.3-times maguent in Germany than in Poland (Tabl&ig. 1); however, all those haplogroups
were overall rather rare and the frequency diffeesrbetween German and Polish groups were nditatally significant P>0.05). The
remaining haplogroups, DE*(XE3b), F*(xI,J2,K), alkt{xN3,P), are not necessarily representing mondtgtiygroups—agiven the
selection of markers analysed here—and potentalhain a number of different haplogroups. Diffees between Polish and German
groups were statistically significant for F*(x1,83,(Z=—2.396,P=0.017), but not for DE*(XE3b), and K*(xN3,Pp*$0.05).

Genetic differentiation

In order to test for geographical population suldtire in our overall Polish/German Y-chromosomiasiet, we performed SAMOVA
separately for the Y-SNP and Y-STR data. BasedAM@VA, two groups of populations were significandypported by both datasets:
on one hand, all German populations and on the btoed all Polish populations. We observed a highstatistically significant level of
14% of the total genetic variation being explaibetiveen the Polish and the German group of popuas§<0.00001) based on Y-SNP
haplogroups and similarly 15%<0.00001) based on Y-STR haplotypes (Tablés. This clearly demonstrates a strong and
statistically significant genetic differentiatioetiveen both countries in the case of the Y-chrommasgenetic variation and considering
both types of markers. The strong genetic separafitooth countries was also revealed in a pairarsdysis ofFst based on Y-SNPs
andRst based on Y-STR haplotypes presented here by MBS (ffig.2a, b); all Polish populations cluster together arelstrongly
separated from a cluster containing all German |abjons.

Table 4 The AMOVA results with statistically significant@upings

Percentage of variation

Source of variation
'Y-SNPs €517 Y-STRs (Rt ?)

Poland versus Germany

/Among groups | 14.09 | 15.07
/Among populations within group®.87 10.55
\Within populations | 85.05 | 84.39
Poland

/Among populations | 0.32 | 0.08

\Within populations | 99.68 | 99.92




[ — Percentage of variation

| 'Y-SNPs Esr?) [Y-STRs Rsr ?)
Germany

/Among populations | 1.42 | 1.00

\Within populations | 98.58 | 99.00

[East versus West Germany

/Among groups | 1.04 | 1.31

\Among populations within groudﬁ.84 \ 0.29

\Within populations | 98.12 | 98.41

®Distance method applied

Table 5 F-statistics from AMOVA with statistically signdant groupings

| 'Y-SNPs €579 Y-STRs Rst?)
Poland versus Germany
Fsc |0.01009 P<0.00001)0.00643 P<0.00001
Fst  |0.14952 P<0.00001)0.15615 P<0.00001
Fer |0.14085 P<0.00001)0.15069 P<0.00001
|
)

Poland

Fst  |0.00323 P=0.11632)0.00081 P=0.31769
Germany

Fst |0.01416 P<0.00001)0.01004 P<0.00001
\East versus West Germany

IFsc  |0.00851 P<0.00001)0.00289 P<0.00001
Fst |0.01879 P=0.00098)0.01590 P=0.08993
Fcr  |0.01037 P=0.00489)0.01305 P=0.00196

®Distance method applied
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Fig. 2 Plots from multidimensional scalinylpS) analysis of Fst values from Y-SNP haplogroups, stress value M@y values

from Y-STR haplotypes, stress value 0.BBled circles indicate Polish populationjled squares indicate Eastern German populations
andempty sguares indicate Western German populations. Note ther clggerentiation between Polish and German popaatbased on
both marker systems, and the position of Easterm@e populations somewhat between Western Gern@aRalish populations but
clearly separated from the latter




As a further test for geographical population sulzstire, we performed Monmonisranalysis for detecting the presence of genetic
barriers given the spatial distribution of the plagions, using Y-SNP-basdtr and Y-STR-baseBst values separately. Based on both
datasets, we obtained exactly the same genetiebbatween Poland and Germany (Fgthat we also observed by means of
SAMOVA. This means that populations were clustexecbrding to their country of origin by use of tfie&hromosome data.

