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STRESZCZENIE

W ostatnim czasie genetyka i genomika staly sie nowymi sitami napedowymi
badan nad przesztoscia Homo sapiens. W konsekwencji, tworzona jest coraz bardziej
szczegdtowa mapa historii biologicznej czlowieka. Pomimo wyraznego postepu w
rozumieniu proceséw jakie zachodzily w Europie od poczatku procesu jej zaludniania,
na mapie tej wciaz istniejg jednak liczne biate plamy. Od lat problemy zwigzane z
pochodzeniem i migracjami populacji cztowieka we wczesnej epoce zelaza byly i nadal
pozostaja przedmiotem wielu zacieklych dyskusji. Niestety brak nowych niezaleznych
danych uniemozliwiat weryfikacje istniejacych hipotez.

Aby lepiej poznac¢ historie biologiczna populacji czlowieka zyjacych w
pierwszych wiekach n.e. na obszarze wspotczesnej Polski przeprowadzilismy badania
kopalnego DNA pobranego ze szczatkdw ponad 100 osob. Materiat do badan
pochodzit z cmentarzysk zlokalizowanych w zachodniej (populacja KOW-OVIA) oraz
wschodniej (populacja MAS-VBIA) Polsce. Wbrew oczekiwaniom, obie badane grupy
charakteryzowaly sie bardzo duzg zmiennoscia wewnatrzpopulacyjna, co swiadczy, ze
nie byly one malymi odizolowanymi spotecznosciami. Poréwnanie struktury
genetycznej KOW-OVIA, MAS-VBIA oraz innych populacji historycznych Europy
ujawnilo, ze obie badane grupy byly blisko spokrewnione z populacja zyjaca w epoce
zelaza na Pdétwyspie Jutlandzkim. Ponadto MAS-VBIA wykazywata bliskie zwiazki z
populacjami Stepu Pontyjskiego. Co ciekawe kobiety i mezczyzni z KOW-OVIA mieli
odmienna historig genetyczng.

Dodatkowo wykazali$my, ze analizowane probki zawieraja DNA archaicznych
bakterii towarzyszacych badanym osobom przed ich $miercia. Zidentyfikowane wsrdd
nich mikroorganizmy patogenne moga by¢ cennymi biomarkerami ubogacajacym opis
historii biologicznej populacji cztowieka.

Podsumowujac stwierdzi¢ mozna, iz przeprowadzone badania s3 zrédltem wielu
nowych informacji o historii demograficznej populacji cztowieka zamieszkujacych
obszar wspotczesnej Polski w pierwszych wiekach naszej ery. Zebrane dane daja
podstawy zaréwno do zweryfikowania szeregu istniejacych jak i sformutowania
nowych hipotez oraz narracji historycznych.

Wyniki uzyskane podczas realizacji mojej pracy doktorskiej opisane zostaly w
trzech pracach eksperymentalnych opublikowanych na tamach miedzynarodowych
czasopism znajdujacych sie na liscie JCR.



ABSTRACT

Recently, genetics and genomics have become new drivers of research into the
past of Homo sapiens. As a consequence, an increasingly detailed map of human
biological history is being created. Despite clear progress in understanding the
processes that have taken place in Europe since the beginning of its population
process, there are still many white spots on this map. For years, problems related to
the origin and migration of the human population in the early Iron Age have been and
continue to be the subject of much fierce discussions. Unfortunately, the lack of new
independent data prevented the verification of existing hypotheses.

To better understand the biological history of the human population living in
the first centuries AD in the area of modern Poland, we have analyzed ancient DNA
collected from the remains of over 100 people. The research material came from
cemeteries located in western (population KOW-OVIA) and eastern (population MAS-
VBIA) Poland. Contrary to expectations, both study groups were characterized by very
high intra-population variability, which indicates that they were not small isolated
communities. Comparison of the genetic structure of KOW-OVIA, MAS-VBIA and
other historical populations of Europe revealed that both study groups were closely
related to the population living in the Iron Age on the Jutland Peninsula. Moreover,
MAS-VBIA showed close links with the Pontic Steppe populations. Interestingly, the
KOW-OVIA women and men had a different genetic history.

In addition, we have shown that the analyzed samples contain DNA of archaic
bacteria accompanying the subjects before their death. The pathogenic
microorganisms identified among them can be valuable biomarkers enriching the
description of the biological history of the human population.

To sum up, it can be stated that the conducted research is a source of much
new information about the demographic history of the human population living in the
area of modern Poland in the first centuries of our era. The collected data provide the
basis for both verifying a number of existing and formulating new hypotheses and
historical narratives.

The results obtained during the preparation of my dissertation were described
in three experimental papers published in the international journals from the JCR list.
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Wprowadzenie

Rozwazania zaprezentowane w niniejszej rozprawie mieszcza sie w gtownym
nurcie nowego, dynamicznie rozwijajacego sie, interdyscyplinarnego kierunku
badawczego, wykorzystujacego nowoczesne metody i techniki biologii molekularnej,
jako narzedzia umozliwiajace lepsze poznanie historii zaréwno istniejacych jak i
wymarlych juz gatunkdéw roslin oraz zwierzat. Obiektem prowadzonych przeze mnie
badan jest cztowiek. Mozna wiec powiedzie¢, ze praca ta poswiecona zostala historii
biologicznej Homo sapiens sapiens (H. sapiens s). Cz miesci w sobie tak zarysowany
obszar badawczy? Mysle, ze historie biologiczng H. sapiens s zdefiniowa¢ mozna jako
dzieje gatunku od jego powstania po czasy obecne. Pierwszy czton - historia, odnosi
sie do dziejow, drugi - biologiczna, oznacza, ze beda one rozpatrywane tylko w
odniesieniu do biologii cztowieka. W przypadku tym nie zdecydowatem sie na uzycie
pokrewnego pojecia, jakim jest historia ewolucyjna, poniewaz w pracy swojej
koncentruje sie na dziejach pojedynczego gatunku, nie zas$ na procesach, ktére
doprowadzity do jego powstania.

Kazdy gatunek ma swoja historie biologicznga, jednak w przypadku cztowieka
jest ona szczegodlnie skomplikowana. Wynika to z faktu, ze H. sapiens s jako jedyny
gatunek zaczal opowiada¢ sam o sobie. Stad tez jego historia biologiczna moze istotnie
rozni¢ sie od klasycznie rozumianej historii. Ta ostatnia opisuje przede wszystkim
przeszio$¢ tworzonej przez czlowieka cywilizacji. Z oczywistych wzgledow dotyczy
wiec jedynie kilku ostatnich tysiecy lat i nie jest relacjq zdarzen, lecz subiektywnym
przekazem tworcy na temat wlasnego dzieta.

Od kilkudziesieciu tysiecy lat czltowiek jest jedynym Zzyjacym przedstawicielem
rodzaju Homo. Co wiecej, przez ostatnie tysigclecia niezwykle mocno uksztattowat sie
antropocentryczny obraz $wiata. Czlowiek jawil sie jako gatunek biologicznie
osierocony, bez zadnych rodzicéw. Tymczasem jest to przekonanie catkowicie btedne.
Wszystkie organizmy na Ziemi wywodza sie od jednego wspolnego przodka. Ewolucja
stworzyla oraz uksztattowala calg obecna jak réwniez wymarla réznorodnos¢ zycia.
Podobnie jak w przypadku pojedynczego czlowieka tak i w odniesieniu do gatunku,
jesteSmy w stanie okresli¢ skad pochodzi i kim s3 jego najblizsi krewni.

Korzystajac z zasad taksonomii biolodzy usystematyzowali réznorodnos¢ zycia
wedlug hierarchicznej struktury, ktorej podstawowymi elementami s3 gatunki.
Przyjmuje sie, ze zwierzeta naleza do tego samego gatunku jesli jego przedstawiciele
s3 w stanie wyda¢ na swiat plodne potomstwo. Gatunki, ktére maja wspolnego
przodka s3 zgrupowane w jednostke taksonomiczng zwang rodzajem. Oba te fakty s
uwzglednione w facinskiej nazwie kazdego organizmu, ktora w pierwszej czesci podaje
jego rodzaj (Homo - cztowiek), w drugiej gatunek (sapiens - rozumny). Rodzaje z kolei



sa zebrane w rodziny. Wszyscy czlonkowie danej rodziny wywodza swoéj rodowod od
zalozycielskiego osobnika zenskiego badz meskiego. Ludzie s3 czescig rozbudowanej
rodziny zwanej Hominidae (czlowiekowate). Najblizsi zyjacy krewni czlowieka to
szympansy, goryle i orangutany. Sposrod nich szympansy s3 najblizsze ewolucyjnie
czlowiekowi. Sze$¢ milionow lat temu pojedyncza samica nalezaca do gatunku, z
ktorego wyewoluowat szympans i cztowiek miata dwie cérki, jedna zostata przodkiem
szympansow, za$ druga jest prababka catej ludzkosci. U podstaw tego podziatu
jednego gatunku na dwa potomne musiaty leze¢ zmiany w DNA.

Do niedawna jedynymi dostepnymi zrodlami naszej wiedzy o zdarzeniach
tworzacych historie cztowieka byly analizy antropometryczne szczatkéw ludzkich oraz
wszelkie pozostate szeroko rozumiane znaleziska materialne stanowigce produkty
kultur i technologii rozwijajacych sie na przestrzeni wiekow. Wada uzyskiwanych w
taki sposob informacji jest ich subiektywnos¢, przede wszystkim, gdy nie dotycza one
bezposrednio obiektu prowadzonych badan, a jedynie efektow jego dziatania. W
konsekwencji powstata na ich podstawie wiedza jest spekulatywna, ma forme narracji i
jest silnie uzalezniona od erudycji oraz wyobrazni badacza.

Z upltywem czasu kolejne dziedziny nauki zaczely wilaczaé sie w badania
przesziosci cztowieka. Wprowadzajac specyficzne dla siebie podejscia badawcze
dostarczaja nowych informacji oraz weryfikuja istniejaca juz wiedze. Konsekwencja
tych dziatan jest pelniejszy opis historii czlowieka. W ostatnim czasie do grona
dziedzin badajacych przesztos¢ dolaczyly nauki korzystajace z technik biologii
molekularnej.

Archeogenomika

Pierwsze préby zastosowania technik biologii molekularnej do poznania
historii biologicznej czlowieka miaty miejsce w latach 80’ XX wieku, a wiec ponad 40
lat temu. Autorem tej idei byt wloski uczony Luigi Luca Cavalii-Sforza. Jego
pionierskie prace skoncentrowane na analizie zmiennosci grup krwi w uktadzie ABO
zaowocowaly obserwacjami dotyczacymi mozliwosci grupowania populacji czlowieka
w skali kontynentéw'. Prawdziwa rewolucja w tego rodzaju badaniach nastapit na
przelomie wiekow, wraz z rozwojem technik sekwencjonowania DNA. Pierwsze
analizy genetyczne wspdltczesnych populacji cztowieka umozliwialy podzielenie H.
sapiens s na 5 grup - Zachodni Euroazjaci, Wschodni Azjaci, rdzenni Amerykanie,
Nowogwinejczycy oraz Afrykanie. Takie wykorzystanie zdobyczy biologii molekularnej
do opisywania ludzkiej przeszlosci okreslane jest terminem: archeogenetyka. Termin
ten, funkcjonuje w literaturze takze pod nazwa ,paleogenetyka”.

Bez watpienia znajomos¢ sekwencji gendéw oraz zasad dziedziczenia jest
zrodtem bezcennych danych, dotyczacych naszych korzeni, zwiazkéw miedzy
populacjami czy procesow ich migracji. Istnieje wiele spektakularnych przykladéw,
ukazujacych, w jaki sposéb archeogenetyka przyczynita sie do zweryfikowania hipotez



i pogladéw odnoszacych sie do naszej przesziosci®*. Obserwowany w ostatniej
dekadzie dalszy rozwdj technik izolacji, wzbogacania i sekwencjonowania DNA
przyczynit sie do znacznego zwiekszenia skali analiz, zaréwno pod wzgledem ilosci
badanych osobnikow, jak i generowanych danych. W rezultacie archeogenetyka
stopniowo zaczeta przeksztalcac sie w archeogenomike.

Cechg charakterystyczng badan laczacych tradycyjnie rozumiang historig oraz
historia biologiczna czlowieka, jest wyjatkowa interdyscyplinarnos¢. Efektywne
funkcjonowanie w obrebie tak szeroko zarysowanego obszaru badawczego wymaga
utworzenia duzych zespoléw obejmujacych swoja kompetencjqa takie dziedziny
wiedzy, jak: historia, archeologia, antropologia, biologia molekularna, genomika i
bioinformatyka. Ponadto poszczegdlni cztonkowie zespolu badawczego, oprocz tego,
ze sa specjalistami w swojej dziedzinie, powinni posiada¢ minimum wiedzy niezbednej
do zrozumienia podstawowych zasad i regut funkcjonowania pozostatych dziedzin. Jej
brak prowadzi¢ moze do niewlasciwej interpretacji wynikéw uzyskanych w ramach
innej dziedziny lub nadmiernych uproszczen. Z drugiej strony pomijanie lub
marginalizowanie ustalen poczynionych w ramach, ktdrejs z wymienionych wczesniej
dziedzin prowadzi do niepelnego opisu przeszlosci oraz powielania starych lub
propagowania nowych btednych opinii i hipotez. Zanim zatem przejde do omdwienia
najnowszych osiggnie¢ archeogenomiki, chciatbym wprowadzié¢ kilku podstawowych
pojec¢ ulatwiajacych zrozumienie przedstawionych ponizej probleméw.

Podstawowe pojecia

Podstawowym obiektem zainteresowan archeogenomiki jest genom. W
przypadku wszystkich organizméw eukariotycznych, w tym czlowieka, termin genom
odnosi sie do catkowitego DNA zgromadzonego w jadrze komorkowym (tzw. genom
jadrowy) oraz w mitochondriach (tzw. genom mitochondrialny, mtDNA). Genom
jadrowy czlowieka sklada sie z ok. 3,3 mld par nukleotydéw zorganizowanych w
struktury zwane chromosomami (22 diploidalne autosomy oraz 2 allosomy, czyli
chromosomy pici X i Y). Wystepujacy w kazdej komdrce, obok genomu jadrowego,
zdecydowanie mniejszy genom mitochondrialny, sklada sie z ok. 16,5 tys. par
nukleotydéw’.

Liczne zjawiska i procesy skladajace sie na historie biologiczng gatunku
nabieraja nowego znaczenia i staja sie bardziej zrozumiate, gdy rozpatrywane sa w
kontekscie mechanizmow ewolucji, przez pryzmat sit determinujacych wewnatrz- i
miedzypopulacyjng réznorodnosé. Przyjmuje sie, ze gléwnymi czynnikami, ktore
ksztattuja pule genetyczna populacji s3 mutacje, dobdr naturalny, dryf genetyczny
oraz migracje’.

Mutacje s3 wprowadzane do DNA w trakcie jego replikacji. Podczas podziatu
komoérkowego nastepuje synteza dodatkowej kopii genomu, tak, by po podziale obie



komorki posiadaly taka sama pule DNA. Zazwyczaj jednak proces ten nie prowadzi do
powstania dwdch identycznych zestawdw chromosomoéw, lecz rézniacych sie kilkoma
nukleotydami. Dlatego tez genomy poszczegdlnych komorek organizmu s3a od siebie
nieco rézne. Jesli mutacje powstang w genomie komorek rozrodczych (germinalnych),
zostang one przekazane kolejnym pokoleniom. Istnieje wiele form mutacji DNA.
Najpowszechniejsze s3 substytucje pojedynczych nukleotydow. Jesli w okreslonym
miejscu genomu jakas substytucja wystepuje w populacji z pewna arbitralnie
wyznaczong czestoscia (> 1%), mowimy wdéwczas o zjawisku zwanym polimorfizmem
pojedynczego nukleotydu (SNP - ang. single nucleotide polymorphism). Srednie tempo
wprowadzania mutacji do chromosoméw autosomalnych (oraz dla chromosomu X),
chromosomu Y i mtDNA jest rézne i wynosi odpowiednio ok. 1-1,5 x 10%,3x10%, 2,7-
3 x 10° mutacji na jeden nukleotyd na jedno pokolenie®. Analizujac proces
pojawiania sie nowych wariantow SNP, mozna zatem odtworzy¢ chronologie zdarzen
ewolucyjnych.

MtDNA wystepuje w kazdej komdrce w wielu kopiach. Dzieki temu, w
odréznieniu od DNA jadrowego, znacznie latwiej pozyska¢ go z kopalnych szczatkdw.
Co wiecej mtDNA jest relatywnie krotki oraz nie podlega rekombinacji. W przypadku
czlowieka wazng cecha mtDNA jest specyficzny sposob jego dziedziczenia. Z
pokolenia na pokolenie przekazywane s3 jedynie mitochondria zenskich komorek
plciowych. Oznacza to, ze mtDNA zawsze pochodzi od matki. Z uwagi na powyzsze
mozliwa jest analiza linii zenskich skladajacych sie na dana populacje. Podobnie
genetycznie rodowod mozna bada¢ w linii meskiej analizujac mutacje wystepujace na
nierekombinujacym odcinku chromosomu Y.

Oba elementy genomu nieulegajace rekombinacji, czyli mtDNA oraz odcinek
chromosomu Y s3 tak zwanymi haplotypami, czyli fragmentami genomu,
dziedziczonymi w catosci od jednego z rodzicow. Wystepujace w obrebie tych
sekwencji specyficzne wzory mutacji (SNP), sa wiec charakterystyczne dla
poszczegolnych linii zenskich (mtDNA) oraz meskich (chromosom Y). Z tego wzgledu
zestaw SNP jest elementem jednoznacznie okreslajgcym dany haplotyp. Nalezy
zaznaczy¢, ze oba te haplotypy znacznie réznig sie od siebie dlugoscia. Haplotyp
mtDNA ma dlugosé ok, 16,5 tys. nukleotydow, przy czym najczesciej jest okreslany na
podstawie odcinka 1,200 nukleotydow, zas haplotyp chromosomu Y ma 30,000,000
nukleotydow.

Jedna z gtéwnych koncepcji funkcjonujacych w genetyce ewolucyjnej jest teoria
koalescencji. Zaktada ona, ze kazdy allel (gen lub fragment DNA) wywodzi sie od
jednego wspolnego przodka (Rycina 1)". Teoria koalescencji odnosi sie do neutralnych
lub prawie neutralnych alleli, wystepujacych w populacji o statej liczebnosci, w ktorej
kojarzenie par ma charakter losowy. Korzystajac z zasad koalescencji mozemy
polaczy¢ haplotypy, ktére maja wspolnego przodka w szersze zestawy zwane
haplogrupami. Mozliwym jest takze wyznaczenie czasu powstania danej mutacji, a



wiec i okreslenie wieku catej haplogrupy. Z uwagi na powyzsze od wielu lat mutacje
wystepujace w mtDNA i chromosomie Y stanowia gléwne markery wykorzystywane w
genetyce populacyjnej i antropologii molekularne;j.

Teoria koalescencji zaklada, ze w przypadku kazdego haplotypu w przesztosci
musiat istnie¢ jeden wspolny przodek, ktory dal poczatek wszystkim wystepujacym
obecnie jego wariantom. Istniala zatem kiedy$ na Ziemi mitochondrialna Ewa, ktéra
data poczatek wszystkim wspodtczesnie wystepujacym mtDNA. Analogicznie, istniat
kiedys Y-chromosomowy Adam, ktory dal poczatek wszystkim wspotczesnie
obserwowanym haplotypom chromosomu Y.

Kobiety wspdtczesne mitochondrialnej Ewie, a takze te zyjace przed nia, mialy
inny mtDNA. Z biegiem czasu te zenskie rodowody wymarly i nie jest mozliwe
zaobserwowanie ich haplotypéw we wspotczesnych populacjach. Niemniej jednak, nie
mozemy wykluczy¢ takiej mozliwosci, Ze obecnie zyje lub zyl w przesztosci czlowiek,
ktory posiada/posiadat mtDNA jakiego jeszcze nigdy wczesniej nie zaobserwowalismy.
Na podstawie zebranych dotychczas danych ustalono, ze mitochondrialna Ewa zyta
okoto 160 tysiecy lat temu (tya, ang. thousand years ago) w Afryce'. Y-chromosomowy
Adam datowany jest na okres okoto 160-320 tya i zyl prawdopodobnie w innym
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Rycina 1 Diagram obrazujacy proces koalescencji alleli w populacji o statej wielkosci. k-alleli
obserwowanych wspolczeénie (8) przechodzi serie zdarzen koalescencyjnych. Teoretycznie proces
obejmuje k-1 (7) populacji i prowadzi do wylonienia tylko jednego allelu, ktory dat poczatek wszystkim
obecnie istniejgcym.

rejonie Afryki.

Liczba pokolen wstecz




Czesto popelnianym btedem jest domniemanie, iz wspomniane osoby byly
pramatky i praojcem ludzkosci. Tymczasem daty one poczatek jedynie rodowodom
mtDNA oraz chromosomu Y, a zatem jedynie 2 haplotypom. W genomie jadrowym
wyrozni¢ mozna tysigce analogicznych haplotypow, co oznacza, ze zawiera on w sobie
informacje o bardzo licznej grupie przodkow. Typowy genom cztowieka sktada sie z 47
fannicuchow dwuniciowego DNA odpowiadajacych 46 chromosomom oraz mtDNA
(Rycina 2). Zakladajac stale tempo rekombinacji genomu jadrowego, (ok. 71 zdarzen
crossing-over podczas powstawania haploidalnych komérek rozrodczych) stwierdzic¢
mozna, ze w przypadku kazdego osobnika 47 dwuniciowych DNA
wyselekcjonowanych zostaje sposrdd 164 potencjalnych rodzicielskich wariantow: 46
niezrekombinowanych chromosomoéw od matki, 46 niezrekombinowanych
chromosomdw od ojca, 71 zrekombinowanych chromosoméw pochodzacych od matki
lub ojca oraz mtDNA pochodzacego zawsze od matki. Analogicznie dwa pokolenia
wstecz liczba potencjalnych wariantéw dwuniciowego DNA, ktore moga by¢
odziedziczone przez dang osobe od 4 swoich dziadkow wynosi juz 327. Z oczywistych
wzgledow wiekszos$¢ z potencjalnych wariantéw jest zatem tracona z pokolenia na
pokolenie. Z uwagi na powyzszy fakt, materiat genetyczny niektérych przodkdéw musi
by¢ w kolejnych pokoleniach catkowicie utracony. W przypadku 20 pokolen ilos¢
przodkow jest juz niemal tysigc razy wieksza niz ilo$¢ odziedziczonych wariantéw, jest
zatem pewne, ze material genetyczny duzej ich czesci nie wystepuje w ostatnim
pokoleniu. Z tego powodu poszukiwanie wsrdéd swoich antenatéw dawno temu
zmarlych historycznych postaci nie ma zwykle wiekszego uzasadnienia, poniewaz
prawdopodobienstwo, ze ich DNA przetrwal przez duza liczbe pokolen jest
astronomicznie mate.



Przodek Y-chromosomowy Wszyscy przodkowie genealogiczni  Przodek mtDNA

32,768 15 pokolen wstecz 2670593
16,384 14 1335297
8,192 13 667649
4,096 12 i 333825
2,048 i 11 { 166913
1,024 10 i 83457
512 9 41729
256 8 & 20865
128 7 10433
Liczba genealogicznych 64 : 5217 Liczba potencjalnych wariantéw
przodkow genetycznych mogacych byé
32 2609 odziedziczonych przez dang osobe

16 1305

8 653

4 327

2 164

23 pary chromosomow
+ mitochondrialny DNA

Rycina 2. Diagram obrazujacy dziedziczenie haplotypow. Cofajac sie w czasie liczba przodkdw, ktorych
posiada dana, osoba ulega podwojeniu z kazdym pokoleniem. Jednak, liczba fragmentéw DNA, ktdre
sktadaja sie na genom danej osoby przyrasta jedynie o 71 na pokolenie. Oznacza to, ze cofajac sie o
osiem lub wiecej pokolen, jest niemal pewnym, ze dana osoba bedzie mie¢ kilku przodkéw, od ktérych
nie odziedziczyla zadnego DNA.

Kopalny DNA

Dopiero w 2008 roku, Novembre i wsp. zademonstrowali, ze badania DNA
wspotczesnych ludzi nie pozwalaja odtworzy¢ historii biologicznej catego gatunku.”
Problem ten mozna jednak rozwigza¢ badajac kopalny DNA (aDNA, ang. ancient
DNA), czyli DNA pozyskany ze szczatkow szkieletowych osob zmartych. Pierwsze tego
typu badania przeprowadzono w roku 1988. Analizie poddano DNA wyizolowany ze
szczatkéw ludzkich datowanych na okolo 7 tya i pochodzacych z Florydy™.
Stwierdzono, ze zidentyfikowany haplotyp mtDNA nie wystepuje wspotczesnie w puli
genowej rdzennych Amerykanéw, jest natomiast obecny u wspoélczesnych
Europejczykow, cho¢ stosunkowo rzadko. Eksperyment ten dowiddl, ze badania
genetyczne kopalnych prébek stwarzaja unikatowa szanse na poznanie historii
biologicznej populacji cztowieka.

Badania aDNA nie s3 jednak fatwe, gdyz rdézni sie on pod wieloma wzgledami
od DNA wyizolowanego z materialu pobranego od Zzywego osobnika. Po $mierci
organizmu struktury komodrkowe ulegaja dezintegracji, a material genetyczny
stopniowej dekompozycji”. Procesy degradacji DNA postepuja najszybciej w



pierwszym roku po $mierci'® gléwnie w wyniku dwodch proceséow: fragmentacii
lancuchéw DNA oraz modyfikacji tworzacych je nukleotydéw'. Dodatkowo szczatki
sa zasiedlane przez mikroby. Moga one pochodzi¢ zarowno z mikrobiomu badanej
osoby jak i ze $srodowiska, w ktdrym znalazly sie szczatki. W konsekwencji izolowany
aDNA jest pofragmentowany, zanieczyszczony obcym materiatem genetycznym oraz
zawiera wiele zmodyfikowanych/uszkodzonych nukleotyddéw.

Fragmentacja lancucha DNA spowodowana jest aktywno$cia nukleaz
wyzwalanych w wyniku rozpadu struktur komorkowych lub wydzielanych przez
zasiedlajace szczatki mikroorganizmy. DNA jest takze narazony na nieenzymatyczng
hydrolize, do ktérej najczesciej dochodzi w miejscach depurynacji®. Fakt ten
doskonale uwidaczniaja odczyty uzyskane metoda NGS. Wynika z nich, ze pierwszym
nukleotydem, ktéry w genomie referencyjnym poprzedza zmapowany koniec 5’
odczytu jest zwykle puryna®. Konsekwencja fragmentacji jest powstanie odcinkéw
DNA o dtugosci od kilkudziesieciu do kilkuset nukleotydow.

Kolejng cecha aDNA jest specyficzna akumulacja modyfikacji, ktére moga
blokowa¢ jego amplifikacje metoda PCR (ang. blocking lesions) lub prowadzi¢ do
btednego wprowadzania nukleotydéw podczas przygotowywania bibliotek
sekwencyjnych (ang. miscoding lesions). Wykazano na przyktad, ze polimeraze blokuja
produkty oksydacji pirymidyn takie jak 5-hydroksy-5-metylohydantoiny oraz 5-
hydroksyhydantoiny oraz wigzania krzyzowe (ang. cross-links) tworzace sie pomiedzy
niémi DNA lub miedzy DNA a innymi molekutami, np. biatkami’. Bledne
wprowadzenie nukleotydéw nie wstrzymuje reakcji PCR, ale zmienia sekwencje nici
syntetyzowanej de novo podczas namnazania matrycowego aDNA. Modyfikacja jakiej
najczesciej ulegaja nukleotydy w fancuchu DNA jest deaminacja zmieniajaca cytozyne
na uracyl™ (okoto 90% modyfikacji). Dochodzi do niej zwykle w obrebie konicowych
jednoniciowych fragmentow aDNA (ang. single-stranded overhangs). Konsekwencja
zmiany C>U, klasyfikowanej jako tranzycja typu 2 jest substytucja G>A w czasie
pierwszej rundy amplifikacji matrycowego aDNA oraz substytucja C>T w drugiej
rundzie amplifikacji aDNA metoda PCR. W poréwnaniu z modyfikacjami cytozyny,
deaminacja puryn jest marginalna - konwersja adeniny do hipoksantyny, ktéra paruje
sie z cytozyna zamiast tyming, klasyfikowana jest jako tranzycja typu 1 (ok. 2-6%
modyfikacji)®*®*. Konwersja guaniny do ksantyny odbywa sie na podobnym lub nawet
nizszym poziomie', natomiast tymina nie podlega deaminacji*’.

