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1. Introduction	
	 Since	the	early	1980’s	the	analyses	of	DNA	obtained	from	archaeological	remains	has	

proved	to	be	a	valuable	tool	for	the	investigation	of	human	history	(Higuchi	et	al.	1984,	Pääbo	

1985,	Pääbo	et	al.	1988,	Rollo	et	al.	1988,	Pääbo	et	al.	2004;	Rizzi	et	al.	2012;	Pickrell	and	

Reich	2014;	Hagelberg,	Hofreiter,	and	Keyser	2015).	The	introduction	of	next-generation	se-

quencing	techniques	and	associated	protocols	has	further	reinforced	this	value,	and	conse-

quently	the	popularity	of	ancient	DNA	(aDNA)	analyses,	by	providing	the	means	to	produce	an	

unprecedented	depth	of	data	from	which	to	work	(Schuster	2008;	Knapp	and	Hofreiter	2010;	

Loreille	et	al.	2011;	Overballe-Petersen,	Orlando,	and	Willerslev	2012;	Der	Sarkissian	et	al.	

2015).	The	data	obtained	from	archaeological	remains	can	shed	light	on	a	myriad	of	topics	in-

cluding	human	evolution	(Itan	et	al.	2009;	Sankararaman	et	al.	2014;	Ermini	et	al.	2015),	pop-

ulation	genetics	(Orlando	et	al.	2002;	Haak	et	al.	2005;	Malmström	et	al.	2009;	Haak	et	al.	

2010;	Brandt	et	al.	2013)	,	the	genetic	history	of	domestication	and	subsequent	evolution	of	

domesticated	species	(Jaenicke-Després	et	al.	2003;	Larson	et	al.	2007;	Scheu	et	al.	2008;	Ki-

mura	et	al.	2011;	MacHugh,	Larson,	and	Orlando	2017),	host-pathogen	co-evolution	(Hunter	

2014;	Donoghue	et	al.	2015;	Harkins	and	Stone	2015),	and	the	evolution	of	the	microbiome	

(Weyrich,	Dobney,	and	Cooper	2015;	Schnorr	et	al.	2016;	Groussin	et	al.	2017;	Lugli	et	al.	

2017).	The	sampling	of	remains	for	aDNA	analyses,	however,	is	an	inherently	destructive	pro-

cess	where	irreplaceable	parts	of	the	anthropological	record	are	damaged	or	outright	de-

stroyed	to	in	order	to	gain	access	to	the	DNA	preserved	within	them.	This	raises	considerable	

ethical	dilemmas,	particularly	as	these	remains	are	a	not	only	finite	resource	important	for	

the	investigation	of	innumerable	aspects	of	history	but	can	also	be	of	great	cultural	signifi-

cance	and	educational	value	(Cooper	and	Poinar	2000;	Kaestle	and	Horsburgh	2002;	Prender-

gast	and	Sawchuk	2018;	Palsdottir	et	al.	2019).	



5	

	 In	response,	aDNA	researchers	have	invested	significant	resources	into	investigating	

potential	methodological	and	analytical	optimizations	aimed	to	ensure	the	balance	between	

data	production	and	anthropological	preservation	(Ubelaker	2010;	Sholts,	Bell,	and	Rick	

2016;		Sirak	et	al.	2017;	Sirak	and	Sedig	2019).	Here	I	present	a	body	of	work	designed	to	fur-

ther	this	goal	by	systematically	exploring	aDNA	preservation	across	human	skeletal	elements	

and	further	elucidating	the	need	for	routine,	broad	screening	of	aDNA	datasets	for	infor-

mation	regarding	other	historically	and	culturally	important	phenomena	that	may	be	hidden	

within,	such	as	endogenous	microbial	content	(both	pathogenic	and	commensal),	even	in	the	

absence	of	visual,	historical,	or	contextual	evidence	of	their	presence.	In	this	context,	I	will	de-

tail	current	theory	as	to	how	DNA	is	preserved	in	ancient	tissue,	laboratory	protocols	for	the	

sampling	of	ancient	remains,	and	the	effect	of	current	sampling	strategies	on	the	archaeologi-

cal	record	as	an	introduction	to	the	relevance	of	methodological	development	and	optimiza-

tion	in	aDNA	analyses.	

	

1.1	Characteristics	of	ancient	DNA	
	 The	DNA	available	for	analyses	in	archaeological	remains	differs	significantly	from	that	

extracted	from	modern	remains,	not	only	in	its	source,	but	also	its	basic	characteristics.	In	

modern	genetic	analyses,	material	from	DNA	rich	soft	tissue	is	often	the	primary	source	of	the	

genetic	information	used	in	downstream	applications.	In	archaeological	terms,	however,	this	

soft	tissue	is	rarely	recovered	excepting	in	instances	of	extraordinary	preservation,	such	as	in	

the	case	of	mummification	or	remains	preserved	within	the	permafrost	(Lassen,	Hummel,	and	

Herrmann	1994;	Nerlich	et	al.	1997;	Lewis	et	al.	2008;	Bellemain	et	al.	2013).	Most	aDNA	

studies,	however,	rely	on	the	recovery	of	DNA	preserved	within	the	dense	hydroxyapatite	ma-

trix	of	tissues	such	as	cortical	bone,	cementum,	and	dentin.		
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	 The	formation	and	subsequent	remodeling	of	these	tissues	are	variable	processes	but	

are	generally	driven	by	the	secretion	of	hydroxyapatite	from	osteoblasts	(Boskey	1992)	or	

odontoblasts	(dentin	and	cementum).	In	cortical	bone,	where	hydroxyapatite	mineralization	

replaces	a	pre-existing	collagen	scaffold	(endochondral	ossification),	these	osteoblasts	be-

come	trapped	within	this	crystalline	matrix	where	they	then	differentiate	into	osteoclasts.	

These	living	cells	continuously	refresh	the	hydroxyapatite	matrix	throughout	the	lifespan	of	

an	individual.	In	teeth	odontoblasts	secret	hydroxyapatite	along	a	collagen	membrane	(in-

tramembranous	ossification;	(Nanci	2017).	Rather	than	becoming	trapped	within	this	matrix,	

the	odontoblasts	elongate	and	form	subsequent	channels	(Tomes	fibers)	throughout	the	den-

tin	as	the	nuclear	portion	of	the	cells	migrates	inward	along	the	collagen	membrane.	Upon	cell	

death,	it	is	theorized	that	the	preservation	of	endogenous	DNA	is	a	product	of	the	molecule’s	

binding	affinity	to	both	the	hydroxyapatite	matrix	(Kawasaki,	Takahashi,	and	Ikeda	1985)	of	

bone	and	to	type	1	collagen	(Collins	et	al.	2002),	which	traps	the	bound	DNA	molecules	in	a	

dense,	protective	matrix	where	it	remains	relatively	protected	from	the	environment	and	de-

cay	processes.	The	binding	of	DNA	to	the	hydroxyapatite	matrix	is	not,	however,	restricted	to	

DNA	endogenous	to	the	host,	as	microbial	DNA	shares	this	affinity	and	often	binds	to	the	hy-

droxyapatite	matrix	as	well,	both	during	the	lifetime	of	the	host	and	during	post-mortem	ex-

posure	to	the	environment	and	subsequent	decomposition	processes	

	 In	vivo,	DNA	spontaneously	degrades	through	processes	such	as	hydrolysis,	oxidation,	

and	methylation	and	subsequently	triggers	specific	DNA	repair	processes	(Lindahl	1993).	

However,	although	the	cell-free	DNA	bound	in	the	hydroxyapatite	matrix	of	bones	is	relatively	

protected	from	the	degradation	processes	associated	with	decomposition,	it	cannot	be	re-

paired	in	this	manner.	The	result	is	a	continuous	build-up	of	spontaneous	damage	such	as	the	

weakening	of	the	sugar-phosphate	backbone,	subsequent	fragmentation	of	DNA	molecules,	

and	the	deamination	of	the	amino	acid	cytosine	into	uracil	over	time	(Lindahl	1993,	Höss	et	al.	
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1996;	Briggs	et	al.	2007;	Dabney,	Meyer,	and	Pääbo	2013).	In	ancient	double-stranded	DNA	

fragments,	it	has	been	observed	that	the	deamination	process	is	somewhat	limited	to	the	ends	

of	fragments,	as	it	is	thought	that	the	cytosines	present	near	the	central	portion	of	ancient	

DNA	fragments	are	somewhat	protected	by	the	structure	of	DNA	(Briggs	et	al.	2007).	As	a	re-

sult,	analysis	of	the	frequencies	of	cytosine	deamination	and	its	location	along	isolated	DNA	

fragments	can	be	used	to	authenticate	recovered	DNA	as	ancient	(Krause	et	al.	2010,	Meyer	et	

al.	2014,	Renaud	et	al.	2019).	However,	environmental	conditions	(temperature,	soil/sedi-

ment	composition,	time	interred,	etc)	have	been	shown	to	greatly	influence	the	demineraliza-

tion	of	ancient	bone,	resulting	in	the	desorption	of	bound	DNA	molecules	and	their	subse-

quent	chemical	decay.	Additionally,	microbial	activity	may	have	a	similar	effect,	as	it	has	been	

shown	that	the	microbial	digestion	of	bone	increases	its	overall	porosity,	exposing	trapped	

DNA	to	increasing	rates	of	chemical	decomposition	(Pinhasi	and	Mays	2008).	Consequently,	

while	DNA	damage	analysis	remains	a	central	method	for	authenticating	that	recovered	DNA	

is	ancient	in	origin,	it	has	been	shown	that	it	cannot	be	used	as	a	reliable	predictor	of	age	

(Sawyer	et	al.	2012).		

This	inherent	damage	to	ancient	DNA,	although	important	for	authentication,	can	also	

hinder	downstream	sequence	recovery	and	analyses.	DNA	that	has	been	degraded	over	time	

is	often	significantly	fragmented,	with	most	fragments	comprised	of	<	50	base	pairs	(Handt	et	

al.	1994,	Dabney	et	al,	2013),	is	affected	by	strand	lesions	which	inhibit	or	prevent	reading	of	

the	molecule	by	polymerases	(Hansen	et	al,	2001),	and/or	has	single-strand	breaks	resulting	

in	the	omission	of	these	endogenous	fragments	from	standard	sequencing	libraries	(Höss	et	

al.	1996,	Hofreiter	et	al.	2001,	Gansauge	et	al.	2017).	Additionally,	ancient	samples	often	con-

tain	considerably	more	contaminant	(both	modern	human	and	environmental)	DNA	than	au-

thentic	endogenous,	effectively	drowning	out	the	recovery	of	host	DNA	during	sequencing	

(Kolman	and	Tuross	2000,	Gilbert	et	al	2005,	Willerslav	and	Cooper	2005).	
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Novel	DNA	extraction	protocols	optimized	for	short	fragment	recovery	(Dabney	et	al	

2019),	targeted-enrichment	techniques	which	isolate	and	selectively	amplify	either	specific	

areas	of	interest	within	host	genomes	or	the	entirety	of	the	host	genome	itself	(Briggs	et	al.	

2009,	Mathieson	et	al.	2015)	,	as	well	as	single-stranded	library	preparation	methods	which	

first	denature	extracted	DNA	and	then	ligate	sequencing	primers	to	each	resulting	fragment	of	

single-stranded	DNA	independently	(Meyer	et	al.	2012,	Gansauge	and	Meyer	2013)	have	been	

shown	to	substantially	mitigate	many	of	the	issues	surrounding	the	effective	recovery	of	au-

thentic	ancient	endogenous	DNA	sequence	recovery.	These	techniques	drastically	increase	the	

chances	that	significantly	damaged	DNA	fragments	are	recovered	and	successfully	sequenced	

(Gansauge	et	al.	2017).	This	means	that,	although	there	is	an	inherent	difficulty	involved	in	

computationally	determining	if	observed	differences	between	modern	and	ancient	genomes	

are	authentic	or	merely	sequencing	artefacts	or	the	result	of	damaged	DNA	templates	(Lindahl	

1993,	Höss	et	al.	1996,	Hofreiter	et	al.	2001,	Prüfer	et	al.	2010),	it	is	now	possible	to	remove	

undamaged	contaminant	reads.	This,	combined	with	the	greater	depth	of	host	genomic	cover-

age	(and	subsequent	advances	in	ancient	DNA	mapping	strategies,	e.g.,	the	EAGER	pipeline,	

Peltzer	et	al.	2016,	Fellows	Yates	et	al.	2021,	and	similar	techniques)	generated	by	the	recov-

ery	of	higher	proportions	of	authentic	endogenous	DNA,	makes	it	possible	to	detect	traces	of	

evolution	and	change	in	populations	over	deep	time	more	confidently	(Rizzi	et	al.	2012,	

Dehasque	et	al.	2020).	
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1.2	Extraction	of	DNA	from	ancient	bone	
	 The	first	successful	extraction	of	DNA	from	ancient	remains,	from	a	museum	specimen	

of	the	extinct	Quagga,	was	done	via	the	cloning	of	short	DNA	fragments	in	the	bacterium	Esch-

erichia	coli	(Higuchi	et	al.	1984),	soon	followed	by	the	isolation	of	DNA	from	an	ancient	Egyp-

tian	mummy	(Pääbo	1985).	With	the	introduction	of	polymerase	chain	reaction	(PCR)	tech-

niques	(Mullis	1990),	DNA	isolation	protocols	were	further	refined	and	the	use	of	aDNA	anal-

yses	began	to	be	recognized	as	a	viable	tool	for	archaeological	studies	(Malainey	2011).	The	

field	was	further	bolstered	after	next-generation	sequencing	methods	were	adapted,	(Schus-

ter	2008;	Knapp	and	Hofreiter	2010;	Overballe-Petersen,	Orlando,	and	Willerslev	2012)	re-

sulting	in	drastically	increased	demand	for	DNA	analyses	from	ancient	remains	(Kaestle	and	

Horsburgh	2002;	Slatkin	and	Racimo	2016).		

	 Typically,	the	extraction	of	DNA	from	bone	samples	for	use	in	high-throughput	se-

quencing	involves	the	generation	of	bone	powder	from	excavated	remains	accomplished	via	

either	the	removal	and	subsequent	milling	of	small	portions	of	said	remains,	or	through	the	

collection	of	powder	produced	via	drilling	into	the	bone	(Lassen,	Hummel,	and	Herrmann	

1994;	Damgaard	et	al.	2015;	Pinhasi	et	al.	2015;	Campos	et	al.	2012;	Dabney	and	Meyer	2019).	

The	bone	powder	is	then	demineralized	to	release	bound	DNA,	which	is	then	isolated	and	pu-

rified	(Rohland	et	al.	2018;	Dabney	and	Meyer	2019).	This	process	results	not	only	in	the	de-

pletion/destruction	of	the	bone	powder	but	can	also	lead	to	considerable	damage	to	the	re-

mains	from	which	it	is	generated.		

	 Early	aDNA	analyses	indicated	that	DNA	extraction	from	ancient	bone	material	har-

vested	from	areas	of	dense	cortical	bone	of	long	bones	provided	optimal	DNA	recovery	in	

comparison	to	those	extractions	utilizing	cancellous,	e.g.,	trabecular	bone,	tissue	(Leney	2006;	

Campos	et	al.	2012).	However,	though	relatively	few	comparative	studies	of	aDNA	preserva-

tion	across	ancient	skeletal	elements	have	been	attempted	to	date	(eg.	Hansen	et	al.	2017;	
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Gamba	et	al.	2012;	Sirak	et	al.	2020),	it	has	since	been	shown	that	DNA	can	be	more	reliably	

extracted	from	ancient	tissues	such	as	the	dentin	and	cementum	of	teeth	(Adler	et	al.	2011;	

Damgaard	et	al.	2015;	Hansen	et	al.	2017;	Margaryan	et	al.	2018)	and,	more	particularly	from	

the	densest	portion	of	the	petrous	pyramid,	the	part	of	the	temporal	bone	housing	the	cochlea	

(	Gamba	et	al.	2012;	Pinhasi	et	al.	2015;	Hansen	et	al.	2017;	Gaudio	et	al.	2019).	As	such,	the	

petrous	pyramid	has	emerged	as	the	most	sought-after	skeletal	element	for	ancient	DNA	anal-

yses	based	on	numerous	highly	successful	studies	(Llorente	et	al.	2015;	Lazaridis	et	al.	2017;	

Harney	et	al.	2018;	Feldman	et	al.	2019).	Additionally,	the	petrous	pyramid,	has	repeatedly	

been	shown	to	be	an	excellent	source	of	aDNA	in	cases	where	environmental	conditions	have	

been	shown	to	be	highly	unfavourable	to	DNA	preservation	(Llorente	et	al.	2015;	Harney	et	al.	

2018;	León	et	al.	2018;	Feldman	et	al.	2019).		

	 However,	this	increased	demand	for	the	petrous	portion	has	raised	ethical	questions	as	

to	the	benefit	of	its	use	when	the	potential	damage	to	the	anthropological	record	is	taken	into	

account	(Sirak	and	Sedig	2019;	Charlton,	Booth,	and	Barnes	2020).	Sampling	of	the	petrous	

pyramid	has	historically	involved	the	sectioning	or	sandblasting	of	the	isolated	temporal	bone	

(Pinhasi	et	al.	2019)	in	order	to	access	the	dense	region	of	bone	surrounding	the	cochlear	re-

gion	(Pinhasi	et	al.	2015),	though	recent	advancements	in	minimally	invasive	sampling	have	

mitigated	this	issue	considerably	(Sirak	et	al.	2017).	This	is	especially	relevant	as	the	petrous	

portion	of	the	temporal	bone	is	also	heavily	utilized	in	context	of	morphological	assessments	

(Norén	et	al.	2005;	Bar-Oz	and	Dayan	2007;	Nagaoka	and	Kawakubo	2015)	and	damage	to	in-

tact	crania	can	lessen	their	value	in	terms	of	exhibition.	These	factors	have	subsequently	in-

duced	hesitancy	on	the	part	of	the	curators	of	archaeological	collections	to	provide	these	cov-

eted	samples	for	aDNA	analyses.	In	addition,	as	techniques	to	amplify	ancient	DNA	selectively	

(Harakalova	et	al.	2011;	Schuenemann	et	al.	2011;	Mathieson	et	al.	2015;	Cruz-Dávalos	et	al.	
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2017)	are	becoming	more	readily	accessible,	the	ability	of	researchers	to	target	entire	ge-

nomes	of	interest	from	more	poorly	preserved	remains	has	greatly	increased.	As	such,	the	

systematic	search	for	alternative	sampling	locations	has	become	increasingly	imperative.	This	

has	been	hampered,	however,	by	the	distinct	lack	of	published	protocols	detailing	the	success-

ful	generation	of	bone	powder	from	sampling	locations	other	than	for	a	handful	of	skeletal	el-

ements	(e.g.,	dentin,	femora,	and	the	petrous	pyramid).	

	In	Manuscript	1	of	this	thesis,	I	systematically	investigate	endogenous	DNA	preserva-

tion	across	twenty-three	sampling	locations	stemming	from	eleven	medieval	individuals.	I	

identify	seven	anatomical	sampling	locations	across	four	skeletal	elements	which,	while	not	

performing	as	well	as	sampling	from	the	pars	petrosa,	are	all	viable	alternatives	to	the	de-

structive	sampling	of	the	petrous	pyramid.	Furthermore,	in	Manuscript	2,	I	detail	the	sam-

pling	(bone	powder	generation)	protocols	that	I	created,	optimized,	utilized,	and	subse-

quently	published	for	each	of	the	eight,	best	performing	anatomical	sampling	locations	identi-

fied	in	Manuscript	1.	The	combined	goal	of	these	manuscripts	is	to	make	the	efficient	DNA	

sampling	from	a	wider	variety	of	ancient	remains	more	accessible	to	the	entirety	of	the	aDNA	

community.	