Fig. 3 Barrier analysis based &3t from Y-SNP haplogroups given the spatial distiidmutof the populations superimposed on a
geographic map (results basedRyr from Y-STR haplotypes are identicaRed line indicates the identified genetic barrier. For
population abbreviations see TaBleNote the close resemblance of the course oféhetg border between Polish and German
populations with the course of the political borbetween the two states Germany and Poland




As also evident from the AMOVA results and the MpISts, there is a striking genetic homogeneity wifholand based on Y-SNPs
and Y-STRs. Only 0.3% for Y-SNPs and 0.08% for YRSTof the total genetic variation, bd¥lr value are not statistically significant,
are expressed between Polish populations (Tdbls In contrast, we observed a small but statidficgnificant population
differentiation within Germany, with 1.4% for Y-SNRNnd 1% for Y-STRs (Tablgs5). We tested if a grouping of the German
populations according to longitude into Easternn@ar populations (Rostock, Greifswald, Berlin, Mayakg, and Leipzig) and Western
German populations (Hamburg, Cologne, Muensternklavunich, and Freiburg) can explain the obsestdustructure within
Germany. Indeed, an AMOVA considering all Germapuyations revealed a differentiation of Eastern @fektern German populations
supported by a small but statistically significamount of 1.0% for Y-SNPs and 1.3% for Y-STRs &f thtal variation being expressed
between these two groups of populations (Tat|&3. A clustering of East and West German populatisradso evident from the MDS
plot of pairwiseFst andRst distances (Fig2a, b) and can be explained by a higher frequenéyaplogroup R1*(xR1al) in populations
from Western Germany compared with those from Easkermany and vise versa for haplogroup R1al*s also explains the
placement of all East German populations betweest\@erman and Polish populations (although higapasated from the latter) in
both MDS plots (Fig2a, b).

Correlation of Y-SNP haplogroups and Y-STR haplotypes

Initiated by the correspondence of Y-SNP and Y-3$@&ults in the AMOVA, Barrier and MDS analyses, pegformed a Mantel test
comparing the genetic distance matrices from thmiladion pairwise Y-SNP-basédr and the Y-STR-basdgst analysis in order to

test for correlation of the Y-SNP haplogroup anel \A"STR haplotype data. As might be expected frioenprevious results, we obtained
a highly statistically significant positive corrgtan between both genetic distance matrice®.059;P=0.001), which only slightly
decreased when controlling for the geographicahdee (=0.925,P=0.001).

Relative contribution of Y-SNPs and Y-STRs to population differentiation

We were interested in the individual contributidriree different haplogroups to the observed poputadifferentiation between
Germany and Poland. Therefore, the distributionth@fpopulations according to their Y-SNP haplogrérequencies were plotted by
means of correspondence analysis in a two-dimeabkpdot (Fig.4). The first dimension explains 65% of the ovevalliance and
separates clearly the populations according to toeintry of origin, namely Germany and Poland;gbeond dimension only explains
9% of the overall variance, thus indicating tha krgest differences are due to the division betw@ermany and Poland. Plotting the
haplogroups in the same graphical representatiendthe possibility to assess which haplogroupsamtributing to the distribution of
populations in the plot. Polish populations tendltester together, due to the high frequency otidwglogroup R1al* they contain,
although haplogroup N3* also contributes to theasaion of the Polish groups. On the other handi@a populations are separated
from Polish populations due to the presence of KR1@l), although other haplogroups occurring inanfnequencies, such as P*(xR1),
also have an influence to the distribution of Gerrpapulations in the dimensional space.
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We also performed AMOVA based on Y-STR haplotypesoaiated with the three most common Y-SNP haplgggoR1*(xR1al),
R1al* and I*. We obtained very small but still sgacally significant differentiation between Germand Polish populations for
R1*(xR1lal) Fcr=0.02800P=0.00098), and also for R1alF{7=0.00899P=0.00978). However, in the MDS plots from pairnigg
distances based on Y-STR haplotypes associatecondtlor the other haplogroup, we could not detegtciustering according to both
countries (data not shown). But when we used Y-8aplotypes associated with both haplogroups wertdiaa large and statistically
significant differentiation between Germany andaRdl Fc1=0.28513P<0.00001). Also, Polish and German populationshagkly
differentiated in an MDS plot from pairwi$®r distances considering pooled R1*(xR1al)/R1al* YR3Bplotypes (data not shown)
highly similar to the MDS plot using Y-STR datarnall haplogroups (Fig2b).