Archeogenomika w badaniach historii biologicznej czlowieka

W ostatnich latach obserwujemy znaczacy rozwoj badan archeogenomicznych.
Pierwszym czynnikiem, ktéry miat wplyw na 6w postep byly obserwacje, iz pewne
fragmenty szczatkow szkieletowych zawieraja wiecej endogennego aDNA niz inne.
Poczatkowo DNA izolowano z kosci dtugich lub z zebéw. Obecnie, o ile to mozliwe,
DNA izoluje sie z kosci skalistej ostaniajacej ucho wewnetrzne. Ilos¢ DNA zachowana



w kosci skalistej moze by¢ nawet 100 razy wieksza niz w zebach - drugim najczesciej
wykorzystywanym w archeogenomice materiale kostnym?.

Kolejnym istotnym czynnikiem przyspieszajacym rozwoj archeogenomiki jest
powstawanie nowych metod izolacji DNA. Szczegoélnie cenng jest wzbogacanie probki
w endogenny DNA (ang. DNA capture)®. Wykorzystuje sie w niej biotynylowane
sondy RNA, ktore s3 komplementarne do okreslonych fragmentéow genomu. Sondy te
hybrydyzuja z wybranymi odcinkami matrycowego DNA, a nastepnie s3 odlawiane za
pomocg kulek magnetycznych pokrytych streptawidyng. Obecnie metode ta
najczesciej uzywa sie do wzbogacania probki we: (i) fragmenty pochodzace z genomu
mitochondrialnego; (ii) fragmenty zawierajace pozycje polimorficzne na chromosomie
Y oraz (iii) wybrane fragmenty lub caly genom jadrowy.

Nastepnym szczegdlnie waznym czynnikiem wplywajacym na rozwoj
archeogenomiki byto wprowadzenie NGS. Po raz pierwszy wykorzystano NGS w
archeogenomice w roku 2006. Przeprowadzony wowczas eksperyment umozliwit
poznanie fragmentu genomu Neandertalczyka o tacznej dtugosci 1 min nukleotydéw?.
Obecnie NGS oraz metody wzbogacania w endogenny aDNA s3 rutynowo
wykorzystywane do ustalania pelnych sekwencji genomu jadrowego i
mitochondrialnego wielu kopalnych osobnikdw.

Od czasu pierwszego zastosowania NGS w archeogenomice wraz z rozwojem
technologii i obnizeniem kosztéow sekwencjonowania ilos¢ danych genomicznych
uzyskanych dla kopalnych szczatkéw szybko rosnie (Rycina 3). Obecnie znamy juz
sekwencje kopalnych genomow dla setek ludzi. Wiekszos¢ prac badawczych dotyczy
szczatkéw pochodzacych z regionu Eurazji**®?, co podyktowane jest zaréwno
znacznie lepszym finansowaniem tamtejszych os$rodkow naukowych jak réwniez
sprzyjajacymi warunkami klimatycznymi umozliwiajacymi zachowania aDNA.
Znaczaca ilo$¢ przebadanych szczatkdw szkieletowych datowana jest na czasy
neolityczne (9 - 5 tya) oraz mezolityczne (14-10 tya). Coraz cze$ciej badane szczatki
pochodza spoza Euroazji oraz z pdzniejszych okresow, takich jak epoki metali czy
$redniowiecze®®. Co wiecej w ramach badan historii biologicznej cztowieka zaczeto
wykorzystywa¢ material genetyczny mikrobéw towarzyszacych kopalnym szczatkom

ludzkim’>**.

Rekonstrukcja sekwencji DNA wybranych patogennych bakterii
umozliwia przesledzenie koewolucji cztowieka i bakterii z nim zwigzanych. Ponadto
informacje dotyczace zmiennosci czynnikéw wirulencji patogendw na przestrzeni
wiekdéw s3 cennym elementem badan epidemiologicznych. Ostatnie innowacje na polu
archeogenomiki dotyczg badan kopalnych epigenomoéw oraz aDNA pochodzacego z
osadow glebowych pobranych w miejscach, gdzie odkryto $lady bytowania
przedstawicieli rodzaju Homo.

W ostatnim czasie zauwazalny jest réwniez znaczny postep w zakresie podejs¢
umozliwiajacych integracje danych pochodzacych =z badan historycznych,
archeologicznych, antropologicznych i genetycznych. Stad w procesie recenzowania
manuskryptéw dotyczacych historii biologicznej coraz mocniej akcentowana jest



potrzeba calosciowego opisu dyskutowanych probleméw badawczych. W
konsekwencji nierzadko obok wyznaczonych przez edytora recenzentéow bedacych
ekspertami z zakresu genetyki wybierane s3 takze osoby, odpowiedzialne za
zweryfikowanie poprawnosci opisu tla historycznego i archeologicznego. Dodatkowo
w coraz liczniejszych publikacjach poszczegolne stanowiska archeologiczne sa
charakteryzowane na podstawie duzej liczby przebadanych szczatkow szkieletowych.
Stan taki pozwala przejs¢ z poziomu ogdlnych rozwazan o minionych przemianach
demograficznych do badan skupionych wokoét zagadnien zwigzanych z czynnikami
socjo-ekonomicznymi ksztattujacymi dawne spoteczenstwa a nawet powiazaniami
rodzinnymi pomiedzy badanymi osobami.
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Rycina 2. Diagram obrazujacy liczbe oraz rozmieszczenie w czasie i przestrzeni kopalnych szczatkow
ludzkich poddanych analizom genetycznym: a) Diagram obrazujacy jak w ostatnich latach przyrastata
liczba zbadanych pod wzgledem genetycznym/genomicznym kopalnych szczatkéw wspotczesnych i
archaicznych form czlowieka; b) rozmieszczenie na mapie $wiata zbadanych szczatkéw anatomicznie
wspotczesnych ludzi; dodatkowo kolorami oznaczono okres, z ktdrego pochodzily badane szczatki.



Powstanie i pierwsze wedrowKi H. sapiens s

Na ewolucje H. sapiens s skladaja sie wszystkie procesy prowadzace do
uksztaltowania sie anatomicznie wspotczesnego cztowieka (AMH, ang. Anatomically
Modern Human) jako jednego z przedstawicieli rzedu naczelnych. Do wydarzenia tego
doszto najprawdopodobniej okoto 300 tya. Waznym momentem na tej drodze byto
powstanie podrodziny Homininae (wszystkie czlowiekowate za wyjatkiem
orangutanow) liczacej sobie blisko 14 milionéw lat. Nie ma watpliwosci, ze kolebka
wszystkich Homininae byla Afryka, w ktorej okoto 2-3 milionéw lat temu pojawili sie
pierwsi przedstawiciele rodzaju Homo.

Rekonstrukcja relacji taksonomicznych pomiedzy przedstawicielami Homo
oraz powiazanie poszczegolnych etapéw ich ewolucji z konkretnymi gatunkami jest
niezwykle trudnym zadaniem. Poniewaz szczatki szkieletowe s3 czesto niekompletne,
probuje sie tego dokona¢ na podstawie zaledwie kilku fragmentow kosci. Bez
znajomosci sekwencji DNA  wymarlych form Homo wszelkie rozwazania
paleoantropologiczne s3 zatem wielce spekulatywne, nawet jesli dokonywane na
dobrze zachowanych szkieletach. Dodatkowo, na podstawie zebranych dotad
informacji sadzi¢ mozna, ze powszechnym zjawiskiem bylo istnienie wielu
wspotbieznych sobie form Homo. Tym samym klasyczne pojmowanie procesu
powstawania gatunku, jako odrebnej galezi drzewa ewolucyjnego wydaje sie by¢
btedne i powinno by¢ zastapione innym wyobrazeniem zakladajacym, ze relacje
miedzy gatunkami, zwlaszcza we wczesnych etapach ich specjacji, maja bardziej
zlozony charakter.

W skiad podrodziny Homininae wchodza wszystkie jej wspolczesne gatunki jak
rowniez wymarte formy, z ktérych najwazniejsza dla ewolucji H. sapiens s byt
Australopithecus (Australopitek, w dostownym ttumaczeniu matpa potudniowa). Jeden
z jego gatunkow blisko 3 miliony lat temu dat poczatek catemu rodzajowi Homo
(Rycina 4). Obecnie najstarszym znanym przedstawicielem tego rodzaju jest Homo
habilis, cztowiek zreczny (2,100 - 1,500 tya). Homo erectus (1,900 - 140 tya), kolejny
reprezentant rodzaju Homo, najprawdopodobniej jako pierwszy opanowat sztuke
postugiwania sie ogniem oraz rozpoczal pierwsze wedrowki rodzaju Homo poza
Afryke. Na uwage zastuguje fakt, ze Homo erectus byt najdtuzej utrzymujaca sie forma
Homo i przetrwat niemal 2 miliony lat. Nastepnym kamieniem milowym w ewolugcji
czlowieka bylo pojawienie sie w Afryce Homo heidelbergensis (600 - 300 tya),
prawdopodobnego przodka H. sapiens s oraz anatomicznie réznych, archaicznych
form Homo sapiens - neandertalczykow (430 - 40 tya) i denisowian (~40 tya).
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Rycina 3. Drzewo genealogiczne przedstawiajace ewolucje hominidéw. Kolejne formy Homo s3
oznaczone kolorami. Diagram przedstawia ewolucje rodzaju Homo w czasie i przestrzeni (Ameryka,
Afryka, Eurazja). Czas wyrazono w milionach lat temu (mya). Diagram ma charakter poglagdowy i nie
uwzglednia wszystkich, niekiedy kontrowersyjnych, pogladow i tez.

Do niedawna powszechnie przyjmowalo sie, ze poczatkow H. sapiens s nalezy
doszukiwa¢ sie w Afryce Wschodniej. Tymczasem ostatnie znalezisko najstarszych
szczatkow szkieletowych przypisanych H. sapiens s pochodzi z Afryki Péinocnej, Jebel
Irhoud, Maroko (~300 tya)*’. Tym samym, pojedyncze odkrycie przesuneto szacowany
czas powstania H. sapiens s o niemal 100 tysiecy lat, a takze wymusito zweryfikowanie
hipotez dotyczacych umiejscowienia kolebki ludzkosci na mapie Afryki. Kolejne
najstarsze znaleziska szkieletowe naszego gatunku pochodza z Afryki Wschodniej i s3
miodsze o blisko 100 tysiecy lat: Omo Kibish (~195 tya) i Herto (~160 tya) w Etiopii
oraz Ngaloba w Tanzanii (~120 tya). Rezultaty datowania szczatkow wskazuja, ze w
czasie, gdy w Afryce rozwijat sie wczesny Homo sapiens, w jej potudniowej czesci zyta
inna archaiczna forma Homo naledi (236 - 335 tya), zas w Indonezji niezwykle dtugo
przetrwal Homo floresiensis (190 - 50 tya). Z uwagi na fakt, ze wiele z archaicznych
form czlowieka wspodlistnialo ze soba wydaje sie, ze wszystkie przeszlte formy
czlowieka byly czescia duzej, krzyzujacej sie ze soba populacji. Zjawisko to w swietle
najnowszych badan archeogenomicznych jawi sie jako niepodwazalny fakt*>®,

Jedynym sposobem ustaleniu relacji miedzy poszczegdlnymi gatunkami i
formami rodzaju Homo s3 badania aDNA. Bazuja one na koncepcji zegara
molekularnego oraz teorii koalescencji. Jak dowodza najnowsze ustalenia ostatni
wspdlny przodek rodzajow Homo i Pan (szympans) datowany jest na ok. 7,000 -
5,000 tya. Na podstawie analizy genomu jadrowego wspotczesnych ludzi, przewiduje
sie, ze ostatni wspolny przodek wszystkich H. sapiens s zyt okoto 320 tya, podczas gdy



ostatni wspolny przodek czlowieka wspoétczesnego w linii matczynej okoto 160 tya
(tzw. Mitochondrialna Ewa) a ojcowskiej 160 - 300 tya (tzw. Y-chromosomowy Adam).
Zgodnie z oczekiwaniami wszystkie najstarsze haplogrupy markeréw uniparentalnych
(haplogrupa mtDNA L i haplogrupa Y A0O) wystepowaly u ludzi pochodzacych z
Afryki.

Powstanie i pierwszy okres istnienia AMH, opisa¢ mozna za pomoca 4
mozliwych scenariuszy. Pierwszym z nich jest ,nowa hipoteza multiregionalna”,
wedtug ktorej kilka populacji AMH wyewoluowalo niezaleznie od siebie w roznych
czesciach Afryki. Drugi scenariusz zaklada jedno miejsce powstania AMH z pdzniejsza
ekspansja tej populacji i ekstynkcja wszystkich pozostatych form nie-AMH. W trzecim
modelu réwniez proponuje sie jedno miejsce powstania AMH, jednak z zalozeniem, ze
pozniejszej ekspansji pierwotnej populacji towarzyszylo przetrwanie pewnych form
nie-AMH. Ostatni zaproponowany scenariusz zaklada powstanie AMH w pojedynczej
lokacji w Afryce Poludniowej a nastepnie jego migracje oraz krzyzowanie sie z
archaicznymi formami homininow w Afryce Péinocne;j.

Réwniez czas, szlaki oraz liczba wyjs¢ AMH z Afryki sa przedmiotem licznych
dyskusji. Obecnie najszerzej wspierana jest hipoteza zakladajaca dwie migracje AMH.
Niedawne znalezisko szczatkow AMH z Izraela (Misliya), datowanych na 200 tya
wskazuje, ze AMH opuscili Afryke po raz pierwszy ponad 40 tysiecy lat wcze$niej niz
uprzednio przypuszczano na podstawie znalezisk ze Skhul oraz Quafzeh (czyli okoto
160 tya). Wydaje sie, ze pierwsza migracja AMH poza Afryke wiodla przez Lewant.
Lewant byl tez miejscem pierwszych kontaktow miedzy AMH a neandertalczykami.
Wedlug obecnego stanu wiedzy neandertalczycy wyparli z regionu Lewantu
pierwszych migrujacych z Afryki AMH. Jednakze w kontekscie odnalezienia w
Chinach szczatkow AMH, datowanych na 80 tya oraz w Arabii datowanych na 85 tya
sadzi¢ mozna, ze okreslenie ,wyjscie z Afryki” niekoniecznie oznacza¢ musi
pojedyncze wydarzanie. Byl to raczej proces ciagly trwajacy dziesiatki tysiecy lat.
Ponadto wspomniane powyzej znaleziska dowodza, ze poczatkowa ekspansja AMH
nie ograniczala sie do Bliskiego Wschodu.

Drugie wyjscie AMH z Afryki jest zdarzeniem odrebnym od tych omoéwionych
powyzej. Inaczej niz w przypadku pierwszego wyjscia z Afryki, drugie doprowadzito do
ekstynkcji  wszystkich ~ wcze$niejszych  archaicznych  form  czlowieka, tj.
neandertalczykéw, denisowian oraz Homo floresiensis. Na podstawie analiz czasu
koalescencji wyznaczonych dla wybranych fragmentéw genomdéw kopalnych
osobnikow paleolitycznych towcéw-zbieraczy ustalono, ze drugie wyjscie z Afryki
miato miejsce okoto 70 tya.



Domieszki materiatlu genetycznego archaicznych form Homo sapiens w genomie
AMH

Od niemal 40 tya czlowiek wspolczesny jest jedynym zyjacym przedstawicielem
rodzaju Homo. Jednak jeszcze 50 tya Euroazja byla zamieszkana przez wiele grup
archaicznych form czlowieka. Najlepiej poznang sposrod nich sa neandertalczycy.
Populacja ta istniala miedzy 430-39 tya i zajmowala obszar obejmujacy Europe oraz
cze$¢ Azji (od Uzbekistan na potudniu po gory Altaj, na wschodzie). W rejonie gér
Altaj przez tysigclecia neandertalczycy wspotistnieli z nowo odkryta forma
archaicznych ludzi - denisowianami, ktérzy zamieszkiwali teren od gor Altaj az po
Oceanie. Badania archeogenomiczne dostarczyly w ostatnim czasie wielu bezcennych
informacji na temat ewolucji i historii biologicznej AMH oraz obu wspomnianych
archaicznych form cztowieka.

Analizujac ilos¢ mutacji w DNA jadrowym réznigca neandertalczykdw,
denisowian i wspotczesnych ludzi oraz wyznaczajac tempo ich powstawania ustalono,
ze wspolny przodek AMH, neandertalczykéw i denisowian zyt ok. 770 - 550 tya. Zgota
odmiennych wynikdw dostarcza poréwnanie sekwencji mtDNA, gdzie linie matczyne
wspolczesnych ludzi i neandertalczykow ulegly separacji od siebie ok. 470 - 360 tya.
Rowniez relacje miedzy neandertalczykami i denisowianami s3 odmienne w zalezno$ci
od tego czy w analizach korzystamy z genomdw jadrowych czy mtDNA. Na podstawie
DNA jadrowego ustalono, ze ostatni wspolny przodek obu archaicznych form
czlowieka zyl ok. 470 - 380 tya. Tymczasem badania mtDNA sugeruja, Ze linia
matczyna denisowian oddzielila sie ok od tej prowadzacej do neandertalczykow i
wspolczesnie zyjacych ludzi okoto 1,000 - 800 tya. Nalezy jednak zaznaczyé¢, ze
obserwowane rozbieznosci w opisie relacji ewolucyjnych pomiedzy trzema formami
czlowieka nie $wiadcza o wystapieniu jakiej$ istotnej wewnetrznej sprzecznosci w
proponowanym opisie dziejow archaicznych form czlowieka. Wynikaja one raczej z
tego, ze czasy koalescencji wyznaczone dla poszczegdlnych fragmentéow tego samego
genomu moga by¢ znaczaco rozne.

Stwierdzono ponadto, ze mtDNA wczesnego neandertalczyka byl bardziej
podobny do mtDNA denisowian, niz do mtDNA podzniejszych form neandertalczyka
zyjacych w Europie. Obserwacja ta pozwala przypuszczaé, ze ewolucja poszczegélnych
form czlowieka nie przebiegala w sposéb liniowy. Gdyby bylo inaczej bylibysmy w
stanie wskaza¢ moment, w ktérym populacje ulegly genetycznej separacji.

Mimo znalezienia szkieletéw innych archaicznych form czlowieka niz AMH,
dtugo istnialo przekonanie, iz nie dochodzito miedzy nimi do krzyzowania a co za tym
idzie do tzw. admiksji genowej. Te ostatnig definiuje sie jako przepltyw gendéw miedzy
dwoma odrebnymi od siebie populacjami. Odcinki DNA odziedziczone w wyniku
admiksji genowej s3 nazywane komponentami genetycznymi.

Aby okresli¢ ilos¢ DNA pochodzacego od archaicznych form czlowieka w
genomach wspolczesnych ludzi badz tez stwierdzi¢ zdarzenie admiksji genowej



miedzy dwoma populacjami wykonuje sie tzw. "test 4 populacji’. Dla przyktadu, aby
ustali¢ czy doszlo do admiksji genowej miedzy przodkami wspdtczesnej populacji
czlowieka a neandertalczykami nalezy dysponowa¢ sekwencjami genomowymi dwdch
wspolczesnych populacji czlowieka, neandertalczyka, oraz szympansa. Nastepnie
ustala sie, w ktdérych pozycjach obie sekwencje genomowe wspdtczesnych populacji
czlowieka zawieraja inny nukleotyd niz ten obecny w genomie szympansa. Nastepnie
sprawdza sie, czy w tych pozycjach ktdéras z badanych wspoétezesnych populacji ma
nukleotyd identyczny jak w sekwencji genomowej neandertalczyka. Jesli tylko jedna ze
wspolczesnych populacji cztowieka ma w swojej sekwencji genomowej takie pozycje
oznacza to, ze doszlo do admiksji genowej miedzy ta populacja a neandertalczykami.
Jesli natomiast obie wspdtczesne populacje cztowieka miatyby nukleotyd zgodny z tym
wystepujacym w sekwencji genomowej neandertalczyka oznacza to, ze obie pochodza
od jednej ancestralnej populacji, ktora oddzielita sie od przodkow neandertalczykow
wczesniej niz badane wspoétczesne populacje oddzielily sie od siebie. Wowczas nie ma
powodu, dla ktérego takie mutacje z wieksza czestoscia wystepowatyby w jednej z tych
populacji. Jezeli jednak neandertalczycy krzyzowali sie z przodkami ktérejs ze
wspolczesnych populacji, ich potomkowie powinni dzieli¢ wiecej mutacji z
neandertalczykami niz pozostate populacje czlowieka. Wykorzystujac powyzsza
metode dostarczono dowodow, ze AMH i archaiczne formy ludzi zyli obok siebie i
krzyzowali przez tysiaclecia.

Homo floresiensis

Super archaiczni ludzie

Australo-Denisowianie :

Denisowianie Syberyjscy

Neandertalczycy | Altaj
_J El sidron

-1 Vindija

Wczesni AMH

Papuasi
]

Azjaci
Europejczycy

Afrykanie

Rycina 4. Drzewo filogenetyczne archaicznych form Homo i anatomicznie wspotczesnych ludzi. Kolory
odpowiadaja poszczegolnych formom Homo i Homo sapiens. Przerywanymi liniami oznaczono
domieszki genowe miedzy poszczegoélnymi populacjami.



Na podstawie przeprowadzonych analiz stwierdzono kilkukrotng admiksje
genowa miedzy AMH i neandertalczykami. Do pierwszych krzyzowan doszlo juz ok.
100 tya. Dowodzi tego 2% domieszka genetyczna AMH w genomie neandertalczyka z
regionu gor Altaj. Domieszki takowej nie stwierdzono u neandertalczykow
zamieszkujacych Europe. Zaktada sie zatem, ze w okresie 130 - 100 tya miata miejsce
ekspansja neandertalczykéw z Europy na wschod i krzyzowanie sie z AMH, ktérzy
prawdopodobnie nalezeli do grupy pierwszych wychodzcow z Afryki. Populacja ta
zostala nazwana jako ,praEuroazjaci” (ang. Basal Eurasians). Jest to tzw. “populacja
widmo” poniewaz nie dysponujemy zadnymi jej szczatkami szkieletowymi. Jej
istnienia dowodza jednak wyniki analiz kopalnych i wspotczesnych genomdw.

Przepltyw gendw zachodzit réwniez od neandertalczykow do AMH. Domieszka
genowa pochodzaca od neandertalczykow stanowi okoto 03 - 2,6% genomu u
wszystkich wspotczesnych nie-Afrykanczykéw. Uwaza sie, ze jest ona wynikiem
drugiej ekspansji neandertalczykéow na wschod oraz w rejon Lewantu ok. 70 tya. Jest
to tez prawdopodobne miejsce nabycia neandertalskiego DNA przez AMH, po jego
drugim wyjsciu z Afryki okolo 54 - 49 tya. Wyniki analiz wskazuja, ze ostatnia
wymiana genéw miedzy AMH a neandertalczykami nastapila nie p6zniej niz 37 tya, co
wiaze sie z pierwsza obecnoscia AMH w Europie ~45 tya i ekstynkcja neandertalczyka
~39 tya. Swiadczy o tym stwierdzona 6-9% domieszka genetyczna neandertalczyka w
genomie Oasel, najstarszego europejskiego kopalnego genomu, ktéry jest datowany na
ok. 39 tya. Oznacza to, ze neandertalczyk byt jego przodkiem co najmniej 6 pokolen
wstecz.

Admiksja genowa miala takze miejsce miedzy AMH a denisowianami.
Krzyzowanie sie z ta archaiczng forma czlowieka datowane jest na ok. 49 - 44 tya, a
ilos¢ DNA odziedziczonego po niej w genomach wspétczesnych ludzi wynosi od 0,1 -
6%, przy czym wystepuje ono tylko we wspdtczesnych populacjach ludzi zyjacych we
Wschodniej i Potudniowej Azji, Oceanii oraz Australii. Najwyzszy poziom tej
domieszki wynosi 3 - 6% i jest obserwowany u rdzennych mieszkancéw Nowej Gwinei.
Analizujac segmenty DNA pochodzace od denisowian w genomach wspotczesnych
ludzi ustalono, ze rozbieznos¢ w ilosci domieszki genetycznej pomiedzy Wschodnimi
Azjatami a Nowo Gwinejczykami wynika z faktu, iz Zrodlami tych domieszek byly
dwie rézne populacje denisowian. Grupa ta podzielila sie na dwie linie ewolucyjne
okoto 400 - 280 tya. Pierwsza z nich zyla w obrebie gér Altaj (denisowianie
syberyjscy), druga, ktora jest zrédlem genetycznej domieszki u Nowo Gwinejczykdw,
zyla na obszarze Oceanii (australo-denisowianie). Australo-denisowianie rowniez sa
tzw. “populacja widmo“ - gdyz nie posiadamy zadnych ich szczatkéw szkieletowych, a
ich istnienie jest postulowane na podstawie analiz archeogenomicznych. Czas
rozdzielenia sie obu linii ewolucyjnych denisowian (400 -280 tya) jest niewiele
wczesniejszy niz czas, w ktédrym zyt ostatni wspdlny przodek denisowian i
neandertalczykéw (470 - 380 tya). Ustalono, ze pomiedzy tymi archaicznymi formami
czlowieka takze doszlo do admiksji genowej z okolo 1,8% przeplywem gendéw od



wschodnich neandertalczykéw do syberyjskich denisowian. Najnowszych dowodéw
wspierajacych wymiane genow miedzy oboma formami czltowieka dostarczyta poznana
niedawno sekwencja genomowa osobnika, ktérego rodzicami byli neandertalczyk i
denisowianin *.

Biorac pod wuwage 3-6% domieszke denisowian oraz 2% domieszke
neandertalczykdéw, stwierdzi¢ mozna, ze 5 - 8% genomu populacji cztowieka zyjacej na
obszarze Melanezji pochodzi od archaicznych form cztowieka.

Wyniki badan archeogenomicznych dostarczaja réwniez dowoddw na istnienie
innej populacji widmo, tzw. “superarchaicznych ludzi”. Obecnie jest to najstarsza
znana linia ewolucyjna czlowieka, ktora ulegla separacji od przodkow czlowieka
wspolczesnego, neandertalczykéw i denisowian ok. 1,400 - 900 tya, a ich 3 - 6 %
wkiad genetyczny zostatl zidentyfikowany w genomach denisowian i datowany jest na
ok. 65 tya.

Przedstawione powyzej zdarzenia z historii biologicznej cztowieka pokazuja, ze
przeplyw gendéw pomiedzy réoznymi formami i grupami ludzi byl powszechny. Co
wiecej przeplyw gendéw pomiedzy tak réoznymi anatomicznie i behawioralnie formami
cztowieka uwidacznia jakim problemem jest klasyfikacji jego archaicznych form i ich
ewentualny podzial na oddzielne gatunki.

AMH w Europie

Wiedze o historii biologicznej pierwszych populacji AMH zamieszkujacych
obszar Euroazji nadal uzna¢ mozna za szczatkowa. Wynika to z faktu, iz badaniom
archeogenomicznym jak dotad poddane zostaly jedynie pojedyncze osobniki, ktére
obecnie traktowane s3 jako reprezentacyjne dla danej populacji. Niemniej jednak
zastosowanie takiego podejscia doprowadzito do odkry¢, ktérych nie przewidywaly
zadne wczesniejsze narracje archeologiczne czy antropologiczne.

Od okoto 430 tya endogennymi mieszkanncami Europy byli neandertalczycy. Jak
dowodza wyniki badan archeologicznych i antropologicznych przybycie AMH
poskutkowato radykalnymi przemianami demograficznymi. AMH przybili po raz
pierwszy do Europy okoto 45 tya. Analizy probek aDNA wyizolowanych od osobnikéw
zyjacych na Syberii i w Rumunii przed 40-45 tya pokazuja, ze populacja ta (lub
populacje te) okreslana jako paleolityczni lowcy-zbieracze nie ma znaczacego wktadu
w strukture genetyczna wspotczesnych Europejczykow. Okoto 39 tya doszto bowiem w
Europie do wielkiej erupcji wulkanéw, co doprowadzilo do catkowitej ekstynkcji
neandertalczykow i prawie catkowitej pierwszych europejskich lowcédw-zbieraczy. Po
tym zdarzeniu, to jest okolo 37 tya, Europa zostala zaludniona ponownie
najprawdopodobniej przez pojedyncza linie, ktorej udalo sie przetrwac katastrofe
ekologiczng. Dopiero osobniki reprezentujace te populacje sa bardziej spokrewnione
ze wspolczesnymi Europejczykami niz Azjatami co $wiadczy, ze ich materiat
genetyczny przetrwal w Europie do obecnych czaséw. Populacje towcéw-zbieraczy



zyjace w Europie w okresie 37-33 tya zwiazane byly z kulturg oryniacka. Okoto 33 tya
zostaly one zastgpione przez genetycznie podobna populacje zwigzana z kulturg
grawecka. Tak utworzona struktura genetyczna trwala w Europie przez 11 tysiecy lat do
nadejscia epoki lodowcowej to jest do okoto 22 tya. W tym samym czasie, tj. okoto 24-
17 tya w rejonie jeziora Bajkal zyla odrebna populacja lowcéw-zbieraczy zwana ANE
(ang. Ancient Nort Eurasians).
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Rycina 6. Diagram obrazujacy najwazniejsze zdarzenia w historii biologicznej Homo sapiens s w
okresie od pierwszego wyjscia AMH z Afryki do dotarcia do Europy. Czas wyrazono w tysigcach lat
temu (tya).