	

1.3	Analyses	of	ancient	DNA	datasets	

	 As	previously	mentioned,	as	the	methods	for	the	generation	of	ancient	DNA	datasets	

have	evolved,	so	to	have	the	techniques	for	their	subsequent	analyses.	Early	aDNA	studies	re-

lied	on	the	selective	isolation	and	analyses	of	relatively	small	portions	of	the	genome	such	as	

diagnostic	regions	of	mitochondrial	or	nuclear	genomes	using	a	targeted	polymerase	chain	

reaction.	Today,	however,	high-throughput,	next	generation	sequencing	can	generate	truly	

massive	datasets,	potentially	covering	not	only	all	of	the	host’s	nuclear	and	mitochondrial	ge-

nomes,	but	also	the	genomes	of	the	host’s		corresponding	microbial	flora,	both	in	terms	of	the	
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microbiome	(Schnorr	et	al.	2016;	Warinner	2016;	Groussin	et	al.	2017;	Mann	et	al.	2018;	Lugli	

et	al.	2017)	and	pathogens	(Drancourt	et	al.	1998;	Bos	et	al.	2011;	Harkins	and	Stone	2015;	

Margaryan	et	al.	2018;	Hübler	et	al.	2019).	The	reliability	of	these	analyses	depends	heavily	

on	the	authenticity	and	quality	of	the	DNA	recovered	through	the	destructive	sampling	of	an-

cient	remains	(see	Section	1.1).	As	such,	the	thorough	screening	of	those	datasets	for	all	po-

tential	informative	uses,	such	as	screening	for	pathogens	even	in	the	absence	of	historical,	

contextual,	or	osteological	evidence	of	infection	is	imperative	to	ensure	the	balance	between	

maximizing	data	production	with	the	need	to	preserve	the	anthropological	record.	

	

1.3.1	Detection	of	ancient	pathogens	

Detection	of	ancient	pathogens,	from	the	genetic	perspective,	has	typically	involved	the	

screening	of	teeth	from	individuals	excavated	from	areas	where	there	exists	either	direct	his-

torical	evidence	for	plague	infection	such	as	written	accounts	and/or	contextual	evidence	

such	as	mass	burial	or	osteological	evidence	of	infection	(Bos	et	al.	2016;	Feldman	et	al.	2016).	

Often	these	targeted	pathogen	studies	do	not	include	substantial	(if	any)	population	genetic	

analyses,	resulting	in	an	incomplete	picture	of	host-pathogen	co-evolution	through	time.	Simi-

larly,	wide	ranging	ancient	pathogen	data	produced	in	population	genetic	studies	of	archaeo-

logical	sites	lacking	any	indicators	of	potential	infectious	disease	often	goes	unanalysed,	fur-

ther	hindering	our	understanding	of	host-pathogen	co-evolution	through	deep	time.	This	has	

remained	the	most	common	practice	until	relatively	recently	with	the	publication	of	ancient	

Yersinia	pestis	genome	recovered	from	Bronze	and	Iron	Age	samples	exhibiting	no	a	priori	in-

dication	of	infection	(Rasmussen	et	al.	2015),	as	well	as	studies	such	as	that	of	Kocher	et	al.	

2021.	
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1.3.2	The	genetic	history	of	Yersina	pestis	

	 Yersina	pestis,	the	bacterium	first	postulated	to	be	the	causative	agent	of	plague	in	

1894	by	both	Alexandre	Yelsin	and	Kitsano	Shibasaburo	(independently	during	the	Third	

Pandemic)	and	later	genetically	confirmed	to	also	be	the	causative	agent	of	the	Black	Death	

and	subsequent	Second	Pandemic	(Perry	and	Fetherston	1997;	Drancourt	et	al.	1998;	Raoult	

et	al.	2000;	Haensch	et	al.	2010;	Bos	et	al.	2011),	is	one	example	of	a	pathogen	species	which	

has	been	identified	through	the	screening	remains	without	a	priori	evidence	of	infection	

(Bronze	and	Iron	age	remains:	Rasmussen	et	al.	2015;	Spyrou	et	al.	2018;	Keller	et	al.	2019).	Y.	

pestis	primarily	infects	rodent	populations	and	can	be	zoonotically	transferred	to	humans	via	

infected	fleas	(Vadyvaloo	et	al.	2010;	Sun	et	al.	2014).	This	cycle	of	zoonotic	reinfection	had	

led	to	at	least	three	major	pandemic	outbreaks	throughout	human	history,	such	as	the	First	

Pandemic	(ca.	541AD	–	750AD)	(Wagner	et	al.	2014;	Feldman	et	al.	2016;	Keller	et	al.	2019);	

Second	Pandemic	(ca.	1346AD	–	mid	18th	century	AD)	(Benedictow	2006);	and	the	ongoing	

global	Third	Pandemic	(ca.	1772AD	–	Present)	(Bramanti	et	al.	2019).	Beyond	these	well	doc-

umented	pandemics,	recent	genetic	evidence	suggests	that	Y.	pestis	has	continually	infected	

human	populations	for	at	least	the	last	5,000	years	(Rasmussen	et	al.	2015;	Spyrou	et	al.	

2018),	though	the	severity	and	impact	of	these	infections	prior	to	the	First	Pandemic	is	still	

unclear.	

	 Though	the	most	well-known	outbreak	of	the	Second	Pandemic	is	undoubtedly	that	of	

the	Black	Death,	it	only	accounts	for	ca.	6	years	of	the	ca.	400	which	this	pandemic	spanned.	

The	Black	Death	itself	was	introduced	into	Europe	via	trade	from	the	Black	Sea	region	ca.	

1347.	The	infection	then	rapidly	spread	throughout	the	continent	and	is	thought	to	have	re-

sulted	in	the	death	of	up	to	half	the	population	of	Europe	(Clouse	2002;	Wood,	Ferrell,	and	

Dewitte-Aviña	2003;	DeWitte	2014).	The	Black	Death	epidemic	itself	lasted	for	approximately	
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10	years	(ending	ca.	1356),	however,	subsequent	outbreaks	of	Y.	pestis	resulted	in	a	near	con-

tinuous	pandemic	affecting	local	European	populations	for	the	better	part	of	the	next	four	

centuries	(Benedictow	2006;	Bos	et	al.	2016).	The	origin	of	these	secondary	strains	remains	a	

topic	of	much	historical	debate.	Two	competing	theories	based	on	the	same	historical	evi-

dence	have	subsequently	emerged:	A).	These	resurgences	are	the	result	of	repeated	introduc-

tions	of	Y.	pestis	evolved	from	the	original	Black	Death	reservoir	and	travelling	along	trade	

routes	(Namouchi	et	al.	2018).	B).	The	original	Black	Death	strain	retreated	into	various	local	

rodent	refugia	where	new	strains	independently	evolved	and	consequently	spread	back	to	hu-

man	hosts	periodically	as	these	rodent	populations	fluctuated	(Carmichael	2015,	Seifert	et	al.	

2016).	In	either	case,	all	of	these	resurgent	strains	appear	to	be	closely	derived	from	the	origi-

nal	Black	Death	Strain,	with	most	emerging	to	decimate	the	local	populations	before	fading	

into	eventual	extinction	(e.g.,	the	“post-Black	Death	lineages”;	Spyrou	2019).		

	 The	proposed	first	re-emergence	of	plague	post-Black	Death,	Pestis	secunda	(MacAr-

thur	1949;	Gottfried	2010;	Namouchi	et	al.	2018),	however,	has	been	genetically	linked	to	the	

Y.	pestis	strain	thought	to	be	the	causative	agent	of	the	Third	Pandemic	(Spyrou	et	al.	2016).	

Pestis	secunda	was	first	identified	in	samples	from	a	mass	burial	excavated	in	Bergen	Op	

Zoom,	Netherlands	(Haensch	et	al.	2010,	Curtis	and	Roosen	2017).	Subsequent	examples	of	

Pestis	secunda	have	also	been	identified	a	dedicated	portion	of	the	Saint	Mary	Graces	cemetery	

in	London	(Bos	et	al.	2011)	as	well	as	in	samples	from	Bolgar	City	Russia	(Spyrou	et	al.	2016).	

While	each	of	these	examples	varies	slightly	on	a	genetic	level	(each	with	its	own	set	of	pri-

vate	alleles),	there	are	two	distinct	SNPs	present	in	all	populations	and	thus	diagnostic	for	

Pestis	secunda.	

In	Manuscript	3	I	further	explore	the	benefits	of	comprehensive,	combined	analyses	of	

aDNA	datasets	by	detailing	two	new	Pestis	secunda	genomes	discovered	during	the	screening	

of	the	dataset	generated	from	Manuscripts	A	and	B.	One	of	the	genomes	presented	in	this	
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manuscript,	a	direct	genetic	intermediate	between	the	Black	Death	and	previously	observed	

examples	of	Pestis	secunda,	was	first	identified	through	an	untargeted,	wide-ranging	pathogen	

screening	of	the	sequence	data	used	in	Manuscript	1.	Subsequent	targeted	Y.	pestis	screening	

(including	the	targeted	screening	of	ca.	50		additional	individuals	from	the	same	site)	and	en-

richment	resulted	in	not	only	a	>	30x	coverage	genome	of	this	strain,	but	also	a	second,	ca.	18x	

coverage,	genome	clustering	within	the	previously	defined	clade	of	Pestis	secunda.	Within	this	

manuscript,	I	argue	that	maximizing	the	use	of	datasets	obtained	through	the	destructive	sam-

pling	of	ancient	remains	is	an	important	step	towards	minimizing	the	damage	these	tech-

niques	cause	to	the	archaeological	record.		

	

1.3.3	The	evolution	of	the	human	oral	microbiome	
	 Similar	to	investigations	of	potential	pathogens,	the	study	of	the	ancient	human	micro-

biome	has	become	increasingly	popular	as	large	ancient	metagenomic	datasets	are	more	

available.	This	is	particularly	true	for	the	oral	microbiome,	as	ancient	dental	calculus	has	been	

found	to	be	incredibly	rich	in	microbial	DNA	endogenous	to	the	biofilms	present	in	the	oral	

cavity	(Preus	et	al.	2011;	Warinner,	Speller,	and	Collins	2015;	Mann	et	al.	2018).	However,	as	

metagenomic	analyses	of	the	modern,	let	alone	ancient,	oral	microbiome	is	a	relatively	new	

area	of	study,	there	exists	significant	gaps	in	our	genetic	knowledge	of	this	microbial	commu-

nity.	Currently,	approximately	475	species	of	ca.	700	prokaryote	species	thought	to	make	up	

the	oral	microbiome	have	been	officially	described,	with	reference	genomes	for	ca.	400	taxa	

available	(Escapa	et	al.	2018).	Generating	reference	genomes	of	culturable	genomes	generally	

involves	the	deep	sequencing	and	subsequent	de	novo	assembly	of	DNA	extracted	from	pure	

colonies.	However,	this	same	technique	is	not	suitable	for	the	genomes	of	undescribed	or	un-

culturable	species,	as	de	novo	assembly	must	be	attempted	in	a	metagenomic	context.	As	a	re-

sult,	the	detection	of,	let	alone	the	detailing	of,	entire	genomes	of	many	potential	human	oral	
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microbiome	species	and	their	evolution	in	ancient	material	is	not	effectively	possible.	This	

greatly	hinders	the	investigation	of	the	evolution	of	the	oral	microbiome	over	time	by	limiting	

the	available	data	to	only	those	patterns	observable	in	the	more	easily	isolated,	already	de-

scribed	species.	Manuscript	4	outlines	a	method	for	the	extraction	of	high	molecular	weight	

DNA	stemming	from	known	constituents	of	the	oral	microbiome	from	modern	dental	calculus	

samples	for	use	in	long-read	sequencing	(e.g.,	Oxford	nanopore	technology),	which,	when	

used	in	conjunction	with	short-read	sequencing	(e.g.,	the	Illumina	platform)	has	been	shown	

to	increase	the	ease	and	accuracy	of	whole	genome	assembly	using	metagenomic	sequencing	

data	(Sanders	et	al.	2019).	This	manuscript	is	a	working	proof-of-concept	where	I	conclusively	

show	that	not	only	does	dental	calculus	harbour	significant	amounts	of	recoverable	high	mo-

lecular	weight	DNA,	but	also	that	this	DNA	does,	in	fact,	stem	from	bacterial	species	which	

have	been	identified	as	members	of	the	human	oral	microbiome.	Though	long-read	sequenc-

ing	and	mixed	read,	metagenomic	assembly	were	not	done	in	this	initial	study,	it	paves	the	

way	for	future	work	in	the	metagenomic	assembly	of	genomes	from	currently	undescribed	

and/or	unculturable	constituents	of	the	human	oral	microbiome.	
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2.	Aim	of	the	thesis	

The	overarching	aim	of	this	thesis	is	to	investigate,	develop,	and	implement	methods	

for	the	more	efficient	use	of	destructive	aDNA	sampling	from	archaeological	remains.	The	

manuscripts	presented	here	use	emerging	laboratory	and	analytical	methods	in	aDNA	to	(A)	

help	identify	and	characterize	those	sampling	locations	most	likely	to	successfully	yield	usable	

quantities	of		aDNA;	(B)	make	aDNA	research	more	accessible	by	publishing	a	detailed	ac-

count	of	the	sampling	methods	used;	(C)	demonstrate	the	utility	and	necessity	of	more	rigor-

ous	systematic	screening	of	aDNA	datasets	by	presenting	pathogen	genomes	discovered	

through	the	comprehensive	screening	of	an	aDNA	dataset	where	infection	was	not	archaeo-

logically	apparent;	and	(D)	develop	new	methods	for	the	potential	expansion	of	existing	refer-

ence	databases	to	make	this	screening	more	effective.	The	methods	described	within	this	the-

sis	all	seek	to	mitigate	the	ethical	issues	surrounding	the	use	of	ancient	remains	for	DNA	anal-

yses	by	optimizing	the	generation	and	use	of	aDNA	datasets	in	an	effort	to	minimize	potential	

damage	to	the	anthropological	record.	More	specifically,	the	questions	studied	in	this	thesis	

are	as	follows:	

	

Manuscript	1:	

• How	much	aDNA	can	be	recovered	from	potential	alternative	sampling	locations	com-

pared	to	that	recovered	from	the	petrous	pyramid?	

• What	is	the	quality	and	general	characteristics	of	aDNA	extracted	from	these	alterna-

tive	sampling	locations?	

• Under	normal	laboratory	and	analytical	constraints,	how	well	do	the	datasets	gener-

ated	from	this	DNA	perform	in	standard	population	genetic	analyses?	

• What	does	the	performance	of	alternate	sampling	locations	mean	in	terms	of	the	de-

velopment	of	sampling	strategies	for	aDNA	research?	
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Manuscript	2:	

• Given	the	knowledge	obtained	in	Manuscript	1,	how	can	we	make	the	generation	of	

aDNA	datasets	from	destructive	sampling	more	available	to	the	field	as	a	whole?	

Manuscript	3:	

• How	does	the	systematic	screening	of	aDNA	datasets	for	potential	pathogens	aid	in	the	

elucidation	of	host-pathogen	co-evolution?	

• Can	historical	Y.	pestis	infection	be	confidently	identified	in	post-cranial	remains?	

• What	is	the	evolutionary	history	of	Y.	pestis	during	the	Second	Pandemic?	

• Where	did	the	post-Black	death	emergence	of	Pestis	secunda	potentially	originate?	

Manuscript	4:	

• Is	it	possible	to	extract	high-molecular	weight	microbial	DNA	from	modern	dental	cal-

culus	samples?	

• Are	known	constituents	of	the	human	oral	microbiome	identifiable	in	these	meta-

genomic	high-molecular	weight	DNA	datasets?	

• How	can	this	then	translate	into	expanding	the	reference	pool	of	the	human	oral	micro-

biome?	

	 	



19	

3.	Manuscript 1 
	

“A	systematic	investigation	of	human	DNA	preservation	in	medieval	skeletons”	
	

Cody	Parker,	Adam	B.	Rohrlach,	Susanne	Friederich,	Sarah	Nagel,	Matthias	Meyer,	Johannes	
Krause,	Kirsten	I.	Bos,	Wolfgang	Haak	

	
Published:	Scientific	Reports,	26/10/2020	

	
 

Parker, C. E., Bos, K. I., Haak, W., & Krause, J. (2021). Optimized Bone Sampling Protocols  for the 

Retrieval of Ancient DNA from Archaeological Remains. JoVE (Journal of Visualized Experiments), 

177, e63250. https://doi.org/10.3791/63250 

	
	
	 The	field	of	ancient	human	DNA	analyses	is	tasked	with	maintaining	a	strong	ethical	

balance	between	the	generation	of	data	elucidating	the	genetic	history	of	our	species	via	the	

destructive	sampling	of	archaeological	remains	and	the	need	to	preserve	the	anthropological	

record	whenever	possible	by	maximizing	data	output	and	sampling	efficiency.	In	Manuscript	1	

we	sampled	multiple	locations	across	ten	skeletal	elements	from	each	of	eleven	individuals	

excavated	from	the	abandoned	medieval	cemetery	associated	with	Krakauer	Berg,	near	

Peißen,	Saxony-Anhalt,	Germany	to	systematically	evaluate	ancient	DNA	recovery	across	the	

human	skeleton	(a	total	of	246	sampling	efforts).	We	analysed	multiple	metrics	of	DNA	quan-

tity	and	quality	including	percentage	of	human	DNA	recovered	in	respect	to	total	DNA,	library	

complexity,	the	ratio	of	nuclear	DNA	recovered	in	respect	to	mitochondrial	DNA,	deamination	

patterns,	and	suitability	for	downstream	processes	(e.g.,	bait-capture	efficacy	and	Y-haplotype	

resolution).	Additionally,	using	mixed	effect	modelling	we	were	able	to	simulate	55,000	sepa-

rate	sampling	efforts	to	create	a	predictive	model	of	how	often	each	sampling	location	was	

likely	to	return	the	highest	yields	of	human	DNA.	We	found	that,	as	expected,	material	stem-

ming	from	the	dense	cochlear	region	of	the	petrous	pyramid	performed	best	in	terms	of	raw	
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human	DNA	recovery.	However,	we	also	observed	that	seven	other	sampling	locations	across	

four	alternative	skeletal	elements	(material	from	the	cementum,	dentin,	and	pulp	chamber	of	

in	situ	molars;	cortical	bone	from	the	vertebral		body	and	superior	vertebral	arch,	cortical	

bone	from	the	distal	phalanx,	and	dense	tissue	harvested	from	the	exterior	of	the	talus),	which	

while	yielding	less	human	DNA	overall	than	the	petrous	pyramid,	perform	similarly	in	all	

other	contexts,	including	downstream	applications	commonly	used	in	ancient	population	ge-

netics	studies.	

	

Note:		The	referenced	“Supplementary	File	1,”	is	comprised	of	a	single,	large	data	table	in	ex-

cel	format,	and	as	such	can	be	accessed	online	as	part	of	the	accepted	manuscript.	