Surprisingly, we also observed a large and stediltyi significant differentiation between Polandig@ermany when performing

AMOVA for Y-STR haplotypes associated with haplagpd* (Fc1=0.14707 P<0.00001). Also, the MDS plot based on pairwise
values revealed a clear separation between all &epuopulations on one side and all Polish popuilatan the other side (data not
shown). Recently, five subgroups of haplogroupdgntified by additional Y-SNPs, were studied ilage set of mostly European
populations (Rootsi et &004). We were interested to know whether the separatidgGerman and Polish groups, as observed heeslbas
on Y-STRs associated with haplogroup I*, could kel&ned by the two different haplogroup I* subgosuBased on five Y-STRs that
were analysed in both studies (DYS19-DYS390-DYSBY15392-DYS393), we identified 90 haplotypes amdmg287 Germans
carrying haplogroup I* (haplotype diversity: 0.9%030126) and 50 haplotypes among the 158 Polishwidnhaplogroup I*
(0.9298+0.0121). Also, pooled German and PolisHdgapup I* samples were significantly different bdsonRst using those five Y-
STRs Rs1=0.12815P<0.00011). In Germany, the most frequent haplo{iige22-10-11-13) occurred in 75 out of 287 (26.1%)
individuals, and the second most frequent haplo{gge23-10-11-13) in 27 out of 287 (9.4%). Both lo&ypes differ from each other by
one repeat at one Y-STR locus (DYS390), thus theksely related. These two haplotypes togetbeuron 102 out of 287 (35.5%)
German haplogroup I* individuals. Interestinglyesie two haplotypes are also the two most frequeBTR haplotypes associated with
haplogroup I* subgroup I1a*(xl1a4, 11b, 11c)—detemed by the M253 mutation and occurring in 95 dut®0 (50.3%) hglla*
individuals for which combined Y-STR/Y-SNP data wewailable (Rootsi et &004). In our Polish samples, these two haplotypes
occurred in 26 out of 158 (16.5%) haplogroup I*iinduals. Moreover, when considering the most com@e@rman Y-STR haplotype,
plus all of its one-repeat step neighboring hapesy 131 out of 287 (45.6%) German individuals veeneered, as well as 129 out of 189
(68.3%) haplogroup I1a*(xl1a4, I1b, and I1c) indivals (Rootsi et ak004), whereas only 39 out of 158 (24.7%) Polish hagag I*

men in our study.



The difference between German and Polish hgl* Yogtosomes is even more apparent from the Polisip@eise. The most frequent
Polish haplogroup I* haplotype (16-24-11-11-13)urced in 33 out of 158 (20.9%) individuals, and seeond most frequent haplotype
(16-24-10-11-13) in 15 out of 158 (9.5%). Both luppes differ from each other by only one repeatrat Y-STR locus (DYS391),
suggesting that they are closely related. Thesenapdotypes together account for 48 out of 1584%).Polish haplogroup I*
individuals. Interestingly, these two haplotypes thre two most frequent Y-STR haplotypes associatddhaplogroup 11b*(xI1a, 1a4,
and l11c)—determined by the mutation P37 and ogtddb out of 220 (52.7%) haplogroup I11b individuaiswhich combined Y-
STR/Y-SNP data are available (Rootsi e8D4). In our German samples, these two haplotypesraonanly seven out of 287 (2.4%)
haplogroup I* individuals. Furthermore, considerthg most frequent Polish haplotype plus all org-steighbors, 66 out of 158
(41.8%) Polish individuals are covered, as well@8 out of 220 (75.5%) of haplogroup 11b*(xI1a, ladd I1c) individuals (Rootsi et
al. 2004), whereas only 19 out of 287 (6.6%) German haplogi* men in our study.