Okres zlodowacenia przetrwaly jedynie niewielkie grupy towcow-zbieraczy w
rejonie dzisiejszej Hiszpanii. Kiedy okoto 19 tya 16d zaczat sie wycofywac¢ doszto do
rozprzestrzenienia sie tej populacji w Europie Zachodniej, i powstania kultury
magdalenskiej. Co ciekawe tworzaca ja populacja nie wywodzila sie w prostej linii z
grup zwiazanych z kultura grawecka, ale byla blisko spokrewniona z wcze$niejsza
populacja zwigzang z kulturg oryniacka. Okoto 14 tya doszto do znaczacego ocieplenia
klimatu. Okres ten zwany jest Bolling-Allergd. Z nim tez zwigzane jest kolejne istotne
zdarzenie demograficzne w Europie, jakim byla migracja towcédw-zbieraczy z Bliskiego
Wschodu.

W wyniku tych zdarzen w Europie uksztattowaly sie cztery grupy towcow-

zbieraczy: Zachodni Eowcy-Zbieracze (WHG, ang. Western Hunter-Gatherers),
Kaukascy Eowcy-Zbieracze (CHG, ang. Caucasus Hunter-Gatherers), Wschodni
Lowcy-Zbieracze (EHG, Eastern Hunter-Gatherers) oraz Skandynawscy FEowcy-
Zbieracze (SHG, ang. Scandinavian Hunter-Gatherers). WHG dotarli do Europy wraz z



ekspansja w okresie Bolling-Allerod. Allele odziedziczone od tej grupy stanowia
pierwszy glowny komponent genetyczny obecny w puli genowej wspolczesnych
Europejczykow. Pula genowa CHG powstala w wyniku admiksji miedzy WHG oraz
bazowymi Euroazjatami, zas struktura genetyczna EHG zostala utworzona poprzez
admiksje WHG oraz ANE. Ostatnia z grup towcéw-zbieraczy, SHG powstala przez
domieszke genowa WHG oraz EHG.
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Rycina 7 Diagram obrazujacy najwazniejsze zdarzenia w historii biologicznej AMH po dotarciu do
Europy w okresie od 45 tya do 8 tya. Czas wyrazono w tysigcach lat temu (tya).

Neolit - powstanie i rozwo6j rolnictwa

Rolnictwo zostalo zapoczatkowane okoto 12-11 tya na terenie dzisiejszej Turcji i
Syrii. Okoto 9 tya zaczelo sie rozprzestrzenia¢ na zachdd na obszar wspdlczesnej
Grecji oraz na wschod w rejon doliny Indus. W Europie proces wprowadzania
rolnictwa byl silnie zwigzany z przemianami demograficznymi prowadzacymi do
utworzenia nowej struktury genetycznej. Tak zwani wczesni rolnicy neolityczni (EEF,
ang. Early European Farmers wywodzili sie z dwoch réoznych populacji. Grupa, ktéra
dotarla na Batkany byta spokrewniona z rolnikami z obszaru Anatolii, natomiast grupa
osiadla w potudniowej Grecji byta spokrewniona z rolnikami z Iranu.

Nastepnie rolnicy batkanscy migrowali dalej dwoma  $ciezkami:
srodziemnomorska w kierunku Poélwyspu Iberyjskiego oraz naddunajska do Europy
Srodkowej. W poczatkowych etapach zmiany demograficzne towarzyszace
Neolityzacji przebiegaly w odmienny sposdb w roznych czesciach Europy. W Europie
Zachodniej i Srodkowej dochodzilo do postepujacej admiksji genowej miedzy
rdzennymi WHG oraz nowo naplywajacymi EEF. Z kolei w Europie Wschodniej na



obszarach wspotczesnej Ukrainy i panstw baltyckich zachowana zostala cigglosc
genetyczna. Powszechny w Europie Srodkowej genetyczny komponent EEF jest
nieobecny w prébkach pochodzacych z Ukrainy i panstw baltyckich. Wyniki te
dowodza, ze grupy lowiecko-zbierackie w pdinocno-wschodniej Europie przejety
rolniczy tryb zycia.

Do kolejnej istotnej zmiany w strukturze genetycznej Europy doszto okoto 6 tya
w czasie Srodkowego Neolitu. Zaobserwowano, ze populacje cztowieka zyjace w tym
okresie w Europie Srodkowej charakteryzuja sie zwiekszonym udzialem genetycznego
komponentu WHG oraz typowych dla WHG haplogrup mtDNA. Zjawisko to jest
wigzane z migracja ludnosci ze Skandynawii w obszar Europy Srodkowe;j.

Pézny Neolit i Epoka Brazu

Okoto 5 tya struktura genetyczna populacji Zyjacej w Europie ponownie
przeszla radykalng zmiane. Jej przyczyna byl naplyw ludnosci ze stepu
indoeuropejskiego zwigzanej z kultura grobow jamowych (Yamnaya). Badania
archeogenomiczne wskazuja jednoznacznie, ze Yamnaya stanowia zrédlo trzeciego
gléwnego komponentu genetycznego obecnego w dzisiejszej puli genowej
Europejczykow. Ludno$¢ Yamnaya byta genetycznie rozna od tej zyjacej wowczas w
Europie. Ich przodkami byly populacje zamieszkujace dzisiejsze tereny Armenii oraz
Iranu. W konsekwencji Yamnaya byli niemal homogenng mieszanka tych dwoch grup,
podczas gdy wspotczesni im mieszkancy Europy byli wynikiem admiksji miedzy EEF z
Anatolii oraz WHG.

Bezposrednich dowodéw okreslajacych charakter zmian jakie zaszly w tym
czasie w Europie dostarczyly analizy genomiczne ludzi zwigzanych z kulturg ceramiki
sznurowej (CWC, ang. Corded Ware Culture), ktora powstata okoto 4,5 tya. Struktura
genetyczna populacji zwigzanych z CWC wykazywata okoto 75% genetycznego
komponentu Yamnaya, za$ reszte stanowily obecne juz w s$rodkowym neolicie
komponenty genetyczne zwigzane z EEF i WHG. Ponadto analizy te pozwalaja
przypuszczaé, ze admiksja genetyczna miedzy lokalnymi populacjami a Yamnaya byta
wynikiem jednej masywnej migracji a nie stalego naplywu ludnosci ze wschodu.

Do ekspansji kultury CWC doszto w bardzo krétkim czasie na obszarze od
Szwajcarii az po europejska czes¢ Rosji. Badania archeogenomiczne pozwalaja
sformutowa¢ nowa hipoteza wyjasniajaca ten fakt. U jej podstaw legly wyniki analiz
aDNA mikrobéw towarzyszacych kopalnym szczatkom ludzkim pochodzacym z
Europy oraz ze stepu. Zaobserwowano, ze znaczna cze$¢ kopalnych osobnikow (7%)
byla zakazona chorobotwoércza bakterig Yersinia pestis. Blisko 700 lat temu
drobnoustroj ten byl odpowiedzialny za plage czarnej $mierci - dzumy - ktora
przyczynita sie do $mierci 1/3 populacji dwczesnej Europy, Chin i Indii. Chociaz genom
Y. pestis datowany na okres okoto 5 tya nie zawiera kilku genéw koniecznych do
wystapienia dzumy dymieniczej, to zawiera material genetyczny niezbedny do



wywolania dzumy plucnej. Mozliwe jest zatem, ze zajmujacy sie hodowla bydla
Yamnaya byli odporni na te forme dzumy i zarazili chorobg nieodporne na nia
populacje europejskie.

Dobrym przyktadem ujawniajacym ogromny potencjal archeogenomiki s
badania dotyczace powstania i rozprzestrzenienia sie w Europie kultury pucharéw
dzwonowatych (BBC, ang. Bell Beaker Culture). Wedtug ustalen archeologii BBC po raz
pierwszy pojawita sie okoto 5 tya na Potwyspie Iberyjskim, skad rozprzestrzenita sie do
Europy Zachodniej, a nastepnie okoto 4,5 tya do Brytanii. Badania archeogenomiczne
dowiodly, ze kopalne osobniki zwigzane z BBC pochodzace z Iberii nie réznily sie
genetycznie od poprzedzajacych je rolnikdéw neolitycznych. Obie populacje nie
posiadaly domieszki genetycznej Yamnaya. Kiedy jednak poddano analizie kopalne
osobniki zwigzane z BBC pochodzace z Francji, ich struktura genetyczna zawierata
genetyczny komponent Yamnaya. Tym samym ustalono, ze ekspansji BBC z Iberii w
kierunku Europy Srodkowej nie towarzyszyla migracja ludnosci. Analogiczne badania
przeprowadzono na kopalnych osobnikach pochodzacych z Brytanii. Genomy
kopalnych rolnikéw neolitycznych z Brytanii nie zawieraly genetycznej domieszki
Yamnaya, natomiast kopalne osobniki zwigzane z BBC wywodzily znaczng czesc¢
swojego genomu od Yamnaya. Dowodzi to, ze w czasie ekspansji BBC do Brytanii,
zjawisku temu towarzyszyla migracja ludnosci.



Archeogenomika w Polsce

Od pewnego juz czasu do puli genowej europejskiej populacji cztowieka
przestaly naplywaé nowe komponenty. Powstata struktura genetyczna ulegala jedynie
zmianom ilosciowym w wyniku lokalnych proceséow demograficznych lub migracji o
niewielkim zasiegu. Tym samym mozna powiedzie¢, ze od okoto 5 tysiecy lat struktura
genetyczna europejskiej populacji cztowieka skladala sie z tych samych elementéw,
zmieniaja sie tylko proporcje pomiedzy nimi. Z tego wzgledu kolejnym istotnym
wyzwaniem jest poznanie historii biologicznej populacji zamieszkujacych
poszczegollne regiony Europy. Juz pierwsze tego typu analizy wykazujace wyrazne
roznice pomiedzy indywidualnymi populacjami dowiodly, ze zbiorcza charakterystyka
procesow demograficznych jest niewystarczajaca dla opisania historii biologicznej
danego regionu. Spostrzezenie to dotyczy takze populacji Zyjacych na obszarze
wspotczesnej Polski.

Badania historii biologicznej ludzi zamieszkujacych tereny dzisiejszej Polski
byly jak dotad prowadzone w stosunkowo niewielkim zakresie. Pierwsze prace
poruszajace to zagadnienie powstaly dopiero w ostatnich latach (Fernandes i wsp.
2018 oraz Tassi i wsp. 2017).

Najstarszy aDNA z obszaru dzisiejszej Polski znaleziono w pdinocno-
wschodniej czesci kraju (Dudka, Drestwo). Analizowany material pochodzit od
przedstawiciela populacji taczonej z kulturami subneolitycznymi (fowcy-zbieracze lecz
produkujacych ceramike). W istocie osobnik ten posiadat typowy dla towcow-
zbieraczy haplotyp mtDNA U5bl.

Niezwykle ciekawym obszarem z punktu widzenia badan proceséw neolityzacji
sa Kujawy. Przebiegala tam bowiem granica oddzielajaca poludniowe tereny, na
ktorych wystepowaly rolnicze kultury neolityczne od péinocnych, gdzie wystepowaty
towiecko-zbierackie kultury mezolityczne. Neolityczna spolecznos¢ tego regionu
charakteryzowatla sie zwiekszonym udzial komponentu genetycznego WHG jeszcze
przed okresem migracji do Europy Srodkowej populacji ze Skandynawii. Co wiecej
obecno$¢ osob, bez genetycznego komponentu EEF swiadczy o tym, zZe jeszcze w
Srodkowym Neolicie istniaty enklawy autochtonicznych WHG.

W odréznieniu od zachodniej czesci Europy Srodkowej, na terytorium
wspolczesnej Polski, 5 tya w strukturze genetycznej nie pojawil sie komponent
Yamnaya. Owczesne populacje (bez genetycznego udzialu Yamnaya) nie byly
zwigzane z archeologiczng kultura CWC, ale z kulturga amfor kulistych (GAC, ang.
Globular Amphora Culture).

Poczawszy od schytku podznego neolitu stan naszej wiedzy o strukturze
genetycznej populacji czlowieka jest stosunkowo niewielki. Czas ten zgrubnie mozemy
podzieli¢ na nastepujace czesci: epoka brazu, epoka zelaza, okres wedrowek ludow
oraz $redniowiecze.



Dotychczasowe badania archeologiczne sugeruja, ze w epoce brazu zaréwno na
obszarze wspotczesnej Polski jak réwniez w innych czesciach Europy istnialo wielu
kultur. Poznanie struktury genetycznej éwczesnych populacji cztowieka jest jednak
niezwykle trudne, ze wzgledu na powszechnie panujacy zwyczaj kremacji zwlok.
Dopiero w epoce zelaza ponownie przywrocony zostal obrzadek grzebania zmartych.
Jest to zatem pierwszy od pdznego neolitu okres z ktérego stosunkowo tatwo dostepne
sa kopalne szczatki zawierajace aDNA.

Po epoce Zelaza nastat tzw. okres wedrowki ludow, nazywany przez antycznych
Rzymian i Grekow “inwazjami barbarzyncow”. Przed rozwojem archeogenomiki
dominowata teoria, iz bytly to masowe przemieszczenia ludnos$ci na obszarze Europy.
W tej chwili powstaje wiele nowych hipotez poddajacych w watpliwos¢ wczesniejsze
ustalenia. Badacze podejmujg proby precyzyjnego okreslenia co tak naprawde kryje sie
pod hastem migracja. Czy okreslenie to faktycznie dotyczy masowego przemieszczania
sie ludnosci? A moze dotyczy w wielu przypadkach jedynie przejecia wladzy przez
nieliczne, ale dobrze zorganizowane grupy tworzace éwczesne elity spoteczne. W tym
kontekscie niezwykle istotnym z punktu widzenia tworzenia sie panstwowosci polskiej
jest, trwajacy od dekad, spor dotyczacy migracji Stowian.

Z tego tez wzgledu w mojej pracy doktorskiej zajatem sie badaniami historii
biologicznej populacji Zyjacych w pierwszych wiekach naszej ery na obszarze
wspolczesnej Polski. Jak dotad wiedza o zyjacych wowczas ludziach pochodzi gtéwnie
z badan archeologicznych i antropologicznych. Nie dysponujemy zadnymi zrodiami
pisanymi dotyczacymi tego okresu, a badania archeogenomiczne sa szczatkowe.

W pierwszych wiekach naszej ery na obszarze wspoétczesnej Polski wystepowato
szereg kultur archeologicznych. W okresie poprzedzajacym w rejonie tym dominowata
kultura Pomorska (okoto 2,7-2,4 tya). Wraz z jej stopniowym zanikiem zaczeta
pojawia¢ sie kultura Oksywska oraz Przeworska. Najstarsze stanowiska kultury
Oksywskiej zidentyfikowano u uj$cia Odry i Wisly. Tymczasem kultura przeworska
objeta swym zasiegiem Slask, Wielkopolske, Mazowsze, Podlasie i cze$¢ Matopolski.
Istnieje szereg hipotez laczacych kulture Przeworska z Wandalami. Struktura
genetyczna ludnosci zwigzanej z kulturg Przeworska nie zostala jak dotad poznana.
Kolejne przeksztatcenia w dorzeczach Odry i Wisly zwigzane s3 z rozprzestrzenianiem
sie kultury wielbarskiej, ktora czesto kojarzona jest z wedréwkami Gotow.
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Rycina 8. Diagram obrazujacy wystepowanie i przemiany poszczegdlnych formacji, grup i kultur
archeologicznych w Europie w okresie od wczesnego neolitu po epoke zelaza. Kolory odpowiadaja
poszczegolnym  kulturom archeologicznych. Strzalkami pokazano wzajemne relacje miedzy
poszczegolnymi kulturami. Strzatki zielone oznaczaja zapoczatkowanie danej kultury archeologicznej,
strzatki czerwone oznaczaja zastepowanie docelowej kultury archeologicznej. BC oznacza czas
wyrazony w latach przed narodzeniem Chrystusa.



Cel pracy

Glownym celem mojej pracy doktorskiej bylo poznanie genomow
mitochondrialnych przedstawicieli populacji czlowieka zamieszkujacych obszar
wspotczesnej Polski w pierwszych wiekach naszej ery oraz wykorzystanie pozyskanych
danych genomicznych do poszerzenie naszej wiedzy o historii biologicznej H. sapiens
s w Europie Centralnej i Wschodniej.

Jego osiggniecie wymagato realizacji nastepujacych zadan:

- identyfikacji cmentarzysk z epoki zelaza polozonych na obszarach miedzy
Odra a Wisla oraz Wislg a Bugiem - cmentarzyska te powinny by¢ mozliwie jak
najlepiej  scharakteryzowane  pod  wzgledem  archeologicznym i
antropologicznym;

- datowania C14 wybranych szczatkow ludzkich;

- izolacji DNA z kopalnych szczatkow ludzkich datowanych na okres epoki
zelaza

- sekwencjonowania DNA;
- przetworzenia surowych danych NGS;
- ustalenia autentycznosci aDNA;

- wstepnej analizy przesiewowej badanych probek w celu wybrania tych o
najwiekszej zawartosci endogennego DNA cztowieka;

- oceny stopnia kontaminacji probek w tym szczegdlnie wspdtczesnym DNA
czlowieka;

- okreslenia genetycznej ptci badanych osobnikow;

- wyznaczenia haplogrup i haplotypéw mtDNA oraz zlozenie pelnej sekwencji
mtDNA;

- przeprowadzenia analiz populacyjnych:

- wyznaczenia wewnatrzpopulacyjnej zmiennosci genetycznej badanych
grup oraz jej porownanie z wewnatrzpopulacyjng zmiennoscig
wyznaczong dla wspdtczesnych populacji czlowieka izolowanych i
nieizolowanych pod wzgledem genetycznym,



- wyznaczenia zwigzkow genetycznych miedzy badanymi populacjami a
innymi populacjami zamieszkujacymi Europe w okresie od jej
pierwszego zasiedlenia po czasy wspolczesne,

- okreslenia genetycznego pochodzenia badanych populacji;

- przeprowadzenia analiz genomicznych mikroorganizmoéw towarzyszacych
kopalnym szczatkom ludzkim w kontekscie zastosowania uzyskanych danych
jako biomarkeréw wspomagajacych badania proceséw migracyjnych.



Krotkie omowienie wynikéw zaprezentowanych w publikacjach wchodzacych w
sklad rozprawy doktorskiej

Zgodnie z przyjetymi zalozeniami wyselekcjonowano dwa dobrze
scharakteryzowane pod wzgledem archeologicznym i antropologicznym cmentarzyska
zlokalizowane na obszarze miedzy Odra a Wisla (Kowalewko, populacja KOW-OVIA)
oraz Wisla a Bugiem (Mastomecz, populacja MAS-VBIA). Datowanie kopalnych
szczatkéw ludzkich na podstawie danych archeologicznych oraz Cl4 potwierdzito, ze
badane osoby pochodzily z epoki zelaza. Osoby z populacja KOW-OVIA zyty w I-II
wieku n.e., a z MAS-VBIA w II-IV wieku n.e.. DNA wyizolowany od 60 0s6b z grupy
KOW-OVIA i 27 z grupy MAS-VBIA) sekwencjonowano metoda NGS. Uzyskane
wyniki sekwencjonowania poddatem wielokierunkowym analizom
bioinformatycznym. W rezultacie okresélitem zawarto$¢ endogennego DNA czlowieka
w badanych probkach, pte¢ badanych oséb, poziom zanieczyszczenia innym ludzkim
DNA, wyznaczytem haplogrupy i haplotypy mtDNA oraz zrekonstruowalem petnej
dtugosci genomy mtDNA. Nastepnie przeprowadzitem analizy z zakresu genetyki
populacyjnej. Na ich podstawie wyznaczylem wartosci wewnatrzpopulacyjnej
zmienno$ci genetycznej oraz zwiazki miedzy badanymi populacjami i innymi
zamieszkujacymi Europe w okresie od jej pierwszego zasiedlenia przez AMH po czasy
wspolczesne. Dodatkowo przeprowadzitem analize majaca na celu zidentyfikowanie
biomarkeréw proceséow migracyjnych w mikrobiomie towarzyszacym kopalnym
szczatkom ludzkim.

W pierwszej z prac wchodzacych w sktad mojej rozprawy doktorskiej pt. ,A
mosaic genetic structure of the human population living in the South Baltic region
during the Iron Age”, pokazatem, ze KOW-OVIA nie jest izolowana populacja i
charakteryzuje sie wewnatrzpopulacyjng réznorodnoscia genetyczng na poziomie
wspolczesnych populacji europejskich. Struktura genetyczna KOW-OVIA jest
najbardziej zblizona do populacji zyjacych w Europie Srodkowej w czasie od co
najmniej pdznego neolitu. W szczegolnosci bliskie zwiazki genetyczne wystepowatly
miedzy badang populacja a populacja zyjaca w okresie epoki zelaza na Polwyspie
Jutlandzkim (JIA). Co interesujace KOW-OVIA wykazywata bliskie zwigzki genetyczne
z kopalnymi populacjami zaréwno z zachodniej jak i pdétnocno-srodkowej Europy.
Nastepnie zweryfikowatem hipoteze, czy obserwowane zwiazki genetyczne KOW-
OVIA z innymi kopalnymi populacjami moga by¢ wynikiem odmiennych historii
genetycznych kobiet i mezczyzn. Ustalitem, Ze kobiety i mezczyzni mieli odmienne
historie genetyczne w linii matczynej. Kobiety byly blizej spokrewnione z populacjami
rolnikéw z wczesnego i srodkowego neolitu, natomiast mezczyzni wykazywali bliskie
zwiazki genetyczne z populacjami pdznego neolitu a w szczegolnosci z populacja JIA.

W drugiej pracy pt. ,Goth migration induced changes in the matrilineal genetic
structure of the central-east European population” analizowaliSmy wplyw pierwszych
migracji Gotow na strukture genetyczna populacji zyjacej na obszarze wspotczesnej



Polski w czasie epoki zelaza, w tym szczegolnie Zyjacej miedzy Wisla a Bugiem MAS-
VBIA. Ustalilismy, ze populacja ta jest nieizolowang grupa i odznacza sie wysoka
roznorodnoscia genetyczng na poziomie wspolczesnych populacji azjatyckich. W linii
matczynej byla najbardziej zblizona do populacji wczesnego neolitu. Szczegolnie
bliskie zwigzki genetyczne wystepowaly pomiedzy MAS-VBIA oraz JIA i KOW-OVIA.
Co bardzo interesujace w odniesieniu do populacji spoza Europy Srodkowej, MAS-
VBIA wykazywata bliskie zwigzki genetyczne z Yamnaya.

W kolejnym etapie wyniki analiz genetycznych zostaly skonfrontowane z
istniejacymi narracjami historycznymi dotyczacymi powstania i pierwszych wedrowek
Gotow oraz kultury Wielbarskiej. Wyniki przeprowadzonych przez mnie analiz wydaja
sie by¢ zgodne z hipoteza, w mysl ktérej Mastomecz byt waznym o$rodkiem wiladzy
zwigzanym z Gotami. Ponadto uprawdopodabniaja Potudniowa Skandynawie jako
miejsce pochodzenia Gotow. Bliskie zwiazki genetyczne miedzy MAS-VBIA oraz
wspotczesng jej KOW-OVIA wskazuja na wspdlng historie biologiczng obu grup, ktére
posiadaja réwniez wspolny kontekst wielbarskiej materialnej kultury archeologicznej.

Na tej podstawie zaproponowalismy mozliwy scenariusz pierwszych wedréwek
Gotow przez tern wspdlczesnej Polski. W pierwszym etapie Goci skolonizowali ujscie
Wisty w czasie ok. II-I wieku p.n. e.. Nastepnie przemiescili sie na potudnie i weszli na
tereny uprzednio zajmowane przez ludno$¢ zwigzang z kultura przeworska (wlaczajac
Kowalewko, ok. I-IT wieku n.e.). Charakter osiedlenczy Gotow w tym rejonie mdgt by¢
okresowy z uwagi na to, iz KOW-OVIA posiadata mozaikowatg strukture genetyczna z
powodu odmiennych historii genetycznych kobiet i mezczyzn. W kolejnym etapie
Goci rozpoczeli wedréwke wzdtuz Wisty a nastepnie rozprzestrzenili sie na obszarze
na wschod od Wisly do rzeki Buk. Z tego miejsca rozpoczeli wedrowke w kierunku
Morza Czarnego, gdzie doszlo do admiksji genowej z populacjami stepu pontyjsko-
kaspijskiego i powstania archeologicznej kultury Czerniachowskiej. Ostatecznie cze$¢
ludnosci zwigzanej z kultura Czerniachowska przemiescita sie z powrotem w rejon
doliny hrubieszowskiej osiedlajac sie w poblizu dzisiejszego Mastomecza tworzac
spotecznosc¢ zwigzang z archeologiczna ,,grupa mastomecka”.

W  ostatniej publikacji pt. ,Comprehensive analysis of microorganisms
accompanying human archaeological remains” dokonalem analizy mikrobiomu
towarzyszacego kopalnym szczatkom ludzkim w celu zidentyfikowania potencjalnych
biomarkeréw migracji czlowieka. Do analiz wykorzystalem DNA wyizolowane od 161
0sob pochowanych na 7 cmentarzyskach datowanych na okres epoki zelaza i
wczesnego $redniowiecza.

W powyzszej pracy wykazano, ze mikrobiomy towarzyszace kopalnym
szczatkom ludzkim zawieraja mikroorganizmy zwigzane z mikroflorg ludzi. Co
istotne, bakterie te wykazuja charakterystyczne wzory uszkodzen typowe dla aDNA na
poziomie zblizonym do endogennego DNA ludzkiego pozyskanego z analizowanych
szczatkow. Jednoczesnie poziom tych uszkodzen jest wyzszy niz dla bakterii
klasyfikowanych jako s$rodowiskowe. Z uwagi na powyzsze mikroorganizmy



sklasyfikowane jako zwigzane z czlowiekiem zdaja sie reprezentowac¢ mikroflore
bakteryjng badanych osobnikéw, ktéra towarzyszyla im przed $miercia (nie byla
skutkiem pozniejszego zanieczyszczenia). Niektore z bakterii zwigzanych z
czlowiekiem to znane patogeny. Ich identyfikacja i badania ich ewolucji moga by¢
zrodlem informacji ubogacajacym opis historii biologicznej cztowieka.

Podsumowanie

Bioragc pod uwage przedstawione powyzej fakty stwierdzi¢c mozna, iz
przeprowadzone badania s3 zrodlem wielu nowych informacji o historii
demograficznej populacji czlowieka zamieszkujacych obszar wspoétczesnej Polski w
pierwszych wiekach naszej ery. Zebrane dane daja podstawy zaréwno do
zweryfikowania szeregu istniejacych jak i sformutowania nowych hipotez oraz narracji
historycznych.

Wyniki uzyskane podczas realizacji mojej pracy doktorskiej opisane zostaty w
trzech pracach eksperymentalnych opublikowanych na tamach miedzynarodowych
czasopism znajdujacych sie na liscie JCR.
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Despite the increase in our knowledge about the factors that shaped the genetic structure of the human
population in Europe, the demographic processes that occurred during and after the Early Bronze Age
(EBA) in Central-East Europe remain unclear. To fill the gap, we isolated and sequenced DNAs of 60

. individuals from Kowalewko, a bi-ritual cemetery of the Iron Age (IA) Wielbark culture, located between

. the Oder and Vistularivers (Kow-OVIA population). The collected data revealed high genetic diversity

. of Kow-OVIA, suggesting that it was not a small isolated population. Analyses of mtDNA haplogroup

. frequencies and genetic distances performed for Kow-OVIA and other ancient European populations

. showed that Kow-OVIA was most closely linked to the Jutland Iron Age (JIA) population. However,

. the relationship of both populations to the preceding Late Neolithic (LN) and EBA populations were

- different. We found that this phenomenon is most likely the consequence of the distinct genetic

. history observed for Kow-OVIA women and men. Females were related to the Early-Middle Neolithic

. farmers, whereas males were related to JIA and LN Bell Beakers. In general, our findings disclose the

. mechanisms that could underlie the formation of the local genetic substructures in the South Baltic
region during the IA.

One of the consequences of the rapid development of DNA isolation, enrichment and sequencing technologies
© is currently observed: the substantial increase of our knowledge about the prehistory of anatomically modern
. humans (AMH). The first projects that focused on ancient DNA (aDNA) isolated from singular individuals gave
. arough idea of when the first representatives of AMH appeared in Africa and how global human expansion

occurred. Currently, the genetic studies on a population scale are a pressing need. Together with archaeological
- and anthropological research, genetic studies can provide new insight into the natural history of Homo sapiens
. sapiens. So far, such population scale studies have most frequently been concentrated on mitochondrial DNA
: (mtDNA) due to its high copy number, small size and lack of recombination. Consequently, the analyses of

ancient mtDNA substantially contribute to unraveling the history of human settlement around the world.