	
Author	contributions	

	 CP	is	the	primary	author	(75%)	and	was	responsible	for	the	majority	of	laboratory	

work,	including	the	gathering,	processing,	sampling	from,	and	DNA	extraction	from	all	

samples	(80%),	as	well	as	their	subsequent	analyses	(40%).	Additionally,	CP	aided	in	the	

experimental	design	of	the	project	(20%).	ABR	performed	all	statistical	analyses	and	coding,	

as	well	as	authoring	the	corresponding	methods	sections	and	the	editing	of	the	overall	

manuscript.	SF	of	the	State	Office	for	Heritage	Management	and	Archaeology,	Saxony-Anhalt	

(State	Museum	of	Prehistory,	Halle	(Saale))	contributed	archaeological	remains	sampled	in	

this	study	and	the	archaeological	context.	SN	produced	single-stranded	libraries	for	all	

samples	at	the	Max	Planck	Institute	for	Evolutionary	Anthropology,	Leipzig,	Germany.	MM	

oversaw	single-stranded	library	preparation	at	the	Max	Planck	Institute	for	Evolutionary	

Anthropology,	Leipzig,	Germany,	aided	in	the	editing	of	the	manuscript.	KB	acted	as	co-
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supervisor	to	the	primary	author,	provided	funding,	aided	in	the	experimental	design	of	this	

study,	and	contributed	to	the	writing	and	editing	of	this	manuscript.	WH	acted	as	co-

supervisor	to	the	primary	author,	provided	funding,	aided	in	the	experimental	design	of	this	

study,	coordinated	sample	selection,	and	contributing	to	the	writing	and	editing	manuscript.	
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A systematic investigation 
of human DNA preservation 
in medieval skeletons
Cody Parker1*, Adam B. Rohrlach1,2, Susanne Friederich3, Sarah Nagel4, Matthias Meyer4, 
Johannes Krause1*, Kirsten I. Bos1 & Wolfgang Haak1*

Ancient DNA (aDNA) analyses necessitate the destructive sampling of archaeological material. 
Currently, the cochlea, part of the osseous inner ear located inside the petrous pyramid, is the most 
sought after skeletal element for molecular analyses of ancient humans as it has been shown to yield 
high amounts of endogenous DNA. However, destructive sampling of the petrous pyramid may not 
always be possible, particularly in cases where preservation of skeletal morphology is of top priority. 
To investigate alternatives, we present a survey of human aDNA preservation for each of ten skeletal 
elements in a skeletal collection from Medieval Germany. Through comparison of human DNA content 
and quality we confirm best performance of the petrous pyramid and identify seven additional 
sampling locations across four skeletal elements that yield adequate aDNA for most applications 
in human palaeogenetics. Our study provides a better perspective on DNA preservation across the 
human skeleton and takes a further step toward the more responsible use of ancient materials in 
human aDNA studies.

!e study of ancient DNA (aDNA) has progressed rapidly over the past decade following the introduction of 
next generation  sequencing1–3, where genome-level analyses of archaeological specimens are now  standard4–12. 
!e increased analytical resolution offered by large scale datasets, coupled with the establishment of laboratory 
techniques that permit parallel processing of large sample sizes, has resulted in an increasing demand for ancient 
skeletal samples for assessment of human population genetics, microbiome ecology, and investigations of patho-
gen evolution. Laboratory processing of ancient remains is intrinsically a destructive  process13–16, which poses 
ethical challenges related to the use of irreplaceable resources. Coupled with the high processing costs of aDNA 
work (from the perspective of both financial and time investments), there is benefit in optimizing approaches 
for material sampling. Multiple investigations have demonstrated superior human aDNA preservation in the 
dense inner petrous pyramid, the portion of the temporal bone that houses the inner ear. !is observation 
is based on a collection of comparative  PCR15,17–20 and whole genome aDNA  surveys16–18,21,22 that were o$en 
limited in either the number of individuals and/or skeletal elements tested. Despite the paucity of a systematic 
comparative analysis of preservation across the skeleton, aDNA obtained from the petrous portions of human 
remains has been utilized to great success in the contexts of both ancient human population genetics (e.g.23–27) 
and forensic  investigations17,28.

Historically, sampling of the isolated petrous pyramid has typically involved sectioning or sand-blasting of the 
temporal bone to isolate the  cochlea16, making this a highly destructive  process13. Recent advances in minimally 
invasive sampling  techniques29 have led to a better balance between preservation of the anthropological record 
and the need for the production of reliable genetic  data30,31; however, the threat of damage to internal microstruc-
tures that form an important basis of morphological  assessments32–34 can still introduce hesitancy on the part 
of curators and physical anthropologists in making the petrous pyramid available for aDNA applications. !ese 
factors, in conjunction with the chance of incomplete recovery of crania at  excavation35 or restricted sampling 
of highly valued skeletal samples, make the identification of alternative sampling locations based on quantita-
tive evaluations of DNA preservation across the skeleton of clear benefit. Teeth have been widely used for the 
study of  aDNA36,37, though the 30-fold covered genome of an archaic hominin from Denisova Cave from a distal 
phalanx demonstrates molecular preservation in elements that are not typically considered for paleogenetics 
 work4. Despite these successes, a systematic and extensive study of differential DNA preservation across multiple 
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human skeletal elements, such as those done in the context of modern  forensics38,39, has yet to be attempted on 
archaeological remains. Our limited understanding of DNA preservation across the human skeleton is a signifi-
cant hurdle for the efficient, practical, and ethical study of aDNA, which has particular relevance to the field of 
ancient population genetics where large sample sizes are needed for robust analytical resolution.

DNA preservation can be influenced by many factors. Chronological age shows some relationship with the 
deamination of terminal bases, though this has been demonstrated to play a secondary role to other factors such 
as environmental and climatic conditions contributing to the overall thermal age of a  sample40,41. Additionally, 
burial practises, post-mortem treatment of the deceased, and geology may also influence DNA  survival42. Beyond 
these historical factors affecting DNA preservation, laboratory processing methods, such as bleach pre-treatments 
to remove contamination (e.g.43–45), may also affect DNA recovery from a sample. To serve as a baseline for 
future investigations seeking to incorporate and extrapolate the effects of these sources of variation, e.g. across 
other species, time series, or geographic regions we present a broad survey of aDNA preservation across a range 
of skeletal elements. Our source material, consequently, has been deliberately restricted to one archaeological 
site and time period to control for these factors that can influence molecular recovery as much as possible. %e 
range of elements chosen for this survey consist of petrous bones (chosen for their demonstrated value in aDNA 
 recovery21,22), in situ molars, clavicles, the first ribs, thoracic vertebrae, metacarpals, distal phalanges, ischial 
tuberosities, femora (once widely used in ancient DNA  studies46), and tali. Multiple locations on each element 
were sampled from and evaluated for DNA content. A detailed list of skeletal elements, sampling locations and 
the rationale for why each element was selected for study is provided in Table 1 (see also Supplementary Mate-
rial: Section 1.2; additionally, for discussion of the sampling of epiphyseal plates, which were not present in suf-
ficient numbers for statistical analyses, see Supplementary Material: Section 2.5). Differential DNA preservation 
across these elements was investigated in individuals excavated from the church cemetery associated with the 

Table 1.  Sampling locations across all skeletal elements and the rationale behind each. a Vascularization has 
been theorized to effect the recovery of pathogen DNA from ancient  remains37,69, and as such was used as a 
selection criteria in order to assess if there is a similar effect on host DNA preservation.

Skeletal element Rationale Sampling location Rationale

Molar (n = 11)
Widely used in aDNA studies and easily avail-
able, in situ molars preferentially selected for 
best preservation

Cementum Previously shown to be an excellent source of 
ancient human  aDNA21

Dentin Frequently used in aDNA  studies14,15,36,55

Pulp Preferred option in pathogen (i.e. Yersinia pestis) 
 studies34,67,70

Petrous pyramid (n = 11) Currently most sought-a'er skeletal element for 
aDNA research Dense cochlear portion Currently considered the best source of endog-

enous ancient human  DNA21,22

Clavicle (n = 10) Highly vascularized tissue, not studied in terms 
of aDNA retention

Cortical bone from sha' Cortical bone previously shown to harbour the 
most endogenous human  aDNA36,48

Cancellous bone from facet Richly  vascularizeda

Rib (n = 11) Readily available
Cortical bone from sha' Cortical bone previously shown to harbour the 

most endogenous human  aDNA36,48

Cancellous bone from facet Richly  vascularizeda

%oracic vertebrae (n = 11) Readily available

Cortical bone from spinous process Cortical bone previously shown to harbour the 
most endogenous human  aDNA36,48

Cortical bone from vertebral body Cortical bone previously shown to harbour the 
most endogenous human  aDNA36,48

Cancellous bone from vertebral body Richly  vascularizeda

Cortical bone from neural foramen Cortical bone previously shown to harbour the 
most endogenous human  aDNA36,48

Cortical bone from superior vertebral arch Cortical bone previously shown to harbour the 
most endogenous human  aDNA36,48

Metacarpal (n = 11) Readily available
Cortical bone from sha' Cortical bone previously shown to harbour the 

most endogenous human  aDNA36,48

Cancellous bone from head Richly  vascularizeda

Distal phalanx (n = 10) Shown previously to be a good source of ancient 
human  DNA4

Cortical bone from pad Cortical bone previously shown to harbour the 
most endogenous human  aDNA36,48

Cancellous bone from head Richly  vascularizeda

Ischial tuberosity (n = 9) Dense, weight bearing bone not studied previ-
ously for aDNA retention

Cortical bone from exterior surface Cortical bone previously shown to harbour the 
most endogenous human  aDNA36,48

Cancellous bone from interior Richly  vascularizeda

Femur (n = 11) Long-bone commonly used in the early aDNA 
 studies46

Cortical bone from sha' Cortical bone previously shown to harbour the 
most endogenous human  aDNA36,48

Cancellous bone from head Richly  vascularizeda

Talus (n = 10) Dense, weight bearing bone, not studied previ-
ously for aDNA retention

Cortical bone and compacted cancellous bone 
from exterior surface

Consists primarily of densely compacted tra-
becula with a very thin coating of cortical bone

Cancellous bone from interior Richly  vascularizeda
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abandoned medieval settlement of Krakauer Berg, near Peißen, Saxony-Anhalt, Germany (Fig. 1). Overall, the 
site exhibited excellent morphological preservation, as expected from a medieval burial in a temperate region. 
"ough preservation of this scale is o#en not observed in older material or that obtained from climatic regions 
less suited to molecular preservation, the sampling from complete (or nearly complete) skeletons was a pre-
requisite for this study in order to maximize the comparability of the elements selected for analyses while also 
maximizing the chances of successful DNA extraction from each sampling location. It should be noted that the 
findings of this study are presented as a first systematic exploration of human DNA preservation within a single 
temporal and geographic context. Whether the trends we report will scale globally can only be determined via 
similar undertakings of material that derives from different preservation contexts. 

To our knowledge, this study presents the most comprehensive systematic evaluation of aDNA preserva-
tion across the human skeleton in the published literature. While we further confirm the superior performance 
of cortical bone stemming from the cochlear portion of the petrous pyramid to yield the highest amounts of 
recoverable human  DNA21,22,47, several alternative sampling locations are identified as suitable for downstream 
population genetic analyses such as the tali, distal phalanges, vertebrae, and teeth.

Results
Our analytical matrix consists of shotgun sequencing data from single-stranded DNA libraries stemming from 
23 separate sampling locations paired end sequenced (2 × 75 cycles) to approximately 5,000,000,000 reads each 
(Table 1; Supplementary File 1: Source; Raw reads sequenced). "ese were obtained from ten skeletal elements 
from each of eleven individuals who were all buried, excavated, documented, stored, sampled from, and ulti-
mately processed and sequenced under the same conditions, in order to eliminate as many confounding vari-
ables as possible. All individuals selected for study had at least nine elements available, and all elements were 
present in at least nine individuals. In total, this resulted in 246 single-stranded aDNA libraries for comparison. 
In addition, as the use of hybridization capture technology in aDNA studies has become a popular alternative 
to shotgun  sequencing27, an additional 87 libraries were subsequently enriched by hybridization capture for 
1,240,000 informative variant SNPs across the human genome using the  1240k27 human SNP array and paired 
end sequenced (2 × 75 cycles) to a depth of approximately 40 million reads each. Our goals in evaluating this 
dataset are to ascertain which of the chosen sampling locations are most efficient in terms of authentic host DNA 
recovery, processing cost, and limiting damage to the anthropological record. To achieve a balance between aDNA 
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Figure 1.  Map of the Krakauer Berg excavation. Graves corresponding to individuals sampled are denoted with 
both the archaeological ID and assigned sample name.
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recovery and drilling damage, as well as to more accurately compare the expected yields from a single instance 
of sampling, each sampling location was screened only one time. Additionally, all skeletal remains were sampled 
from approximately the same location on each bone by the same worker (CP) in order to minimize differences 
in DNA yield and quality stemming from the natural variations in DNA preservation within each individual 
skeletal element and the effect of inter-observer variations in sampling procedures (i.e. potential variations from 
one area of a bone to the  next48). Analyses normalized in terms of input material available from each sampling 
location can be found in the provided Supplementary text in Section 2.4. #e results for each metric examined 
in this study are presented in the chronological order in which they are typically assessed, in the experience of 
the research team, and are not prioritized in any subjective order of importance.

One of the most frequently used metrics for the evaluation of successful DNA recovery in human archaeo-
logical material is the proportion of human DNA recovered relative to DNA from other sources. #is is o$en 
the first criterion considered to determine if a sample is suitable (both economically and analytically) for further 
testing. In this context we examined the average proportion of total (prior to duplicate removal) human DNA 
recovered post paired-end read merging, accommodating filters for sequence length and mapping quality (see 
“Methods”: Eq. 1). Among the 23 sampling locations we find the highest average proportion of human DNA in 
the petrous pyramid (34.70% human DNA on average), followed by dense tissue obtained from the neck and 
articular surfaces of the talus (21.25%), the cementum (18.97%), cortical bone from the distal phalanx (18.89%), 
material from the dental pulp chamber (15.09%), cortical bone from the vertebral body (15.04%), the dentin 
(14.27%), and cortical bone from the superior vertebral arch (8.32%). All other sampling locations evaluated 
contained an average human DNA proportion lower than the overall average of 8.16% (Fig. 2a, Supplementary 
File 1: % mapping q37) across all elements tested.

To provide a realistic approximation of the cost efficiency of human DNA retrieval from each sampling loca-
tion and to estimate complexity within each single-stranded library, we further compared the average number 
of unique human reads per million reads of sequencing effort across all samples (see “Methods”: Eq. 2). Here we 
again find the highest average in the petrous pyramid (1.14 × 105 unique reads mapping per million), followed 
by the talus (6.43 × 104 unique reads mapping per million), the dental pulp chamber (5.26 × 104 unique reads 
mapping per million), the distal phalanx (5.23 × 104 unique reads mapping per million), cementum (4.89 × 104 
unique reads mapping per million), the vertebral body (4.81 × 104 unique reads mapping per million), the dentin 
(4.76 × 104 unique reads mapping per million), and the superior vertebral arch (2.79 × 104 unique reads mapping 
per million). All other sampling locations fall below the overall average of 2.43 × 104 (Fig. 2b, Supplementary 
File 1: Unique reads/million reads). Furthermore, an average unique reads/million lower than that found in the 
highest of our extraction blanks (2.96 × 103 unique reads per million) was observed in all sampling locations on 
the ribs and clavicula, as well as cancellous material from the ischial tuberosities. When normalized to reflect the 
amount of input material from each sampling effort, we find those sampling locations with the lowest available 
input material to yield the highest average number of unique mapping reads per million per mg of input material, 
followed by the petrous pyramid (cementum: 3751 unique reads mapping/million reads/mg, material from the 
pulp chamber: 2736 unique reads mapping/million reads/mg, and petrous pyramid 2087 unique reads mapping/
million reads/mg) (Supplementary Figure S14, Supplementary File 1: Unique reads/mg/million), suggesting that 
material from the cementum and dental pulp chamber may be especially rich in human DNA.

While human DNA content in the negative controls was relatively high on average (10.77%), this metric 
is not directly informative for the evaluation of potential contamination as there are comparatively few DNA 
molecules in negative controls and as a result high numbers of amplification rounds are typically required, 
yielding an abundance of clonal PCR duplicates (see Supplementary File 1: Reads raw sequencing effort, Reads 
a$er merging, and Unique reads/million reads). #e number of unique mapping reads per million is, therefore, 
a more informative metric.

Here the average among our controls is an order of magnitude lower than what we report for our samples (an 
average of 1.67 × 103 unique reads mapping per million in extraction blanks vs an average of 2.43 × 104 unique 
reads mapping per million reads overall; see Supplementary File 1: Unique reads/million reads). Using this 
approach, we considered all individual sampling efforts that yielded a lower number of unique reads/million 
than what was observed in the highest of the negative controls (2.96 × 103 unique reads mapping/million reads) 
to be unsuccessful, regardless of potential authenticity as determined by characteristic patterns of DNA decay 
typically indicating ancient origin. (see Supplementary File 1: Damage signals). With this in mind, however, 
all “failing” samples were retained for all downstream comparative analyses so as to more accurately represent 
the expected outcomes of sampling efforts across a given sampling location. We additionally observed that all 
cancellous samples, as well as cortical bone samples stemming from ribs, claviculae, metacarpals, ischial tuber-
osities, femora, neural foramen and spinous process of the thoracic vertebrae (15 sampling locations, n = 158) 
exhibited average human DNA contents lower than the overall averages (> 8.16% for human DNA proportion, 
and 2.43 × 104 for unique human reads/million reads) making them unlikely to be among the most efficient 
sampling locations in any metric. Accordingly, we removed these sampling locations from further analyses to 
allow for the deeper investigation of the remaining eight sampling locations consisting of the dentin, cementum, 
and dental pulp chambers as well as cortical bone from the cochlear portion of the petrous pyramid, vertebral 
body, superior vertebral arch, distal phalanx, and talus (eight sampling locations, n = 87).

Restriction of our dataset to these eight sampling locations also permitted generation of a predictive model 
of expected human DNA yields via mixed effects beta regression (Fig. 2c). Using this approach, we were able to 
account for unavoidable sources of variation such as those stemming from individual preservation at particular 
skeletal locations (i.e. the natural variability among sampling locations across individuals). Due to the high 
variability of the proportion of human DNA recovered across both sampling locations and individuals, 55,000 
iterations of this simulation were run to evaluate overall consistency of the expected proportion of human 
DNA recovered from each sampling location (Supplemental Material: Table S1). Here, the petrous pyramid 
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Figure 2.  (a–c) Human DNA content for all screened samples. Black lines represent the overall mean, red the median (solid: 
human DNA proportion, dashed: mapped human reads per million reads generated). Individual sampling locations with an 
average human DNA proportion higher than the overall mean (8.16%) are colourized in all analyses. (a) Proportion of reads 
mapping to the hg19 reference genome. !e blue dashed line represents the theoretical maximum given the pipeline’s mapping 
parameters (generated using  Gargammel94 to simulate a random distribution of 5,000,000 reads from the hg19 reference 
genome with simulated damage). Individual means (black X) and medians (red circle) are reported for those samples sites 
with a higher average human DNA proportion than the overall mean. (b) Number of unique reads mapping to the hg19 
reference genome per million reads of sequencing effort (75 bp paired end Illumina). (c) Predicted range of expected human 
DNA recovery (in proportion of total reads) for each top scoring sampling site. Predictions were generated using a beta-fitted 
mixed effects model to simulate 55,000 sampling iterations.
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significantly outperformed all other tested elements in terms of the expected range of proportions of recovered 
human DNA (all p-values < 0.0279), and yielded the highest predicted proportion of human DNA in the greatest 
number of simulations (41.87% of 55,000 simulations). "e seven remaining alternative sampling locations on 
four other elements, although second to the petrous pyramid, also exhibited excellent human DNA recovery with 
yields statistically indistinguishable from each other (p-values > 0.1) (Fig. 2c). "e distal phalanx, vertebral body, 
cementum and talus yielded the highest proportion of human DNA in 9.93–10.61% of simulations, followed by 
the pulp chamber, dentin, and superior vertebral arch, which yielded the highest proportions in 4.28–7.22% of 
the simulations.