Spatial autocorrelation analysis for Y-SNP haplogroups

We have tested by means of spatial autocorrelaiaiysis the spatial distribution of the Y-SNP logpbups observed in our dataset.
The only haplogroups that tend to show statisycgljnificant clinal patterns are R1al* and R1*(R)ldn the case of R1al*, this clinal
pattern decreases from east to west as can bégeka large correlation observed with longitue0(925,P<0.001); on the other hand,
R1*(xR1al) tends to correlate both with longitude-0.88,P<0.001) and with latitude£—0.463,P<0.046), thus suggesting a west to
east clinal pattern (Fig). We also performed this analysis for the two bgpup I* subgroups I11a and I1b as inferred by YRST
haplotype analysis and using only those haplogrbupividuals that carry the two most frequent Y48 haplotypes associated with
each of the two subgroups. We observed clinal petter both haplogroups I1a and I1b, east to wetite case of 11a (correlation with
longituder = —0.809<0.0001) and west to east in the case of 11b (ladro@ with longitude=0.86,P<0.00001) (Fig5). However, the
low autocorrelation level for the first geograptistance class in all of the autocorrelograms aalysee Figh) should be taken into
consideration; this result indicates that the gbatructure we observe is produced by the diffegeat large geographic distances, but not
at smaller ones.
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Discussion

While studying the distribution of two types of Yromosomal markers, Y-SNPs and Y-STRs, in regipopllation samples from the
present-day territory of Germany and Poland, wadostatistically significant differences in thetdisution of paternal lineages between
both countries. Furthermore, the SAMOVA approacteaded a significant grouping of all population gd@s analysed into two groups:
on one hand, all regional population samples fram@ny, and on the other hand, all regional pomiaamples from Poland. Based
on AMOVA, we quantified this genetic differentiati@nd observed a large and statistical signifieambunt of 15% (Y-SNPs) or 14%
(Y-STRs) of the respective total genetic variato@ming explained by differences between the two trees This political population
differentiation was confirmed by means of the Momieo's algorithm with an obtained genetic border betweeland and Germany
that closely resembles the course of the polibhcatier between both countries for both Y-STR an8NP data. Furthermore, we
observed a statistically significant Y-SNP/Y-STRitageneity within Poland, which is underlined by thet that we could confirm our
previous Y-STR results (Ploski et aD02) by including here not only two additional Polisbpulations (Suwalki and Szczecin) but also
independent individual samples for the regions umefdre (except Warsaw, and partly Gdansk and Bszigr). In contrast to the Polish
data, Y-chromosome diversity was less homogenedhgwviermany and we identified small but statili significant Y-chromosome
differences between Eastern and Western Germarigimms as defined by longitude. This geographeeat/west separation also
reflects a political separation between 1949 ar@PIdie to the two German states that became a hsepamnation between 1961 and
1989.

The Y-SNP data that were generated in the presedy-s-in addition to the Y-STR data—provide evidencethe molecular basis of the
observed genetic differentiation as well as contelio the overall explanation of the observed genkfferences between Poland and
Germany. Although a statistically significant driéatiation between Poland and Germany was obseviied using all Y-SNP
haplogroups detected, we demonstrated that thisgphenon was mainly—but not exclusively—caused by YWSNP haplogroups and
their associated Y-STR haplotypes: R1*(xR1al) togetvith haplogroup R1al*. Previously, it has bseggested that the M173 Ato C
mutation, determining haplogroup R1*(xR1al) origeth40—35,000 y.a. in Western Europe, perhaps#rah peninsula, and that the
M17 G deletion, determining haplogroup R1al*, arf@sea M173 Y chromosome) later on in Eastern Eeyepg. the present-day
Ukraine (Semino et aR000). Furthermore, it has been argued that both haplpmg expanded into central Europe after the lasia
maximum (20,000-13,000 y.a.) (Semino e2a00). When population samples from all over Europeenamsidered previously a
statistically significant clinal frequency distritbion of haplogroups R1*(xR1al) and R1al* has bdeseoved (Semino et &000;