The genetic structure of the European population has been shaped by a series of consecutive or partly
concurrent processes that form the following chain of events: (i) Europe colonization by AMH during the
Upper Paleolithic Period; (ii) the Late Glacial and Post-glacial recolonization; (iii) introduction of agriculture

¢ (Neolithization); (iv) genetic continuation through the Middle Neolithic (MN) and the progressive intermix of
. the Early European Farmers (EEF) with endogenous hunters-gatherers (HG); (v) the inflow of new genetic com-
. ponents from the southwest and southeast to Central Europe in the Late Neolithic (LN), and formation of sepa-
© rate cultures in the Early Bronze Age (EBA)'™.

The initial colonization of Europe by AMH began approximately forty-five thousand years ago (tya)*~. This
colonization was connected to the extinction of Homo sapiens neanderthalensis and a spread of AMH HG. One
of the characteristics of the HG populations was the domination of mtDNA haplogroup U represented mainly by
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U2, U4, U5a, U5b, and U8"%. However, the Last Glacial Maximum (LGM), dated 27-16 tya, forced populations
living in north Europe to leave this region. Approximately 19 tya, together with climate warming, a recoloniza-
tion of Europe by indigenous HG was initiated®’. They came from southwestern and eastern refugia where they
survived the ice age. Interestingly, approximately 14.5 tya indigenous HG were replaced by the new incoming
people, who diverged from the ancestral HG population prior to the beginning of the LGM (29 tya)°’. Another
major inflow of AMH to Europe occurred during the so-called Neolithic revolution, approximately 12 tya"*. This
period is inextricably linked with the introduction of agriculture (cultivation and domestication of animals) and a
change from a nomadic to sedentary lifestyle. The Neolithic revolution, the so-called “Neolithization”, most likely
proceeded in two ways!?. First, it resulted from cultural changes initiated in the Mediterranean region that spread
towards the southwest part of the continent®!!. Second, it was connected with the inflow of the EEF from Central
Anatolia along the Danube and towards Central Europe®'>'3,

Neolithization was accompanied by the introduction of new mtDNA haplogroups (N1a, T2, K, J, HV, V, W,
and X), currently called the “Neolithic package”“. Interestingly, during the MN, an increase in the occurrence of
haplogroups typical for the HG was observed throughout Europe*!>!6. In the central part of the continent this
phenomenon is believed to be connected with the expansion of the population associated with the Funnel Beaker
Culture (TRB ger. Trichterrandbecherkultur)®!”. The TRB was mainly spread within the northern areas of Central
Europe and Scandinavia.

Next, two events that significantly affected the mtDNA structure in Europe occurred in the LN. They both
coexisted for approximately 300 years across Central Europe. The first one was a migration of the Yamnaya steppe
herders from the Eurasian Steppe’®. A consequence of the inflow was the formation and spread of the Corded
Ware Culture (CWC)'>! and the occurrence of new mtDNA haplogroups (I, U2, T1, R) in Central and Eastern
Europe?. The second event was the formation of the Bell Beaker Culture (BBC), most likely in Western Europe,
and its propagation in Central Europe®. The most significant differences that have been identified so far between
the BBC and CWC populations at the mtDNA level are in the lower frequency of I and U2 haplogroups and the
significant prevalence of haplogroup H in BBC?. Other substantial changes in the mtDNA haplogroup frequency
were found in the population associated with the Unetice Culture (UC) that appeared in Central Europe during
the EBA; thus, right after the LN. The UC replaced the BBC and CWC; however, its population did not seem to
be a direct genetic continuity of the population associated with the two former cultures. The analysis of mtDNA
indicated closer similarity of the UC to CWC rather than to BBC?.

Considering the above history, one can expect that the genetic profile of mtDNA of the present-day Central
Europe populations should be especially highly influenced by the population related to the UC. However, this is
not the case. The analysis of contemporary mtDNA showed that the population associated with the BBC had a
more considerable impact on the genetic landscape of present-day Central Europe than the populations associ-
ated with the eastern CWC and UC?. This was despite the latter being chronologically closer to contemporary
times than the BBC. These findings suggest that after the EBA, there were significant demographic changes in
Central Europe and, consequently, changes in the genetic structure of the Central Europe population. To elucidate
this problem, more detailed studies of the populations living in Central Europe between the EBA and present
day are necessary. These studies require careful selection of samples with reference not only to time but also to
geographical distribution. First, when the contemporary genetic structure of Central and Eastern Europe was
formed will be identified. Presently, it is unknown whether this genetic structure was finally shaped by prehis-
torical or Early Medieval events. The second issue concerns the representativeness of the samples used to define
the genetic structure of the Central European population in the EBA and after this period. Thus far, most of the
ancient mtDNA analyses were based on samples from Mittelelbe-Saale in Saxony-Anhalt. Genetic studies of the
prehistory of populations inhabiting the region of contemporary Poland are sparse. They are based on a very
limited number of samples and focused usually on fragments of mtDNA!-21,

To obtain a more thorough view of the demographic processes that affected the genetic profile of Central
European populations after EBA, we analyzed mtDNA extracted from individuals living in the area between Oder
and Vistula rivers (east of Saxony) at the time of the Iron Age (IA). From several burial grounds, we selected a par-
ticularly rich and well-characterized one, located in central Wielkopolska (also referred to as Greater Poland) in
Kowalewko, near Poznan (52°35/24"N 16°46'44"E). According to the archaeological and anthropological studies,
approximately 500 people who had lived on that area from 1 until 200 A.D. were buried there. Most of the burial
sites have previously been thoroughly examined archaeologically and anthropologically®?. Additionally, prelimi-
nary genetic?® and metagenomic studies® of these remains have been performed.

Here, we present the first analysis of mtDNA obtained from a large group of individuals living between the
Oder and Vistula rivers during the IA. We identified mtDNA haplogroups for 40 individuals, and sequenced a
complete mtDNA genome for 33 individuals. The performed analyses revealed a high genetic diversity of the
studied group. Interestingly, women and men from Kowalewko had a significantly different genetic history. The
collected data shed new light on the processes that shaped the specific, local genetic substructure of the human
population in the South Baltic region during the IA.

Results

aDNA extraction, sequencing and preliminary characteristics. The studied group included people
whose remains were excavated from the IA Wielbark culture cemetery, located in Kowalewko (Supplementary
Fig. S1). There were two major reasons for choosing this particular cemetery. First, it is located in the central part
of the region that spreads between the Oder and Vistula rivers. The genetic structure of the population living
in this region during the IA and before has been poorly characterized. Second, the cemetery was used by the
local population for 200 years. Therefore, it may be assumed that the obtained genetic profile would characterize
reasonably well the population that lived there for a considerable period of time. The study included 60 indi-
viduals, whose burial sites have been thoroughly characterized archaeologically and anthropologically (detailed
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description in Supplementary Table S1). Because they represented the population living between the Oder and
Vistula rivers during the IA, we called this group Kow-OVIA.

Radiocarbon dating (Supplementary Fig. S2 and Table S1) confirmed that the collected bone materials were
from the first and second centuries (between AD 36 (+—30) and AD 181 (+—30)). aDNA was isolated from
teeth, according to the procedure described by** and®. In addition, for three individuals, aDNA was isolated
twice, each time from a different tooth (internal control). In total, 63 aDNA samples were obtained. The NGS
libraries were successfully obtained for 60 samples (for 57 individuals, including two libraries for three individuals
from whom two samples were extracted). To estimate the amount of human DNA, all of the obtained libraries
were subjected to shallow sequencing (the average coverage of mtDNA genome was 3.62x and ranged between 1
and 11x). The average amount of human DNA in the examined samples was 12% and ranged from 0.1 to 91.9%
(Supplementary Table S2). In all of the samples, human DNA showed a typical aDNA damage pattern (C > T and
G > A alteration most frequently occurring at the 5’ and 3 ends of the reads) (Supplementary Table S3). The data
obtained from the shallow sequencing enabled mtDNA haplogroup definition for 23 individuals. Importantly,
the haplogroups obtained for the samples isolated from the same individuals were identical. Furthermore, for
27 individuals, their genetic sex was identified. The obtained results are summarized in Supplementary Table S4.

The shallow sequencing allowed for determination of a full sequence of mtDNA genomes for 13 individuals.
In addition, 23 samples (22 individuals) with high amounts of endogenous DNA (over 10%) were subjected to
deep sequencing (the average coverage was 163x and ranged between 6x and 1092x). As a result, a full sequence
of mtDNA genomes was determined for 22 additional individuals (Supplementary Table S4). In all cases, mtDNA
haplogroups were also established. For 20 individuals, mtDNA haplogroups were determined twice, i.e., based on
shallow and deep sequencing data. Importantly, in all cases, particular individuals were classified into the same
haplogroups. Next we assessed the contamination levels in all samples. To this end, we used the software contam-
Mix. Mean value for authenticity estimates was 96%. Two individuals (PCA0018 and PCA0063) had lower than
average authenticity probability, therefore were excluded from subsequent analyzes (Supplementary Table 1). In
total, the full sequence of mtDNA was determined for 33 individuals and the haplogroup was established for 40
individuals (Supplementary Table S4). All identified haplogroups had been found earlier in the populations living
in Central Europe from the EBA to the IA and belonged to 9 haplogroups (H, N, I, ], K, T, U, W, and X) (Table 1).

Intrapopulation genetic diversity of Kow-OVIA. The intrapopulation diversity of Kow-OVIA was ana-
lyzed using the full length mtDNA sequences obtained for 33 individuals (Supplementary Table S4). In a first step,
we used a Minimum Spanning Network (MSN) method?® to identify and visualize differences between particular
mitochondrial genomes (Fig. 1). The obtained graph was typical for the population with a high level of genetic
diversity”. We identified 3 pairs of individuals with identical mtDNA sequences (PCA0059, PCA0031; PCA0049,
PCA0027; PCA0060, PCA0036) and 4 pairs of individuals with only one different nucleotide in the mtDNA
sequences (PCA0047, PCA0003; PCA0004, PCA0028; PCA0034, PCA0059; PCA0034, PCA0031). To exclude the
possibility that the presence of two potentially maternally related individuals in relatively small dataset will affect
the results of our consecutive analyses, we removed from the tested group three individuals - one from each pair
with identical mtDNA sequences. For the comparison, the results obtained with the dataset containing potentially
related individuals were shown in the Supplementary Figures S4-S6.

Next, we applied Arlequin ver. 3.5.1 to determine the levels of haplotype diversity (HD) based on two frag-
ments of the HVS (hypervariable sequence) region (HVS-I between 16033 and 16365 np (nucleotide posi-
tions) and HVS-II between 73 and 340 np) (Supplementary Table S5), and nucleotide diversity (w) based on
the fragment of the HVS-I region (between 16000 and 16410 np) (Supplementary Table S6). The HD level cal-
culated for Kow-OVIA (1.0000 +/—0.0082) was similar to those currently observed for the contemporary, open
European populations and higher (even when considering 95% confidence interval) than the HD obtained
for the population considered isolated (Supplementary Table S5)%. The level of ® determined for Kow-OVIA
(0.007922 +/—0.004666) was only slightly lower than the average value obtained for the present-day European
populations (0.009%) (Supplementary Table S6). Thus, the results of all three analyses, MSN, HD, and T, indicated
that Kow-OVIA was not a genetically homogenous, isolated population.

Kow-OVIA relationships with other populations from European space-time. mtDNA haplogroup
frequency. In the first step, we attempted to place Kow-OVIA in Central European space-time only. To this end,
we compared mtDNA haplogroup frequencies in Kow-OVIA with other populations living in that region from
the Mesolithic until the IA. The studied group, including Kow-OVIA and 13 other fossil populations (for details
see Table 2 and Supplementary Table S7), was extended with the present-day Central Europe Metapopulation
(CEM) (Supplementary Table S8). The obtained set of 15 populations called CEPT (Central European Population
Transect) was subjected to unsupervised hierarchical clustering (Ward’s method with Euclidean distance)
(Fig. 2a). The obtained results generally complied with known chronology of the formation of the genetic struc-
ture of the Central European population. The first to be separated from other populations were the HG. Next, we
observed a divergence of the Early Neolithic (EN) populations [the Staréevo Culture (STA), Linearbandkeramik
in Transdanubia (LBKT), Linearbandkeramik population from Central Europe (LBK), and Schéningen Group
(SCG)] and the Middle Neolithic (MN) populations [the Baalberge Culture (BAC)] from the LN/EBA popula-
tions [the Bernburg Culture (BEC), CWC, BBC, and UC]. Then, the dendrogram supported the division into
LN/EBA populations together with Kow-OVIA and post-EBA populations [Jutland Iron Age (JIA), CEM]. We
noticed that Rossen Culture (RSC) and Salzmiinde Culture (SMC) did not group with other EN/MN populations,
but occupied a basal position with respect to the LN/EBA clade.

To place the Kow-OVIA in a context broader than the Central European one, we removed CEM from the
studied group and extended it with 16 populations that lived in other regions of Europe from the Mesolithic to
the IA (Supplementary Table S7). The obtained set of 30 populations (European Population Transect, abbreviated
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Sample_PCA0001 08 w (M)/—
Sample_PCA0002 1 H28al M)/—
Sample_PCA0003 1 Hb5al (B)/—
Sample_PCA0004 1 U3alal (F)/—
Sample_PCA0005 — Us5b* M)/—
Sample_PCA0006 1 Us5aldl (F)/—
Sample_PCA0007 1 W1 (B)/—
Sample_PCA0013 1 J1c3 (=)—
Sample_PCA0014 — — (B)/—
Sample_PCA0015 1 Hifla (M)/M
Sample_PCA0016 — — (=) —
Sample_PCA0017 — — (M)/—
Sample_PCA0018 0,5 HV18 (M)/M
Sample_PCA0019 — — (B)/—
Sample_PCA0020 — — (=)—
Sample_PCA0021 — — (=)—
Sample_PCA0022 — — (F)/—
Sample_PCA0023 — — (=) —
Sample_PCA0024 — — (F)/—
Sample_PCA0025 — — (B)/—
Sample_PCA0026 0,5 T2b16 (F)/F
Sample_PCA0027 1 Hla (M)/M
Sample_PCA0028 1 U3ala (F)/F
Sample_PCA0029 1 X2cl (—)/—
Sample_PCA0030 1 H2a2b (B)/—
Sample_PCA0031 1 K2a (F)/F
Sample_PCA0032 0,5 T2n (B)/F
Sample_PCA0033 — — (F)/—
Sample_PCA0034 1 K2a (F)/F
Sample_PCA0035/65 0,5 J2blas M)/M
Sample_PCA0036 1 Usbldl M)/—
Sample_PCA0037 0,5 T2e (M)/M
Sample_PCA0038 1 Hlela (=) —
Sample_PCA0039 — — (=)—
Sample_PCA0040 1 I4a (M)/M
Sample_PCA0041 0,8 N M)/—
Sample_PCA0042 — — (=)—
Sample_PCA0043 — — (=)—
Sample_PCA0044 1 Hb5al (F)/F
Sample_PCA0045 1 Usbld (F)/F
Sample_PCA0046a_b 1 U8alalb (M)/M
Sample_PCA0047 1 Hb5al (F)/F
Sample_PCA0048 — — (=)—
Sample_PCA0049 1 Hla (F)/F
Sample_PCA0050 1 Hlela M)/M
Sample_PCA0051_a_b 0,4 K2a (—)/F
Sample_PCA0052 1 Usalal (F)/F
Sample_PCA0053 1 K1b2a (F)/F
Sample_PCA0054 1 U3ala (—)/F
Sample_PCA0055 — — (=)—
Sample_PCA0056 1 T2b6a (F)/F
Sample_PCA0057 1 J1c7a (B)/—
Sample_PCA0058 — — (=)—
Sample_PCA0059 1 K2a (F)/F
Sample_PCA0060 1 U5bldl M)/M
Sample_PCA0061 1 Hlak (=) —

Continued
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Sample_PCA0062 1 Uda2 (M)/M
Sample_PCA0063 1 H2a5 M)/M
Sample_PCA0064 — — (B)/—

Sample_PCA0066 1 H2a5 (M)/M

Table 1. Results of mtDNA haplogroup assignment. *Haplogroup assigned as in Juras, et al..
** Anthropological assignment given in (), genetic sex assignment given after/.
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Figure 1. Minimal Spanning Network of 33 individuals from Kow-OVIA based on full mtDNA sequences.
Each node corresponds to a haplotype determined for a unique mtDNA sequence. Numbers in circles show
numbers of nucleotide differences between haplotypes. Edges are color-coded for the amount of nucleotide
differences. The length of the edges is not informative. Stars mark haplotypes represented by two individuals
with the identical mtDNA sequence.

EPT) as earlier was subjected to hierarchical clustering and additionally to PCA (Fig. 3a and b, Supplementary
Table S9). Both analyses could distinguish one major group composed of EN/MN populations, however, exclud-
ing the Neolithic populations of the Iberian Peninsula (Neolithic Portugal (NPO) and Neolithic Basque Country
(NBQ)). Within NPO and NBQ, the mtDNA haplogroup H was observed with a higher frequency than in the
other Neolithic populations. LN populations were more scattered and their distribution seemed to be associated
with the geographical location. For the populations inhabiting east peripheries of Europe [YAM, Bronze Age
Kurgan samples from South Siberia (BAS), Iron Age Scythian (SCY) and Scytho-Siberian Pazyryk Culture (SSP)],
the most characteristic were both the mtDNA haplogroups typical for Asia (mainly C, D) and a high prevalence
of haplogroups U5a and a lack of U5b (except the population of Bronze Age Kazakhstan (BAK)) for almost the
entire analyzed period of time. Interestingly, the closely located in time and space Kow-OVIA and JIA occupied
the opposite side of the PCA diagram (Fig. 3b) than the preceding LN/EBA populations (the BEC, CWC, and
UCQC). Such a placement resulted from the higher prevalence of the haplogroup H in Kow-OVIA and JIA compared
to the BEC, CWC and UC. Alternatively, Kow-OVIA and JIA showed considerable differences in the prevalence
of haplogroups typical for LN/EBA (I, R, T1, U2). They were less frequently observed in Kow-OVIA (2.7%) than
in JIA (16.6%). As expected, the HG did not form a single group and differed from the other populations by a
considerable portion of haplogroup U and a general lack of haplogroups associated with the “Neolithic package”.

Our analyses also revealed very interesting and unreported earlier changes in the frequency of haplogroups
U5a/U5b in the Central European populations (Supplementary Table S8). Initially, during the LN/EBA, the hap-
logroup Uba, characteristic for the populations from eastern glacial refugia, dominated. Then, during the IA,
haplogroup U5b, typical for the populations from the western glacial refugia, was more frequent. At present,
haplogroup Ub5a is again more often found in the CEM.

We also placed Kow-OVIA on a map showing the matrilineal genetic structure of the present-day human pop-
ulation. To this end, we performed a PCA of haplogroup frequencies of Kow-OVIA and 73 extant worldwide pop-
ulations (Supplementary Fig. S3a and Table S10, Supplementary Material Text). Kow-OVIA was located within a
range of European genetic diversity, in close proximity to the present Scandinavian populations (Norwegian and
Swedish).

Genetic distances.  The relationships between Kow-OVIA and the earlier and later European populations were
also determined by measuring genetic distances among them. In the first step, we focused on populations from
Central Europe only (from the CEPT group). Our analysis involved a fragment of mtDNA HVS-I sequence (the
region between 16064 and 16400 np) (Fig. 2b and Supplementary Table S11). The established fixation indexes
(Fst) showed that Kow-OVIA was most closely related to the BEC (Fst=—0.01119, p=0.74513) and JIA
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Abbreviation Population n
HGCN Hunter Gatherers Central North Europe 23
HGSW Hunter Gatherers South West Europe 13
HGE Hunter Gatherers Eastern Europe 14
STA Starcevo culture 44
LBKT Linearbandkeramik culture in Transdanubia 39
LBK Linearbandkeramik culture in Central Europe 102
RSC Réssen culture 17
SCG Schéningen group 33
BAC Baalberge culture 19
SMC Salzmiinde culture 29
BEC Bernburg culture 17
CwWC Corded Ware culture 44
BBC Bell Beaker culture in Central Europe 35
ucC Unetice culture 94
PWC Pitted Ware Culture 19
CAR Cardial/Epicardial culture of the Iberian Penisula 18
NPO Portuguese Neolithic population 17
NBQ Neolithic population from Basque Country and Navarre 43
TRB Funnel Beaker culture 10
TRE Treilles culture 29
BAS Bronze Age Siberia 11
BAK Bronze Age Kazakhstan 8
RRBP Gurgy ‘Les Noisats’ group 55
MIR Iberian Chalcolithic El Mirador Burgos individuals 23
JIA Jutland Iron Age 24
1A Iberian Iron Age population 27
SCY Iron Age Scythian samples 16
sSSP Scytho-Siberian Pazyryk Culture 26
YAM Yamnaya culture 41
Kow-OVIA Oder Vistula Iron Age 40

Table 2. Published reference ancient mtDNA data and populations abbreviations. For list of references see
Supplementary Table S7.

(Fst=—0.01054, p=0.81012). CEM showed the lowest genetic distances to JIA (Fst=—0.00512, p=0.75990),
and Kow-OVIA (Fst=—0.00349, p=0.74513).

In the second step, we determined the genetic distances between Kow-OVIA and populations living in the
whole of Europe from the Mesolithic age to the IA. To this end, we selected 26 populations from the EPT group
for which sequences of the mtDNA HVS-I region between 16064 and 16400 np (Supplementary Table S12) were
known for a considerable number of individuals. The calculated genetic distances (Supplementary Table S12)
again showed that Kow-OVIA was closest to the BEC (Fst=—0.01097, p=0.72712) and then to the JIA
(Fst=—0.01054, p=0.80627). The results were visualized on a multidimensional scaling (MDS) plot (Fig. 4).
As in the analysis of the haplogroup frequencies, we observed that although separated by a short distance,
Kow-OVIA and JIA were both differently located regarding particular LN/EBA populations (the BBC, CWC, and
UC). The distance between the Kow-OVIA and BBC (Fst =0.00342; p =0.36707) is five times smaller than for
the JIA - BBC pair (Fst=0.02426; p =0.07196). Simultaneously, the relationship is opposite when one compares
the Kow-OVIA and JIA with the CWC and UC (Fig. 4 and Supplementary Table S12). In addition, the performed
analysis showed a previously unnoticed small genetic distance between the YAM and BBC (Fst = —0.00463,
p=0.58485), and the YAM and CWC (Fst =—0.00157, p=10.50459).

Turning points in the formation of the Central European genetic structure.  To verify the existing
hypothesis describing the formation of the genetic structure of the Central European population in the period
between the EN and IA, we used the analysis of molecular variance (AMOVA). In the first step, we determined an
optimal division of the populations from CEPT excluding the HG and CEM. The division was considered to be
optimal if intragroup variability (Fsc) was minimal and intergroup variability (Fct) maximal. In our analysis, we
took advantage of earlier observations made by? and'® who demonstrated relatively high genetic homogeneity of
the EN/MN population (STA, LBKT, LBK, RSC, SCG, BAC, SMC). Accordingly, we allocated all EN/MN popu-
lations to one group and analyzed 18 different combinations of population grouping (Supplementary Table S13).
We found that Fsc and Fct were optimal if the studied populations were divided into three groups: EN/MN (the
STA, LBKT, LBK, RSC, SCG, BAC, and SMC), LN/EBA/IA (the BEC, UC, and JIA), and LN/IA (the CWC, BBC,
and Kow-OVIA) (Fsc 0.00274, p=10.24891 + —0.00436; Fct 0.02553, p =0.00000 + —0.00000). The obtained
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Figure 2. (a) Unsupervised hierarchical clustering with the Ward method and Euclidean distance on
haplogroup frequencies for the CEPT populations. P-values of the clusters are given as the percent of
reproduced clusters based on 10,000 bootstrap replicates. (b) Level plot of pairwise Fst values (below the
diagonal) and corresponding p-values (above the diagonal) for the CEPT populations. P-values are based on
10,000 simulations and accounted for multiple comparisons with Benjamini-Hochberg corrections.

results suggest that the JIA was closely related to the North-Central Europe populations, whereas Kow-OVIA was
related to the populations of both the Eastern and Western regions of Europe.

Next, we performed an analogous analysis but the studied group was extended by CEM (CEPT with excluded
HG populations). Once again, we assumed that the populations of the EN/MN (STA, LBKT, LBK, RSC, SCG,
BAC, and SMC) are a homogenous group, and we analyzed 33 combinations of the other fossil populations and
CEM (Supplementary Table S14). The combination of 3 groups (the STA, LBKT, LBK, RSC, SCG, BAC, and
SMC; the BEC, and UC); and the CWC, BBC, Kow-OVIA, JIA, and CEM) revealed better optimization of Fsc
(0.00242, p =0.29426 + —0.00396) and Fct (0.02166, p=0.00050 + —0.00022) than for the two-group correla-
tion (STA, LBKT, LBK, RSC, SCG, BAC, and SMC; and the BEC, CWC, BBC, UC, Kow-OVIA, JIA, and CEM)
(Fsc=0.00593, p=0.03545 4 —0.00175; Fct=0.02253, p = 0.00050 + —0.00022). We also found that better opti-
mization of the Fsc and Fct parameters was observed for the combinations where Kow-OVIA and JIA formed a
group with the CEM, contrary to the combinations where the CEM was grouped with the LN/EBA populations
(Supplementary Table S14). The results of the above analyses suggested that the contribution of the particular
populations to the genetic structure of present-day Europe is not fully consistent with the current chronology of
which populations inhabited Central Europe. The JIA, Kow-OVIA, BBC and CWC contributed more significantly
to the genetic structure of present-day Europe than the BEC and UC.

Analysis of mtDNA lineages. To obtain more evidence to verify the above observations, we determined
which populations gave rise to haplotypes found in Kow-OVIA (Supplementary Table S15). The same analysis of
shared ancestral haplotypes'® was performed for JIA (Supplementary Table S15). We observed a higher incidence
of the HG mtDNA lineages in Kow-OVIA (9.68%) than in JIA (0%) and CEM (2%). Simultaneously, Kow-OVIA
showed a lower incidence of the lineages originating from the LN/EBA (6.45%) compared to the JIA (29.16%)
and CEM (13.62%).

Moreover, we performed a traditional analysis of shared haplotypes®® (Supplementary Table S16), which
demonstrated that approximately 29.4% of the haplotypes inherited by the Kow-OVIA were common for LN/
EBA populations (BBC, CWC, and UC). These haplotypes came from haplogroups H and U5a. The haplotype
that belonged to U5a, according to current knowledge, first occurred in the LN/EBA, whereas the H haplo-
types showed continuation from the EEF (Star¢evo). The JIA inherited only approximately 23% of the haplotypes
shared by LN/EBA populations (BBC, CWC, UC). Approximately 41% of Kow-OVIA and 19% of JIA haplotypes
were not found in any LN/EBA population although the latter preceded them.
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Figure 3. (a) Unsupervised hierarchical clustering with the Ward method and Euclidean distance on
haplogroup frequencies for the EPT populations. P-values of the clusters are given as the percent of reproduced
clusters based on 10,000 bootstrap replicates. (b) PCA on the haplogroup frequencies of EPT populations.
Symbols indicate populations from Central Europe (squares and diamonds), Southern Scandinavia and Jutland
Peninsula (circles), Iberian Peninsula (triangles), and East Europe/Asia (stars). Color shading of data points
denotes Hunter-Gatherers (gray), Early Neolithic (brown), Middle Neolithic (orange), Late Neolithic/Early
Bronze Age (yellow) and Iron Age (blue). The first two principal components of the PCA display 48.4% of the
total genetic variation. Each haplogroup was superimposed as component loading vectors (gray dotted lines)
proportionally to their contribution. Abbreviations: Central/North European Hunter-Gatherers (HGCN),
Southwestern European Hunter-Gatherers (HGSW), East European Hunter-Gatherers (HGE), Star¢evo Culture
population (STA), Linearbandkeramik in Transdanubia (LBKT), Linearbandkeramik population from Central
Europe (LBK), Réssen Culture (RSC), Schoningen Group (SCG), Baalberge Culture (BAC), Salzmiinde Culture
(SMC), Bernburg Culture (BEC), Corded Ware Culture (CWC), Bell Beaker Culture (BBC), Unetice Culture
(UC), Pitted Ware culture (PWC), Funnel Beaker culture (TRB), Jutland Iron Age (JIA), Cardial/Epicardial
culture of the Iberian Peninsula (CAR), Portuguese Neolithic population (NPO), Neolithic population from
Basque Country and Navarre (NBQ), Iberian Chalcolithic El Mirador Cave individuals (MIR), individuals from
Iberian Iron Age period (IIA), Treilles Culture (TRE), Gurgy ‘Les Noisats’ group (RRBP), Bronze Age Kurgan
samples from South Siberia (BAS), Bronze Age Kazakhstan (BAK), Yamnaya (YAM), Iron Age Scythian (SCY),
Scytho-Siberian Pazyryk Culture (SSP), Kowalewko Oder and Vistula Iron Age (Kow-OVIA).

Sex-linked factors affecting the genetic structure of Kow-OVIA.  Finally, we attempted to determine
whether the processes shaping the genetic structure of the Kow-OVIA population were biased by sex. To this
end, based on anthropological and genetic sex assignment (Table 1), we divided the studied group into female
and male subgroups - Kow-OVIA-F (17 individuals) and Kow-OVIA-M (14 individuals), respectively. Both sub-
groups were subjected to the analogical analyses as previously performed for the entire Kow-OVIA.