Although the proportion of human DNA is vitally important for the identification of suitable sampling loca-
tions, both the quantity and quality of that DNA are also important for the success of downstream analyses. With 
that in mind, we examined several additional aspects of DNA preservation. As many studies require the confident 
assignment of genetic variants at individual loci, it is important that aDNA libraries are of sufficient complexity 
and show low signals of contamination with present-day human DNA. "e aDNA libraries produced in this 
study were not sequenced to exhaustion, and as a consequence duplication rates were too low to be informative 
in terms of estimating library complexity in both the pre-enrichment libraries (average duplication factor 1.21) 
and the post-capture libraries (average duplication factor 1.22) (see Supplementary File 1: Duplication factor). 
Instead, we used the number of unique molecules in each library as determined by quantitative PCR and the 
proportion of mapped sequences to estimate the total genomic coverage within each  library49 as a predictor 
of library complexity (see “Methods”: Eq. 3). "e range of estimated genomic coverages within each sampling 
location was asymmetrically distributed and the data were subsequently transformed by a factor of  X0.1 in order 
to fit a linear model, as suggested by Box–Cox transformation, to evaluate significance (untransformed data is 
shown in Fig. 3 and Supplementary file 1: Est. genomic coverage; for transformed analyses see Supplementary 
Figure S11). Here, the petrous pyramid has the greatest potential to provide higher genomic coverage from an 
individual library (untransformed median estimated genomic coverage 501.55×, p-values < 0.0056), where all 
other sampling locations aside from the cementum were statistically indistinguishable (untransformed median 
estimated genomic coverages for each sampling location: 74.54× for the vertebral body, 55.94× for the phalanx, 
46.51× for the pulp chamber, 41.44× for the talus, 17.38× for the superior vertebral arch, and 7.14× for dentin). 
DNA libraries derived from cementum yielded significantly lower estimates of genomic coverage within each 
library compared to all other sampling locations (untransformed median of 10.42×, p-values < 0.047) except for 
those libraries from dentin and the superior vertebral arch (Fig. 3). Normalized for input material, cementum 
yielded slightly higher median genomic coverage than that observed in the dentin and superior vertebral arch 
(0.46×, 0.16×, and 0.31× per mg input respectively) while the petrous pyramid yielded the highest (7.96× per 
mg input), followed by material from the pulp chamber (2.14× per mg input) (see Supplementary Figure S15, 
Supplementary File 1: Est. genomic coverage/mg).

Additionally, we find significant variation in both the frequency of C → T damage caused by nucleotide 
misincorporations at the ends of the reads and how far into the reads this signal can be detected (Fig. 4, Sup-
plementary File 1: Damage signals). Within sampling locations, variations in the frequency of C → T damage 
patterns were very low (Supplementary Figure: S13, Supplementary File 1: Damage signals), suggesting that the 
observed variations across sampling locations are unlikely to result from modern human contamination. Reads 
generated from the petrous pyramid have the highest damage signal, a 5′ terminal C → T frequency of approxi-
mately 21% on average (all pairwise comparison p-values < 0.001). By comparison, cementum shows significantly 
lower signals than all other sampling locations (all pairwise comparison p-values < 0.001), with approximately 
half this frequency of damage at the terminal 5′ position. "e distal phalanx, talus, and vertebral body form a 
statistically indistinguishable group with deamination frequencies slightly higher on average compared to the 

Figure 3.  Estimated fold coverage of the hg19 reference genome contained within each single-stranded library. 
Coloured points and lines denote sampling across individuals.
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cementum, followed by the dentin, the dental pulp chamber, and the superior vertebral notch, with deamination 
frequencies lower than the petrous pyramid but higher than the aforementioned group (all pairwise comparison 
p-values between groupings < 0.001).

Contamination estimates based on X chromosome mapping coverage were calculated for all enriched libraries 
originating from individuals genetically assigned as male (n = 7, 8 samples per individual, 56 total samples) using 
the ANGSD  pipeline50 to scan known informative SNPs on the X chromosome for polymorphisms. All but one of 
the 56 samples exhibited low contamination with values statistically indistinguishable across sampling locations 
(< 4% X chromosome contamination for all enriched libraries from all sampling locations other than the superior 
vertebral arch of individual five (KRA005), which exhibited contamination levels of 19.52%; p-value = 0.48; see 
Table 2; also see Supplementary Materials Section 2.6: Additional measures of contamination and discussion of 
mitochondrial contamination  estimates51,52).

Average read lengths and the ratio of nuclear genome read recovery to those mapping to the mitochondrial 
genome (NUC/MT) were also evaluated across the eight sampling locations with the highest average human 
DNA proportions. A#er filtering to remove all reads < 30 bp, the dental pulp chamber housed significantly shorter 
reads in comparison to all other sampling locations except for dentin (averages of approximately 55 bp and 60 bp 
respectively, pair-wise p-values < 0.019) (Table 2, Supplementary File 1: Average length), with no significant vari-
ation observed between any other sampling locations. An asymmetrical distribution of the NUC/MT ratio was 
observed within sampling locations and as such was transformed by a factor of  X0.5 to fit our model (for visual 
analyses of transformed data see Supplementary Figure S12). We find that nuclear reads were lowest in dentin 
(untransformed median 1:2769, p-values < 0.011), followed by the pulp chamber (untransformed median 1:539 
and not significant when compared to cementum, p-value > 0.45), with all other sampling locations statistically 
indistinguishable (individual untransformed medians 1:64 in the vertebral body, 1:94 for the distal phalanx, 

Figure 4.  Average proportion of C → T transitions as observed in the first 15 reads of the 5′ end of reads. $e 
black line represents the mean damage observed across all elements and individuals. Coloured lines indicate the 
average proportion of transitions within sampling locations, while points represent the corresponding range of 
individual data within each sampling location.

Table 2.  Duplication levels, average fragment length, and X chromosome contamination estimates for top 
performing sampling locations. a $e sample from KRA005 was removed as an outlier with a very high (0.195) 
contamination estimate.

Sampling location

Average cluster factor (#all 
mapping reads/#unique reads) pre-
enrichment (post-enrichment)

Average fragment length (median) 
in bp

Contamination estimates (X 
chromosome; average proportion 
of human DNA)

Average number of SNPs covered 
on X at ≥ 3× (per million reads)

Petrous pyramid 1.188 (1.159) 65.40 (60.09) 0 73.83
Cementum 1.197 (1.288) 67.28 (61.36) 0.011 94.78
Dentin 1.188 (1.283) 60.22 (55.54) 0.002 57.33
Pulp 1.179 (1.206) 55.14 (50.55) 0.013 44.88
Distal phalanx 1.191 (1.257) 65.95 (59.36) 0.013 127.75
Vertebral body 1.194 (1.247) 66.14 (60.54) 0.008 119.71
Superior vertebral arch 1.190 (1.208) 63.02 (57.91) 0.021a 51.13
Talus 1.198 (1.206) 68.20 (62.40) 0.011 92.50
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1:109.86 in the petrous pyramid, 1:128 in the superior vertebral arch, and 1:246 in the cementum) (Fig. 5, 
Supplementary File 1: NUC/MT). Average GC content was calculated for all libraries from the eight sampling 
locations with average human DNA proportions higher than the mean (8.16%) and ranged between 37.14% and 
39.87% (see Supplementary File 1; GC content).

Since many aDNA analyses, especially those used in population genetics, require a relatively high coverage 
of informative loci across the genome, libraries are o"en enriched for these loci by targeted capture. In our case, 
this was done for the eight sampling locations that yielded human DNA in proportions higher than the calculated 
mean for our dataset. To determine the practical usability of the data generated, we compared the relative number 
of SNPs covered by at least two reads (per million reads sequencing depth) post-1240k capture-enrichment across 
these eight sampling locations. Here we find that SNP coverage per million reads sequencing effort is statistically 
indistinguishable between sampling locations. Given that these libraries were not sequenced to exhaustion, this 
strongly suggests all of these sampling locations are equally suited for SNP analyses at our current sequencing 
depths (Fig. 6). When normalized for available input material the cementum provided significantly higher SNP 
coverage than all other sampling locations (p-values < 0.02) (see Supplementary Figure S16). As an alterna-
tive example of practical usability, we also investigated the phylogenetic resolution for Y-haplotype assignment 
among all seven male individuals using the ISOGG list of diagnostic SNPs (current as of 26 November 2019) 
to determine how confidently Y-haplogroups could be called at the approximately 40 million read sequencing 
depth considered here. %e resolution of Y-haplotype assignment was high across most elements and individuals 
(Table 3). In two individuals (KRA003 and KRA004), the dentin and pulp chamber had a much lower resolution 

Figure 5.  Ratio of reads originating from the nuclear genome to those of the mitochondrial genome. %e black 
line denotes the overall average, the red the overall median.

Figure 6.  Comparison of 1240k SNP positions covered at least 2× post-capture across skeletal elements 
normalized by sequencing effort (number of raw reads generated) shown in SNPs per million reads generated.
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compared to other elements; however, this is most likely an artefact of the low human DNA proportions observed 
in these samples both before and a!er SNP capture (Supplementary File 1: % mapping q37, Sheets 1 and 2 
respectively), rather than any biological trend.

Discussion
Based on previous successes in DNA recovery, the petrous pyramid is currently the most sought-a!er skeletal 
element for aDNA  analyses21–27. Our investigation of multiple skeletal elements further confirms the value of the 
petrous pyramid in the recovery of ancient human DNA (Fig. 2a–c). We also find that single-stranded aDNA 
libraries constructed from material retrieved from the cochlear region of the petrous pyramid are higher in 
complexity (in terms of the estimated genomic coverage within each library) than those stemming from all other 
tested sampling locations (Fig. 3) in line with previous  studies21,28,29. Importantly, however, libraries stemming 
from the petrous pyramid performed comparably to those from all other sampling locations in terms of fragment 
length, number of reads mapping to the nuclear genome (Table 2, Fig. 5, Supplementary File 1: Avg. length and 
NUC/MT), X chromosome contamination estimates (the lowest of all sampling locations with an average of 0, 
though not statistically significant, Table 2), and SNP coverage post-1240k enrichment (Fig. 6). Human DNA 
fragments recovered from the petrous pyramid show a much higher frequency of cytosine deamination than 
any other  element21 (Fig. 4, Supplementary Figure S13, Supplementary File 1: Damage signals), which helps to 
support their authenticity as  ancient40,53–57. It should be noted however, that a higher frequency of deamination 
may necessitate either the production of libraries treated with repair enzymes such as uracil-DNA  glycosylase58 
or the removal of damaged bases by read trimming to improve mapping. $ese treatments, however, can result 
in an overall reduction in read length which can translate to a lower coverage of the reference genome as some 
reads may no longer reach minimum read length thresholds. While the comparatively lower deamination signal 
identified in the other sampling locations here may result from modern DNA contamination, our data shows no 
overall correlation between the proportion of human DNA recovered and the proportion of terminal cytosine 
deamination. Additionally, we do not observe higher amounts of contamination in other sampling sites based 
on our X chromosome contamination analysis (Table 2), nor do we see significant variation in deamination 
patterns within sampling locations across individuals (Supplementary Figure S14). However, a high overall frag-
ment length in conjunction with low deamination frequencies (as observed in cementum) may be indicative of 
contamination with modern human  DNA59. A previous comparison of deamination patterns in cementum and 
petrous pyramid yielded a similar differential to what we report  here21, where cementum exhibited approximately 
half the frequency of deamination at the 5′ terminus with no indication of modern contamination. Despite its 
excellent potential for human aDNA recovery, sampling from the petrous pyramid may not always be possible 
for a variety of reasons including hesitancy on the part of curators in regards to potential damage to the anthro-
pological record, despite the fact that in cases where skulls are fully preserved and sampling of the temporal 
bone would otherwise be particularly damaging, cranial base drilling techniques have recently been investigated 
and  recommended29.

In the remaining skeletal elements where higher than average proportions of human DNA were recovered 
(> 8.16%), we find that in situ molars are inferred to have a high probability of endogenous DNA recovery across 
all three separate sampling locations (Fig. 2a–c). Library complexity was high in both the dentin and material 
from the pulp chamber (Fig. 3), and contamination estimates low (Table 3). Cementum stands out as having both 
the highest average fragment length (Table 3) and the lowest deamination frequency (Fig. 4) which, as previously 
noted, may indicate elevated levels of contamination with modern human DNA, despite a low contamination 
signal observed in X chromosome analyses (Table 2). $e dentin and pulp chamber, conversely, returned the 
shortest average read lengths and were second only to the petrous pyramid in terms of having the highest pro-
portion of detectable deamination damage.

Table 3.  Y-haplotyping resolution post-1240k enrichment across all males and associated sampling locations. 
a Zero resolution in Y-haplotyping.

Individual

Y-haplogroup resolution (ISOGG SNP positions covered)

Petrous Cementum Dentin Pulp
Superior vertebral 
arch Vertebral Body Distal phalanx Talus

KRA001 R1a1a1b1a1a1c 
(24,624)

R1a1a1b1a1a1c1 
(22,102)

R1a1a1b1a1a1c 
(20,192)

R1a1a1b1a1a1c 
(16,052)

R1a1a1b1a1a1c 
(23,345)

R1a1a1b1a1a1c1 
(17,492)

R1a1a1b1a1a1c 
(8383)

R1a1a1b1a1a1c 
(11,475)

KRA003 R1a1a (6540) R1a1a1b1a1a 
(20,569) R (1060) R (2919) R1a1a1b1a1a1c 

(22,012)
R1a1a1b1a1a1c1 
(28,747) R1a1 (9689) R1a1a1 (16,716)

KRA004 I1a2a1a1d (26,477) I1a2a1a1d (26,305) N/Aa (271) I1 (7186) I1 (2682) I1a2a1a1d (16,032) I1a2a1a1d 
(28,127) I1a2a1a1d (24,327)

KRA005 E1b1b1a1b1a 
(29,675)

E1b1b1a1b1a 
(27,699)

E1b1b1a1b1a 
(14,366)

E1b1b1a1b1a 
(15,098)

E1b1b1a1b1 
(5470)

E1b1b1a1b1a 
(27,296)

E1b1b1a1b1a 
(30,390)

E1b1b1a1b1a 
(33,106)

KRA008 I2a1a2b1a1a 
(9606)

I2a1a2b1a1 
(28,209)

I2a1a2b1a1 
(26,795)

I2a1a2b1a1 
(17,317)

I2a1a2b1a1 
(10,267)

I2a1a2b1a1a 
(26,993)

I2a1a2b1a1a 
(28,079)

I2a1a2b1a1 
(10,683)

KRA009 R1a1 (4616) R1a1a1b1a1a 
(11,042)

R1a1a1b1a1a1c 
(16,815)

R1a1a1b1a1a1c 
(16,942)

R1a1a1b1a1a1c1 
(12,172)

R1a1a1b1a1a1c1 
(23,230)

R1a1a1b1a1a1c 
(30,160)

R1a1a1b1a1a1c1 
(30,787)

KRA010 J2b2a1a1a1a1a 
(22,337)

J2b2a1a1a1a1a1a 
(23,201)

J2b2a1a1a1a1a1a 
(21,564)

J2b2a1a1a1a1a1a 
(28,040)

J2b2a1a1a1a1a1 
(27,044)

J2b2a1a1a1a1a1a 
(26,140)

J2b2a1a1a1a1a 
(24,591)

J2b2a1a1a1a1a1a 
(24,697)
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In terms of the ratio reads mapping to the nuclear genome/reads mapping to the mitochondrial genome, 
we find the dentin to harbour far less nuclear material than any other sampling location (Fig. 5, Supplementary 
File 1 NUC/MT). In particular, we observe a substantial differential in nuclear to mitochondrial mapping reads 
between the dentin and material from the dental pulp chamber (average ratios of 1:2769 and 1:539 respectively). 
It should be noted that these two sampling locations are not actually separate tissue types and instead are only 
differentiated by their physical location within the same substrate. To explain this observation, it is important to 
look at the process by which dentin is formed. Starting in from the outer surface (mantle) of the tooth, odonto-
blasts first secrete a type-1 collagen matrix, which is then mineralized in a process similar to the endochondral 
ossification of bone. However, odontoblasts, unlike their cognates in skeletal tissue, do not become trapped in 
the resulting hydroxyapatite matrix. Instead, thin extensions of the cell called odontoblast processes (alternatively 
Tome’s fibres) remain within the calcified matrix, forming permanent channels throughout the dentin (dentinal 
tubules) while the rest of the cell, including the nuclear portion, migrates inwards towards the pulp  chamber60. 
$e bulk of the dentin itself is essentially void of nuclear DNA during life, though organelles such as mitochon-
dria can persist within the odontoblast processes. When the odontoblasts die, however, nuclear DNA can bind to 
the hydroxyapatite matrix along the wall of the pulp  chamber61–63. $e result is an extreme disparity between the 
number of nuclear reads recovered from the superficial layer of dentin sampled as part of the pulp chamber and 
the dentin sampled from deeper within the tooth. As a consequence, pulp chamber sampling is generally more 
suitable for nuclear studies, whereas the deeper layers of dentin are better suited for mitochondrial investigations.

However, the fact that dental samples harbour three sampling locations that performed well in terms of human 
DNA content and two in terms of post-1240k-capture-coverage is an indication of their value. Our observation 
that dentin exhibited the lowest post-enrichment coverage out of the top sampling locations could be due to its 
lower nuclear read to mitochondrial read ratio and thus has fewer nuclear reads in the library available for cap-
ture. Of note, despite drilling from multiple locations, the enamel, which is frequently examined in  isotope64,65, 
 histological66 and  morphological67,68 studies, o%en remains entirely undamaged throughout the sampling process, 
as minimally invasive sampling methods for teeth focused on the avoidance of alterations to enamel structures 
have long been  established67. Finally, the two sampling locations most limited in available material (in the context 
of sampling efforts from a single element) are the cementum and the dental pulp chamber. Both of these sampling 
locations performed well when directly compared to all other sampling locations (with up to 10× more material 
available for DNA extraction in some cases, Supplementary File 1) regardless of the amount of material used 
in extraction. When weight of the sample used for extraction is factored in, however, material from the dental 
pulp chamber and cementum outperforms all sampling locations other than the petrous pyramid with respect 
to average number of unique reads mapped per mg of input material (Supplementary Section 2.4). $is sug-
gests both sampling materials are particularly rich in DNA content though the complexity of this content in the 
cementum may not be as high as that found in material from the dental pulp chamber. $ese factors, combined 
with the known potential for teeth to harbour oral bacterial and pathogen  DNA37,69–72, make sampling from 
molars valuable as an alternative to the petrous pyramid.

Two sampling locations on the thoracic vertebrae, namely the cortical bone collected from the vertebral body 
and the junction of the lamellae and spinous process (the superior vertebral arch) were found to yield high aver-
age proportions of human DNA (Fig. 2a–c, Supplementary File 1: % mapping q37 and Unique reads/million). 
Additionally, library complexity (Fig. 3, Supplementary File 1: Est. genomic coverage), average fragment length 
(Table 2, Supplementary File 1: Avg. length), post-capture SNP coverage (Fig. 6), nuclear to mitochondrial read 
ratio (Fig. 5, Supplementary File 1: NUC/MT), and deamination frequencies (Fig. 4, Supplementary File 1: Dam-
age signals) fell well within the ranges of the other top performing sampling locations (aside from the petrous 
pyramid). As with teeth, thoracic vertebrae have multiple high-yield sampling sites, are o%en well preserved, have 
been shown to harbour traces of ancient pathogens such as  tuberculosis73,74, and in the absence of pathological 
changes, are of less value in morphological studies given that they are numerous.

Both the talus and distal phalanx exhibited high human DNA recovery rates (Fig. 2a–c, Supplementary File 
1: % mapping q37 and Unique reads/million) and showed high average fragment length (Table 2, Supplementary 
File 1: Avg. length) and complexity (Fig. 3, Supplementary File 1: Est. genomic coverage), as well as low con-
tamination estimates (Table 2), nuclear-mitochondrial read ratios (Fig. 5, Supplementary File 1: NUC/MT), and 
deamination frequency at the 5′ terminus (Fig. 4, Supplementary File 1: Damage signals). While both elements 
have been under-utilised in aDNA investigations to date, the distal phalanx has previously been shown to yield 
sufficient aDNA to reconstruct a 30-fold genome from a Denisovan  specimen4.