Rosser et ak000) with haplogroup R1*(xR1al) being highly frequamWestern Europe and decreasing in frequency tsvaastern
Europe, and vice versa for haplogroup R1al*, baigbly frequent in Eastern Europe and decreasirigeguency towards Western
Europe. Those clinal frequency distributions foplogroup R1al* and R1*(xR1al) have been associaiddifferent ancient
population movements in Europe and additional slim@ve been observed for other Y-chromosome haplpgrand were associated
with other ancient migration waves (Rosser e2@00; Semino et al2000).



Although the majority of the genetic heterogenbiggween Polish and German populations was causdifesences in the distribution
of haplogroups R1al* and R1*(xR1al), we also shothatihaplogroup I* individuals contributed to fhleenomenon, albeit to a smaller
degree given the lower frequency observed. On @élsestof differences in the Y-STR distribution inliBle and German males with
haplogroup I* using recently published data (Roetsal.2004), we found indirect evidence that the most praviadeibtype of
haplogroup I* in Poland is I1b*, whereas in Germdnyg I1a*(xl1a4, 11b, I1c). Previously, it hasdresuggested that haplogroup
[1a*(xl1la4, I11b, I1c) originated in Western Eurgootsi et al2004) and it was previously found more than four-timasre frequently
in Germany (25%) than in Poland (5.8%). Furthermbaplogroup I1a* shows a clinal frequency disttidi across Europe with high
frequencies in Northwest Europe to low frequenc$autheast Europe (Rootsi et2004). This agrees with our observation of a more
than twofold higher frequency of the two most comrhaplogroup I1la*-associated Y-STR haplotypes in@erman sample compared
with our Polish sample, or about twofold higher witensidering all one-step neighboring haploty@esthe other hand, it has been
argued elsewhere that haplogroup I1b*(xl1a, I1ad, lac) originated in Eastern Europe and was preshofound ten-times more
frequently in Poland (9.9%) than in Germany (0% @i et al2004). This agrees with our observation of a more th2simes higher
frequency of the two most common Y-STR haplotypesoaiated with haplogroup 11b in our Polish sampt@aapared with our German
sample, or more than six-times higher considerlhgree-step neighboring haplotypes. Therefore weassume that the statistically
significant difference in haplogroup I* between @any and Poland as detected here using Y-STR lypplois—at least to a large
degree—caused by differences in the distributidrietwo haplogroup I* subgroups, I1a and I1b, #rar associated Y-STR
haplotypes.

The question appears why we see a strong andisttissignificant differentiation for haplogroupl*(xR1al) together with R1al*,

and also for the two inferred haplogroup I* subgreula and 11b, between regional populations ftleengeographically neighboring
countries Germany and Poland, although clinal feegy distributions—explained by ancient populatimovements—have been
previously observed for these four haplogroupssscEurope (Rosser et a000; Semino et al2000; Rootsi et al2004)? When we
performed spatial autocorrelation analysis tofizsstatistically significant clinal frequency digtution, we observed for all four
haplogroups an autocorrelogram compatible withreacpattern except in the case of the first geplgical distance class, which shows a
lower autocorrelation than expected in a clinatgrat This indicates that the spatial structureolserve is produced by the difference at
large distances but not at smaller ones, whichbeagxplained by the presence of the genetic bdahawe have detected by means of
SAMOVA and Monmoniers algorithm. The first geographic distance clasgaias mainly the pairs of populations on the saide of