We found that the Kow-OVIA-F had a higher w value than the Kow-OVIA-M: 0.009185+/—0.005470 and
0.006987 0.004413, respectively (Supplementary Table S6). However, the difference was not statistically signifi-
cant. Unsupervised hierarchical clustering involving CEPT showed that Kow-OVIA-M, similar to Kow-OVIA,
grouped with the JIA and CEM whereas Kow-OVIA-F was placed in the diagram among the EN and MN popu-
lations (Fig. 5a and Supplementary Table S8).

PCA analysis of Kow-OVIA-E, Kow-OVIA-M and EPT populations (Fig. 5b and Supplementary Table S9)
once again showed that Kow-OVIA-M was located similarly to Kow-OVIA, i.e., near the BBC and JIA due to con-
siderable sharing of haplogroups H and U5b. However, the Kow-OVIA-F was grouped with the EN and MN pop-
ulations, which was mainly a result of a high prevalence of the haplogroup K. The existence of genetic differences
between females and males was also supported by the Fisher’s test on the haplogroup frequencies (p=0.013).
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Figure 4. MDS plot of Slatkin’s Fst values for EPT populations. Fst values were obtained for mtDNA HVS-I
region (16064-16400 np). Symbols and color shading as in Fig. 2.

The PCA of haplogroup frequencies of Kow-OVIA-F/M and 73 extant worldwide populations again revealed
high genetic differences between Kow-OVIA-F and Kow-OVIA-M (Supplementary Fig. S3b and Table S10).
Although for both, the closest are contemporary European populations (PC1 and PC2), Kow-OVIA-F and
Kow-OVIA-M occupy opposite sites on PC3 (in relation to the contemporary European populations).

Analysis of genetic distances between the Kow-OVIA-F/M and particular populations of the CEPT
(Supplementary Table S17) also showed significant differences in the genetic history of the mtDNA lineages of
male and female individuals. Kowalewko males showed the smallest genetic distance to the JIA (Fst=—0.01249,
p =0.74854), whereas females had smallest genetic distance to the BEC (Fst=—0.01598, p =0.72236, respec-
tively). The genetic distances between Kow-OVIA-F/M and BBC/CWC/UC/CEM were asymmetrical. The
Kow-OVIA-M, as well as JIA, showed lower distances to CWC, UC and CEM than Kow-OVIA-E Kow-OVIA-M
was also located closer to BBC than Kow-OVIA-F (Fst=0.00900, p=0.41444, Fst=0.01372, p=0.39184, respec-
tively). In this case, the distance between JIA and BBC (Fst =0.02429, p =0.13348) was twice as large as the dis-
tance between Kow-OVIA-F and BBC and much longer than between Kow-OVIA-M and BBC. The comparison
of the Kow-OVIA-M and Kow-OVIA-F with older populations showed that: (i) the subgroup of women was
genetically closer to the EN/MN populations (not including the BAC) than the male individuals; and (ii) the male
subgroup was closer to the LN populations. We also verified the locations of Kow-OVIA-F and Kow-OVIA-M
within the EPT set (Supplementary Table S18). The MDS analysis (Fig. 5c) demonstrated that the male individu-
als had smaller genetic distances to HG populations (HGCN, HGSW, HGE, and PWC) than did women and were
closer to YAM than women (Fst=—0.00171, p =0.48936; Fst=0.01696, p=0.21600, respectively). The analysis
of shared haplotypes supported the described above tendencies - women from Kowalewko grouped with the EN
and MN populations and were less connected with the BBC than men (Supplementary Table S19).

Discussion

Despite tremendous progress that has recently been made in archaeogenomic studies of European populations,
our knowledge of the changes that occurred in the genetic structure of the peoples inhabiting Central Europe
between the LN/EBA and Middle Ages is still very limited. One major problem is the scarcity of genetic data
describing individuals who occupied the region east of the Oder river. To fill this gap, we performed an analysis of
the mitochondrial genomes of a large group of people who lived in the area between the Oder and Vistula rivers
(present-day western Poland) during the IA (the 1% and 2™ centuries AD). The studied group initially comprised
60 individuals; for 40 individuals, we assigned the mtDNA haplogroup, and for 33 of them, we determined the
sequence of the entire mitochondrial genome. This dataset is particularly important to understand demographic
processes that occurred in Central Europe during the IA and in the context of migrations between the 3 and 6"
centuries AD that are believed to have shaped the genetic landscape of contemporary Europe®.

According to common knowledge, the region between the Oder and Vistula rivers 2 tya was densely wooded
with single isolated human settlements scattered in the forest. It is thought that inhabitants of these settlements
had very limited contact not only with the so-called “civilized world” but also with neighboring populations.
Interestingly, the picture emerging from the latest archaeological studies of burials and artifacts seems to be
different. Recently, it has been suggested that the settlement in Greater Poland was compact and regular, with
the appearance and disappearance of the sites occupied by the arriving groups interacting with the surrounding
populations® and references therein. Our results strongly support the hypothesis presented by*2. The analyses of
intrapopulation variability revealed that the studied group was not an isolated population. The calculated HD and
w levels fell within the range of values characteristic for contemporary open European populations.

Based on our results of mtDNA haplogroup frequency analysis, we were able to update a phylogenetic tree
describing the history of H. sapiens in Central Europe (see Fig. 2a). Compared with the previous phylogenetic
tree?, the new tree was expanded with the IA populations inhabiting the region between Oder and Vistula rivers
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Figure 5. Analysis of haplogroup frequencies in the EPT populations, with Kow-OVIA female (Kow-OVIA-F)
and male (Kow-OVIA-M) subgroups: (a) unsupervised hierarchical clustering with the Ward method and
Euclidean distance, P-values of the clusters are given as the percent of reproduced clusters based on 10,000
bootstrap replicates; (b) PCA, each haplogroup was superimposed as component loading vectors (gray dotted
lines) proportionally to their contribution; (c¢) MDS plot of Slatkin’s Fst values, obtained for mtDNA HVS-I
region (np 16064-16400). Symbols and color shading as in Fig. 2.

and the region of Jutland. In the earlier constructed tree, CEM was closest to BBC despite the latter coexisting in
Central Europe with the CWC (LN) and followed by the UC (EBA). In the new tree, Kow-OVIA was clustered
with the LN/EBA populations. The present-day European population (CEM) was clustered with the JIA that was
contemporary to Kow-OVIA and inhabited Jutland.

Based on the results presented above one can assume that there are some discrepancies between the hierar-
chical clustering (Fig. 3a) and PCA (Fig. 3b) of haplogroup frequencies in the EPT (for example, the placement
of the Kow-OVIA in relation to the Treilles Culture population (TRE)). These differences indicate that in contrast
to dendrogram, the PCA plot (capturing only first two principal components) did not show the full spectrum of
EPT variability. We explored this issue by plotting additional principal components (Supplementary Figure S7a
and b). It demonstrated that their contribution to the explanation of the genetic variability of EPT populations
was non-trivial.

Analysis of genetic distances (see Fig. 2b) showed that both JIA and Kow-OVIA, are the closest to the CEM.
However, it should be mentioned that many of the resulting genetic proximities did not reach statistical signif-
icance at the alpha level 0.05 (mainly due to the multiple comparisons), thus they should be interpreted with
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caution (Supplementary Table S11). Higher prevalence of the mtDNA haplogroup H in Kow-OVIA and JIA (its
high level is also characteristic for the BBC) than in the preceding CWC and UC supports the hypothesis assum-
ing significant demographic changes in Central Europe after the LN/EBA period?. This hypothesis is additionally
strengthened by the results of AMOVA analysis indicating that there is some inconsistency between genetic dis-
tances and the chronology of the appearance of the studied populations in Central Europe, i.e., the older popula-
tions (BBC, CWC) contributed more to the genetic structure of CEM than the younger ones (UC).

Changes in the occurrence of mtDNA haplogroups U5a/U5b in Central Europe are also worth noting. At
LN and EBA, the prevailing haplogroup was U5a for BBC/CWC/UC. Next, there was a dominance of U5b for
the Kow-OVIA/JIA during IA and now Ub5a is again more popular (CEM). The first alteration in the U5a/U5b
prevalence between the LN/EBA and the IA supports the hypothesis of demographic changes right after the LN,
proposed by?. The second conversion indicated by our results suggests another crucial demographic event that
should occur between the TA and present.

On the basis of the above observations, one may assume that in the IA, specific genetic substructures were
formed in Central Europe. Because the demographic history of fossil populations often has a local character®**,
it is worth considering the range of the observed changes. These considerations should also take into account
the hypothesis on the migrations that most likely occurred between the 3™ and 6 century AD. In this context, it
seems necessary to compare Kow-OVIA and JIA with other populations from the IA, in particular those located
east of Vistula, and with the populations that inhabited this region during the Middle Ages.

The process of demographic change in Central and Northern Europe after the LN/EBA appears to have a
complex nature. Genetic proximity of the Kow-OVIA and JIA is consistent with the Kow-OVIAs affiliation to
the Wielbark archaeological culture, strictly connected with Baltic regions®’. However, despite close genetic dis-
tance between Kow-OVIA and the JIA, PCA placed them asymmetrically in relation to other ancient populations
(see Fig. 3b). According to MDS (Fig. 4), JIA was close to the North-East European populations (CWC, BEC,
UC) whereas the relationships of Kow-OVIA with other populations (earlier and contemporary to Kow-OVIA)
were not so obvious. Interestingly, a small genetic distance between the JIA and UC was correlated with a high
prevalence of the mtDNA haplogroup I in both populations. This result is consistent with earlier hypotheses
suggesting that the genetic structure of a contemporary Danish population was formed not later than in the IA®.
Unfortunately, our knowledge of haplogroup I prevalence in the Nordic Bronze Age is still scarce because of the
small number of analyzed individuals; thus, it cannot be unambiguously stated that the observed proximity of
the JIA and UC was, indeed, a result of the demographic changes after the LN/EBA. However, the above con-
clusion postulating a close connection between JIA and UC is also supported by the result of shared haplotype
analysis. We found that 25% of the ancestral haplotypes found in the JIA were first reported in the UC and were
not common in any earlier population. To better understand this phenomenon, the analysis of Y chromosome
haplogroups is required, as the Nordic Bronze Age is characterized by the occurrence of the Y-haplogroups I and
11", whereas the UC is mainly characterized by a higher prevalence of I12'*. More detailed Y chromosome anal-
yses involving a larger number of individuals would also shed more light on the process that resulted in a high
prevalence of the mtDNA H haplogroup in the JIA, which is another signal of post-LN demographic changes® In
the case of Kow-OVIA, its genetic root in multiple European populations is evidenced by the fact that 55% of the
ancestral haplotypes that were identified in this group were common to populations of the LN/EBA period (the
CWC, BBC, and UC). For the JIA, the same origin is observed for only 19% of ancestral haplotypes.

Finally, we found that the genetic structures of female and male subpopulations of Kow-OVIA were signifi-
cantly different. This fact cannot be explicitly determined based on the results of individual analyses; however, it
is quite evident if one considers the whole set of data presented here including the Fisher test on haplogroup fre-
quencies. The analyses of both mtDNA haplogroups and genetic distances indicated that women from Kowalewko
were related closer to the EN/MN populations, and the men were closer to the CWC and UC. This observation
may explain why the genetic relationships of Kow-OVIA with other ancient European populations were more
complex and more difficult to define as it was in the case of JIA. In analyzing Kow-OVIA, we observed multiple
overlapping effects of two subpopulations with different genetic affinities. One would speculate that the genetic
profile of Kow-OVIA-F resulted from exogamy that was described for the CWC population®. This is, however,
not the case. We found that the genetic differences between women and men were maintained for the entire
observation period, i.e., for 200 years (approximately 8 generations). Such a composition of the genetic structure
of Kow-OVIA could exist only if at least one subgroup (Kow-OVIA-F or -M) was periodically exchanged. It
would further mean that Kowalewko played some specific roles in that region. According to the recent archaeo-
logical studies, the colonization pattern in IA Greater Poland could be linked with the existence of a centralized
organization system?2, Kowalewko could have been one of the important elements of this system. For example, it
could have functioned as a garrison for the population closely associated with the JIA, such that warriors stayed
in the garrison for only a few years and were then replaced by others. Other scenarios are also possible; however,
verification of any hypothesis requires more detailed studies.

Materials and Methods

aDNA extraction and library preparation. For the purposes of this study, 63 samples (teeth) were
obtained from 60 individuals from the Kowalewko archaeological site (Supplementary Table S1). After being
transported to a clean aDNA lab, the teeth were cleaned with 5% NaOCl and rinsed with sterile water, followed
by UV irradiation (254 nm) for 2 hours per site. The roots of the teeth were drilled using Dremel® drill bits. Bone
powder (approximately 250 mg) was digested with proteinase K and DNA-containing extract was purified using a
silica-based method following®* and”. Genomic libraries were prepared following a protocol from* omitting the
initial sonication step, due to the natural fragmentation of aDNA. Six separate PCR reactions were set up for each
library. PCR amplifications were performed in 25 ul with 3 ul of the DNA library template, 12.5ul of 1x AmpliTaq
Gold® 360 Master Mix (Life Technologies, California), 0.5 ul of indexing primer (10 uM) and 0.5 pl of PCR primer
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IS4 (10 uM) (Giinther et al. 2015). The PCR profile was as follows: initial denaturation (94 °C, 12 min), 12-16
cycles of 94°C (305s), 60°C (305s), 72°C (45s) and final extension (72°C, 10 min). PCR reactions for the same
library were pooled and purified with AMPure® XP beads (Agencourt-Beckman Coulter) following®. Quality
and size distribution of the libraries were verified with a High Sensitivity DNA kit and 2100 Bioanalyzer system
(Agilent) while DNA concentration was determined with a Qubit fluorimeter and Qubit dsDNA HS Assay Kit
(ThermoFisher Scientific), according to the manufacturers’ protocols.

Next generation sequencing of aDNA libraries. For shallow sequencing, Genome Analyzer GAIIx
(llumina) and TruSeq SBS Kits v5-GA (Illumina) were applied. Seven to nine libraries were pooled per lane. On
average, 4.75 mln 75 bp-long reads were collected per library. The libraries with the highest human DNA content
were sent for deep sequencing to Macrogen Inc., Korea, with the use of HiSeq4000 (Illumina). On average, 87 mln
101 bp-long reads were collected per library on the HiSeq4000 (Illumina) (Supplementary Table S2).

Filtering, mapping and variant calling. Raw sequencing data (fastq files) were filtered with
AdapterRemoval® by trimming missing nucleotides from both ends with the threshold of a minimum quality
of 30 and a minimum length of 25 nucleotides. Filtered reads were aligned with BWA ver. 0.7.10*' to the rCRS
mitochondrial, and GRCH 37 reference genomes, with seed blocked for higher sensitivity and other parameters
set as default, as suggested in*2. Following the alignment, duplicate reads were removed with picard-tools ver.
1.117 MarkDuplicates. Read depth and coverage were assessed with samtools ver. 1.2%> and bedtools ver. 1.2,
Consensus fasta sequences for haplogroup prediction and sequence analyses were generated with FreeBayes ver.
1.0.2-33-gdbb6160* calling the base supported by the 3/5 majority of reads (Supplementary Table S4).

Human DNA damage patterns. To examine data authenticity, we used mapDamage 2.0% to estimate
human DNA damage parameters typical for aDNA for each sample: (i) \, the fraction of nucleotides positioned
in the single-stranded DNA overhang context; (ii) ds, C—T substitution rate in the single-stranded overhang
context; and (iii) 6d, C—T substitution rate in the double-stranded DNA context (Supplementary Table S3).

Contamination assessment. To estimate the level of contamination with contemporary human DNA or
with other human aDNA we used the software contamMix to compare the alignment rates between estimated
sample’s consensus mtDNA sequence and 311 potential contaminant mtDNA sequences.

Analysis of intrapopulation genetic diversity. To assess intrapopulation diversity of Kow-OVIA, we
used the MSN method on 33 full mtDNA sequences. HD was analyzed with Arlequin ver. 3.5.1*7 on two frag-
ments of mtDNA HVS region (HVS-1, 16033-16365 np, and HVS-II 73-340 np) (Supplementary Table S5). T was
calculated for the fragment of mtDNA HVS-I region (16000-16410 np) (Supplementary Table S6).

mtDNA haplogroup frequency analyses. Haplogroups were predicted with HaploFind*® with respect
to Phylotree build 17 (http://www.phylotree.org/)*. Only samples with a haplogroup score > 0.8 and average
coverage > 3 were used in downstream analyses. To assess temporal mtDNA haplogroup frequency changes from
Mesolithic to the present day, we performed Ward clustering with Euclidean distance on 23 haplogroups (H, H5,
HV,HVO0, V,L,],K, N, Nla, R, T1, T2, U, U2, U3, U4, U5a, U5b, U8, W, X and others). We used a set of 40 sam-
ples from this study and 13 populations from Central/North Europe (Supplementary Table S7), and a generated
Central European Metapopulation (CEM) composed of 500 random individuals sampled from the extant popu-
lations of Poland, Czech Republic, Germany and Austria, as in? (Supplementary Table S8).

To compare mtDNA variability of Kow-OVIA in a broader geographical context, we also applied unsupervised
hierarchical clustering with the Ward method and Euclidean distance, and PCA on haplogroup frequencies of
Kow-OVIA and published ancient mtDNA data from Mesolithic, Neolithic, Bronze Age and Iron Age populations
from across Europe and West Asia (Supplementary Table S7). Haplogroups were divided into 25 groups present
in ancient individuals (Asian [A, C,D,E G, Z], N, N1a, I, J, W, X, R, HV, V/HVO0, H, H5, T, T1, T2, ], U, U2, U3,
U4, Usa, U5b, U8, K and others) (Supplementary Table S9).

To elucidate affinities of our samples in relation to present day populations, we performed a PCA analysis
based on 23 haplogroup frequencies (Asia [A, C, D, E, G, Z], Africa [L], N1a, I, I1, W, X, HV, V/HV0, H, H5, T1,
T2,],U, U2, U3, U4, Usa, U5b, U8, K and others), with public data from 73 extant populations (Supplementary
Table S10).

Cluster significance was tested by performing 10,000 permutations with the pvclust package in R ver. 3.3.0.
PCA was conducted with prcomp of the vegan package in R ver. 3.3.0 (http://R-project.org).

Genetic distance analyses. For sequence based analyses, the longest mtDNA HVS-I fragment present in
the biggest fraction of published samples was selected (1606416400 np). Additionally, for newly reported sam-
ples from this study, no missing nucleotides were allowed in the selected HVS-I range, and at least 3x coverage
was expected for 95% of the nucleotides. To examine genetic affinities on the sequence level, we calculated genetic
distances (Fst)*® between two sample sets: CEPT (Supplementary Table S11 and S17) and EPT (Supplementary
Table S12 and S18), including only those individuals for which the 16064-16400 fragment of mtDNA HVS-I was
present.

Pairwise and Slatkin’s Fst®' values were calculated in Arlequin ver. 3.5.1 for both datasets separately, with asso-
ciated substitution model and gamma values selected with jModel test 0.1 AIC and BIC®. P values were calculated
by performing 10,000 permutations. Genetic distances were visualized on an MDS plot with metaMDS function
from the vegan package in R ver. 3.3.0.
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Analysis of genetic structure.  To examine if genetic affinities between particular populations from CEPT
were a result of shared genetic structure, we conducted AMOVA analysis in 18 combinations of CEPT popula-
tions (excluding HG and CEM) (Supplementary Table S13). Next, we tested the genetic contributions of ancient
populations to the extant mtDNA variability by analyzing AMOVA results from 33 combinations of CEPT pop-
ulations (excluding HG) (Supplementary Table S14). Statistical significance was obtained by performing 10,000
permutation tests.

mtDNA lineage analyses. To further test genetic affinities and account for temporal succession of archae-
ological cultures in Central Europe, we conducted an analysis of shared ancestral haplotypes as described in'®
in CEPT (Supplementary Table S15) and classical shared haplotype analysis®® in LN/EBA and IA populations
(Supplementary Table S16 and S19).

For details, see the Supplementary Materials.

Availability of data and material. The data supporting the results of this article are available at SRA,
BioProject PRINA354503.
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For years, the issues related to the origin of the Goths and their early migrations in the Iron Age have
been a matter of hot debate among archaeologists. Unfortunately, the lack of new independent
data has precluded the evaluation of the existing hypothesis. To overcome this problem, we initiated
. systematic studies of the populations inhabiting the contemporary territory of Poland during the Iron
. Age. Here, we present an analysis of mitochondrial DNA isolated from 27 individuals (collectively called
. the Mas-VBIA group) excavated from an Iron Age cemetery (dated to the 2"-4% century A.D.) attributed
. toGoths and located near Mastomecz, eastern Poland. We found that Mas-VBIA has similar genetic
diversity to present-day Asian populations and higher diversity than that of contemporary Europeans.
. Our studies revealed close genetic links between the Mas-VBIA and two other Iron Age populations
. from the Jutland peninsula and from Kowalewko, located in western Poland. We disclosed the genetic
. connection between the Mas-VBIA and ancient Pontic-Caspian steppe groups. Similar connections
. were absent in the chronologically earlier Kowalewko and Jutland peninsula populations. The collected
results seem to be consistent with the historical narrative that assumed that the Goths originated in
southern Scandinavia; then, at least part of the Goth population moved south through the territory
of contemporary Poland towards the Black Sea region, where they mixed with local populations
. and formed the Chernyakhov culture. Finally, a fraction of the Chernyakhov population returned to
. the southeast region of present-day Poland and established the archaeological formation called the
“Mastomecz group”.

During the last decade, genetics and genomics have become new driving forces that have stimulated the rapid
. development of studies on the human past. Archaeogenomics has quickly evolved from analyses of single indi-
© viduals to studies involving dozens of subjects!—. As a result, an increasingly precise map of the genetic history of
. ahuman population is generated. Despite the progress in our understanding of the demographic processes that
. took place in Europe since its first peopling, the map still has a numerous blank spaces*. They are especially fre-
: quent in the case of the Early Bronze Age (EBA) and later periods, when more complex demographic and cultural
events occurred® . Importantly, not all geographical regions have been sufficiently sampled!?. The majority of
data are confined to Central-West Europe, whereas Eastern Europe is scarcely represented!.

Recently, the first efforts have been undertaken to determine the genetic roots of peoples living in Central-East
and Eastern Europe!®. The works of Chylenski ef al. and Lorkiewicz et al.'*!° suggest that the matrilineal genetic
makeup of people living in the Vistula River Basin during the Early Neolithic (EN) and the Middle Neolithic

: (MN) better resembled the Funnel Beaker culture populations (TRB, ger. Trichter(-rand-)becherkultur), which
were a mixture of Mesolithic Hunter Gatherers and Neolithic farmers, than the Linear Pottery culture-associated
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Figure 1. Geographical distribution of the archaeological cultures in Europe in the (a) LN/EBA: green,
Yamnaya Culture 3300-2300 BC|pink, Corded Ware Culture 2900-2350 BC]|yellow, Bell Beaker Culture
2900-1800 BC|orange, Corded Ware/Bell Beaker Culture|violet, Unetice Culture 2300-1600 BC; (b) BA/

IA: green, Nordic Bronze Age 1700-500 BC|yellow, Hallstatt Culture 800-500 BC|orange, Hallstatt Culture
Core|light green, Pomeranian Culture 700-300 BC|red, Jastorf Culture 600-100 BC|violet, Western Baltic
Kurgans Culture 650-50BC; (c) IA prior to migrations period: green, Nordic Bronze Age 1700-500 BC|yellow,
La Tene Culture 450-50 BC|light green, Przeworsk Culture 300 BC - 500 AD|red, Jastorf Culture 600-100
BC]|violet, Western Baltic Kurgans Culture 650-50 BC|brown, Oksywie Culture 200 BC - 100 AD. Europe map
by Roke, retrieved from https://commons.wikimedia.org/wiki/Category:Blank_maps_of Europe#/media/
File:BlankMap-Europe-v3.png, used under Creative Commons Attribution-ShareAlike 3.0 Unported (https://
creativecommons.org/licenses/by-sa/3.0/deed.en), modified with Corel Draw ver. 12.0.

populations (LBK, ger. Linearbandkeramik), which were mostly composed of Neolithic farmers'*!®!”. The studies
of autosomal DNA of the Globular Amphora culture (GAC) population inhabiting the Vistula River Basin during
the Late Neolithic (LN) showed no presence of Yamnaya steppe herder ancestry (YAM)*!%. At the same time,
the Corded Ware culture (CWC) groups that later succeeded GAC have as much as 75% of their genetic makeup
attributed to YAM (Fig. 1a)”!7%. In particular, we know little about the genetic history of the populations that
inhabited the territory of contemporary Poland in the Bronze Age (BA). During that time, cremation of the dead
became a common custom; thus, our knowledge on these peoples is based almost exclusively on archaeological
artifacts. They indicate that during the BA, several local cultures developed in this region®. All of them were,
to a large extent, related to each other, and consequently, they are usually considered as one, called the Lusatian
culture, existing from the EBA to the early Iron Age (IA). At the beginning of the IA (approximately 600 B.C.),
an alternative to Lusatian culture, called the Pomeranian culture (PC), was developed. The PC dominated the
region and spread between the Oder and Bug Rivers until the end of the 3™ century B.C. (Fig. 1b). During the
period that immediately preceded the demographic events described in this article (the period between 1% and
2" centuries B.C.), the lowland of contemporary central Poland was occupied by the Przeworsk culture (Fig. 1c),
which replaced the earlier existing PC. The development of the Przeworsk Culture seems to be connected with
a Vandal migration. In a similar period, in the regions of Middle Pomerania and Lower Powisle (zone along the
Baltic seashore), the Oksywie culture was established (see Fig. 1c).

The turn of the epochs (i.e., the end of 1*' millennium B.C. and the beginning of the 1* millennium A.D.) was
connected with further cultural and demographic transformations in the region that is present-day Poland®. A
new grouping called the Wielbark culture was established, most likely under the influence of Goths and Gepids.
To learn more about these processes, we have commenced systematic studies of the populations inhabiting the
territory corresponding to present-day Poland in the first centuries AD. Our initial analyses were focused on
a large group of individuals living in the region between Oder and Vistula Rivers in the IA (group called the
Kow-OVIA)®2!. Biological material was collected from a biritual cemetery located in central Wielkopolska
(also referred to as Greater Poland - contemporary western Poland) in Kowalewko. Former archeological and
anthropological studies showed that approximately 500 people were buried there between 1 and 200 A.D. Our
recently published report revealed a high genetic diversity of the Kow-OVIA®. Interestingly, women and men
from Kowalewko had a significantly different genetic history. In general, the collected data showed how the inter-
actions between newcomers (most likely Goths) and autochthonous communities derived from other cultural
traditions could shape the new, local genetic substructure.

This paper is a continuation of our previous work and concentrates on the human population that lived
between the Vistula and Bug Rivers (contemporary eastern Poland) in the IA. The studied group is younger than
the Kow-OVIA (27¢-4% and 1%-2¢ centuries A.D., respectively) and is believed to represent the next stage of the
Goth migrations. The genetic makeup of individuals living at that time in this region has not yet been deter-
mined. The biological material was collected from one of the richest IA cemeteries located in east Poland near
Mastomecz village. The cemetery is attributed to the IA Wielbark culture, i.e., to the same culture as the recently
characterized site at Kowalewko. This relation in terms of culture and time with geographical separation provided
a unique opportunity to obtain the imprint of the demographic processes underlying the genetic variability of the
population living during the IA in Central-East Europe. Our analysis involved 27 individuals. We assigned mito-
chondrial DNA (mtDNA) haplogroups and determined complete mtDNA genome sequences for all of them. We
found a high intrapopulation genetic diversity of the studied group. It showed close matrilineal relationship with
two other IA populations living, respectively, at the Jutland peninsula and between the Oder and Vistula Rivers.
In contrast to our earlier findings concerning Kowalewko (contemporary Western Poland), we found no evidence
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of distinct genetic history between females and males from Mastomecz. This observation suggests that both pop-
ulations were formed or functioned in different ways. Thus, the data presented here provide new insights into the
processes that led to the formation of region-specific genetic substructures within the populations inhabiting the
Vistula River Basin in the IA.

Results

DNA isolation, sequencing and preliminary characteristics of mtDNA. Our studies involved
human skeletal remains excavated from the Wielbark culture cemetery of IA. The cemetery is located between
the Vistula and Bug Rivers in southeast Poland, close to Mastomecz village (50°72'39"'N 23°89’27"'E). The stud-
ied group, called the Mas-VBIA [abbreviation describing the exact location (Mastomecz), geographical context
(between Vistula and Bug rivers) and time (the IA)], included 27 individuals, whose burial sites previously had
been thoroughly characterized archaeologically and anthropologically (Supplementary Table S1). Among others,
it was earlier determined that human remains were from 2™ to 4"centuries A.D., and the grave furnishings were
characteristic of the Goths??. Radiocarbon dating of the selected samples (Supplementary Fig. S1 and Table S1)
confirmed the archeological estimations.