Among the other sampling locations considered in this survey, those yielding human DNA proportions that 
are, on average, lower than the overall mean (8.16%) were not considered for further analyses, as our goal was to 
ascertain the most efficient and cost-effective sampling locations from which to retrieve human DNA. As such, 
we determined that samples from the femur, metacarpal, ischial tuberosity, metacarpal, ribs, and clavicula, as 
well as any samples derived from cancellous (spongy) material (in order of decreasing yield) are all unlikely to 
yield high amounts of endogenous human DNA. In light of this, we feel sampling from these elements, or from 
cancellous tissue in general, for aDNA analysis should be avoided if possible to circumvent the needless destruc-
tion of archaeological samples for minimal gains.

Conclusions
As intensifying ethical scrutiny surrounds the field of aDNA with regards to the destruction of irreplaceable 
archaeological human  remains30,42,75–77, it is imperative for those conducting such research to maximize the 
chances of successful data generation from minimally invasive sampling. It is of similar importance to both 
maximize the potential amount of information obtained from and to simultaneously minimize laboratory pro-
cessing times for each sampling effort to balance the high cost of aDNA research with the aforementioned ethical 
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considerations. As such, our large cross-sectional evaluation of aDNA recovery across the skeleton helps to facili-
tate this balance by increasing perspectives on molecular preservation not only in previously studied sampling 
locations, but also in a set of new ones. Our results demonstrate that, from the locations we consider here, the 
dense cochlear portion of the petrous pyramid remains the best sampling location for high-quality ancient DNA 
while sampling from cancellous tissue from any tested skeletal element should be avoided if possible. However, 
we also report on seven additional sampling locations on four other skeletal elements, all of which performed 
equally well in relation to each other in our evaluations. !ough lesser in respect to proportion of human DNA 
recovered and library complexity than that observed in the petrous pyramid, these seven sampling locations show 
promise as suitable alternatives. While our sample set is limited both temporally and geographically, our results 
are likely informative for other climatic regions, time periods and perhaps even in anatomically comparable 
species as has already been demonstrated for the petrous portions  itself78–81. It should also be noted that, as this 
study has focused on identifying the most efficient sampling locations from which host (in this case human) 
DNA can be recovered, the sampling strategies and suggestions put forth here may not be applicable in studies 
seeking to retrieve DNA from pathogens, the microbiome, or other co-cohabitating organisms within the host.

By providing researchers with more varied options for the successful recovery of endogenous ancient human 
DNA, we hope to provide a framework in which successful collaborations between archaeologists and geneti-
cists can continue to enrich our knowledge of history and heritage. At the same time, continuing efforts to fully 
optimize our sampling strategies will allow the above collaborations to go forward in a more ethical fashion by 
minimizing damage to the finite archaeological record.

Methods
Sample selection, pre‑treatment, and bone powder generation. Individuals from the Krakauer 
Berg collection housed at the State Office for Heritage Management and Archaeology, Saxony-Anhalt [State 
Museum of Prehistory, Halle (Saale)] (Fig. 1) were sampled for DNA extraction. !is collection consists of 
approximately 800 individuals and represents a typical medieval burial, with age and sex distribution consistent 
with an attritional context. Ten skeletal elements were selected as targets for aDNA sampling (Table 1, Sup-
plementary Material: Section 1.2). For each individual, morphological preservation of these pre-selected ele-
ments was assessed, and individuals were included in the study if a minimum of eight elements were present 
and were sufficiently well preserved. !is resulted in a study set of eleven individuals, seven males and four 
females (genetically assigned, see below), who ranged in age at death from approximately 10–45 years, with two 
juveniles and nine adults. Radiocarbon dating of ribs from each individual (performed at the Curt Engelhorn 
Centre for Archaeometry in Mannheim, Germany) placed the skeletal series in a time interval of approximately 
1040–1402 cal AD (Table 4).

To reduce external contamination as much as possible, all elements were processed in a dedicated ancient 
DNA laboratory under controlled conditions. Similarly, variation in both skeletal  sampling48 and DNA extrac-
tion was eliminated as much as feasibly possible by allocating these tasks to a single individual (CP). At least two 
sampling locations (Table 1, Supplementary Material: Section 1.2) were selected for each element other than the 
petrous pyramid, one of which was comprised of cortical bone and the other of cancellous bone. Sampling of 
the petrous pyramid followed previously established sampling  procedures47 and involved the sectioning of the 
petrous pyramid to allow access to the dense bone surrounding the cochlea for drilling. Sampling of teeth was 
performed in a three-step process and involved removal of the cementum followed by sectioning and drilling of 
the pulp chamber and dentin portions. Prior to sampling, all relevant locations on each element were cleaned 
with bleach (0.01% v/v) via 5-min incubation, followed by rinsing with distilled water and exposure to UV light 
for 30 min to cross-link any residual surface contamination from modern DNA. Where applicable the outer-
most surface of bone was removed by abrasion with a standard dental drill (KaVo K-POWERgrip EWL 4941) 
and size 016 round bit (NTI Kahla). Approximately 100 mg of bone powder was drilled from each sampling 
location with exception of the cementum and dental pulp chambers where an average of approximately 19 mg 

Table 4.  Biological sex (genetically determined), age at death (archaeologically determined), and calibrated 
14C dates (in calendar years AD) of individuals selected for aDNA sampling.

Individual (laboratory ID)
Archaeological ID (burial Nr.-individual 
Nr.) Sex Age at death 14C dates (AD, Cal 2-sigma)

KRA001 25-1a Male 25–35 1058–1219
KRA002 20-2a Female 20–22 1227–1283
KRA003 113-6a Male 25 1059–1223
KRA004 246-1a Male 15 1284–1392
KRA005 276-2a Male 10–12 1170–1258
KRA006 307-4a Female 30–40 1218–1266
KRA007 377-6a Female 25–30 1167–1251
KRA008 436-6a Male 20 1301–1402
KRA009 566-3a Male Unknown adult 1158–1254
KRA010 600-7a Male 25 1276–1383
KRA011 632-2a Female 30–45 1040–1159
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(standard deviation of 10.8 mg) and approximately 24 mg (standard deviation of 15.03 mg), respectively, of bone 
powder was recovered, the entirety of which was used for DNA extraction. An average of approximately 54 mg 
(standard deviation of 11 mg) of bone powder was used in downstream DNA extractions for all other sampling 
locations (Supplementary File 1: mg input). For molars, cementum was removed by abrasion using a diamond 
coated rotary cutting disc (NTI Kahla). "e tooth was then sectioned at the cemento-enamel junction using a 
jeweller’s saw (Präzisions-Sägebogen Antilope, with 75 mm blade). Powder from a first pass drilling of the pulp 
chamber was collected before further sampling of the underlying dentin (Supplementary Material: Section 1.2).

DNA extraction, library preparation, and sequencing. All DNA extractions were conducted in the 
clean room facility of the Department of Archaeogenetic of the Max Planck Institute for the Science of Human 
History (MPI-SHH) located in Jena, Germany, using a modified filter column  protocol14 (Supplementary Sec-
tion 1.3.1). Single-stranded DNA  libraries82 were prepared from all extracts by  automation83 using the Agilent 
Bravo Liquid Handling System at the Max Planck Institute for Evolutionary Anthropology in Leipzig, Germany. 
Subsequent to initial analysis, libraries from all sampling locations found to have average human DNA content of 
8.16% or greater were enriched by bait  capture84 for regions in the human  1240k27 reference dataset. Sequencing 
was done via a 75 bp paired-end kit on an Illumina HiSeq 4000 platform to a depth of approximately 5 million 
reads for initial screening and approximately 40 million reads following 1240k capture enrichment.

Evaluation criteria. One of the most common metrics for the evaluation of molecular preservation in 
archaeological remains percentage of endogenous (i.e. human) aDNA recovered a$er sequencing. However, 
a high percentage of endogenous DNA on its own provides limited information on the utility of a given DNA 
library for downstream analysis. For example, it is important that both the proportion of human DNA rela-
tive to that of potential contaminants as well as the quantity (e.g. the number of sequences mapping to the 
reference as well as the as the proportion of the reference actually covered) of human DNA are high for whole 
genome sequencing, whereas the quantity alone is the most important criterion when using target enrichment 
 approaches85. Beyond this, the integrity of the DNA molecules themselves plays an important role in the down-
stream mapping of sequencing  data86–88 as well as in the authentication of ancient  DNA40,53–57. For this rea-
son, we integrated additional measures of data quality into our initial  evaluation89, including the quantity of 
recovered human DNA, estimated DNA library complexity (in terms of both sequence duplication levels and 
total estimated genomic coverage), estimates of modern human DNA contamination, the ratio of nuclear to 
mitochondrial read recovery, average DNA fragment length, and patterns of deamination observed in reads 
mapping to the human reference genome. All resulting data was normalized to reflect outcomes expected from 
equal sequencing efforts (raw number of sequences generated prior to merging, duplicate removal, as well as 
length and quality filtering) across all samples where appropriate. "e aim of our study was to develop a predic-
tive model of DNA recovery based on the relative performance of each sampling location in terms of quality 
and quantity of recovered human DNA. We, therefore, opted not to normalize our analyses against the amount 
of sampling input material, despite the restricted amounts available in some locations (see Supplementary Sec-
tion 2.4 for normalized analyses).

Contamination estimates. Contamination estimates for each individual sampling location were calcu-
lated using the  ANGSD50 so$ware package to examine the probability of foreign X chromosome contamination 
in samples from male individuals using the post-capture enrichment data sets generated for eight sampling 
locations with human DNA recovery above 8.16%. Mitochondrial contamination estimates were generated at an 
individual level for all individuals using the  Schmutzi52 so$ware package. Multi-dimensional scaling analyses of 
all enriched samples was performed with the R Statistical So!ware Package90 using the ggplot2  package91.

Mapping. Human DNA content and sequence quality were determined by mapping reads to the hg19 human 
reference genome (accession number: GCF_000001405.13) using the  EAGER92 pipeline:  BWA93 settings: -n set 
at 0.1 and a mapping quality filter of q37. To assess resolution of the above pipeline in detecting ancient human 
DNA sequences, we created a simulated dataset based on the hg19 human reference for mapping evaluation 
and to act as a best-case scenario for comparative purposes. We first cut the reference sequence into fragments 
of average length and size distribution modelled a$er a representative sample (KRA001.B0102, petrous pyra-
mid single-stranded library; see Supplementary File 1: Average and Median length). We then used the so$ware 
 Gargammel94 to artificially add a deamination pattern to the data that simulated an ancient DNA damage signal 
consistent with the same sample (see Supplementary File 1: Damage signals). "e resulting simulated aDNA 
dataset was then mapped as above.

Calculations. Percentage of human reads recovered from each sampling effort was calculated as:

"e number of unique reads mapping to the human genome per million reads sequencing effort was calcu-
lated as:

(1)

Total number of reads mapping to reference prior to duplicate removal and post quality filtering

Total reads after merging and filtering for quality and length

(2)

Number of reads mapping to reference after duplicate removal and quality filtering

Number of reads generated pior to merging or filtering
×1, 000, 000
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Total genomic coverage within a  library44 was estimated by calculating:

Mixed effects modelling. All statistical analyses involving generalized linear models and mixed effects 
models described here were performed using the R Statistical So!ware Package90, where a p-value of 0.05 was 
considered significant. When multiple hypotheses were performed, p-values were adjusted to control for a fam-
ily-wise error rate of 0.05 using the p.adjust function.

In all mixed effects models we considered the skeletal element to be a fixed effect with the individual as a 
random effect. Backward model selection was performed using ANOVA, including for testing whether random 
effects in the final analyses were deemed significant.

When modelling response variables with an obvious upper bound (i.e. endogenous DNA content of 100%), 
we implemented beta mixed effects regression as implemented in the glmmTMB  package95. Optimal power 
transformations for theoretically unbounded response variables were performed using a Box–Cox transforma-
tion as implemented in the MASS  package96.

We compared the effects of skeletal elements on response variable by inspecting the estimated marginal means 
in our optimal mixed effects and fixed effects models using the emmeans  package97.

All visualizations of analyses included in this manuscript were produced in the R environment using the 
ggplot2  package91.
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1.	Laboratory	Processing	
	
1.1	Pre-treatment	

All	samples	were	initially	cleaned	with	0.01%	v/v	bleach	to	remove	dirt,	then	rinsed	with	dis-

tilled	water	before	being	exposed	to	ultraviolet	light	for	30	minutes.	

	

1.2	Bone	powder	generation	

All	bone	powder	was	generated	by	drilling	using	a	standard	dental	drill	with	standard	drill	bit	

on	a	low-speed,	high-torque	setting	unless	otherwise	noted.	

	

1.2.1	Pars	Petrosa	

The	petrous	pyramid	was	first	cut	in	half	along	the	lateral	line	using	a	jeweller's	saw	(Figure	

S1b).	The	interior	portion	was	then	visibly	examined,	and	bone	powder	generated	from	the	

densest	area	(Figure	S1a).	 	
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Figure	S1a-b:	Posterior	view	of	Pars	petrosa	pre-sectioning	(a)	and	post,	showing	the	section-

ing	and	subsequent	drilling	sites	(b).	
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1.2.2	Teeth	
	
Cementum	was	removed	from	the	root	portion	of	the	tooth	using	a	standard	dental	drill	fitted	

with	a	circular	cutting	attachment.	The	blade	of	the	cutting	wheel	was	placed	lightly	against	

the	root	at	a	20°	angle	(relative	to	the	bottom	of	the	root)	on	a	low-speed,	high-torque	setting	

and	the	cementum	scraped	off	downward	(Figure	S2a-b).	The	tooth	was	then	bisected	along	

the	cementum-enamel	junction.	Powder	from	pulp	chamber	was	generated	using	a	standard	

dental	drill	bit	from	the	first	pass	of	the	interior	of	the	crown.	Subsequent	passes	were	used	to	

generate	bone	powder	from	dentin	(Figure	S2c).	
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Figure	S2a-c:	In	situ	molar	pre	(a)	and	post	(removal	of	cementum,	as	well	as	pre	(b)	and	post	
(c)	sectioning	and	drilling	of	the	pulp	chamber	and	underlying	dentin.	
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1.2.3	Clavicles	
	
Cortical	bone	powder	was	collected	from	the	exterior	apex	of	anterior	sternal	curve	of	the	

shaft	of	the	clavicle,	and	cancellous	bone	powder	from	the	interior	of	the	acromial	facet	(Fig-

ure	S3).		

	

	
Figure	S3:	Sampling	sites	of	the	clavicle	(anterior	view)	showing	drilling	locations	for	both	
cortical	and	cancellous	tissue.	
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1.2.4	Vertebrae	
	
Cortical	bone	powder	was	generated	from	the	spine	of	the	spinous	process,	the	exterior	of	the	

vertebral	body,	the	interior	surface	of	the	neural	foramen,	and	the	superior	apex	of	junction	of	

the	lamellae	and	spinous	process	(superior	vertebral	arch).	Cancellous	bone	powder	was	col-

lected	from	the	interior	of	the	vertebral	body	(Figure	S4).	

	

	
	
Figure	S4:	All	sampling	locations	(post-drilling)	of	the	thoracic	vertebrae	(superior	view).	
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1.2.5	Ribs	(1st)	
	
Cortical	bone	powder	was	sampled	from	the	outer	surface	of	the	serratus	anterior,	cancellous	

powder	from	the	interior	of	the	costoclavicular	ligament	attachment	site	(Figure	S5).	

	

	
	
Figure	S5:	Cortical	and	Cancellous	sampling	locations	on	the	first	rib	(superior	surface).	
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1.2.6	Metacarpals	
	
Cortical	bone	was	collected	from	the	exterior	surface	of	the	shaft,	cancellous	from	the	interior	

of	the	head	(Figure	S6).	

	

	
	

Figure	S6:	Metacarpal	(palmar	aspect)	showing	drilling	locations	for	the	collection	of	both	
cortical	and	cancellous	tissue	
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1.2.7	Distal	Phalanx	
	
Cortical	bone	powder	was	collected	from	the	pad	and	shaft	of	the	distal	phalanx,	cancellous	

bone	from	the	interior	of	the	base	(Figure	S7).	

	

	
	
Figure	S7:	Distal	phalanx	(palmar	aspect)	showing	drilling	locations	for	the	collection	of	both	
cortical	and	cancellous	tissue.	
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1.2.8	Ischial	Tuberosity	
	
Cortical	bone	was	collected	from	the	exterior	surface	of	the	tuberosity,	cancellous	from	the	

interior	(Figure	S8).	

	

	
	
Figure	S8:	Ischial	tuberosity	(lateral	view)	showing	drilling	sites	for	the	collection	of	both	
cortical	and	cancellous	material.	
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1.2.9	Femora	
	
Cortical	bone	material	was	collected	from	the	shaft,	just	below	the	lesser	trochanter	and	can-

cellous	from	the	interior	of	the	head	(Figure	S9).	

	

	
	
Figure	S9:	Femur	(anterior	view)	showing	drilling	sites	for	the	collection	of	both	cortical	and	
cancellous	material.	
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1.2.10	Tali	
	
Dense	tissue	was	collected	from	the	“neck”	and	articular	surface,	less	compact	cancellous	from	

the	interior	of	the	medial	facet	(Figure	S10).	

	
	

Figure	S10:	Talus	showing	drilling	sites	for	the	collection	of	both	cortical	(a;	lateral	surface	
and	loosely	packed	cancellous	tissue	(b;	inferior	surface).		
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1.3	DNA	extraction	
	
One	millilitre	of	UV-purified	extraction	buffer	(900µl	0.5M	EDTA;	75µl	UV-treated,	HPLC	

grade	water;	and	25µl	10mg/ml	Proteinase	K)	was	added	to	approximately	50mg	of	bone	

powder	(where	available)	in	a	2ml	Eppendorf	Biopur	microcentrifuge	tube	and	incubated	

(with	rotation)	overnight	at	37°C.	The	mixture	was	then	centrifuged	for	2	minutes	at	

14000rpm	and	the	supernatant	collected	and	transferred	to	50ml	Falcon	tube	containing	

10ml	of	UV-treated	binding	buffer	(6ml	5M	GuHCl,	4ml	isopropanol)	and	400µl	3M	sodium	ac-

etate	(pH:	5.2)	and	the	contents	mixed	by	inversion.	This	was	then	transferred	into	the	funnel	

of	a	High	Pure	Viral	Extract	Extender	Assembly	and	centrifuged	for	8	minutes	at	1500rpm.	

The	column	was	then	removed	from	the	funnel	and	transferred	to	a	fresh	collection	tube	be-

fore	being	dry-centrifuged	for	2	minutes	at	14000rpm.	450µl	of	wash	buffer	(provided	in	the	

High	Pure	Viral	Nucleic	Acid	Extraction	Kit)	was	then	added	and	the	column	spun	at	

14000rpm	for	1	minute.	The	collection	tube	was	then	emptied	and	the	wash	repeated.	The	

column	was	then	dry-spun	at	14000rpm	for	1	minute	before	being	transferred	to	a	1.5ml	sili-

conized	microcentrifuge	tube	for	elution.	Elution	was	done	in	two	cycles	of	adding	50µl	of	

Tris-EDTA-Tween	buffer	(Applichem	low	EDTA	1x	Tris-EDTA	buffer,	0.05%	Tween	20),	incu-

bating	at	room	temperature	for	3	minutes,	and	centrifuged	at	14000rpm	for	1	minute,	result-

ing	in	100µl	of	purified	aDNA	extract.	
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2.	Supplemental	Analysis	

	
2.1	Expected	proportion	of	human	DNA	recovered	simulations	
	
Table	S1.	Frequency	of	observed	rankings	of	skeletal	elements	in	terms	of	human	DNA-rich-
ness	after	55,000	simulated	samplings.	