the barrier (which tends to lead autocorrelatiolmes close to 0 due to the homogeneous patterrgreah for larger geographic distance
classes the pairs of populations correspond ménbne population on each side of the barrier (fleaseating the ancestral clinal
pattern). Taking into account that the clinal freqay distributions of the Y-SNP haplogroups acerdse Europe are mainly explained
by ancient population movements (Rosser €2@l0; Semino et al2000; Rootsi et al2004), the presence of the genetic barrier that we
have detected has to be established after theamedtthese clinal patterns (otherwise the bamieuld have prevented the
establishment of the clines). In addition, thersgrpositive correlation between Y-SNP and Y-STRadas observed here, implies that
the reason for the genetic population differerdiatinust be recent; otherwise, the relatively highation rate of Y-STRs (Kayser et al.
2000) would tend to destroy the correlation. Sinceghgretic barrier we observe superimposes to thalgotlitical borders between
Germany and Poland, which was established shdtdy the Second World War (WWII), we suggest héi pur observation of
statistically significant genetic differentiatioetiveen Poland and Germany, as well as genetic hemedy within Poland, could be




explained by the severe human resettlements dandghortly after WWII and thus the formation of firesent-day Polish and German
states.

The present-day Polish/German territory has expeee@ very recent and severe population movemerasassequence of WWIL. It is
estimated that during 1944 and 1951 more than-@nglion people of German origin—which inhabitecetterritory of present-day
Poland for hundreds of years (e.g. East Prusdesi&j and Pomerania)—moved westwards into theeptetay Germany either escaping
the advancing eastern front-line of WWII or duehe politically forced resettlements shortly aféwIl (Encyclopaedia Britannica
2005; Nowa Encyklopedia Powszechna PVEDD4). At the same time, approximately five-million pd® of mostly Polish descent were
forced to move from the region of present-day Utkgalithuania, Belarus, and partly Russia intogtesent-day Polish territory,
whereas half-a-million people previously livingRoland moved into the opposite direction betwee39lhd 1944 (Encyclopaedia
Britannica2005; Nowa Encyklopedia Powszechna PVEDD4). These numbers constitute a significant proportibthe 28-million

people of multiple origin that were living in theggent-day territory of Poland before WWII and thus likely that the forced
migrations associated with WWII in an exceptionalvdistorted the genetic landscape of the regiapesth over the ages bgatural
demographic processes. Furthermore, these forcednments were restricted by the establishment optesent-day political border
between the two states Poland and Germany immégdadter WWII. This political border became the @er for forced migration of
millions of Germans that were resettled to the wéshis border and millions of Polish and otheojple of Eastern European origin that
were resettled to the east of this border. The Mitlosome data presented here suggest that thesespes led to a shift of
central/western European Y chromosomes charaatdnig@ high frequency of haplogroup R1*(xR1al) (kes$ frequent 11a*) towards
the west into present-day Germany and, shortly,adtshift of Eastern European Y chromosomes cheniaed by a high frequency of
haplogroup R1al* (and less frequent 11b*) towatdswest into present-day Poland. This recent psogEsnation building’ of
Germany and Poland based on shared cultural (lgegueligion, and tradition) identities during antmediately after WWII stopped at
the present-day political border between both agemthat was assigned after WWII, which clearijeds—as we show here—a
statistically significant genetic border in thetdlsution of human male lineages in this part ofdae. Our genetic data also imply that at
least male genetic admixture between people of @ermamd those of Polish origin during the hundrddsears before WWII where they
shared the same territory must have been smalleatiscussed elsewhere (Ploski ea02).

We also observed statistically significant Y-chraomme differences based on Y-SNPs and Y-STRs w@&eimany, namely between
Eastern and Western German populations. Also] MRS plots using either combined Y-SNP, or combineSTR data (Fig2a, b), or
haplogroup R1*(xR1lal)/R1lal*-associated Y-STR dd#&a not shown) Eastern German groups appearegsabhestered together and
somewhat separated from Western German groupsairddcation is always between Western Germanggaun one side and Polish
groups on the other side (but still highly sepatdtem the latter). This can be explained by a &ighequency of haplogroup R1al* in
Eastern (24.3%) than in Western Germany (12.7%gabaoiver frequency of haplogroup R1*(xR1al) in East(34.7%) than in Western
Germany (42.4%), and the distribution of respetyiassociated Y-STR haplotypes. Frequency diffezsriietween Eastern and Western
German groups are approaching significance fordgapup R1*(xR1al) (Mann—Whitndy-test:Z=—1.826,P=0.068) and are