DNA was isolated from teeth, in a dedicated aDNA laboratory, according to the procedure described by Yang
and Svensson®**, In total, 27 DNA samples were obtained. The NGS libraries were successfully generated for
all samples. To estimate the amount of human DNA, all of the obtained libraries were subjected to shallow NGS
sequencing. In order to determine the amount of endogenous human nuclear DNA and mtDNA content, fastq
files were aligned to both GRCh37 and RSRS mtDNA reference sequences. The average coverage of mitochon-
drial genome was 4.7x and ranged between 0.3x and 22.1 x (Supplementary Table S2). In the case of all samples,
human DNA showed typical aDNA damage patterns (C>T and G > A alteration most frequently occurring at
the 5" and 3’ ends of the reads, respectively) (Supplementary Table S3 and Supplementary Fig. 2).

Following the NGS screening, the DNA samples for which average coverage was below 5 for the 95% of the
mtDNA genome were subjected to second round of sequencing. Additionally, the DNA samples with endoge-
nous human DNA content <5% were subjected to mtDNA enrichment according to the procedure described
by Carpenter® and then sequenced. As a result, we determined the mtDNA haplogroups and full sequences of
the mitochondrial genomes for all 27 individuals (Supplementary Table S4). To test for possible human DNA
contamination, we used contamMix?® to estimate the rates of apparent heterozygosity in mtDNA. The average
contamination was approximately 3% (Table 1). All identified haplogroups had been found previously in the pop-
ulations living in Central Europe from the EBA to the IA, and belonged to 9 haplogroups: H, HV, N1, ], K, T, U, W,
and X (Table 1). In addition, based on the anthropological analyses and the raw sequencing data, we determined
the sex for 10 and 14 individuals, respectively. In 9 cases sex was assigned with both, anthropological and genetic
methods that always gave concordant results (Tables 1 and S4).

Genetic homogeneity of the Mas-VBIA group.  To assess whether the analyzed group of people formed
a closed homogenous or opened diversified society, we determined the genetic diversity of the Mas-VBIA. To this
end, we compared the full length mtDNA sequences obtained for all 27 individuals (Supplementary Table S4). We
found 2 pairs of individuals who had identical mtDNA sequences (PCA0088, PCA0090; PCA0094, PCA0100).
Interestingly, persons with the same mitochondrial genomes were buried far from each other (Supplementary
Fig. 1). We visualized all mtDNA haplotypes from the MAS-VBIA population with the Median Joining Network
(MJN) (Fig. 2).

Next, using Arlequin ver. 3.5.1 software?’, we determined the levels of haplotype diversity (HD) based on
two fragments of the HVS (hypervariable sequence) region of mitochondrial genome (regions: HVS-I between
nucleotide position (np) 16033 and 16365 and HVS-II between np 73 and 340) (Fig. 3a, Supplementary Table S5)
and nucleotide diversity (w) based on the fragment of HVS-I region (between np 16000 and 16410) (Fig. 3b,
Supplementary Table S6). The HD level calculated for the Mas-VBIA (1.0000 +/— 0.0113) was in the range of
high values currently observed for the contemporary, non-isolated European populations. The level of © deter-
mined for the Mas-VBIA (0.016263 +/— 0.008846) was high and outside the range of values reported for the
present-day European populations (0.009) and in the range of the values reported for contemporary Asian pop-
ulations?. Thus, the results of all three analyses of MJN, HD and « showed that the Mas-VBIA was a genetically
highly diverse population.

To exclude the possibility that the presence of two potentially maternally related individuals in the relatively
small tested group will affect the results of our consecutive analyzes, we removed the two individuals from the
tested group - one from each pair with identical mtDNA sequences.

Matrilineal ancestry of the Mas-VBIA and its contribution to the demographic history of
Europe. mtDNA haplogroup frequency. mtDNA haplogroup H was the most common in the Mas-VBIA
(32%); T2 and U5a were the second most common (16% each). To place the Mas-VBIA in the Central European
space-time, we compared mtDNA haplogroup frequencies within the set of populations that lived in this region
from the Mesolithic until the present (Central European Population Transect (CEPT), for details, see Materials
and methods, Tables 2 and S7-S8). The results of unsupervised hierarchical clustering (Ward’s method with
Manhattan distance) of the CEPT (Fig. 4) were generally compatible with the known chronology of the formation
of the genetic structure of the Central European population. The first to be separated from other populations were
the Hunter Gatherers from Central and North Europe (HGCN). Next, we observed a divergence of the studied
populations into 2 groups. The first one consisted of Early Neolithic (EN) populations [Starcevo culture (STA),
Linearbandkeramik in Transdanubia (LBKT), Linearbandkeramik population from Central Europe (LBK),
Rossen culture (RSC), Schoningen Group (SCG)] and MN populations [Baalberge culture (BAC), Salzmiinde
culture (SMC)]. The second group consisted of LN/EBA populations [BEC (Bernburg culture), CWC, Bell Beaker
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low chrX and chrY

PCA0088 | U3ala M 0.9898451
coverage

PCA0089 | J1c3 F F 0.9610449

PCA0090 | U3ala - F 0.9935336

PCA0091 | USalb3 — M 0.9964154

PCA0092 | HI6 F F 0.9970401

PCA0093 | T1a9 M M 0.9048376

PCA0094 | HVOf F F 0.9726827

PCA0095 | Hllal — low chrX and chrY | 94504
coverage

PCA0096 | Udcl — low chrXand chr | 9595417
coverage

PCA0097 | T2ala — low chrXand chrY | 95579
coverage

PCA0098 | Hle2 — low chrX and chrY | 9950956
coverage

PCA0099 | Hicg — F 0.9373612

PCA0100 | HVOf M M 0.9963028

PCA0101 | USa2b3 - low chrXand chrY | 9964521
coverage

PCA0102  |Klcl M M 0.9945874

PCA0103 | H2ala F F 0.9289728

PCA0104 | Hla3 — low chrXand chrY | g4, 4315
coverage

PCA0105 | Ua2al — F 0.9984908

PCA0106 | T2b — low chrX and chrY | g5, 555
coverage

PCA0107 | USalble — low chrX and chrY | 947915,
coverage

PCA0108 | T2b23 — low chrXand chrY | § 9555117
coverage

PCA0109 | Kla27 — F 0.9818328

PCA0110 | HSelb M M 0.9880837

PCAOIll | Nlalala2 F F 0.9538297

PCAO112 | T2b2b — low chrXand chrY | 99,141
coverage

PCAOII3 |V — low chrX and chrY | 4355445
coverage

PCA0114 | H7ala — low chrXand chrY | 9644504
coverage

Table 1. Results of mtDNA haplogroup assignment.

culture (BBC), Unetice culture (UC)] and post-EBA populations [Jutland peninsula population from IA (JIA),
Kow-OVIA, Mas-VBIA and Central European Metapopulation (CEM)]. Within this group, the JIA and CEM
formed a separate sub-clade (alpha =0.93). In addition, the remaining LN/EBA populations split into the two
sub-clades. The first one was formed by the Mas-VBIA and BBC and the second by the BEC, UC, CWC and
Kow-OVIA.

To look wider on the Mas-VBIA ancestry and its relationship with other contemporary populations, we
assembled selected ancient populations in the European Population Transect dataset (EPT) (for details, see
Materials and methods, Tables 2 and S7), which, as previously described, was subjected to hierarchical clustering
and additionally to PCA of the mtDNA haplogroup frequencies (Fig. 5a—c, Supplementary Table S9). The results
of EPT clustering were consistent with those obtained for the CEPT. The Mas-VBIA was placed within central
European LN/EBA group and was related closely with the BBC and YAM. The Kow-OVIA was also placed within
the central European LN/EBA group but formed a clade with the CWC, UC and BEC (Fig. 5a). First, the two
principal components of the PCA plot (Fig. 5b) positioned the Mas-VBIA near the center of the graph, closest to
the Kow-OVIA but also close to the CWC, BEC, UC and YAM. The 3rd and 4th principal components (Fig. 5¢)
placed the Mas-VBIA in close proximity to the YAM and BBC and revealed the Kow-OVIA’ higher affinity to the
BEC, CWC and UG, as supported by the hierarchical clustering.

To visualize the relationships of the Mas-VBIA group with contemporary humans, we placed it on a map show-
ing the matrilineal genetic structure of present-day populations. The PCA of haplogroup frequencies observed in
the Mas-VBIA and 73 extant worldwide populations (Supplementary Fig. S3, Supplementary Table S10) showed
that the Mas-VBIA was located within a range of European genetic diversity.
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Figure 2. Median Joining Network of 27 individuals from Mas-VBIA based on full mtDNA sequences. Each
node corresponds to a haplotype determined for a unique mtDNA sequence. Numbers in brackets show
numbers of nucleotide differences between haplotypes. Stars mark haplotypes represented by two individuals
with identical mtDNA sequence.

Genetic distances.  The relationships between the Mas-VBIA and the earlier and later European populations were
also determined by measuring the genetic distances among them. Genetic distances were determined based on a
fragment of the mtDNA HVS-I sequence (the region between np 16064 and 16400) (Supplementary Table S11).
In the first step, we concentrated on the CEPT (populations from Central Europe from Mesolithic to present-day).
The established fixation indexes (Fst) showed that the Mas-VBIA was most closely related to the BEC (Fst=0,
p=0.7608) and RSC (Fst=0, p=0.6529). Both the BEC and RSC share a common archaeological history con-
nected with the spread of the TRB culture. Similarly to the Mas-VBIA, the Kow-OVIA had small genetic distances
to the BEC (Fst=0, p=0.748) and RSC (Fst=0.0002, p=0.567). Unlike the Kow-OVIA, which was closely
linked with the JIA, the Mas-VBIA had smaller genetic distances to the LN CWC and BBC populations (Fst=0,
p=0.5872; Fst=0, p=0.67342, respectively) than to the JIA (Fst=0.00915, p=0.3768).

In the second step, we focused on the populations living in all of Europe from the Mesolithic to the IA. To
this end, we selected 27 populations from the EPT, for which sequences of the mtDNA HVS-I region between
np 16064 and 16400 (Table S12) were known for a considerable number of individuals. The calculated genetic
distances (Supplementary Table S12) showed once again that the Mas-VBIA was the closest to the BEC (Fst=0,
p=0.7418). Furthermore, the close connection to the Funnel Beaker cultural horizon was recapitulated with the
low genetic distance between the Mas-VBIA and the TRB (Fst=0, p=0.6028). A small genetic distance was also
found between the Mas-VBIA and the YAM (Fst=0, p=0.87892). At the same time, the genetic distance between
the Mas-VBIA and the LBK was high (Fst=0.02949, p =0.0634). The results of the genetic distance analysis were
visualized on the multidimensional scaling (MDS) plot (Fig. 6). In accordance with the established genetic dis-
tances, the MDS located the Mas-VBIA, CWC, BBC, BEC and YAM close together.

The Mas-VBIA in the context of the processes shaping the genetic structure of the Central
European population. In the next stage of our studies, we attempted to determine how the Mas-VBIA fits
into the existing scheme describing the process of the formation of the genetic structure of the Central European
population. For this purpose, we performed an Analysis of Molecular Variance (AMOVA). In the first step, we
determined an optimal division of the populations from CEPT, excluding the HGCN and CEM. The division
was considered to be optimal if the intragroup variability (Fsc) was minimal and intergroup variability (Fct)
was maximal. Considering earlier observations made by other authors?*’, we allocated all EN/MN populations
(STA, LBKT, LBK, RSC, SCG, BAC, SMC) to one group because of their high genetic homogeneity and ana-
lyzed 41 different combinations of populations’ groupings (Supplementary Table S13). We found that Fsc and
Fct were optimal if the studied populations were divided into three groups: (STA, LBKT, LBK, RSC, SCG, BAC,
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Figure 3. Intrapopulation genetic diversity estimates: (a) Haplotype Diversity; (b) Nucleotide Diversity. Red
dotted line marks the estimate value of diversity of the Mas-VBIA.

SMC) 4 (CWC, UC, JIA) + (BEC, BBC, Mas-VBIA, Kow-OVIA). Importantly, we observed that the groupings
were always better when the Mas-VBIA and Kow-OVIA were in the same group. This observation was not biased
by the batch effect as samples from both cemeteries were sequenced separately. Moreover, particular samples
were sequenced in multiple runs and in two independent laboratories. The obtained results suggest that the JIA
had close relationships with the North-Central Europe populations (CWC and UC), whereas the Mas-VBIA was
linked to the Funnel Beakers (e.g., BEC) and Bell Beakers.

Next, to determine to what extent particular populations contributed to the genetic structure of the contem-
porary Central European population, we performed an analogous analysis, but the studied group was extended
by the CEM (CEPT with excluded HGCN). Once again, the populations of the EN/MN (STA, LBKT, LBK, RSC,
SCG, BAC, SMC) were treated as one group, and we analyzed 91 combinations of the other fossil populations
and the CEM (Supplementary Table S14). The combination of 3 groups (STA, LBKT, LBK, RSC, SCG, BAC,
SMC) + (BEC, UC) + (CWC, BBC, Mas-VBIA, Kow-OVIA, JTIA, CEM) showed the best optimization of Fsc and
Fct values. Furthermore, clustering was always better if the CEM and IA populations did not form a separate
group but were placed together with the CWC or BBC.

The results of the above analyses were consistent with our previous observations® suggesting that the contri-
bution of the particular populations to the genetic structure of present-day Europe is not fully consistent with
the chronology according to which these populations inhabited Central Europe. For example, the Mas-VBIA,
Kow-OVIA, JIA, BBC and CWC contributed more significantly to the genetic structure of present-day Europe
than the UC.

mtDNA lineages. To get better insight into the processes that shaped the genetic structure of the studied
population, we determined which populations gave rise to the haplotypes found in the Mas-VBIA (Supplementary
Table S15). Our analysis showed that 44% of the mtDNA haplotypes came from EN populations. In this group,
mtDNA haplogroups H and T2 were most frequent. Haplotypes that appeared in the LN and EBA were not fre-
quently detected in the Mas-VBIA (12% and 6%, respectively).

A consecutive analysis of shared haplotypes®! (Supplementary Table S16) revealed that 78% of the haplotypes
inherited by the Mas-VBIA from the LN/EBA or earlier populations were present in at least 1 LN/EBA population
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Abbreviation Population Time period
HGCN Hunter Gatherers Central North Europe 15400-4300 BP
HGSW Hunter Gatherers South West Europe 12000-5000 BP
HGE Hunter Gatherers Eastern Europe 15000-4500 BP
STA Starcevo culture 8200-7450 BP
LBKT Linearbandkeramik culture in Transdanubia 7600-6900 BP
LBK Linearbandkeramik culture in Central Europe 7500-6900 BP
RSC Roéssen culture 6600-6200 BP
SCG Schéningen group 6100-5900 BP
BAC Baalberge culture 5900-5400 BP
SMC Salzmiinde culture 5400-5100 BP
BEC Bernburg culture 5100-4600 BP
CwWC Corded Ware culture 4800-4200 BP
BBC Bell Beaker culture in Central Europe 4500-4200 BP
ucC Unetice culture 4200-3150 BP
PWC Pitted Ware Culture 5200-4300 BP
CAR Cardial/Epicardial culture of the Iberian Penisula 7400-5700 BP
NPO Portuguese Neolithic population 7200-5000 BP
NBQ Neolithic population from Basque Country and Navarre | 8100-7100 BP
TRB Funnel Beaker culture 6300-4800 BP
TRE Treilles culture 7000 BP

BAS Bronze Age Siberia 4400-2800 BP
BAK Bronze Age Kazakhstan 4000-2600 BP
RRBP Gurgy ‘Les Noisats’ group 7000-6000 BP
MIR Iberian Chalcolithic El Mirador Burgos individuals 4500-4050 BP
JIA Jutland Iron Age 2500 BP - 400 AD
1A Iberian Iron Age population 2800 BP - 50 AD
SCY Iron Age Scythian samples 2300-2600 BP
SSP Scytho-Siberian Pazyryk Culture 2400-2300 BP
YAM Yamnaya culture 5300-4600 BP
Kow-OVIA Oder Vistula Iron Age 0-200 AD
Mas-VBIA Vistula Bug Iron Age 100-300 AD

Table 2. Published reference ancient mtDNA data and populations abbreviations.

(BEC, CWC, BBC or UC), and 28% were present in all three CWC, BBC and UC populations. It was noteworthy
that neither of the haplotypes inherited by the Mas-VBIA was uniquely shared only with the BEC. All haplotypes
shared by the BEC and Mas-VBIA were also present in each of the remaining LN/EBA populations. Interestingly,
though the Mas-VBIA showed a high genetic distance to the UG, it shared more haplotypes with the UC than
with any other LN/EBA population. Additionally, the haplotypes shared uniquely with only one LN/EBA pop-
ulation were most frequently observed for the Mas-VBIA and UC. Here, however, it should be noticed that the
UC is represented by a high number of individuals; thus, the chance of finding shared haplotypes was higher.
Twenty-one percent of the haplotypes found in the Mas-VBIA were absent in any LN/EBA population.

Discussion

Despite intensive progress in genomic studies of ancient European populations, our knowledge on demographic
processes that occurred in the Central-Eastern part of the continent after the Neolithic is still very limited. Until
recently, there were no data describing the genetic makeup of people living in Central Europe east of the Oder
River during the BA and IA. Archaeological and genomic findings suggested that on the turn of the LN and BA
this region (contemporary Poland) was influenced by four major cultures: BBC, CWC, UC and YAM (Fig. la).
However, due to the lack of reliable data, the actual range of these cultures, and consequently, the placement of the
borders between them, as well as the later history of these populations, are difficult to determine.

To extend our knowledge on the issues described above, we initiated broad genetic studies of the populations
inhabiting the territory of present-day Poland in the IA. In our earlier paper, we characterized the maternal
genetic makeup of the individuals living in the west part of contemporary Poland®. In this report, we focused
on the maternal genetic history of the Mas-VBIA group that lived in the eastern part of contemporary Poland
(the region located between the Vistula and Bug Rivers) during the 2" to 4" century A.D. We found that the
intrapopulation diversity of the Mas-VBIA (7= 0.016263) was beyond expectations. It was as high, as is currently
observed for Asian populations (m between 0.013 and 0.017), and exceeded the values typical for non-isolated
European populations (7 between 0.006 and 0.01), as well as the intrapopulation diversity previously determined
for its western counterpart — the Kow-OVIA (7 =0.0079). However, it should be noted here that due to the post-
mortem DNA damage, the diversity estimates could be inflated. Accordingly, one can hypothesize that people
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Figure 4. Unsupervised hierarchical clustering with Ward method and Manhattan distance of haplogroup
frequencies for the CEPT populations. P-values of the clusters are given as the percent of reproduced clusters
based on 10,000 bootstrap replicates. Symbols indicate populations from Central Europe (squares and
diamonds), Southern Scandinavia and Jutland Peninsula (circles), and East Europe/Asia (stars). Color shading
of data points denotes to Hunter-Gatherers (grey), Early Neolithic (brown), Middle Neolithic (orange), Late
Neolithic/Early Bronze Age (yellow), Iron Age (blue), and the present-day Central Europe Metapopulation
(CEM, green). Abbreviations: Central/North European Hunter-Gatherers (HGCN), Star¢evo Culture
population (STA), Linearbandkeramik in Transdanubia (LBKT), Linearbandkeramik population from Central
Europe (LBK), Réssen Culture (RSC), Schéningen Group (SCG), Baalberge Culture (BAC), Salzmiinde Culture
(SMC), Bernburg Culture (BEC), Corded Ware Culture (CWC), Bell Beaker Culture (BBC), Unetice Culture
(UC), Jutland Iron Age (JIA), Kowalewko Oder and Vistula Iron Age (Kow-OVIA), Mastomecz Vistula and Bug
Iron Age (Mas-VBIA).

living between the Vistula and Bug Rivers in the IA formed genetically diversified, non-isolated populations.
The haplogroup frequencies observed for the Mas-VBIA were similar to those reported for the Kow-OVIA.
Haplogroup H frequency was intermediate between CWC and BBC and lower than in CEM. Interestingly, the
frequencies of the mtDNA haplogroups U5a (characteristic for Eastern Hunter Gatherer groups) and U5b (char-
acteristic for Western Hunter Gatherer groups) were a significantly different in the Mas-VBIA and other IA pop-
ulations studied so far (the JIA and Kow-OVIA). The Mas-VBIA was characterized by the absence of mtDNA
haplogroup U5b and the high frequency of mtDNA haplogroup U5a (14.8%), whereas in the JIA and Kow-OVIA,
mtDNA haplogroup U5b was more prevalent than U5a. As noticed previously®, the domination of U5b over
Uba in Central Europe was observed only during the IA. Therefore, either the process that led to the temporal
increase of Usb mtDNA haplogroup frequency did not affect regions east of Vistula, or its effects were subse-
quently removed by another demographic event.

All high dimensional analyses of genetic diversity (PCA, hierarchical clustering, MDS) within the Mas-VBIA
and other ancient and extant populations were consistent and showed that the Mas-VBIA was closely connected
with the Kow-OVIA and had a similar genetic structure to that of Central European LN/EBA populations. Within
the group of three IA Central European populations, the Mas-VBIA was the closest related with the Kow-OVIA,
and the distance between the JIA and Mas-VBIA was shorter than that between the JIA and Kow-OVIA.
Furthermore, the Mas-VBIA had close genetic connections with the YAM, located in the eastern parts of Europe.
We did not observe these connections in either the Kow-OVIA or the JIA. Earlier, Haak et al.>> showed that there
are clear genetic links, even at the mtDNA level, between the central European CWC and BBC populations and
the YAM. However, if close genetic connections between the Mas-VBIA and YAM were a result of the LN migra-
tory events, the same should be observed in the remaining IA populations of the region. Therefore, we propose
that the presence of the Pontic-Caspian steppe genetic component in the Mas-VBIA is a result of the migratory
event or events that occurred in the IA period. Considering the high prevalence of the mtDNA haplogroup U5a
in the Mas-VBIA, one can hypothesize that the direction of this movement was from east to west.

Another interesting observation was the genetic proximity between the BEC and virtually all subsequent pop-
ulations (the CWC, BBC, UC, JIA, Kow-OVIA and Mas-VBIA). This proximity was most evident when shared
mtDNA haplotypes were analyzed. We found that the haplotypes shared between all LN and IA populations
were nearly always present in the BEC. The BEC is part of a TRB cultural horizon that spread from North to
Central Europe during the MN in the form of the sequence of Danubian populations'*. Thus, here we provide
an additional line of evidence that Danubian Neolithic populations were a common genetic background of all
Central-North and Central-East populations in Europe.

There are two major historical narratives describing the formation of the Wielbark culture. The first one
links its development with Goth migrations®, and the second, with the spread of the local Oksywie culture that
appeared at the Baltic seashore at approximately the 2"¢ century B.C?**, In addition, there are at least two hypoth-
eses concerning the origin of Goths. One of them assumes that the homeland of the Goths was located in the
southernmost part of the Germanic territories other than in Scandinavia®*. Considering the results obtained
for both the Kow-OVIA and Mas-VBIA, one can assume that they are, to a large extent, consistent with the pos-
tulated chronology of early migrations of Goths and their settlement in Central-East Europe. The high genetic
diversity of the Mas-VBIA strongly corresponds with the suggested role of Mastomecz at that time®?. The archae-
ological findings indicate that in the 2" and 3¢ centuries A.D., it was one of the major cultural and political Goth
centers. In addition, the genetic relationships reported here between the Mas-VBIA and both earlier characterized
IA populations (the Kow-OVIA and JTA) support the opinion that southern Scandinavia was the homeland of the
Goths. According to some authors, the process of their migration through the contemporary territory of Poland,
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Figure 5. (a) Unsupervised hierarchical clustering with Ward method and Manhattan distance of haplogroup
frequencies for the EPT populations. P-values of the clusters are given as the percent of reproduced clusters
based on 10,000 bootstrap replicates; (b) Principal components 1 and 2 of the PCA on the haplogroup
frequencies of EPT populations. Symbols indicate populations from Central Europe (squares and diamonds),
Southern Scandinavia and Jutland Peninsula (circles), Iberian Peninsula (triangles), and East Europe/Asia
(stars). Color shading of data points denotes to Hunter-Gatherers (grey), Early Neolithic (brown), Middle
Neolithic (orange), Late Neolithic/Early Bronze Age (yellow) and Iron Age (blue). The first two principal
components of the PCA display 48.4% of the total genetic variation. Each haplogroup was superimposed as
component loading vectors (grey dotted lines) proportionally to their contribution. Abbreviations: Central/
North European Hunter-Gatherers (HGCN), Southwestern European Hunter-Gatherers (HGSW), East
European Hunter-Gatherers (HGE), Star¢evo Culture population (STA), Linearbandkeramik in Transdanubia
(LBKT), Linearbandkeramik population from Central Europe (LBK), Rossen Culture (RSC), Schoningen Group
(SCG), Baalberge Culture (BAC), Salzmiinde Culture (SMC), Bernburg Culture (BEC), Corded Ware Culture
(CWCQ), Bell Beaker Culture (BBC), Unetice Culture (UC), Pitted Ware culture (PWC), Funnel Beaker culture
(TRB), Jutland Iron Age (JIA), Cardial/Epicardial culture of the Iberian Peninsula (CAR), Portuguese Neolithic
population (NPO), Neolithic population from Basque Country and Navarre (NBQ), Iberian Chalcolithic El
Mirador Cave individuals (MIR), individuals from Iberian Iron Age period (IIA), Treilles Culture (TRE), Gurgy
‘Les Noisats’ group (RRBP), Bronze Age Kurgan samples from South Siberia (BAS), Bronze Age Kazakhstan
(BAK), Yamnaya (YAM), Iron Age Scythian (SCY), Scytho-Siberian Pazyryk Culture (SSP), Kowalewko Oder
and Vistula Iron Age (Kow-OVIA), Mastomecz Vistula Bug Iron Age (Mas-VBIA); (c) Principal components 3
and 4 of the PCA on the haplogroup frequencies of EPT populations.
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Figure 6. MDS plot of Slatkin’s Fst values for EPT populations. Fst values were obtained for mtDNA HVS-I
region (np 16064-16400).

which was connected with the spread of the Wielbark culture, can be divided into the following 6 stages, named
with the letters A-F (for details, see Fig. 7a)?. In the first stage, the Goths colonized the mouth of the Vistula River
during the 2" and 1* centuries B.C. (stage A). Then, they spread west along the Baltic seashore (stage B). In stage
C, the Goths moved south and ousted the Przeworsk culture from the northwest part of contemporary Poland,
including Kowalewko (1 and 2™ centuries A.D.). The Goth's settlements established in this area could have a
rather temporal character suggested by the fact that the genetic structure of the Kow-OVIA population was biased
by sex. Males from the Kow-OVIA were closely related with the JIA and females with Neolithic farmers® (most
likely they represented the local population related with the Przeworsk culture). During the next stage (D), the
Goths spread east of the Vistula, and then they migrated along the Vistula and Bug Rivers towards the Black See
and established the Chernyakhov culture by mixing with Pontic-Caspian steppe populations (stage E). Finally,
a part of the Chernyakhov culture population moved back and established a large settlement near Mastomecz
called the “Mastomecz group” (stage F, 2"¢ and 3™ centuries A.D.) (Fig. 7b). Such a scenario explains a large part of
our findings well, including (i) the high prevalence of the mtDNA Ub5a haplogroup (characteristic for the eastern
parts of Europe); (ii) the close genetic distance to the YAM observed for the Mas-VBIA and the lack of these char-
acteristics in the cases of the Kow-OVIA and JIA; and (iii) the high genetic diversity of the Mas-VBIA. The latter
indicates that the “Maslomecz group’, often considered the Goths, from a genetic standpoint, was a mixture of
different populations. Unfortunately, the presented data cannot unequivocally verify both hypotheses on the Goth
origin and their relationships with the Oksywie culture. Thus, we still do not know whether the Goths replaced
the Oksywie culture or induced its formation. It is also possible that all the scenarios presented here contain some
truth and describe different periods of the Goth population development and migrations. Thus, further studies
are necessary to verify them.