Skeletal	Element	
Frequency	of	observed	rankings	in	endogenous	DNA-rich-

ness	(%)	
1st	 2nd	 3rd	 4th	 5th	 6th	 7th	 8th	

Pars	petrosa	 41.87	 22.08	 14.03	 9.68	 6.40	 4.20	 2.07	 0.81	
Cementum	 10.23	 13.30	 14.08	 14.30	 14.07	 13.59	 12.38	 9.20	
Dentin	 6.34	 9.03	 10.74	 12.50	 13.80	 15.16	 16.94	 16.62	
Pulp	 7.23	 10.10	 11.73	 12.85	 13.99	 14.96	 15.78	 14.52	
Vertebral	Body	 10.61	 13.58	 14.34	 14.45	 14.19	 13.22	 11.88	 8.88	
Superior	Vertebral	
Arch	

4.28	 6.44	 8.59	 10.12	 12.00	 14.77	 19.51	 25.44	

Distal	Phalanx	 10.65	 13.91	 14.43	 14.30	 14.02	 13.48	 11.92	 8.42	
Talus	 9.93	 12.72	 13.21	 12.94	 12.67	 11.76	 10.67	 8.06	

	
	
2.2	Transformed	graphs	for	both	estimated	genomic	coverage	and	nuclear	to	mitochon-
drial	read	ratio.	

Figure	S11.	Transformed	(X0.1)	estimated	genomic	coverage	across	the	eight	sampling	loca-
tions	with	average	proportion	of	human	DNA	content	higher	than	the	overall	mean	(>8.16%).	
Coloured	points	and	lines	represent	the	genomic	coverage	across	sampling	locations	within	
an	individual.	
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Figure	S12.	Transformed	(X0.5)	nuclear	to	mitochondrial	read	ratio	across	the	eight	sampling	
locations	with	average	proportion	of	human	DNA	content	higher	than	the	overall	mean	
(>8.16%).	The	red	line	represents	the	overall	median,	the	black	line	the	overall	mean.	
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2.3	Consistency	of	deamination	patterns	across	both	sampling	location	and	individual.	

	
Figure	S13.	Deamination	patterns	for	all	eight	sampling	locations	with	higher	average	human	
DNA	content	than	the	overall	mean	(>8.16%)	showing	the	consistency	within	each	sampling	
location.	Black	lines	represent	lines	of	best	fit.	
	
	

2.4	Richness	per	milligram	input	material	

The	per	mg	richness	of	each	individual	sampling	location	is	beyond	the	scope	of	this	investiga-

tion.	However,	it	was	still	noted	that	the	cementum	and	the	dental	pulp	chambers,	despite	

yielding	less	starting	material,	were	still	comparable	to	all	other	sampling	locations.	As	such,	

all	relevant	analyses	were	also	performed	after	normalization	of	milligrams	of	material	used	

in	each	DNA	extraction.	
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Figure	S14.	Total	unique	reads	mapped	to	the	hg19	human	reference	after	normalization	for	
starting	input	material	and	sequencing	effort,	showing	the	dental	pulp	chambers	and	cemen-
tum	to	be	especially	rich	in	DNA	per	mg.	The	extraction	blank	is	included	here	for	consistency	
only.		
	

	
	
Figure	S15.	Estimated	genomic	coverage/mg	contained	within	DNA	libraries	from	each	sam-
pling	location,	showing	the	richness	of	the	dental	pulp	chamber	and	increased	richness	in	the	
cementum	(to	a	level	comparable	with	all	other	sampling	locations)	when	input	material	is	
factored	in.	Coloured	points	and	lines	represent	values	within	individuals.	
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Figure	S16.	Number	of	1240k	panel	SNPs	covered	at	least	2x	per	read	sequenced	per	mg	of	
input	material	for	all	sampling	locations,	showing	the	increased	richness	of	both	the	cemen-
tum	and	dental	pulp	chamber.	
	
2.5	Evaluation	of	epiphyseal	plates	found	in	the	two	juvenile	individuals	included	in	the	
eleven	individuals	used	for	sampling.	
	
Sampling	was	also	conducted	on	the	epiphyseal	plates	identified	among	the	skeletal	ele-

ments/individuals	used	for	the	main	body	of	this	study	(from	two	individuals:	in	the	femur,	

hip,	and	metacarpal	of	KRA004,	in	the	femur	and	metacarpal	of	KRA005).	As	there	were	not	

enough	instances	of	these	features,	they	were	excluded	from	the	comparative	analyses	pre-

sented	in	the	main	body	of	this	study.	However,	it	should	be	noted	that	libraries	stemming	

from	epiphyseal	plates	performed	well	in	terms	of	proportion	of	human	DNA	recovered,	reads	

mapping	to	the	human	genome	per	million	reads,	and	estimated	genomic	coverage	with	re-

spect	to	libraries	from	other	sampling	locations	from	the	same	element	in	that	individual	(as	

evidenced	in	the	corresponding	Supplementary	File	1).	As	such,	further	study	into	aDNA	

preservation	in	skeletal	features	such	as	epiphyseal	plates	in	subadult	individuals	may	be	

worthy	of	future	consideration.	
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2.6	Additional	measures	of	contamination	
	
While	contamination	estimates	derived	from	mitochondrial	data	can	be	useful	for	the	evalua-

tion	of	the	four	female	individuals	included	in	this	study,	they	have	been	found	to	only	offer	

similar	accuracy	to	X	chromosome	contamination	estimates	for	samples	where	the	nuclear	to	

mitochondrial	read	ratio	exceeds	1:2001,	and	a	such	are	not	appropriate	for	all	sampling	loca-

tions.	Additionally,	as	the	samples	in	this	study	were	not	sequenced	deeply	enough,	nor	tar-

get-enriched	for	mitochondrial	reads,	the	majority	of	sampling	locations	did	not	yield	suffi-

cient	numbers	of	mitochondrial	reads	to	allow	the	accurate	calculation	of	mitochondrial	con-

tamination	estimates.	However,	it	was	possible	to	combine	all	enriched	libraries	for	each	indi-

vidual	and	estimate	mitochondrial	contamination	on	the	individual	level	using	the	Schmutzi	

pipeline2.	Here	we	find	no	detectable	mitochondrial	contamination	(0%	reported,	with	upper	

and	lower	bounds	of	0-0.5%)	in	ten	of	the	eleven	individuals	regardless	of	genetic	sex.	In	indi-

vidual	KRA011	(a	genetic	female),	we	observe	12.5%	potential	mitochondrial	contamination	

(upper	and	lower	bounds	of	5.5%-19.5%),	but	are	unable	to	ascertain	if	this	is	a	systemic	is-

sue	or	limited	to	only	certain	sampling	locations.	Of	note,	after	visual	and	manual	inspection	

of	all	MT	reads	assemblies	per	individual	(Geneious	Prime	2020.1.2;	http://www.gene-

ious.com/),	we	find	no	indication	of	any	contaminating	sources,	including	in	the	assembly	of	

KRA011.	In	our	experience,	contamination	of	12.5%	should	result	in	a	clearly	visible	back-

ground	in	the	read	assembly.	However,	in	the	case	of	KRA011	deviations	from	the	variant	calls	

could	only	be	observed	at	an	average	of	2.85%	at	C>T	or	G>A	positions,	more	parsimoniously	

explained	by	residual	aDNA	damage.	All	eleven	individuals	produced	unambiguous	haplotype	

calls	(Table	S2)	when	applying	Haplogrep2	on	the	consensus	sequences,	further	adding	to	the	

fidelity	of	the	ancient	sequence	data3.		

Additionally,	multi-dimensional	scaling	analysis	was	performed	for	all	enriched	libraries	as	a	

qualitative	means	to	reinforce	the	ANGSD	contamination	estimates	(Supplementary	Material	
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Figure	S17),	here	all	sampling	locations	from	each	individual	clustered	together,	apart	from	

the	libraries	corresponding	to	the	dentin	of	individuals	KRA003	and	KRA004).	It	should	be	

noted	that	all	three	of	these	samples	are	of	low	coverage	(2,979	and	220	1240k	panel	SNPs	

covered	2x	respectively,	see	Supplementary	File	1:	1240k_SNP_Capture;	cov-

ered2x_1240kpanel),	making	any	inference	of	contamination	based	on	this	analysis	for	these	

samples	challenging.	

	
	
Supplementary	Table	S2.	Individual	level	mitochondrial	haplotype	assignments	
	
	
Individual	
(Laboratory	ID)	

Archaeological	ID		
(Burial	Nr.-Individual	Nr.)	

Mitochondrial	haplotype	

KRA001	 25-1a	 X2x1b	
KRA002	 20-2a	 HV0a	
KRA003	 113-6a	 H73a	
KRA004	 246-1a	 U3a	
KRA005	 276-2a	 H23	
KRA006	 307-4a	 H5a1a	
KRA007	 377-6a	 U5b1e1	
KRA008	 436-6a	 T1a10	
KRA009	 566-3a	 H13a1a1e	
KRA010	 600-7a	 H26a1	
KRA011	 632-2a	 J1c4	
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Figure	S17.	Multi-dimensional	scaling	plot	of	all	1240k	enriched	samples	showing	the	con-
sistent	clustering	of	samples	within	each	individual.	Element	codes	A01,	02	and	03	refer	to	the	
cementum,	dentin,	and	pulp	chamber	sampling	locations	(respectively);	B01	to	the	petrous	
pyramid,	D02	and	05	to	the	vertebral	body	and	superior	vertebral	arch	(respectively),	G01	to	
the	distal	phalanx,	and	J01	to	the	talus.	Samples	KRA003.A02,	KRA004.A02,	and	KRA005.A03	
are	low	coverage	samples	(2,979	and	220	1240k	panel	SNPs	covered	2x	respectively).	
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Additional	File	2	
	 Format:	Excel	spreadsheet	(*.xlsx)	

	 Title:	Supplementary	File	1	

 Description: Complete data table showing full descriptions of sampling
 and DNA extraction yields from all samples processed, including all 
 positive and negative controls. Additionally, this file contains all raw data
 used in all downstream analyses.   
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Cody	E	Parker,	Kirsten	I.	Bos,	Wolfgang	Haak,,	Johannes	Krause	

Published:		JoVE,	30/11/2021	
	

Parker,	C.E.,	Bos,	K.I.,	Haak,	W.,	Krause,	J.	Optimized	Bone	Sampling	Protocols	for	the	Retrieval	
of	Ancient	DNA	from	Archaeological	Remains.	J.	Vis.	Exp.	(177),	e63250,	doi:10.3791/63250	
(2021).	

	
	 Throughout	the	production	of	Manuscript	1,	we	observed	a	distinct	lack	of	easily	acces-

sible	sampling	techniques	across	the	majority	of	the	twenty-three	separate	sampling	locations	

analyzed.	As	such,	in	Manuscript	2	we	present	the	full,	video	annotated,	sampling	techniques	

for	the	production	of	bone	powder	from	the	sampling	locations	found	to	be	the	most	efficient	

for	downstream	aDNA	extraction	in	analyses	in	Manuscript	1	(material	from	the	dense	coch-

lear	region	of	the	petrous	pyramid,		material	from	the	cementum,	dentin,	and	pulp	chamber	of	

in	situ	molars;	cortical	bone	from	the	vertebral		body	and	superior	vertebral	arch,	cortical	

bone	from	the	distal	phalanx,	and	dense	tissue	harvested	from	the	exterior	of	the	talus),	in	or-

der	to	make	these	techniques	more	openly	available	across	the	scientific	community.	

	
	
Author	contributions	

	 CP	is	the	primary	author	(95%)	and	was	responsible	for	all	laboratory	procedures	

including	the	gathering,	processing,	method	development,	sampling	from,	and	DNA	extraction	

from	all	samples	(90%),	and	their	subsequent	analyses	(60%).	KB	acted	as	co-supervisor,	

provided	funding,	aided	in	the	experimental	design	of	this	study,	and	contributed	to	the	

writing	and	editing	of	this	manuscript.	WH	acted	as	co-supervisor,	provided	funding,	aided	in	

the	experimental	design	of	this	study,	coordinated	sample	selection,	and	contributed	to	the	
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writing	and	editing	manuscript.	JK	acted	as	co-supervisor,	aided	in	experimental	design,	and	

provided	funding	for	the	study.		

Author	 Conception	 Data	
analyses	 Experimentation	 Writing	 Sample	

procurement	
C.P. 30% N/A 100% 90% N/A 

J.K. 30% N/A N/A N/A N/A 

K.B. 20% N/A N/A 5% N/A 

W.H. 20% N/A N/A 5% N/A 
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Abstract

The methods presented here seek to maximize the chances for the recovery of

human DNA from ancient archaeological remains while limiting input sample material.

This was done by targeting anatomical sampling locations previously determined

to yield the highest amounts of ancient DNA (aDNA) in a comparative analysis of

DNA recovery across the skeleton. Prior research has suggested that these protocols

maximize the chances for the successful recovery of ancient human and pathogen

DNA from archaeological remains. DNA yields were previously assessed by Parker

et al. 2020 in a broad survey of aDNA preservation across multiple skeletal elements

from 11 individuals recovered from the medieval (radiocarbon dated to a period of

circa (ca.) 1040-1400 CE, calibrated 2-sigma range) graveyard at Krakauer Berg, an

abandoned medieval settlement near Peißen Germany. These eight sampling spots,

which span five skeletal elements (pars petrosa, permanent molars, thoracic vertebra,

distal phalanx, and talus) successfully yielded high-quality ancient human DNA, where

yields were significantly greater than the overall average across all elements and

individuals. Yields were adequate for use in most common downstream population

genetic analyses. Our results support the preferential use of these anatomical

sampling locations for most studies involving the analyses of ancient human DNA from

archaeological remains. Implementation of these methods will help to minimize the

destruction of precious archaeological specimens.

Introduction

The sampling of ancient human remains for the purposes of

DNA recovery and analysis is inherently destructive1,2 ,3 ,4 .

The samples themselves are precious specimens and

morphological preservation should be preserved wherever

possible. As such, it is imperative that sampling practices

be optimized to both avoid unnecessary destruction of

irreplaceable material and to maximize the probability of

success. Current best practice techniques are based on a
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small cohort of studies limited to either forensic surveys5,6,

studies of ancient specimens where the development of

optimal sampling is not the direct aim of the study7, or

dedicated studies utilizing either non-human remains8 or

targeting a very small selection of anatomical sampling

locations (used here to denote a specific area of a

skeletal element from which bone powder, for use in

downstream DNA analyses, was generated)9,10. The

sampling protocols presented here were optimized in the

first large-scale systematic study of DNA preservation across

multiple skeletal elements from multiple individuals11. All

samples stemmed from skeletal elements recovered from

11 individuals excavated from the church graveyard of

the abandoned medieval settlement of Krakauer Berg near

Peißen, Saxony-Anhalt, Germany (see Table 1 for detailed

sample demographics) and, as such, may need modification

for use with samples outside of this geographical/temporal

range.

Individual Sex Estimated age at death 14C dates (CE, Cal 2-sigma)

KRA001 Male 25-35 1058-1219

KRA002 Female 20-22 1227-1283

KRA003 Male 25 1059-1223

KRA004 Male 15 1284-1392

KRA005 Male 10-12 1170-1258

KRA006 Female 30-40 1218-1266

KRA007 Female 25-30 1167-1251

KRA008 Male 20 1301-1402

KRA009 Male Unknown 1158-1254

KRA010 Male 25 1276-1383

KRA011 Female 30-45 1040-1159

Table 1: Genetically determined sex, archaeologically determined estimated age at death, and radiocarbon dating

(14C Cal 2-sigma) for all the 11 individuals sampled. This table has been adapted from Parker, C. et al. 202011.

These protocols allow for a relatively straightforward and

efficient generation of bone powder from eight anatomical

sampling locations across five skeletal elements (including

the pars petrosa) with limited laboratory-induced DNA

contamination. Of these five skeletal elements, seven

anatomical sampling locations found on four skeletal

elements have been determined to be viable alternatives

to the destructive sampling of the petrous pyramid11,12.

These include the cementum, dentin, and pulp chamber of

permanent molars; cortical bone gathered from the superior

vertebral notch as well as from the body of thoracic vertebrae;

cortical bone stemming from the inferior surface of the
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apical tuft and shaft of the distal phalanges; and the dense

cortical bone along the exterior portion of the tali. While

there are several widely applied methods for the sampling

of the pars petrosa4,12 ,13 ,14, dentin, and the dental pulp

chamber1,2 ,15, published methods describing the successful

generation of bone powder from the cementum16, vertebral

body, inferior vertebral notch, and talus can be difficult to

obtain. As such, here we demonstrate optimized sampling

protocols for the petrous pyramid (step 3.1); cementum (step

3.2.1), dentin (step 3.2.2), and dental pulp (step 3.2.3) of adult

molars; cortical bone of the vertebral body (step 3.3.1) and

superior vertebral arch (step 3.3.2); the distal phalanx (step

3.4); and the talus (step 3.5) in order to make the effective

use of these skeletal elements for both aDNA and forensic

research more widely accessible.

Protocol

All research presented herein was performed in compliance

with the guidelines set forth by the Max Planck Institute for

the Science of Human History, Jena, Germany for working

with ancient human remains. Before performing any steps of

this protocol ensure to adhere to all local/state/federal ethical

requirements pertaining to both obtaining permission for the

scientific study and use of human remains for destructive

sampling in your area. All procedures/chemical storage

should be performed according to individual institutional

safety guidelines.

1. Considerations before sample processing

1. Treat samples with care as ancient remains are an

irreplicable and finite resource (e.g., sampling should

be as minimally wasteful as possible, and all remains

returned to their respective and lawful providers if

possible).

2. Perform all steps in a clean-room environment,

preferably at a dedicated ancient DNA facility17,18 ,19.

Use personal protective equipment (PPE) consisting of

sterile microporous coveralls with hood, sterile gloves

(two pairs), surgical mask, protective eyewear, and

sterile boots or non-slip shoes with sterile covers

(see Table of Materials). Change gloves frequently,

especially between samples.

3. Clean and disinfect all equipment and surfaces

thoroughly with bleach/DNA decontamination solution/

ethanol and UV irradiation (wavelength: 254 nm) where

possible (e.g., drill bits, drills, vises/clamps, etc.). Finally,

it is highly recommended to take regular ergonomic

breaks (every 2-3 h if possible) to avoid over-exhaustion

due to the clean-room environment.

NOTE: All skeletal remains should be appropriately

documented (e.g., photographed, weighed, and if

possible micro-CT scanned, 3D imaged, etc.) before

sampling (protocols for appropriate documentation are

not covered in this manuscript). All sampling protocols

may be paused between sampling iterations and the

samples can be stored indefinitely in a dry, temperature

controlled (25 °C), sterile environment.

2. Pretreatment

1. Decontaminate all anatomical sampling locations prior

to bone powder generation to minimize the risk of

contamination18.

NOTE: The efficacy of bleach and/or surface removal

(see NOTE in step 3.3.2 for surface removal steps) for

sample decontamination is still a matter of debate among
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aDNA researchers8,19 ,20 ,21 ,22 ,23 ,24 ,25 as both may

influence overall DNA yields, especially in highly

degraded samples. As such, the following steps are

considered optional and are included here as they were

used in all samples to generate the representative results

presented in this paper. It is recommended that the use of

these pre-treatment protocols be determined on a case-

by-case basis based on the molecular application, age,

rarity, and level of morphological degradation of each

sample set.

1. Perform all sampling in a dedicated clean room

under a UV light equipped polymerase chain

reaction (PCR) hood or biosafety cabinet with airflow

turned off. Spread sterile aluminum foil across the

benchtop to catch any stray bone powder/fragments.

2. Ensure all bone fragments are recovered (for

repatriation) before disposing of the foil. Change the

foil between the treatment of each skeletal element.

Dispose of used foil in an autoclavable biohazard

bag/receptacle.