statistically significant for haplogroup R1al* (MafWhitneyU-test:Z=—2.739,P=0.006). This East-West/West-East scenario observed
within Germany is somewhat similar to the overadtyre we observed between Germany and Polandnbal less pronounced. No
statistically significant differentiation in the ipaise Fsi/Rst analysis was detected between East and West Geropatations, whereas



almost all pairwise comparisons between GermarPaitidh groups revealed statistically significarftedences (Fig2a, b). We
therefore conclude that Y-chromosome differencéaéen Eastern and Western Germany might be maely Idue to more ancient
events in the history of European populations, naméigher eastern European (i.e. Slavic) infleemcEastern (but less in Western)
Germany and the higher western European influem@eastern (but less in Eastern) Germany. A strdagiSinfluence on todais
Eastern German territory is well documented, eyghk Slavic names of many villages or towns thatret found in Western Germany
or by the higher frequency of surnames with Slavigin in Eastern Germany compared with Westermtaery.

Our observation of statistically significant popida substructure in closely neighboring areasunoge has also practical consequences
for the forensic application of Y-chromosome maskiarEurope. Over the last decade Y-chromosome Bhgysis became
successfully established and is now widely usddnensic genetics for the identification of malessific genetic material, e.g. from rape
and sexual assault cases (Kay&#l3). Due to the hypervariability of Y-STR-based happes, innocent suspects (and their paternal
lineages) can be excluded with a high degree afracy. However, when a match is found, Y-STR hgpletfrequencies are needed in
order to calculate match probabilities for whictSYR frequency databases have been started to bexstaiished (Roewer et aD01;
Kayser et al2002; Lessig et al2003). The largest Y-STR haplotype database publichilable is the Y-chromosome Haplotype
Reference Database—YHRDBt{p://www.yhrd.org, which—as of March 2005—comprised 28,650 haplesyim a set of 249 worldwide
populations, of which 17,373 haplotypes are froré ERropean populations (including to a large ded&TR data from this study).
This database allows haplotype frequency searchpanddes frequency estimates for regional popoiesj but also based on pooled
population data. Our results, which have cleargnitfied population substructure based on both R ®&plotypes as well as Y-SNP
haplogroups in two neighboring European counts&sngly suggest either the use of regional datsbs frequency estimation or
(better) the use of more global databases whiahitstk account information on regional populatiobstructure. Activities are currently
underway to make knowledge on population substracuailable for the YHRD by implementing the reiteidentified population
clusters within Europe (Eastern, Southeastern,r@éNbrthern and Western Europe as well as Finland) offering Y-STR haplotype
frequency estimates separately for such metapoputgatRoewer et aR005).

On the other hand, evidence for strong genetic lygmeity within larger geographic regions, e.g.laseoved here for Poland, provides
important information for association mapping fsedse (and other) gene identification. Howeveshauld be noted here that the
evidence we provide in the present study comes boengenetic locus (the Y chromosome) and autosgeradtic evidence needs to be
established as well.

Finally, we would like to emphasise what enabletioudetect the genetic signature of an event indrupopulation history as recent as
about 50 years ago. We believe that this was plessdrause of a combination of at least five ger@mtnon-genetic components: (1) the
large number of many millions of individuals forckaof the two groups that moved in a relativelyrstime period (a few years); (2)
that the two groups moved discontinuously due ¢éoetbtablishment of a new political border, whiobréiore became the border for
migration; (3) that the two groups on the move wariginally characterised by two different highdreency Y-chromosome SNP
markers (and their associated Y-STR haplotypesigiwiere also used for detection; (4) that thedeswy distribution of both Y-SNP
markers was originally clinal (but in the oppogiteections) due to ancient population movementd; (& that the border of migration

for both groups on the move was perpendiculareadifection of the previously established frequetigyes of both Y-SNP markers. An



additional influence might come from the non-recamyg inheritance of the Y-chromosome markers asedy although this effect
should be much smaller due to the small numbeenéations that have passed since this recent.event
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