Materials and Methods

aDNA extraction and library preparation. For the purposes of this study, 27 samples (teeth) were
obtained from 27 individuals from the Mastomecz archeological site (Supplementary Table S1). After being trans-
ported to a dedicated aDNA laboratory (at the Institute of Anthropology, Faculty of Biology, Adam Mickiewicz
University, Poznan, Poland), the teeth were cleaned with 5% NaOCI and rinsed with sterile water, followed by
UV irradiation (254 nm) for 2 hours for each site. The roots of the teeth were drilled using Dremel® drill bits.
Bone powder (~250 mg) was digested with proteinase K, and DNA-containing extract was purified with the use
of the silica-based method following Yang and Malmstrom*»*°. Genomic libraries were prepared following the
protocol of Meyer®, with omission of the initial sonication step due to natural fragmentation of aDNA. In order
to maximize the chance of amplification of each unique DNA template molecule, six separate PCR reactions
were set up for each library. PCR amplifications were performed in 25 pl, with 3 ul of the DNA library template,
12.5 ul of 1x AmpliTaq Gold® 360 Master Mix (Life Technologies), 0.5 ul of indexing primer (10 uM) and 0.5 ul of
PCR primer IS4 (10 uM)*. The PCR profile was as follows: initial denaturation (94 °C, 12 min), 12-16 cycles of
94°C (305), 60°C (305), 72°C (45 s) and final extension (72 °C, 10 min). PCR reactions for the same library were
pooled and purified with AMPure® XP beads (Agencourt-Beckman Coulter)®. The quality and size distribution
of the libraries were verified with a High Sensitivity DNA kit and 2100 Bioanalyzer system (Agilent), while the
DNA concentration was determined with a Qubit fluorimeter and Qubit dsDNA HS Assay Kit (ThermoFisher
Scientific), according to the manufacturer’s protocols.

Next generation sequencing (NGS) and enrichment of aDNA libraries. To screen the libraries,
shallow NGS sequencing with the Genome Analyzer GAIIx (Illumina, California, USA) and TruSeq SBS Kits
v5-GA (Illumina) was applied. Seven to eight libraries were pooled per lane. On average, 6.3 mln 75 bp-long reads
were collected per library. Libraries with small human DNA content below 5% were enriched in mtDNA or whole
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Figure 7. Geographical distribution of the archaeological cultures in contemporary Poland linked to the early
migrations of the Goths: (a) formation stages of the Wielbark culture; (b) late stage of the Wielbark culture.
Europe map by Roke, retrieved from https://commons.wikimedia.org/wiki/Category:Blank_maps_of_Europe#/
media/File:BlankMap-Europe-v3.png, used under Creative Commons Attribution-ShareAlike 3.0 Unported
(https://creativecommons.org/licenses/by-sa/3.0/deed.en), modified with Corel Draw ver. 12.0.

human genome sequences using MYbaits (Arbor Biosciences, Michigan, USA) and an in-solution hybridization
capture procedure, according to the recommendations of the manufacturer. mtDNA enrichment was performed
with MYTODbaits (Arbor Biosciences), a set of 80-bp long tiling probes designed based on rCRS (Cambridge
Reference Sequence). Two rounds of enrichment were applied, each followed by 14 amplification cycles. Enriched
libraries were sequenced using GAIIx (Illumina) again. On average, 6 mln 75 bp-long reads were collected per
mtDNA-enriched library and human genome content was in the range of 55-74% (Supplementary Table S2).

Filtering, mapping and variant calling. Raw sequencing data (fastq files) were filtered with
AdapterRemoval®® by trimming missing nucleotides from both ends with the threshold of minimum quality of
30 and minimum length of 25 nucleotides. Filtered reads were aligned with BWA ver. 0.7.10* to the rCRS mito-
chondrial and GRCH 37 reference genomes, with the seed blocked for higher sensitivity and other parameters
set as default, as suggested by Schubert*!, with the command bwa aln -1 1000 reference.fasta input.fastq. To cope
with the effects of DNA damage, we trimmed 3 bases from both read ends. Following the alignment, duplicate
reads were removed with picard-tools ver. 1.117 MarkDuplicates. Read depth and coverage were assessed with
samtools ver. 1.2*2 and bedtools ver. 1.2%3, respectively. Consensus fasta sequences for haplogroup prediction
and sequence analyses were generated with FreeBayes ver. 1.0.2-33-gdbb6160. To assemble complete consensus
mtDNA sequences we applied the following quality requirements: minimum coverage per base >=3, missing
nucleotide count < 5%, no missing nucleotides in the HVS-I sequence, base call supported by the 3/5 majority of
reads** (Supplementary Table S4).

Human DNA damage patterns. To examine data authenticity, we used mapDamage 2.0* and estimated
whether the human DNA damage parameters for each sample were typical for aDNA: (i) \, the fraction of
nucleotides positioned in single-stranded DNA overhangs context, (ii) 8s, C— T deamination probability in the
single-stranded overhangs context, and (iii) 8d, C — T deamination probability in the double-stranded DNA
context (Supplementary Table S3).

Contamination assessment. To estimate the level of contamination with contemporary human DNA or
with other human aDNA, we used the software contamMix*®. According to its authors, the software uses 311
present-day human mtDNA sequences as potentially contaminating population and estimates the contamination
by comparing the alignment rates between a particular sample’s consensus mtDNA sequence and whole mtDNA
sequences of 311 potential contaminants.

Genetic sex estimation.  Genetic sex of each individual was estimated using the Ry method as described
by*®. The method is based on dividing the number of sequences mapped to the Y chromosome to the number of
those mapped to X and Y chromosomes. Only sequences with mapping quality of minimum 30 were considered.
Sex assignment was performed for samples with at least 3000 reads aligned to the sex chromosomes.

Analysis of intrapopulation genetic diversity. Haplotype diversity (HD) was analyzed with Arlequin
ver. 3.5.1% on two fragments of mtDNA HVS (HVS-1, located between nucleotide positions (np) 16033-16365,
and HVS-II np 73-340) (Supplementary Table S5). Nucleotide diversity (w) was calculated for the fragment of
mtDNA HVS-I (np 16000-16410) (Supplementary Table S6). Furthermore, we visualized the intrapopulation
diversity of the Mas-VBIA using the Median Joining Network (MJN) method on 27 full mtDNA sequences
(Fig. 2).
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mtDNA haplogroup frequency analyses. Haplogroups were assigned based on complete mtDNA
sequences using HaploFind*” with respect to Phylotree build 17 (http://www.phylotree.org/)*®. Only samples with
a haplogroup score >0.8 and average coverage >3 were used in downstream analyses. To assess changes in tem-
poral mtDNA haplogroup frequency from the Mesolithic to the present day, we performed Ward clustering with
Euclidean distance on 23 haplogroups (H, H5, HV, HVO0, V, I, ], K, N, N1a, R, T1, T2, U, U2, U3, U4, U5a, U5b,
U8, W, X and other). We used a set of 27 samples from this study and 14 ancient populations from Central/North
Europe (Supplementary Table S7), and a generated Central European Metapopulation (CEM) composed of 500
random individuals sampled from extant populations of Poland, the Czech Republic, Germany and Austria, as
in®. We called this group CEPT (Supplementary Table S8).

To compare the mtDNA variability of the Mas-VBIA in a broader geographical context, we also applied unsu-
pervised hierarchical clustering with the Ward method and Euclidean distance and a Principal Components
Analysis (PCA) on haplogroup frequencies of the Mas-VBIA and published ancient mtDNA data of populations
from across Europe and West Asia. We called this group EPT (European Population Transect) (Supplementary
Table S7). Haplogroups were divided into 24 groups present in ancient individuals (Asian [A, C, D, E G, Z], N,
Nla, L], W, X, R, HV, V/HVO0, H, H5, T, T1, T2, ], U, U2, U3, U4, U5a, U5b, U8, K and other) (Supplementary
Table S9).

To elucidate affinities of our samples in relation to present day populations, we performed a PCA analysis
based on 23 haplogroup frequencies (Asia [A, C, D, E G, Z], Africa [L], N1a, I, 11, W, X, HV, V/HV0, H, H5, T1,
T2,7, U, U2, U3, U4, Usa, U5b, U8, K and other), with public data from 73 extant populations (Supplementary
Table S10).

Cluster significance was tested by performing 10,000 permutations with the pvclust package in R ver. 3.3.0. A
PCA was conducted with prcomp of the vegan package in R ver. 3.3.0 (http://R-project.org).

Genetic distance analyses. For sequence-based analyses, the longest mtDNA HVS-I fragment present in
the biggest fraction of published samples was selected (np 16064-16400). Additionally, for newly reported sam-
ples from this study, no missing nucleotides were allowed in the selected HVS-I range, and at least 3x coverage
was expected for 95% of the nucleotides. To examine genetic affinities on the sequence level, we calculated genetic
distances (Fst)* between two sample sets: CEPT (Supplementary Tables S11 and S17) and EPT (Supplementary
Tables S12 and S18), including only those individuals for which the 16064-16400 fragment of mtDNA HVS-I
was present.

Pairwise and Slatkin’s Fst® values were calculated in Arlequin ver. 3.5.1 for both datasets separately, with the
associated substitution model and gamma values selected with jModel test 0.1 AIC and BIC®!. P-values were
calculated by performing 10,000 permutations. Genetic distances were visualized on an MDS plot with the met-
aMDS function from the vegan package in R ver. 3.3.0.

Analysis of genetic structure. To examine whether genetic affinities between particular populations from
CEPT were a result of a shared genetic structure, we have conducted an Analysis of Molecular Variance (AMOVA)
in 41 combinations of CEPT populations (excluding HGCN and CEM) (Supplementary Table S13). Next, we
tested the genetic contributions of ancient populations to the extant mtDNA variability by analyzing AMOVA
results from 91 combinations of CEPT populations (excluding HGCN) (Supplementary Table S14). Statistical
significance was obtained by performing 10,000 permutation tests. An associated substitution model and gamma
values were calculated separately for both scenarios with jModel test 0.1 AIC and BIC®' (see Supplementary
Information).

mtDNA lineage analyses. To further test genetic affinities and account for the temporal succession of
archaeological cultures in Central Europe, we conducted an analysis of shared ancestral haplotypes as described
in® in CEPT (Supplementary Table S15), and a classical shared haplotype analysis®! in LN/EBA and IA popula-
tions (Supplementary Table S16).

Data Availability

The 27 novel complete mtDNA sequences supporting the results of this article are available in the National Center
for Biotechnology Information (Genbank) under accession numbers MH492638-MH492664, http://www.ncbi.
nlm.nih.gov/Genbank/.
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Metagenome analysis has become a common source of information about microbial communities that occupy a wide range
of niches, including archaeological specimens. It has been shown that the vast majority of DNA extracted from ancient
samples come from bacteria (presumably modern contaminants). However, characterization of microbial DNA
accompanying human remains has never been done systematically for a wide range of different samples. We used
metagenomic approaches to perform comparative analyses of microorganism communities present in 161 archaeological
human remains. DNA samples were isolated from the teeth of human skeletons dated from 100 AD to 1200 AD. The
skeletons were collected from 7 archaeological sites in Central Europe and stored under different conditions. The majority
of identified microbes were ubiquitous environmental bacteria that most likely contaminated the host remains not long
ago. We observed that the composition of microbial communities was sample-specific and not correlated with its temporal
or geographical origin. Additionally, traces of bacteria and archaea typical for human oral/gut flora, as well as potential
pathogens, were identified in two-thirds of the samples. The genetic material of human-related species, in contrast to the
environmental species that accounted for the majority of identified bacteria, displayed DNA damage patterns comparable
with endogenous human ancient DNA, which suggested that these microbes might have accompanied the individual
before death. Our study showed that the microbiome observed in an individual sample is not reliant on the method or
duration of sample storage. Moreover, shallow sequencing of DNA extracted from ancient specimens and subsequent
bioinformatics analysis allowed both the identification of ancient microbial species, including potential pathogens, and
their differentiation from contemporary species that colonized human remains more recently.
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eral complete genome sequences of long-dead organisms have
been determined [1-5]. Typically, aDNA is sampled from teeth
or bones as these are the densest tissues in vertebrates, which
supports the preservation of aDNA in crystal aggregates [6, 7].
Ancient remains are usually deposited in soils for decades, so

During the last 2 decades, a number of methods that permit iso-
lation and sequencing of ancient DNA (aDNA) extracted from ar-
chaeological specimens have been elaborated. As a result, sev-
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DNA extracted is a mix of host DNA fragments and DNA from
different organisms inhabiting the environment. To avoid the
contamination that is usually present on bone/teeth surfaces
(e.g., modern human, bacterial, fungal, or plant DNA), aDNA is
sampled from interior parts, where the amount of aDNA is the
highest. Despite applying rigorous DNA extraction protocols, the
endogenous aDNA usually constitutes much less than 5% of
the total extracted DNA, e.g., 1-5% for a Neanderthal [2] and 4%
for a Mal’ta boy (24 000-year-old human) [8]. Of the remaining
DNA, typically >95% is DNA of different microorganisms that
have colonized the remains and have been acquired from the
environment. When younger remains are considered (100-200
years old), the amount of endogenous aDNA is not much higher
[9]; however, it is possible to obtain a sample containing even up
to 70% of endogenous aDNA [4, 10]. This is because the preser-
vation of DNA depends on many environmental factors [11, 12].
For example, cold temperatures [13, 14], microclimate of caves
where remains have been buried [11], and swampy sediments
[12] are known to enhance DNA stability. Moreover, it has been
shown that the vast majority of DNA isolated from archaeologi-
cal human remains belongs to bacteria that have colonized the
remains [15, 16]. Bacteria amplify the porosity of bone and teeth
[17, 18], making them more accessible to water, which may lead
to so-called endogenous aDNA leaching [19] and replacement by
exogenous DNA.

Some target enrichment procedures have been proposed to
increase the amount of endogenous aDNA [20-24], and among
them is the 2-step digestion method [14, 25, 26]. Interestingly,
Orlando and colleagues showed that 2-step digestion does not
influence the composition of bacterial communities (e.g., is the
same in aDNA samples obtained after the first and second diges-
tion runs) [9]. This observation suggests that niches exist deep
within the bones and teeth. The environmental bacteria may
reach these niches and preserve there.

Metagenome analysis has become a common source of infor-
mation about microbial communities that occupy a wide range
of ecosystems. Until today, environmental components [27] as
well as flora of different human sites [28], e.g., oral [29, 30], skin
[31], or intestinal [32-35], have been well characterized. In our
study, we used this approach to analyze microorganisms that ac-
company archaeological human remains, which until now have
not been exhaustively compared. Prior findings are limited to
the rough identification of environmental bacteria [16] or con-
cern a singular species, usually pathogenic. In the latter cases,
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the analyses were mostly undertaken after the identification
of visible symptoms of past disease [36-38]. Efforts have also
been undertaken to characterize human mummy intestinal [39]
and colon [40] microbes, as well as the ancient oral microbiome
[41-44]. They showed that aDNA of species that colonized the
organism before death may be obtained. However, comprehen-
sive characterization of microbial DNA accompanying human
remains has never been done.

The current study was performed to characterize microor-
ganisms associated with human archaeological remains. We
used shotgun sequencing of DNA isolated from 161 human
teeth collected from 7 archaeological sites dated from 100 AD
to 1200 AD and stored under different conditions (e.g., museum
or grave). For each individual sample, the microbiome was deter-
mined using Metagenomic Phylogenetic Analysis (MetaPhlAn2)
based on multiple specific marker sequences derived from the
genomes of microorganisms [45, 46]. Within this study, we fo-
cused on bacteria and archaea, which are known to constitute
the majority of exogenous DNA in human archaeological re-
mains [15, 16]. We checked whether microbial communities as-
sociated with specimens from different archaeological sites or
of different ages were taxonomically and functionally distinct.
We also attempted to identify microbes that may accompany the
organism even before death and to distinguish bacteria/archaea
that stem from postmortem contamination from those of origi-
nal flora by studying their DNA damage patterns.

We analyzed 161 human bone samples collected from 7 archae-
ological sites in Central Europe (Fig. 1A). As shown in Table 1, the
samples differed by age (Roman Age group [KO and MZ] or Me-
dieval group [GO, SI, NA, ME, and LO]) and by storage conditions
(specimens that were in museum deposits for at least 20 years
[long deposit: KO, MZ, SI, NA, and GO], relatively freshly discov-
ered specimens [stored in museum deposit <5 years, short de-
posit: LO], or samples taken directly from an archaeological site
[arch. site: ME]). Carbon isotope dating of the selected samples
correlated well with dating based on archaeological analysis (see
Supplementary Table S1).

Ancient DNA was always extracted from the roots of teeth.
We drilled those parts of the roots that include both den-
tine and cementum. In all cases, enamel and cementum were
preserved. Subsequently, all DNA samples were subjected to

(C)
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Figure 1: (A) The geographical positions of archaeological sites. KO and MZ are from the Roman Age group, and SI, NA, ME, GO, and LO are from the Medieval Group.
Samples from ME were collected directly at the archaeological site. (B) Number of filtered reads (y-axis) per archaeological site (x-axis). (C) Percentage of reads mapped

to the human genome (y-axis) per archaeological site (x-axis).



Table 1: Characteristics of the samples extracted from ancient human remains

Sample no.
that passed
Archaeological site ID Sample no. selection
Roman Age group
Kowalewko KO 58 48
Mastomecz MZ 27 24
Medieval group
Sowinki SI 21 19
Niemcza NA 36 31
Markowice ME 8 8
Gniezno GO 2 2
Legowo LO 9 8

shallow next-generation sequencing (NGS) with the usage of an
Illumina single-end standard protocol (including blunt-end DNA
repair) and 75 bp sequencing run. Altogether, 846.5 million reads
were obtained. On average, 98.6% of reads passed trimming and
quality filtration. After filtration, for 161 samples, the average
number of reads per sample was 5 143 975 (median = 4 730 243;
range = 34 857-26 055 295). In further analysis, we removed 8
samples that did not meet the arbitrary criterion of minimal
raw reads number (<1 million). The average numbers of reads
differ between archaeological sites (Kruskal-Wallis: P = 0.0166),
but not between types of sample storage (Wilcoxon: P = 0.2685)
or age (Wilcoxon: P = 0.5607) (Fig. 1B). Detailed information on
each sample is summarized in Supplementary Table S1.

All reads were mapped to the reference human genome, and
the percentage of human reads was determined for each sample.
As shown in Fig. 1C, the fraction of human aDNA ranged from
0.01% to 91.9%; however, in most cases (100 samples), it was less
than 5%. Nine samples had more than 50% human aDNA con-
tent. Differences in the amount of human aDNA content were
observed for different archeological sites (Kruskal-Wallis: P =
6.124e-05), but not for freshly recovered and stored in museum
samples (Wilcoxon: P = 0.3160). Marginal statistical significance
was observed between older (KO, MZ) and younger (SI, NA, ME,
GO, LO) samples (Wilcoxon: P = 0.0467), with a higher share of
endogenous human DNA in older samples (average = 11.7% and
7.8%, median = 3.2% and 0.75%, for older and younger samples,
respectively).

To characterize the microbiomes of analyzed archaeological
samples, we used MetaPhlAn2. The program identifies bacte-
ria/archaea, viruses/viroids, and unicellular eukaryotes using
homology-based classification of NGS reads by alignment with
predefined taxa-specific marker sequences [45]. The number of
reads mapped to MetaPhlAn2 markers ranged from 708 (sam-
ple KO_014) to 95 950 (sample KO_006). Two samples with <1000
reads mapped to the marker sequences were removed from fur-
ther analyses as the marker coverage is crucial for proper mi-
croorganism detection [46].

For the remaining 151 samples, our analyses (Fig. 2A) showed
that the majority of reads mapped to bacterial or archaeal mark-
ers (76.4%) and 23.4% to virus/viroid markers. The remaining
0.2% constituted eukaryotes (present in 13 samples; 0.6-8.2%),
which were subsequently identified as fungi, protists, or pro-
tozoa. The contributions of the particular types of microorgan-
isms differed substantially between individual samples (in 12

Date of Storage
Dating excavation conditions Sample type
100-300 AD 1990s Long deposit  Tooth
200-400 AD 1970-1990 Long deposit  Tooth
1000-1100 AD 1980s Long deposit  Tooth
900-1000 AD 1960s Long deposit  Tooth
1000-1200 AD 2014 Arch. site Tooth
1000-1200 AD 1980s Long deposit  Tooth
1000-1200 AD 2013-2015 Short deposit  Tooth

samples, we found only bacteria; in sample KO_28, only viruses
were identified) (Fig. 2C). However, these differences did not
correlate with archaeological site (multivariate analysis of vari-
ance [MANOVA]: P = 0.0532) (Fig. 2B), sample age (MANOVA: P =
0.2054), or storage conditions (MANOVA: P = 0.7672).

The virus fraction varied from 0.1% to 99% between samples.
Analysis of virus taxa showed that most of them were associ-
ated with plants; hence, we reasoned that they may have been
acquired from the environment and were possibly indigenous
flora. The most abundant viruses, Dasheen mosaic virus (58% of all
identified viruses/viroids) and Vicia cryptic virus (26.7%), are both
known to infect plants. Subsequently, 5 viruses and 1 viroid con-
stituted less than 2.5% each of all identified viruses/viroids, and
also all were found to be associated with plant genera (Ageratum,
Sauropus, Cichorium, or Malvastrum). The remaining viruses were
of low abundance (<1%) and were usually present in no more
than a single sample. It is also noteworthy that we identified
within our samples Propionibacterium phage—a double-stranded
DNA (dsDNA) virus that is associated with oral microbiome [47,
48]. Detailed information on the microorganism composition in
individual samples is available in Supplementary Table S2.

In the next step, we focused on the prokaryotic component of the
analyzed microbiomes. We decided to exclude from this analy-
sis samples with a very high fraction of viruses/viroids. As a re-
sult, 11 samples with fewer than 1000 reads mapping exclusively
to bacterial/archaeal MetaPhlaAn2 marker sequences were re-
moved as they did not ensure a reliable microbiome profiling.
Altogether, 25 bacterial and 4 archaeal classes were identi-
fied in exogenous DNA of the analyzed samples, and among
them, 6 bacterial classes accounted for >1% of identified bac-
teria/archaea. The most abundant classes were Actinobacteria
(average = 57%; range = 0.18-98.9%), 3 classes of Proteobacteria
(Alphaproteobacteria [average = 6%; range = 0-65.5%)], Betapro-
teobacteria [average = 7%; range = 0-83.6%|, Gammaproteobacteria
[average = 12%; range = 0-95.4%]), Acidobacteria (average = 5%;
range = 0-39.7%), and Clostridia (average = 4%; range =0-76.8%)
(Fig. 3A). Although most of the bacteria belonging to the first 5
classes are typically found in the environment (wide range of
soils, waters) [27, 49], some of their taxa were human flora com-
ponents. For example, Corynebacterium matruchotii (Actinobacte-
ria) [SO] and Lautropia mirabilis (Betaproteobacteria) [51, 52] repre-
sented more than 5% of the DNA in 4 samples: KO_046b, NA_121,
NA_123, LO_166 and KO_005, KO_006, KO_046b, LO_166, respec-
tively (Supplementary Table S2). Clostridia and Bacteroidetes are
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Figure 2: Microorganism kingdoms detected in analyzed archaeological samples. (A) Pie chart representing overall frequency of microorganism kingdoms in archaeo-
logical samples. (B) Box and whisker plot representing the distribution of frequencies of particular microorganism kingdoms in archaeological sites (GO not shown as
it includes only 2 samples). (C) Stacked barplot indicating the frequency of microorganism kingdoms in a particular sample. Each bar represents an individual sample.
Samples are ordered by the archeological sites. The color legend for all plots is shown at the bottom.

known to include many species inhabiting the human oral cav-
ity or intestines [29]. Additionally, we found, in individual sam-
ples, markers characteristic for human pathogens, e.g., Pseu-
doramibacter alactolyticus (Clostridia) in sample MZ_88 [53] and
Bordetella parapertussis (Betaproteobacteria) [54] in sample SI_084;
Clostridium sordellii and Clostridium tetani (Clostridia) [55, 56] were
found in 2 samples and 1 sample, respectively. Prokaryotic
profiles differed substantially between individual samples (Fig.
3C) but did not differ between specific archaeological sites
(MANOVA: P = 0.3650) (Fig. 3B), sample ages (MANOVA: P =
0.3550), or storage conditions (MANOVA: P = 0.4729). Similar high
variation between individual samples and lack of specificity to
archaeological sites was observed when prokaryotes were di-
vided into groups based on gram -+/- type (MANOVA: P = 0.4364)
or oxygen requirements (aerobic, facultative aerobic, anaerobic,
facultative anaerobic; MANOVA: P = 0.5726) (see Supplementary
Figs S1 and S2).

The identification of singular prokaryotic taxa that are
human- rather than environment-related motivated us to de-
termine the fraction of microbes potentially associated with hu-
mans. All identified bacteria and archaea were divided on a
genus level into 2 groups: environmental and human-related.
The latter was further divided into 3 subgroups: oral, poten-
tial pathogens, and other (mostly gut). The genus characteris-
tics were inferred based on the features of species identified by
MetaPhlAn2. A genus was classified as human-related only if all
species of this genus identified in our samples were human-
related. The analysis showed that the majority (85.19%) of all
bacteria/archaea were environmental (coming from soil and/or
water); however, a substantial fraction of the investigated taxa

(14.81%) were human-related, including 12.43% of microbes typ-
ical for human oral flora, 1.33% of potentially pathogenic bacte-
ria, and 1.05% of other (see Fig. 4A and B). As shown in Fig. 4C,
the fraction of human-related genera varied significantly among
samples, and some of these genera constituted most of the ex-
ogenous DNA. Although the fraction of human-related genera
did not differ significantly between archaeological sites (1-way
ANOVA: P = 0.7480), it was noteworthy that this fraction was
highest in NA, the archaeological site dated to the Middle Ages,
from which the samples had been stored in a deposit for more
than 20 years (see Fig. 4B). Interestingly, there was no relation
between prevalence of human-related microbes and the lev-
els of virus/viroid accumulation or the level of endogenous hu-
man aDNA (see Supplementary Table S1). The identification of
human-related species in ancient remains raised the question of
whether some of them accompanied the individual even before
death.

Among all samples, the most frequent genera were the soil
bacteria Brevibacterium (8.5% of all; present in 53 samples >1%;
max. 71%) and Kribbella (8.4% of all; present in 60 samples >1%;
max. 70%). The most abundant oral genera were Bacteroidetes
(1.6% of all; present in 23 samples >1%; max. 28%), Desulfob-
ulbus (1.4% of all; present in 25 samples >1%; max. 44%), and
Eubacterium (1.4% of all; present in 20 samples >1%; max. 32%).
Methanobrevibacter (0.8% of all; in 7 samples >1%; max. 34%), typ-
ically found in the human digestive system and in the oral cav-
ity, was the most abundant taxon in the other human-related
group as only M. smithii (human gut flora component) were iden-
tified in our samples (Supplementary Table S2). However, it must
be pointed out that the genus Methanobrevibacter also contains
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Figure 3: Bacterial and archaeal classes detected in analyzed archaeological samples. (A) Pie chart representing overall frequency of bacterial and archaeal classes
in archaeological samples. (B) Box and whisker plot representing the distribution of frequencies of the 6 most abundant bacterial classes (present in at least 1%) of
archaeological sites (GO not shown as it includes only 2 samples). (C) Stacked barplot indicating the frequency of bacterial and archaeal classes in a particular sample.
Each stacked bar represents an individual sample. Samples are ordered by the archeological sites. The color legend for all plots is shown at the bottom.

species commonly found in the oral flora, e.g., M. oralis, which
was not identified within analyzed samples; Bordetella was the
most abundant taxon classified as a potential human pathogen
(B. pertussis is known to cause pertussis; 1.2% of all; in 16 samples
>1%; max. 60%).

In general, 89% of the analyzed prokaryotes were aerobic or
facultative aerobic (Supplementary Fig. S1), and 63% were gram-
positive (Supplementary Fig. S2). However, in the human-related
group only (Table 2), the percentage of aerobic or facultative aer-
obic taxa was smaller (24%, 49%, and 54% for oral, pathogen,
and other groups, respectively). Additionally, we found that
the gram-negative prokaryotes dominated in the oral group
(55%) and gram-positive prokaryotes in the other human-related
group (70%). This slight dominance of gram-negative taxa in the
oral group might be caused by lysozyme presence in an oral
cavity that preferentially protects against gram-positive bacteria
[57]. We additionally noticed that gram-negative species domi-
nated (68%) in the potential pathogen group. These character-
istics seem very useful for preliminary assessment of bacterial
populations accompanying human remains.

To further investigate whether the prokaryotic profile per-
mits classification of individual samples into specific groups
(e.g., samples of similar age or storage conditions or samples
from the same archaeological site), we performed Principal Co-
ordinates Analysis (PCoA; Jaccard distance) on 4 taxonomic lev-
els (class, family, genus, and species) (Fig. 5). Samples grouped

into 1 big cluster in graphs created on all taxonomic levels. In
the PCoA graphs generated on the family, genus, and species
levels, there was 1 more significantly smaller cluster visible. Im-
portantly, none of these clusters segregated samples according
to the abovementioned features (age, storage, and site). Princi-
pal Component Analysis (PCA) (see Supplementary Fig. S3) and
the Shannon diversity index (see Supplementary Table S1) again
revealed high variation between individual samples at all an-
alyzed taxonomic levels but did not show separation by sam-
ple source (species level, 1-way analysis of variance (ANOVA):

= 0.5660), sample age (species level, t-test: P = 0.5535), or
storage type (species level, t-test: P = 0.3516). We also tested
a hypothesis that the occurrence of some human-related or
environmental bacteria might be associated with archeological
sites. We performed PCA (Supplementary Fig. S4) and hierar-
chical clustering (Supplementary Fig. S5) on selected bacterial
genera and found out that neither human-related nor environ-
mental microbes segregated samples according to the archeo-
logical site, age, or storage type. Finally, we clustered samples
based on 10-mer distances between exogenous reads (see the
Methods section) and again observed no segregation according
to the archeological site, age, or storage type (Supplementary
Fig. S6).