3. Remove as much loose dirt/detritus as possible from

anatomical sampling locations by gently wiping the

area with a lint-free dry sterile wipe (see Table of

Materials). Dispose of the wipes in autoclavable

biohazard bags or receptacles.

4. Decontaminate the cleaned surface by wiping with

a sterile wipe moistened with diluted commercial

bleach (~0.01% v/v, diluted with ultrapure DNase/

RNase free water) and allow to incubate for 5 min.

Dispose of the wipes in autoclavable biohazard bags

or receptacles.

CAUTION: Bleach is a highly corrosive and reactive

chemical; hence appropriate safety precautions

should be in place before its use.

5. Remove as much residual bleach as possible from

the anatomical sampling location with a sterile wipe

moistened with ultrapure DNase/RNase-free water.

Dispose of the wipes in autoclavable biohazard bags

or receptacles.

6. Expose all cleaned anatomical sampling locations

to UV radiation for 30 min (wavelength: 254 nm),

and then allow to dry fully at room temperature.

Ensure that the anatomical sampling locations are

completely dry before proceeding with sampling

or returning to storage to not only make bone

powder generation easier but also to prevent further

degradation of the sample (e.g., mold).

CAUTION: Exposure to UV radiation can be harmful

to the eyes.

7. Move immediately to sampling or store skeletal

elements in a dry, temperature controlled (25 °C)

sterile environment.

3. Bone powder generation

NOTE: The following protocols are intended for use in DNA

extraction following the Dabney et al. 2019 protocol26.

1. Sampling of pars petrosa

NOTE: This protocol is adapted from procedures

described in Pinhasi et al. 20194 and is presented here

for ease of use. This protocol does not represent the

current, least destructive method for the sampling of

pars petrosa. As such, it is recommended to use the

protocol described by Sirak et al. 201713 or Orfanou et al.
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202014 for samples where morphological preservation is

of maximum importance.

1. Perform all sampling in a dedicated clean room

under a UV light equipped PCR hood or biosafety

cabinet (wavelength: 254 nm) with airflow turned off.

Spread sterile aluminum foil across the benchtop to

catch any stray bone powder/fragments.

2. Ensure all bone fragments and as much powder

as possible is recovered (for repatriation) before

disposing of foil. Change the foil between each

sampling. Dispose of the used foil in an autoclavable

biohazard bag/receptacle.

3. Secure the dry, decontaminated element using a

sterilized clamp or vise.

4. Cut the pars petrosa in half along the superior sulcus

petrosus (see Figure 1) using a standard jeweler's

saw equipped with a 0.6 mm blade (see Table of

Materials) at medium speed to avoid overheating

(see NOTE below step 3.1.6).

CAUTION: The pars petrosa is very dense, and as

such may be difficult to cut. Take care to keep the

element securely clamped to avoid injury. Dispose

of any broken saw blades in the appropriate sharps'

receptacle.

5. Remove the petrous portions from the clamp.

Recover and save any loose/excess material.

6. Place weigh paper in a sterile weighing boat

7. Hold the petrous portion over the weigh paper,

cut side tilted toward the weighing tray. Drill into

the dense cortical bone between the facial canal

and mastoid antrum (appears shinier than the

surrounding material, see Figure 1) using dental

drill equipped with a small gauge bit (see Table of

Materials) and set to medium speed, medium torque

to produce bone powder.

NOTE: Drilling/Cutting should be done in short

bursts at low to medium speeds to avoid overheating

the bone and potentially destroying/damaging DNA.

Anecdotally, when the dense portion of the petrous

begins to overheat a smell described as cooking

bacon may be observed. Cease drilling/sawing

immediately and allow the bone to rest until

sufficiently cool before resuming.

8. Repeat drilling until approximately 50-100 mg of

powder is collected in the weigh paper, as measured

using an enclosed balance accurate to at least 0.01

mg (see Table of Materials).

NOTE: Where possible it is suggested to gather 100

mg of bone powder to allow for two replicate DNA

extraction of 50 mg each. However, this may not

always be possible based on either limitation of the

anatomical sampling locations themselves (e.g., the

distal phalanx, dental pulp chamber) or the need

for morphological preservation. For other locations,

such as the cementum, considerably less than 50

mg of the material may be available. However, the

cementum, dental pulp chamber, and distal phalanx

have all been shown to yield significant endogenous

DNA11,27,28, despite lower initial input of bone

powder from the extraction process.

9. Transfer powder from the weigh paper to a 2 mL

labeled low-bind, safe-lock tube for extraction or

storage. Store samples at -20 °C, indefinitely.

10. Store remaining bone/excess powder in a dry,

temperature controlled (25 °C) sterile environment

until return/repatriation can be completed.
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11. Dispose of all waste in autoclavable biohazard bags

or receptacles. Sterilize/decontaminate all reusable

equipment (e.g., clamps, drill bits, drills, saws,

etc.) using bleach/DNA decontamination solution/

ethanol and UV (wavelength: 254 nm) exposure, as

applicable, between each sampling.

Figure 1: Temporal bone including the pars petrosa. (A) Sample pre-cutting showing the locations of the petrous pyramid

and the sulcus petrosa. (B) Petrous portion post-cutting highlighting the dense areas to be drilled. Please click here to view a

larger version of this figure.

2. Sampling of permanent molars

NOTE: For the sampling of permanent molars, pre-select

in situ molars with fused roots and ideally void of caries,

cracks in the enamel, or excessive wear for best results.

Remove any dental calculus sampling and store at -20

°C for possible future analyses of the oral microbiome

(procedure not covered here).
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1. Sampling of the cementum

1. Perform all sampling in a dedicated clean

room under a UV light equipped PCR hood

or biosafety cabinet (wavelength: 254 nm) with

airflow turned off. Spread sterile aluminum foil

across the benchtop to catch any stray bone

powder/fragments.

2. Ensure all bone fragments and as much powder

as possible are recovered (for repatriation)

before disposing of foil. Change the foil between

each sampling. Dispose of used foil in an

autoclavable biohazard bag/receptacle.

3. Place a sheet of weigh paper into a sterile

weighing tray.

4. Hold/secure the decontaminated molar by the

enamel, root down, over a weighing tray using a

hand-held clamp such as an adjustable wrench

(see Table of Materials).

5. Equip a dental drill with a diamond-edged

circular cutting wheel. With the drill set to a

medium speed/torque setting, lightly touch the

edge of the bit to the root at an angle of

approximately -20°.

6. Scrape downward into the tray to remove/collect

the yellow, outermost material from the root

(cementum). Stop collection when the lighter

(white) material of the dentin becomes visible.

NOTE: It is important to match the direction

of rotation of the cutting bit in relation to the

collection tray to avoid the powder becoming

aerosolized and potentially wasting the sample

by missing the tray entirely. The cementum

is particularly rich in DNA; however, typical

yields of material are much smaller than

other anatomical sampling locations (~7-20

mg)11,27 ,28.

7. Record mass of powder collected in weigh

paper using an enclosed balance accurate to at

least 0.01 mg (see Table of Materials).

8. Transfer powder from the weigh paper to a 2 mL

low-bind, safe lock tube for extraction. Store at

-20 °C, indefinitely.

2. Sampling of the pulp chamber

1. After the cementum has been collected (if

desired), section the molar along the cemento-

enamel junction using a jeweler's saw to remove

the crown (see Figure 2).

2. Place a new sheet of weigh paper in a new

weighing tray.

3. Secure the crown section in a handheld clamp

or vise, over the weighing tray. Hold cut side

tilted downward and drill/scrape material as the

first pass with a dental drill equipped with a small

gauge drilling bit (see Table of Materials) along

the edges of the pulp chamber within the crown

portion (see Figure 2).

NOTE: Only the first pass of the interior of the

pulp chamber is to be collected and labeled as

pulp material (5-15 mg typical yield), anything

deeper into the tooth is considered dentin.

4. Turn the tooth with the inferior portion facing

down, tap the clamp with a hammer, and collect

the liberated powder on the weigh paper.

5. Record the weight of the powder collected in

the weigh paper using an enclosed balance



72	

	
	
	
	

Copyright © 2021  JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com November 2021 • 177 •  e63250 • Page 8 of 20

accurate to at least 0.01 mg (see Table of

Materials).

6. Transfer powder from the weigh paper to a 2 mL

low-bind, safe-lock tube for extraction. Store at

-20 °C, indefinitely.

3. Sampling of the dentin

1. Place a new sheet of weigh paper in a new

weighing tray.

2. Hold the crown section over the weighing tray

(as per step 3.2.2.3), drill out and collect further

50-100 mg of dentin as measured using an

enclosed balance accurate to 0.01 mg (see

Table of Materials) from the interior of the pulp

chamber in the same manner for further dentin

sampling (see Figure 2).

3. Transfer bone powder from the weigh paper to

a 2 mL low-bind, safe-lock tube for extraction.

Store at -20 °C, indefinitely.

4. Store the remaining tooth pieces/excess

powder in a dry, temperature controlled (25 °C)

sterile environment until return/repatriation can

be completed.

5. Dispose of all waste in autoclavable biohazard

bags or receptacles. Sterilize/decontaminate

all reusable equipment (e.g., clamps, drill

bits, drills, saws, etc.) using bleach/DNA

decontamination solution/ethanol and UV

(wavelength: 254 nm) exposures as applicable,

between each sampling.
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Figure 2: Permanent molar pre-sampling. (A) Pre-treated molar prior to sampling, showing crown, cementum (yellowish

layer of the root), and the cutting site at the cemento-enamel junction. (B) The same molar post-cementum collection,

showing the cut site at the cemento-enamel junction. (C) Molar post-cutting and sampling showing anatomical sampling

locations for the dental pulp chamber and dentin within the crown. Please click here to view a larger version of this figure.

3. Sampling of the thoracic vertebrae 1. Sampling of the vertebral body
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1. Perform all sampling in a dedicated clean

room under a UV light equipped PCR hood

or biosafety cabinet (wavelength: 254 nm) with

airflow turned off. Spread sterile aluminum foil

across the benchtop to catch any stray bone

powder/fragments.

2. Ensure all bone fragments and as much powder

as possible are recovered (for repatriation)

before disposing of foil. Change the foil between

each sampling. Dispose of used foil in an

autoclavable biohazard bag/receptacle.

3. Place a small sheet of weigh paper into a

standard weighing tray.

4. Secure the vertebrae with a clamp or hand vise,

with the vertebral body outward.

5. Hold the vertebrae over the weighing tray

with the vertebral body tilted downward. Using

a dental drill equipped with a small gauge

drilling bit (see Table of Materials) set to low-

speed high torque, drill along the outermost

rim (inferior and superior) of the cortical bone

surrounding the cancellous inner tissue of the

vertebral body (see Figure 3).

6. Scrape the bit against the cortical layer over

a standard weighting tray until 50-100 mg of

material is collected, as measured using an

enclosed balance accurate to 0.01 mg (see

Table of Materials).

7. Transfer bone powder from the weigh paper to

a 2 mL low-bind, safe lock tube for extraction.

Store at -20 °C, indefinitely.

2. Sampling of the superior vertebral arch

NOTE: This step is optional. Remove and discard

the outermost layer of the cortical bone of the

superior vertebral arch using a dental drill equipped

with a small gauge drilling bit (see Table of

Materials) by scraping it along the surface19. This is

not suggested for sampling from the vertebral body,

as the layer of cortical bone is generally very thin

and likely to be entirely depleted by this process (see

NOTE in section 2).

1. Place a small sheet of weigh paper into a

standard weighing tray.

2. Secure the vertebrae in a hand clamp/vise with

the vertebral process outward, superior aspect

down.

3. While holding the vertebrae, superior aspect

down, over a weighing tray, drill upwards into

the center of the V shaped notch formed by the

fusion of the spinous process with the lamellae

(see Figure 3) using a dental drill with a small

gauge bit (see Table of Materials) set to low

speed and high torque.

4. Cease drilling when there is a noticeable drop in

resistance. Change the drilling position slightly

and repeat until 50-100 mg of bone powder

is collected, as measured using an enclosed

balance accurate to 0.01 mg (see Table of

Materials).

5. Transfer bone powder from the weigh paper to

a 2 mL low-bind tube for extraction. Store at -20

°C, indefinitely.

6. Store remaining bone/excess powder in a

dry, temperature controlled (25 °C) sterile

environment until return/repatriation.
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7. Dispose of all waste in autoclavable biohazard

bags or receptacles. Sterilize/decontaminate

all reusable equipment (e.g., clamps, drill

bits, drills, saws, etc.) using bleach/DNA

decontamination solution/ethanol and UV

(wavelength: 254 nm) exposure, as applicable,

between each sampling.

Figure 3: Vertebral body and superior vertebral arch cortical bone anatomical sampling locations of the thoracic

vertebra. Please click here to view a larger version of this figure.

4. Sampling of the distal phalanx

NOTE: This step is optional. Remove and discard the

outermost layer of the cortical bone of the shaft and/or

apical tuft using a dental drill equipped with a small gauge

drilling bit by scraping it along the surface19. This may

not be possible for samples with excessively thin cortical

bone or juvenile remains (see NOTE in section 2).

1. Perform all sampling in a dedicated clean room,

under a UV light equipped PCR hood or biosafety

cabinet (UV wavelength: 254 nm) with airflow turned
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off. Spread sterile aluminum foil across the benchtop

to catch any stray bone powder/fragments.

2. Ensure all bone fragments and as much powder

as possible are recovered (for repatriation) before

disposing of foil. Change the foil between each

sampling. Dispose of used foil in an autoclavable

biohazard bag/receptacle.

3. Place a small sheet of weigh paper into a standard

weighing tray.

4. Secure the sample in handheld clamp/vise, superior

side upwards.

5. Hold the sample over the weighing tray, collect

bone powder from the cortical bone from the inferior

side of the apical tuft and shaft by drilling through

the outermost dense layers (see Figure 4) using a

dental drill equipped with a small gauge drilling bit

(see Table of Materials).

6. Cease drilling when there is a marked decrease

in resistance, as this signifies lighter, cancellous

material. Repeat this process, radiating outward

from the initial drilling until at least 50-100 mg of

bone powder is collected, as measured using an

enclosed balance accurate to 0.01 mg (see Table of

Materials).

7. Transfer bone powder from the weigh paper to a 2

mL low-bind, safe-lock tube for extraction. Store at

-20 °C, indefinitely.

8. Store the remaining bone/excess powder in a dry,

temperature controlled (25 °C) sterile environment

until return/repatriation.

9. Dispose of all waste in autoclavable biohazard bags

or receptacles. Sterilize/decontaminate all reusable

equipment (e.g., clamps, drill bits, drills, saws, etc.)

using bleach/DNA decontamination solution/ethanol

and UV exposure, as applicable, between each

sampling.

NOTE: For smaller samples (e.g., juvenile samples)

there may be considerably less than the suggested

50-100 mg of cortical bone available to sample.

However, even in low quantities, this anatomical

sampling location has been shown to be particularly

rich in DNA11.
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Figure 4: Distal phalanx showing the locations of dense cortical bone along the shaft and inferior side of the apical

tuft. Please click here to view a larger version of this figure.

5. Sampling of the Talus

1. Perform all sampling in a dedicated clean room

under a UV light equipped PCR hood or biosafety

cabinet (wavelength: 254 nm) with airflow turned off.

Spread sterile aluminum foil across the benchtop to

catch any stray bone powder/fragments.

2. Ensure all bone fragments and as much powder

as possible are recovered (for repatriation) before

disposing of foil. Change the foil between each

sampling. Dispose of used foil in an autoclavable

biohazard bag/receptacle.

3. Place a small sheet of weigh paper into a standard

weighing tray.

4. Secure the sample in handheld clamp/vise, dome

upwards.

5. Hold the talus, dome upward, and medial surface

toward the collector, over the weighing tray. Scrape

cortical bone from the neck of the talus to a depth of

~1 mm (see Figure 5) using a dental drill with a low

gauge bit (see Table of Materials) set to low speed

and high torque.

6. Change the drilling position slightly and repeat

until approximately 50-100 mg of bone powder is

collected, as measured using an enclosed balance

accurate to 0.01 mg (see Table of Materials).
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7. Transfer bone powder from the weigh paper to a

2 mL low-bind tube for extraction. Store at -20 °C,

indefinitely.

8. Store the remaining bone/excess powder in a dry,

temperature controlled (25 °C) sterile environment

until return/repatriation can be completed.

9. Dispose of all waste in autoclavable biohazard bags

or receptacles. Sterilize/decontaminate all reusable

equipment (e.g., clamps, drill bits, drills, saws,

etc.) using bleach/DNA decontamination solution/

ethanol and UV (wavelength: 254 nm) exposure, as

applicable, between each sampling.

Figure 5: Sampling area of the talus for cortical bone recovery. Please click here to view a larger version of this figure.

NOTE: The talus has very little cortical bone (a thin outer

layer). The material should not only be collected from the

surface but also the underlying dense layer of cancellous

bone.
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Representative Results

In a separate study11, DNA was extracted from bone

powder generated from each anatomical sampling location

in 11 individuals, using a standard DNA extraction protocol

optimized for short fragments from calcified tissue2. Single-

stranded libraries were then produced28 and sequenced

on a HiSeq 4000 (75 bp paired-end) to a depth of

~20,000,000 reads per sample. The resulting sequence

data was then evaluated for endogenous human DNA

content using the EAGER pipeline29 (BWA settings: Seed

length of 32, 0.1 mismatch penalty, mapping quality filter

of 37). All representative results are reported using the

same metrics as Parker et al. 202011 for consistency.

Libraries from the powdered portions of the pars petrosa

yielded, on average, higher endogenous DNA than any

of the other 23 anatomical sampling locations surveyed

(Figure 6A-B). The seven additional anatomical sampling

locations presented in this protocol (the cementum, first

pass of the dental pulp chamber, and dentin of permanent

molars; cortical bone from the vertebral body and superior

vertebral arch of the thoracic vertebra; cortical bone from

the apical tuft of the distal phalanx; and cortical bone from

the neck of the talus) produced the next highest yields

(with no statistical significance between these anatomical

sampling locations; Figure 6A-B; Supplemental File 1:

EndogenousDNAPreCap). These alternative locations all

consistently produced DNA yields adequate for standard

population genetics analyses such as mitochondrial analyses

and single nucleotide polymorphism (SNP) analyses.

Duplication rates in libraries stemming from all anatomical

sampling locations were low (cluster factors < 1.2 on

average, calculated as the ratio of all mapping reads to

unique mapping reads, Table 2; Supplemental File 1:

ClusterFactor), indicating that all libraries screened were of

very high complexity. Similarly, average exogenous human

DNA contamination estimates were low, averaging < 2% (X

chromosome contamination in males, n = 7, as reported by

the ANGSD30 pipeline) in all anatomical sampling locations

except for the superior vertebral arch (average estimated

contamination: 2.11%, with one sample removed as an

outlier; KRA005: 19.52%, see Table 2; Supplemental File

1: Xcontamination). Average fragment length (after filtering

to remove all reads < 30 bp) was lowest in the material

collected from the dental pulp chamber and dentin, with

no significant variation among other anatomical sampling

locations (55.14 bp and 60.22 bp, respectively in comparison

to an average median of 62.87, pair-wise p-values < 0.019,

Table 2; Supplemental File 1: AvgFragLength). Additionally,

the teeth and thoracic vertebrae each contain multiple

anatomical sampling locations where high endogenous DNA

recovery was observed, making them particularly suitable as

alternatives to the pars petrosa.
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Figure 6: Human DNA content for all screened samples. Black lines represent the overall mean, while red lines

represent the median (solid: human DNA proportion, dashed: mapped human reads per million reads generated). Individual

anatomical sampling locations with an average human DNA proportion higher than the overall mean (8.16%) are colorized

in all analyses. (A) The proportion of reads mapping to the hg19 reference genome. The blue dashed line represents

the theoretical maximum given the pipeline's mapping parameters (generated using Gargammel31 to simulate a random

distribution of 5,000,000 reads from the hg19 reference genome with simulated damage). Individual means (black X) and

medians (red circle) are reported for those samples with a higher average human DNA proportion than the overall mean.