In order to confirm that the major source of microbes
observed in human archeological samples was the environ-
ment, we compared their microbiomes with the microbiomes of
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Table 2: The percentage of bacteria/archaea of a given respiratory type (facultative [aerobic/anaerobic] and gram stain type [positive/negative|
within environmental and human-related groups [oral, pathogenic, or other])

Group (Facultative) anaerobic

Environmental 4% 96%
Oral 76% 24%
Pathogenic 51% 49%
Other human-related 46% 54%

humans [58] and soils [27] by PCoA at the genus level (see Sup-
plementary Fig. S7).

All results presented above were obtained with the use of
datasets generated by relatively shallow sequencing (on aver-
age ~5 million reads per sample). To check the reliability of our
results, we determined for the selected samples to what ex-
tent the composition of microbiomes (on the class level) is af-
fected by the depth of sequencing. For this analysis, we used
11 representative samples differentiated in terms of (i) filtered
read numbers obtained in the shallow sequencing experiment
(~2-8 million), (ii) number of reads mapped to the MetaPhlAn2
markers (~1000-60 000), and (iii) prokaryotic fraction (~10-90%).
Eight samples were sequenced to the depth of ~50 million reads
and 3 to the depth of ~100 million reads. Subsequently, we ran
a MetaPhlAn2 profiling analysis on deep sequencing datasets.
As expected, the total number of filtered reads as well as the
number of reads mapping to the MetaPhlAn2 marker sequences
increased significantly (about 9-fold); however, the Shannon di-
versity indexes and microbial compositions remained intact

(Facultative) aerobic

Gram-positive Gram-negative

66% 34%
45% 55%
32% 68%
70% 30%

(correlation R = 0.91-0.99) (Fig. 6A; Supplementary Table S3). We
obtained similar results when we analyzed 3 other taxonomic
levels with somehow decreasing R with the depth of taxonomic
level (average R = 0.96, 0.90, 0.88, 0.78 for class, family, genus,
and species levels, respectively) (Fig. 6B; Supplementary Fig. S8).
It is noteworthy that sample KO_030, second lowest in the num-
ber of raw reads, displayed very low correlation (R = 0.35) on a
species level when results obtained based on shallow sequenc-
ing (~2.6 million reads) and deep sequencing (~47 million reads)
were compared (Supplementary Fig. S8 and Supplementary
Table S3). Overall, the correlation coefficient R and statistical sig-
nificance values (P < 0.0001 in most cases) (see Supplementary
Fig. S8) were still very high and confirmed that the microbial pro-
files obtained based on the shallow sequencing datasets are re-
liable and do not change significantly when datasets generated
in much deeper sequencing are used to establish them.

Finally, to verify whether identified human-related prokaryotes
are ancient species that colonized the human body before death
or are modern contaminants, we analyzed the signatures of
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Figure 5: Principal coordinate analysis of microbial compositions at 4 taxonomic levels: (A) class, (B) family, (C) genus, and (D) species. Samples from certain archaeo-

logical sites are marked in different colors and labeled with an archaeological site ID.

age-related DNA damage. Age-related DNA damage was evalu-
ated with the usage of mapDamage2.0 [59], which simulates the
posterior distribution of (i) deamination in single-stranded DNA
(8s), (ii) deamination in dsDNA (84), and (iii) the level of DNA frag-
mentation (1, represented as: 1/A-1) [60, 61].

For this analysis, we used sequences of 77 complete genomes
of the most representative prokaryotes of 313 identified in our
samples (Supplementary Table S4). The 77 selected species con-
stituted 93% of all identified bacteria/archaea, and each of the
selected species accounted for at least 10% in at least 1 sample
(Supplementary Table S4A). The remaining species represented
only 7% of the total microbial DNA, and they typically accounted
for less than 1% of an individual sample. Subsequently, for each
sample, we mapped all reads against (i) all 77 selected genomes;
(ii) a subset of 55 environmental bacteria genomes; (iii) a sub-
set of 14 oral bacteria genomes; (iv) a subset of 3 gut bacte-
ria and archaea genomes; (v) a subset of 5 potential pathogen
genomes; and (vi) a subset consisting of all human-related bac-
terial genomes (22 genomes; oral, gut, and pathogens). Addition-
ally, we mapped reads against a reference human genome to
compare in each sample the level of DNA damage in human and
microbial genomes. The comparison of DNA damage signatures
in human and microbial DNA in individual samples is presented
in Supplementary Fig. S9 and Supplementary Fig. S10.

As shown in Fig. 7, the average DNA damage determined for
all 77 microbial genomes decreased with the increase in en-
vironmental bacteria fractions. Microbial DNA damage values
differed significantly between samples with different fractions
of environmental components (1-way ANOVA: (§s) P = 0.0413;
(84) P = 0.0001; (1/2-1) P < 0.0001). The samples with the low-
est (<25%) contribution of environmental bacteria displayed the
highest level of microbial DNA damage (on average: §s = 0.2643,
84 = 0.0067, 1/x-1 = 2.7933), comparable with those observed for
endogenous human aDNA (on average: §s = 0.3571, §4 = 0.0279,
1/x-1 = 1.6667). Noticeably, the damage of human aDNA did not
depend on the amount of environmental bacteria in a sample
(1-way ANOVA: (55) P = 0.8630; (54) P = 0.3530; (1/A-1) P = 0.4770)
(Fig. 7).

In the next step, for each sample, we calculated the DNA
damage values separately for the following groups of bacterial
species: (i) environmental; (ii) all human-related; (iii) oral; (iv)
gut; and (v) potential pathogens. We compared these values with
corresponding values determined for the endogenous human
aDNA in the same sample. As is shown in Fig. 8, the highest dif-
ferences between the levels of human and microbial DNA dam-
age were observed for environmental bacteria that showed very
little DNA damage (on average: Ads = 0.1767; Adq = 0.0264; A(1/2-
1) = 1.3089). It is also shown in Fig. 8 that the DNA damage of
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Figure 7: The DNA damage in samples with different fractions of environmental
bacteria/archaea. Barplots indicating deamination rate in single-stranded DNA
overhangs (§s) and double-stranded DNA fragments (34) in microbial (left-hand
site) and human DNA (right-hand site), grouped based on the fraction of en-
vironmental bacteria/archaea in the sample and the length of single-stranded
DNA overhangs (%, expressed as: 1/1-1) calculated for 77 representative bacte-
ria/archaea and endogenous human aDNA. Samples were grouped based on the
fraction of environmental bacteria/archaea in a sample (0-25%, 25-50%, 50-75%,
and 75-100%).

human-related species is similar to that observed for human
aDNA (average: Ads = 0.1224; A§q = 0.0278; A(1/A-1) = -0.8805).
The variations in the obtained values may result from different
rates of microbial DNA decay as well as from misclassification
of some microbial species.

Actinobacteria, as well as all classes known to be non-spore-
forming, are more durable than other bacteria [62]. Thus, we
used Actinobacteria (the most abundant class in our study) to
analyze whether the differences between environmental and
human-related species in DNA damage levels were influenced
by different rates of damage in various microbe types. Within the
human-related group (oral), we identified 3 species belonging to
Actinobacteria, present in 12 samples in >5%. Within the environ-
mental group, we identified 12 species, present in 104 samples
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Figure 8: The differences of DNA damage levels (Ads, Adq, AL, expressed as:
A(1/1-1)) of bacteria/archaea species belonging to the 5 groups (environmental,
all human-related, oral, gut, and pathogen) in comparison to damage levels in
human aDNA. Boxes, whiskers, and dots represent the distribution of differences
in DNA damage levels of particular bacterial/archaeal groups. Each dot repre-
sents the difference in an individual sample. The color legend is the same as in
Fig. 4 (all human-related species are in orange).

as >5%. The DNA damage pattern comparison again showed a
higher damage rate in human-related rather than environmen-
tal Actinobacteria (t-test: (§s) P = 0.0091; (34) P = 0.0299; (1/x-1)
P = 0.0004) (Fig. 9). This finding confirmed that the larger accu-
mulation of DNA damage observed for human-related species
was not microbe type-specific. Therefore, different DNA dam-
age levels in environmental and human-related bacteria did not
result from differences in the stability of bacterial genomes but
from their age.
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Figure 9: DNA damage level (35, 84, 1/A-1) in environmental and all human-
related Actinobacteria species. Boxes, whiskers, and dots represent the distribu-
tion of DNA damage levels in particular samples. The color legend is the same
as in Fig. 4 (all human-related species are in orange).

This study represents one of the most comprehensive analy-
ses of the microbiomes that accompany ancient human skele-
tal remains. Accordingly, the analyzed DNA could come from (i)
microorganisms that formed the human microbiome and ex-
isted in the human organism before death or (ii) environmen-
tal species that contaminated human remains or participated
in the body’s decomposition process.

In this study, we analyzed 161 datasets (total sequencing >
63 Bbp) collected from 7 different archaeological sites. We em-
ployed a novel approach based on a clade-specific genes anal-
ysis (MetaPhlAn2) [63]. This method relies on the database of
marker sequences derived from whole genomes that unequivo-
cally allows for the identification of microbial taxa down to the
species level. Moreover, this method works not only for prokary-
otes but also for all unicellular organisms and viruses. In con-
trast, a traditional approach based on the analysis of a singu-
lar 16S rRNA marker gene [64] is limited to the identification of
bacteria/archaea at the genus level at most, thus being less ac-
curate [65]. The applied methodology allowed us to determine
the amount and type of viruses and fungi as well as bacteria
and archaea in the analyzed samples. Notably, we showed that
shallow sequencing (the average number of reads per analyzed
sample was ~5 million) permitted retrieval of reliable microor-
ganism profiles. The result, validated using deeper sequencing
(to 50-100 million reads), confirmed that our findings from shal-
low sequencing were trustworthy, although it has to be noted
that the accuracy slightly decreased with the taxonomic levels
(Fig. 6).

The thorough analyses of all microorganisms as well as only
prokaryotes revealed that there are substantial differences be-
tween individual samples, but the differences were not charac-
teristic for particular sample types. We showed that there was
no correlation between the composition of microbial population

and geographical place, sample age, or storage history. It has to
be noted, however, that our results do not exclude completely
the effect of storage on microbial composition. Such an effect
may exist, but it is too low to be detected due to very high varia-
tion in microbial composition between individual samples. On
the other hand, the high variance may suggest that pores in
the teeth constitute independent variable micro-environments,
some easily accessible to an exogenous DNA, while others not
(or temporarily not), which promotes the stochastic and unique
microbial composition. Moreover, the comparison between mu-
seum specimens (more than 20 years from excavation) and rel-
atively freshly sampled materials suggested that the treatment
applied before storage (e.g., washing) and storage itself do not
influence the microorganism composition in tooth niches. Most
likely, the migration of bacteria or a diffusion of microbial DNA
and other microorganisms must be most intense when the re-
mains are in direct contact with soil or water and negligible
when placed in a relatively sterile environment, such as a mu-
seum deposit. These findings are of a certain importance as they
indicate that studying ancient microbiome museum specimens
may be as good as studying freshly discovered specimens.

Overall, we identified 25 microbial classes; the genetic ma-
terial of 6 of them comprised more than 1% of all bacterial and
archaeal DNA (Fig. 3A). Most of identified genera were ubiqui-
tous bacteria belonging to the Actinobacteria class, such as Bre-
vibacterium, Kribbella, Actinoplanes, and Streptosporangium, which
are typically found in a wide range of soils and waters (Fig. 4).
The obtained results are in line with previous findings [15, 16,
49], as well as with the common notion that DNA contamination
of fossil remains comes from the soil and water. In addition, in
some samples, we identified a substantial portion of microbes
associated with the human body, mainly with the oral cav-
ity, belonging predominantly to the Clostridia (Eubacterium, Pseu-
doramibacter), Actinobacteria (Propionibacterium, Corynebacterium,
Actinomyces), and Bacteroidia (Tannerella) classes. Moreover, we
identified 2 bacterial and 1 archaeal genera typical of the hu-
man digestive system: Neisseria, Escherichia (Proteobacteria class),
and Methanobrevibacter (Methanobacteria class), as well as 4 po-
tential human pathogens: Bordetella, Stenotrophomonas, Bartonella
(Proteobacteria class), and Clostridium (Clostridia class).

The analyses of viruses present in the aDNA samples re-
vealed that the substantial fraction of them accounted for 2
plant RNA viruses, whose genomes are composed of ssRNA:
Dasheen mosaic virus (58% of all identified viruses/viroids) and
Vicia cryptic virus (26.7%). As our NGS library preparation proto-
col was not designed for RNA sequencing (lack of the reverse
transcription step), this result is rather unexpected and has to
be interpreted with caution. Identification of RNA viruses may
be potentially explained by (i) unintended reverse transcription
of viral RNA either by some environmental reverse transcrip-
tase or by DNA polymerase used for the NGS library preparation
(DNA polymerase can display residual activity on RNA template,
especially if the latter is in a relatively high concentration); or
(ii) missmapping of some reads to markers of RNA viruses and
consequently microbial misclassification. The second possibil-
ity may be enhanced by the very high genetic variability of RNA
viruses. Thus, further studies are required to solve this problem.

DNA damage pattern analysis of the identified environ-
mental and human-related microbes showed that the DNA
of human-related species had significantly higher numbers of
C — T and G — A substitutions, which are typical of aDNA.
Moreover, their damage levels were comparable with those ob-
served for endogenous human aDNA in the corresponding sam-
ples (see Supplementary Figs S9 and S10). According to the



assumption that environmental microbes colonized archaeolog-
ical bones relatively recently, DNA of environmental microbes
displays a minimal amount of aDNA characteristic signatures.
There is a possible bias caused by different dynamics of post-
mortem DNA modifications in various bacteria types [66]. It
has been shown that non-spore-forming Actinobacteria are more
durable than endospore formers such as Bacillaceae and Clostridi-
aceae [62]. The DNA damage analysis within the Actinobacteria
class only revealed that human-related Actinobacteria species
manifested aDNA damage patterns and that the environmen-
tal species showed the opposite pattern. This additional anal-
ysis supported our results and showed that the different levels
of aDNA damage in environmental and human-related groups
were not caused by the differences in bacterial genome stability.
This also suggested that the identified human-related species
may truly accompany the individual even before death. For en-
vironmental components, it seems that their DNA is relatively
young and must have been acquired recently. One possible ex-
planation is that some niches in the teeth are open and DNA
exchange occurs continuously with the environment, whereas
other niches are hardly accessible, so only endogenous species
may reach and be preserved in these niches.

Many human pathogens belong to the same genera as envi-
ronmental species [67]. For example, Bordetella bronchiseptica can
survive in the environment and is present in a wide range of an-
imals [68, 69]. The genus Bordetella also contains species that are
commonly found in the environment, such as B. petrii. Clostrid-
ium tetani is known to be the causative agent of tetanus, but it
is often found in soils and participates in the body’s decompo-
sition process. Hence, the identification of potential pathogens
in body remains may not certainly mean that the individuals
were infected with the bacterium before death. In fact, our anal-
yses revealed that the DNA of some of the identified potential
pathogens showed the DNA damage degree closer to the dam-
age of environmental microbes than to the damage of human-
associated ones.

We showed that identification of candidate bacteria/archaea
species accompanying the organism before death is possible us-
ing standard aDNA extraction protocols and shallow shotgun
sequencing. The use of microbial markers derived from whole
genomes is crucial as aDNA typically lacks huge blocks of infor-
mation and using only the 16S rRNA gene as a marker may be
not sufficient.

Our results indicated that not only fresh samples but also
museum specimens seem to be good sources of ancient mi-
crobial DNA. Moreover, this methodology may be employed
for screening remains without visible signs of disease, which
provides the huge possibility of finding ancient pathogens
for further analysis. In particular, this may provide additional
knowledge to the fields of epidemiology and bacterial popula-
tion genomics, allowing for the investigation of the rate of bac-
terial evolution, and may even bring forth some information on
the ancient human diet.

Here, we showed that the composition of the microbiome of
archeological remains is highly variable but does not show any
evident correlation with the method or duration of sample stor-
age. That opens up a possibility to study on a wide range the mi-
crobiomes present in human and also non-human remains. We
also demonstrated that it is possible to obtain reliable profiles of
microbiomes from single-end shallow next-generation sequenc-

ing that allow the cutting of time and costs for any microbiome
study. The presented procedures might be used as a first step
of ancient pathogen identification, especially when a large set
of samples with no apparent infection symptoms is considered.
Finally, our studies revealed that by analyzing the DNA damage
pattern, one can identify the putative ancient microorganisms
present in the microbiome of archeological remains.

DNA extraction from teeth was performed in the ancient DNA
laboratory at the Faculty of Biology, Adam Mickiewicz Univer-
sity, Poznan, Poland. To avoid contamination that might be in-
troduced through laboratory manipulations, all reagents used
for DNA purification (buffers, water) and small plastic materi-
als were UV irradiated (254 nm) for 1 hour. The surface of the
teeth was cleaned with 0.5-5% NaOClI, rinsed with sterile and
UV-irradiated water, and exposed to UV (254 nm) for 2 hours per
each site. Following UV irradiation, the roots of the teeth were
drilled using Dremel®), and bone powder was collected to sterile
tubes (2 ml) and digested for 48 hours at 56°C in a buffer con-
taining EDTA, UREA, and proteinase K, as described in Juras et
al. [70]. After digestion, DNA was purified using the MinElute kit
(QIAGEN, RRID:SCR_008539) according to Yang et al. [71] and
Malmstrom et al. [72]. Genomic libraries preparation was per-
formed as described in Meyer and Kircher [73]. The protocol
comprised a blunt-end repair step. A single-stranded DNA over-
hanging 5'- and 3'-ends was filled in or removed by T4 DNA poly-
merase. Typical T4 DNA polymerase removes 3'-overhangs and
fills in 5’-overhangs. Shallow sequencing was conducted follow-
ing the Illumina single-end standard protocol on GAIIx using a
75-bp sequencing run. Deep sequencing was conducted follow-
ing the Illumina pair-end standard protocol on GAlIx using a 100-
bp sequencing run.

DNA contamination from the laboratory environment and
reagents was controlled through setting up negative controls
during DNA extraction, genomic libraries preparation, and am-
plification in parallel with the samples at all experimental steps.
DNA concentrations in negative controls were undetectable with
Qubit dsDNA HS Assay (Thermo Fisher Scientific) and Bioan-
alyzer 2100 HS DNA Assay (Agilent), implying concentrations
below 0.01 ng/ul. Concentrations of the libraries built from an-
cient human teeth were between 1.1 and 125.5 ng/ulL (on aver-
age, 18.76 ng/uL). The amount of DNA in negative controls was at
least 100-fold lower than for ancient samples and was not sub-
jected to the sequencing.

All reads were trimmed, and adapters were removed using the
AdapterRemoval tool (AdapterRemoval, RRID:SCR_011834) [74].
The minimal length of reads was set to 25, and the minimal base
quality was set to 30.

To investigate the composition of microbial communities
in each sample, we used the MetaPhlAn2 program with de-
fault settings (MetaPhlAn, RRID:SCR_004915) [46]. To avoid bias
in the assessment of microorganism abundance, we mapped
(using Bowtie2 [Bowtie2, RRID:SCR_005476] [75] and the recom-
mended sensitive global alignment strategy) all reads against
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the MetaPhlAn2 markers database and removed PCR duplicates
with Picard MarkDuplicates tool 1.82 (Picard, RRID:SCR_006525).
Next, we ran MetaPhlAn2 with the option “-a” to determine all
taxonomic levels.

To assess the amount of endogenous DNA, reads were
mapped against human nuclear (hg19) [76] and complete mito-
chondrial genomes (GenBank Accession no. NC 012920.1) [77].

To investigate aDNA damage patterns, we employed
mapDamage2.0 with the default settings (mapDamage,
RRID:SCR-001240) [59]. All plots were generated using R 3.3.2
ggplot2 package (ggplot2, RRID:SCR_014601).

Shannon diversity, PCA, and PCoA on 4 taxonomic levels (class,
genus, family, species) were run in R (functions: diversity(),
prcomp(), and pcoa(), respectively) for all identified microorgan-
isms and for bacteria/archaea only. PCoA was run on the Jac-
card, and Bray-Curtis distance tables were calculated from the
taxon abundance. To determine whether low-abundance taxa
(<1%) may have influenced the analysis, we also ran PCoA with-
out them (data not shown). To determine if k-mers of exoge-
nous reads might segregate samples according to their age, stor-
age, or archeological site, we followed the approach described in
Dubinkina et al. [78].

To test if certain groups displayed statistically significant dif-
ferences, we applied a 1-way ANOVA, followed by a Tukey HSD
and a t-test (R functions: aov(), TukeyHSD(), t.test()), as well as the
following non-parametric tests: Kruskal-Wallis and Wilcoxon (R
functions: kruskal.test(), wilcox.test()).

Correlation R was calculated as a Pearson correlation
coefficient.

Supplementary Table S1. Summarized information on NGS
datasets used within this study. The first column from the left
lists sample IDs. Column 2 comprises information on C14 dating
of selected samples. Column 3 and column 4 describe the depth
of sequencing (number of raw and filtered reads). Columns 5
and 6 describe the reads that map to the human genome (num-
ber, percentage). Columns 7 and 8 describe reads mapping to
the Metaphlan2 markers DB (number, percentage). Column 9
describes the number of reads that mapped to the prokaryotic
markers only. Columns 10-16 describe the percentage (within
a sample) of viruses/viroids, eukaryote, all prokaryote, envi-
ronmental prokaryote, oral prokaryote, other human-related
prokaryote, and potential pathogens, respectively. Columns 17-
22 describe the number of identified bacterial/archaeal taxa and
Shannon index on class, family, and species level, respectively.

Supplementary Table S2. Summarized information on bacte-
rial/archaeal taxa (column 1) identified within samples (columns
5-165). Column 2—4 describe taxon gram stain type, respiratory
type, and its typical habitat, respectively.

Supplementary Table S3. The information on 11 samples
used for the validation of results obtained in a shallow sequenc-
ing experiment. The first column from the left lists sample IDs.
Column 2 describes the total number of filtered reads. Columns 3
and 4 describe the reads that mapped to the Metaphlan2 mark-
ers DB (number, percentage). Column 5 describes the percent-
age of prokaryote identified in a sample. Columns 6 and 7 de-
scribe the number of bacterial/archaeal classes and the Shannon
index.

Supplementary Table S4. Summarized information on 77
bacterial and archaeal species (column 1) selected for aDNA
damage analysis. Columns 2-4 describe species gram stain type,
respiratory type, and its habitat, respectively. Columns 5-12 de-
scribe the number of samples in which the species were present
in more % than the threshold (80%, 70%, 60%, 50%, 40%, 30%,
20%, 10%, 1%, respectively). Column 13 describes the maximal
percentage of a species observed. Column 14 describes the over-
all percentage of a species in all samples. Columns 15-154 de-
scribe the species percentage in an individual sample. A) Ta-
ble summarizes the number of samples with species present in
more than the threshold and their percentage with respect to
the all the identified species.

aDNA_microorganisms_Figlerowicz_Supplementary_
Figures.pdf

aDNA_microorganisms_Figlerowicz_Supplementary_
Tables.xlsx

aDNA_microorganisms_Figlerowicz_Supplementary_Tables_
leg.docx

aDNA ancient DNA
dsDNA double-stranded DNA
NGS next-generation sequencing.
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Supplementary Table 1. Summarized information on NGS datasets used within this
study. The first column form the left lists samples IDs. Column 2 comprises
information on Cl4 dating of selected samples. Column 3 and column 4 describe the
depth of sequencing (number of raw and filtered reads). Columns 5 and 6 describe the
reads that map to the human genome (number, percentage). Columns 7 and 8 describe
reads mapping to the Metaphlan2 markers DB (number, percentage). Column 9
describes the number of reads that mapped to the prokaryotic markers only. Columns
10-16 describe the percentage (within a sample) of viruses/viroids, eukaryote, all
prokaryote, environmental prokaryote, oral prokaryote, other human-related
prokaryote and potential pathogens, respectively. Columns 17-22 describe the number
of identified bacterial/archaeal taxa and Shannon index on class, family and species

level respectively

Supplementary Table 2. Summarized information on bacterial/archaeal taxa
(Column 1) identified within samples (Columns 5-165). Column 2-4 describe taxon

gram stain type, respiratory type and its typical habitat, respectively

Supplementary Table 3. The information on 11 samples used for the validation of
results obtained in shallow sequencing experiment. The first column form the left lists
samples IDs. Column 2 describes the total number of filtered reads. Column 3 and 4
describe the reads that mapped to the Metaphlan2 markers DB (number, percentage).
Column 5 describes the percentage of prokaryote identified in a sample. Column 6 and

7 describe the number of bacterial/archaeal classes and Shannon index

Supplementary Table 4. Summarized information on 77 bacterial and archaeal
species (Column 1) selected for aDNA damage analysis. Columns 2-4 describe species
gram stain type, respiratory type and its habitat, respectively. Columns 5-12 describe
the number of samples in which the species were present in more % than the threshold
(80%, 70%, 60%, 50%, 40%, 30%, 20%, 10%, 1% respectively). Column 13 describes

the maximal percentage of a species observed. Column 14 describes the overall



percentage of a species in all samples. Columns 15-154 describe the species percentage
in an individual samples. A) Table summarizes the number of samples with species
present in more than the threshold and their percentage in respect to the all of

identified species



Spis rysunkow uzupekniajacych

Supplementary Figure 1. Bacterial/archaeal respiratory types detected in analyzed
archaeological samples. A) Pieplot representing overall frequency bacterial/archaeal
respiratory types in archaeological samples; B) box and whiskers plot representing the
distribution of frequencies of particular bacterial/archaeal respiratory type in
archaeological sites (GO not shown as includes only 2 samples); and C) stacked barplot
indicating the frequency of bacterial/archaeal respiratory types in a particular sample.
Each bar represents an individual sample. Samples are ordered by the archeological

sites. The color legend for all plots is shown at the bottom

Supplementary Figure 2. Bacterial/archaeal gram stain types detected in analyzed
archaeological samples. A) Pieplot representing overall frequency bacterial/archaeal
gram stain types in archaeological samples; B) box and whiskers plot representing the
distribution of frequencies of particular bacterial/archaeal gram stain type in
archaeological sites (GO not shown as includes only 2 samples); and C) stacked barplot
indicating the frequency of bacterial/archaeal gram stain types in a particular sample.
Each bar represents an individual sample. Samples are ordered by the archeological

sites. The color legend for all plots is shown at the bottom

Supplementary Figure 3. Principal component analysis (PCA) of microbial
compositions at genus taxonomic level. Left-hand side: Principal components 1 and 2.
Right-hand side: Principal components 1 and 3. Samples from certain archaeological

sites are marked in different colors and labelled with archaeological site ID

Supplementary Figure 4. Principal component analysis (PCA) of microbial
compositions at genus taxonomic level: A) Human-related genera B) Environmental
genera. Left-hand side: Principal components 1 and 2. Right-hand side: Principal
components 1 and 3. Samples from certain archaeological sites are marked in different

colors and labelled with archaeological site ID



Supplementary Figure 5. Hierarchical clustering of samples (Manhattan distances,
cluster method: average) at the genus taxonomic level A) Human-related genera B)
Environmental genera. Samples from certain archaeological sites are marked in

different colors and labeled with archaeological site ID

Supplementary Figure 6. Principal component analysis (PCA) of exogenous 10-mer
reads. Left-hand side: Principal components 1 and 2. Right-hand side: Principal

components 1 and 3

Supplementary Figure 7. Principal coordinate analysis (PCoA) of microbial
compositions at genus taxonomic level in various human associated microbiomes
(mouth - brown squares, nose — red squares, skin — green squares, vagina - purple
squares, stool - blue squares), soils (light green circles) and ancient human remains
(black labels). Left-hand side: Principal components 1 and 2. Right-hand side: Principal

components 1 and 3

Supplementary Figure 8. Comparison of bacterial and archaeal profiles (stacked
barplot) on A) class B) family C) genus D) species levels based on shallow and deep
sequencing of the selected 11 samples (Sample ID is indicated on the x axis). The
correlation coefficient R is placed above each shallow/deep stacked bar pair. The bar

colors represent different classes, families, genera or species, respectively.

0.01>p>0.001; ** p=0.09360; nothing: p<0.0001

Supplementary Figure 9. The differences of DNA damage levels (8s) of human and
bacterial/archaeal DNA in individual samples. Human DNA is in black, All
bacterial/archaeal DNA is in grey and bacterial/archaeal DNA belonging to the
environmental group is in green, all human-related in orange, oral in blue, other in

yellow and pathogen in red

Supplementary Figure 10. The differences of DNA damage levels (A , expressed as:
1/A-1) of human and bacterial/archaeal DNA in individual samples. Human DNA is in

black, All bacterial/archaeal DNA is in grey and bacterial/archaeal DNA belonging to



the environmental group is in green, all human-related in orange, oral in blue, other in

yellow and pathogen in red
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