Confidence intervals indicate upper and lower bounds excluding statistical outliers. (B) The number of unique reads mapping

to the hg19 reference genome per million reads of sequencing effort (75 bp paired end). Confidence intervals indicate upper

and lower bounds excluding statistical outliers. This figure has been adapted from Parker, C. et al. 202011. Please click here

to view a larger version of this figure.

Table 2: Average duplication levels (mapping reads/

unique reads), average and median fragment lengths,

and X chromosome contamination estimates for all

anatomical sampling locations. Error reported as the

standard error of the mean. This table has been adapted from

Parker, C. et al. 202011.
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Sampling location Average duplication

factor (# mapped reads /

# unique mapped reads)

Average fragment

length in bp

Average estimated

proportion of X

chromosome

contamination

Petrous pyramid 1.188 ± 0.006 65.40 ± 1.36 0.000 ± 0.003

Cementum 1.197 ± 0.028 67.28 ± 1.76 0.011 ± 0.003

Dentin 1.188 ± 0.061 60.22 ± 2.37 0.002 ± 0.007

Pulp 1.179 ± 0.024 55.14 ± 2.90 0.013 ± 0.006

Distal phalanx 1.191 ± 0.049 65.95 ± 1.08 0.013 ± 0.005

Vertebral body 1.194 ± 0.037 66.14 ± 1.03 0.008 ± 0.003

Superior vertebral arch 1.19 ± 0.017 63.02 ± 1.23 0.021 ± 0.009*

Talus 1.198 ± 0.010 68.20 ± 1.24 0.011 ± 0.003

*Sample KRA005 removed

as an outlier at 0.1952

Code availability

All analyses programs and R modules used in the analyses of this manuscript are freely available from their respective

authors. All custom R code is available by request.

Data availability

All raw data used in the calculation of representative results

is freely available in the European Nucleotide Archive

ENA data repository (accession number PRJ-EB36983) or

supplemental materials of Parker, C. et al.11.

Supplemental File 1. Please click here to download this File.

Discussion

Current practice in ancient human population genetics

is to preferentially sample from the pars petrosa (step

2.1) whenever possible. However, the pars petrosa can

be a difficult sample to obtain, as it is highly valued

for a myriad of skeletal assessments (e.g., population

history32, the estimation of fetal age at death33, and sex

determination34), and, historically, sampling of the pars

petrosa for DNA analysis can be highly destructive3,4

(including the protocol presented here, although new,

minimally invasive protocols13,14 have now been widely

adopted to alleviate this concern). This is compounded by

the fact that, until very recently, a large-scale, systematic

study of human DNA recovery across the skeleton had not

been attempted11, making finding an appropriate sampling

strategy when the petrous pyramid is unavailable challenging.

The protocols presented here help to alleviate that challenge

by providing a set of optimized procedures for DNA sampling
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from archaeological/forensic skeletal remains including the

pars petrosa as well as seven alternate anatomical sampling

locations across four additional skeletal elements. The critical

steps included are all intended to minimize the possibility

of DNA loss/damage due to either inefficient sampling

(steps 2.1.6 and 3.2.1.3) or overheating of samples during

drilling/cutting (step 3.1.6). Additionally, it has been noted

throughout the protocol that it may be necessary to modify/

omit the pre-treatment steps to ensure the best performance

in highly degraded samples. It should also be noted that

even among the selected elements presented here, there

remain several possible alternative sampling techniques

(particularly for the pars petrosa13,14), as well as ample

room for further optimization of the underexploited anatomical

sampling locations presented here (i.e., the talus: step 2.5 and

the vertebrae: step 2.3).

It is also important to keep in mind that these protocols

have been designed and tested using ancient juvenile-adult

remains of high quality (good morphological preservation)

for the purposes of endogenous human DNA analyses. The

results presented may not extend to more highly degraded

materials, other preservation contexts, infant remains, non-

human remains, or studies of pathogens or the microbiome,

as a greater exploration into the use of these protocols in

additional contexts is still needed. Additionally, the alternative

skeletal elements presented here (the teeth, vertebrae,

distal phalanx, and tali) may be challenging to assign to a

single individual among commingled remains, necessitating

sampling from multiple elements to ensure a single origin.

Despite these limitations, making these protocols widely

available can help alleviate some of the heterogeneity

surrounding sample selection and processing by providing a

generalized and quantitatively optimized framework for use

in a wide range of future aDNA/forensic studies on human

remains.
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Materials

Name Company Catalog Number Comments

#16 Dental Drill Bit NTI H1-016-HP example drilling bit

0.6 mm scroll saw blade Fisher Scientific 50-949-097 blade for Jewellers Saw

22mm diamond cutting wheel Kahla SKU 806 104 358 514 220 Dremel cutting attachment

Commercial Bleach Fisher Scientific NC1818018

Control Company Ultra-Clean
Supreme Aluminum Foil

Fisher Scientific 15-078-29X

DNA LoBind Tubes (2 mL) Eppendorf 22431048

Dremel 225-01 Flex Shaft
Attachment

Dremel 225-01 Dremel flexible extension

Dremel 4300 Rotary Tool Dremel 4300 Example drill

Dremel collet and nut kit Dremel 4485 Adapters for various Dremel tool
attachments/bits

Eagle 33 Gallon Red Biohazard
Waste Bag

Fisher Scientific 17-988-501

Eppendorf DNA LoBind 2 mL
microcentrifuge tube

Fisher Scientific 13-698-792

Ethanol (Molecular Biology Grade) Millipore Sigma 1.08543

FDA approved level 2 Surgical Mask Fisher Scientific 50-206-0397 PPE

Fisherbrand Comfort Nitrile Gloves Fisher Scientific 19-041-171X PPE

Fisherbrand Safety Glasses Fisher Scientific 19-130-208X PPE

Granger Stationary Vise Fisher Scientific NC1336173 benchtop vise

Invitrogen UltraPure DNase/Rnase
free distilled water

Fisher Scientific 10-977-023

Jewellers Saw Fisher Scientific 50-949-231

Kimwipes Sigma-Aldritch Z188956

Labconco Purifier Logic Biosafety
cabinet

Fisher Scientific 30-368-1101

LookOut DNA Erase Millipore Sigma L9042-1L

Medium weighing boat Heathrow Scientific HS120223
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MSC 10pc plier/clamp set Fisher Scientific 50-129-5352 Miscellaneous clamps/vise grips
for securely holding samples while
drilling/cutting

Sartorius Quintix Semi-Micro Balance Fisher Scientific 14-560-019 enclosed balance

Tyvek coveralls with hood Fisher Scientific 01-361-7X PPE

Weigh paper Heathrow Scientific HS120116
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Additional	File	2	
	 Format:	Excel	spreadsheet	(*.xlsx)	

	 Title:	Supplementary	File	1	

	 Description:	Complete	data	table	showing	full	descriptions	of	sampling	and	DNA		 ex-

traction	yields	from	all	samples	processed,	including	all	positive	and	negative		 controls.	

Additionally,	this	file	contains	all	raw	data	used	in	all	representative	analyses.	
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4.	Manuscript	3	
	
“	

“14th	century	Yersinia	pestis	genomes	support	emergence	of	Pestis	secunda	within							
Europe”	

	
Cody	Parker	and	Alina	N.	Hiss,	Maria	Spyrou,	Philip	Slavin,	Elizabeth	Nelson,	Gunnar	Neu-
mann	Susanne	Freiderich,	Sarah	Nagel,	Alexander	Herbig,	Johannes	Krause,	Wolfgang	Haak,	

Kirsten	I	Bos	
	

In	preparation	
	

	 A	method	by	which	to	maximize	data	production	from	irreplaceable	archaeological	re-

mains	is	to	broaden	the	scope	of	the	analyses	performed	on	each	dataset	resulting	from	their	

destructive	sampling.	In	Manuscript	3	we	present	a	novel,	high	coverage	(ca.	30x),	Yersinia	

pestis	genome	from	the	Second	Pandemic,	phylogenetically	placed	directly	between	the	Black	

Death	strain	of	Y.	pestis	and	Pestis	secunda	(the	Second	Pandemic	strain	currently	thought	to	

be	a	precursor	to	the	strain	causing	the	Third,	still	ongoing,	Pandemic)	recovered	through	

routine	pathogen	screening	of	the	remains	examined	in	Manuscripts	A	and	B.	There	was	no	

previous	archaeological	context	pointing	towards	the	possible	presence	of	Y.	pestis	at	this	site,	

as	the	burials	are	not	documented	in	historical	texts,	the	individuals	were	interred	in	an	attri-

tional	context	(i.e.,	generally	individual	burials	rather	than	multiple	and	lacking	any	physical	

evidence	of	suspected	infectious	disease	such	as	the	addition	of	lime	to	the	gravesite),	and	

early	archaeological	dating	indicated	the	site	dated	to	the	11th	century	(approximately	a	cen-

tury	after	the	First	Pandemic	and	before	the	Second).	In	addition,	we	also	find	the	first	genetic	

evidence	of	verifiable	historical	Y.	pestis	infection	in	post-cranial	skeletal	elements,	further	re-

inforcing	the	utility	of	standardized	screening	of	finds,	after	requesting	appropriate	permis-

sions.		
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Author	contributions	

	 CP	is	the	shared	primary	author	(65%)	with	ANH,	was	responsible	for	the	gathering,	

processing,	method	development,	sampling	from,	and	DNA	extraction	from	all	samples	from	

the	first	round	of	screening	(45%	of	total	laboratory	work)	and	aided	in	their	subsequent	

analyses	(10%).	ANH	was	the	shared	primary	author	with	CP,	performed	all	laboratory	work	

pertaining	to	the	second	set	of	screened	individuals,	and	aided	in	their	subsequent	analyses.	

MS	and	GN	were	responsible	for	phylogenetic	analyses	and	SNP	verification.	PS	provided	

archaeological	evidence	linking	our	genome	to	documented	plague	outbreaks	in	the	area.	EN	

was	responsible	for	the	production	of	the	11x	coverage	double	stranded	library	used	for	SNP	

verification.	XD	of	the	State	Office	for	Heritage	Management	and	Archaeology,	Saxony-Anhalt	

(State	Museum	of	Prehistory,	Halle	(Saale))	contributed	the	archaeological	remains	sampled	in	

this	study	and	initially	excavated	the	site.	AH	aided	in	the	analyses	of	recovered	Y.	pestis	

genomes	KB	acted	as	co-supervisor,	provided	funding,	aided	in	the	experimental	design	of	this	

study,	and	contributed	to	the	writing	and	editing	of	this	manuscript.	WH	acted	as	co-

supervisor,	provided	funding,	and	contributed	to	the	writing	and	editing	manuscript.	JK	acted	

as	co-supervisor	and	provided	funding	for	the	study.		
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Author	 Conception	 Data	

analyses	 Experimentation	 Writing	 Sample	
procurement	

C.P. 25% 10% 45% 65% 0% 

A.N.H. 10% 40% 45% 20% 30% 

M.S. N/A 10% N/A N/A N/A 

G.N. N/A 10% N/A N/A N/A 

P.S. N/A 5% N/A 5% N/A 

E.N. N/A 5% 5% N/A N/A 

X.D. N/A N/A N/A N/A 60% 

S.N. N/A N/A 5% N/A N/A 

A.H. 20% 10% N/A N/A N/A 

J.K. 5% N/A N/A N/A N/A 

W.H. 10% N/A N/A N/A 10% 

K.B. 30% 10% N/A 10% N/A 
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Abstract	

	
Pestis	secunda	is	the	earliest	of	a	series	of	plague	outbreaks	in	medieval	Europe	(1356-1366	

CE)	immediately	following	the	Black	Death	(1346-1353	CE).	The	first	genetic	evidence	of	Pes-

tis	secunda	was	recovered	from	Bergen-op-Zoom	in	the	Netherlands	(ca	1358-1360	CE),	with	

further	examples	subsequently	recovered	from	St.	Mary’s	Graces,	London,	United	Kingdom	

(1361	CE)	and	Bolgar	City,	Russia	(ca	1363-1364	CE).	Unlike	the	majority	of	other	post-Black	

Death	strains	of	Yersinia	pestis	,	which	display	diversity	that	accumulated	over	a	period	of	cen-

turies	within	a	terminal	sub-branch	of	the	Y.	pestis	phylogeny,	plague	lineages	descended	from	

the	Pestis	secunda	are	thought	to	have	persisted	in	non-human	reservoirs	in	Eurasia	and	are	

genetically	linked	to	the	Third	Pandemic	(1772	CE	–	ongoing).	It	has	been	debated	whether	

these	post-Black	Death	strains	are	the	result	of	local	evolution	of	Y.	pestis	within	Europe	or	if	

the	disease	was	repeatedly	reintroduced	from	a	source	external	to	Europe.	Resolution	of	these	

competing	hypotheses	has	been	hindered	by	the	low	representation	of	Y.	pestis	genomes	from	

this	period	in	the	skeletal	collections	investigated	thus	far.	Here,	we	report	on	five	individuals	

from	Germany	that	were	infected	with	lineages	of	plague	associated	with	Pestis	secunda,	two	

of	whom	yielded	genomes	of	high	coverage.	While	one	high	coverage	genome	falls	within	the	

known	diversity	of	the	Pestis	secunda,	the	second	carries	ancestral	traits	that	place	it	early	in	

the	Pestis	secunda	pandemic.	Through	consideration	of	historical	sources	that	explore	first	

documentation	of	the	pandemic	in	Central	Germany,	we	argue	that	these	data	support	a	post-

Black	Death	evolution	of	the	pathogen	within	Europe	rather	than	an	introduction	from	

abroad.	Additionally,	we	demonstrate	retrievability	of	Y.	pestis	DNA	in	post-cranial	remains	

and	highlight	the	importance	of	hypothesis-free	pathogen	screening	approaches	in	evalua-

tions	of	archaeological	samples.	
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Author	Summary	

We	present	two	high-coverage	and	three	low-coverage	Y.	pestis	genomes	that	represent	previ-

ously	described	diversity	within	the	Pestis	secunda,	as	well	as	a	newly	identified	precursor	

strain.	Viewed	in	context	with	novel	historical	revelations,	we	further	refine	the	time-span	be-

tween	the	end	of	the	Black	Death	and	the	emergence	of	the	Pestis	secunda	to	a	three-year	in-

terval,	offering	support	to	the	theory	that	this	outbreak,	similar	to	other	post-Black	Death	out-

breaks,	had	its	source	in	Y.	pestis	diversification	that	evolved	locally,	rather	than	resulting	

from	pathogen	reintroduction	from	a	distant	plague	focus.	
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Introduction	

Yersinia	pestis,	the	bacterium	responsible	for	plague	[1–4],	is	primarily	spread	from	rodent	

populations	to	humans	and	other	mammals	via	infected	fleas	[5–8].	There	are	three	primary	

modes	of	potential	progression	after	infection:	bubonic,	where	lymph	nodes	are	infected	lead-

ing	to	painful	swellings	called	buboes;	pneumonic,	where	the	lungs	are	infected	and	the	dis-

ease	is	transmissible	through	expectorated	droplets;	and	septicaemic,	where	systemic	infec-

tion	leads	very	rapidly	to	death	[9].	At	least	three	historically	documented	plague	pandemics	

are	known,	and	involvement	of	Y.	pestis	in	each	has	been	confirmed	through	DNA	analysis:	

The	First	Pandemic,	which	began	with	the	Justinianic	plague/Plague	of	Justinian	(541	CE	-	ca.	

750CE)	[10–13],	the	Second	Great	Pandemic,	which	started	with	the	Black	Death	(1346	CE–	

ca.	18th	century	CE)	[14,15],	and	the	modern	Third	Pandemic	(ca	1772	CE	–	currently	ongo-

ing)	[16].	Recent	evidence	has	shown	that	Y.	pestis	infection	occurred	as	far	back	as	the	Neo-

lithic	[17–19],	although	the	health	impact	of	these	cases	on	prehistoric	societies	remains	a	

subject	of	scholarly	debate.		

	
The	most	widely	studied	of	these	three	historical	Y.	pestis	scourges	is	the	Second	Pandemic,	

which	includes	the	Black	Death	15]	and	the	subsequent	waves	of	resurgent	infections	that	fol-

lowed	for	several	hundred	years.	The	Black	Death	is	thought	to	have	started	with	the	intro-

duction	of	a	single,	clonal	strain	of	Y.	pestis	[20]	that	was	first	historically	reported	in	the	

Black	Sea	region	and	was	carried	via	trade	[15,21]	through	Constantinople	before	spreading	

into	Europe	via	the	Italian	city	of	Messina	[22,23]..	After	this	initial	introduction	the	Black	

Death	spread	rapidly	throughout	the	entirety	of	Europe	before	abating	in	1353	CE.	Shortly	

thereafter,	waves	of	infection	periodically	resurfaced	in	Europe	until	the	18th	century	CE,	each	

resulting	in	episodes	of	various	mortality	[24–26].		
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Chronologically,	the	first	known	resurgence	of	plague	in	Europe	after	the	Black	Death,	re-

ferred	to	as	the	Pestis	secunda	[25–28],	has	been	genetically	observed	in	remains	excavated	

from	plague-associated	burials	in	Bergen	Op	Zoom,	Netherlands	(archaeologically	dated	to	

post-1358CE,	and	to	1359-60CE	through	historic	context)	[2,27,29],	from	the	London	St.	

Mary’s	Graces	plague	cemetery	(historically	dated	to	1361CE)	[14]	and	from	a	cemetery	in	

Bolgar	City,	Russia	(c.1363-4	CE)	[28,30].	The	strains	detected	in	these	Pestis	secunda	burials	

all	differ	from	that	responsible	for	the	Black	Death	by	only	two	diagnostic	chromosomal	poly-

morphisms:	one	at	nucleotide	position	699,494	(according	to	the	CO92	AL590842	reference	

genome),	“p3”,	that	is	a	synonymous	G	to	A	transition	in	the	rpoD	gene)	and	another	at	

2,262,577	“p4”,	that	is	a	non-synonymous	G	to	T	transversion	affecting	a	hypothetical	protein	

whose	function	remains	unclear)	[2,30].	Additionally,	the	Pestis	secunda	strains	thus	far	iden-

tified	do	not	group	phylogenetically	within	the	greater	genomic	diversity	reported	in	other	

post-Black	Death	mortality	events	throughout	Europe,	which	are	argued	to	have	evolved	lo-

cally	[20].	Instead,		genetic	evidence	indicates	that	the	known	lineages	common	to	this	cluster,	

collectively	referred	to	as	1B,	extended	eastward	beyond	Europe	into	Asia	and	subsequently	

Africa,	and	later	gave	rise	to	the	prolific	Y.	pestis	branch	1,	which	is	highly	diverse	and	is	asso-

ciated	with	the	globally	distributed	and	ongoing	Third	Pandemic	[30–32].	

	
The	locations	of	plague	foci	that	could	have	seeded	the	various	post-Black	Death	Y.	pestis	re-

surgences	are	debated.	Recent	genetic	studies	of	historical	Y.	pestis	strains	recovered	from	

across	Europe	in	the	medieval	and	post-medieval	periods	have	revealed	a	treelike	structure	

with	the	Black	Death	at	the	root.	This	strongly	supports	the	14th	century	pandemic	event	as	

the	ultimate	source	of	all	Second	Pandemic	outbreaks,	with	accumulated	diversity	resulting	

from	continued	local	evolution	within	Europe	[20].	From	an	ecological	perspective,	the	waves	

of	post-Black	Death	infection	appear	to	be	correlated	with	factors	associated	with	the	rise	and	
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decline	of	regional	sylvatic	rodent	populations	[33,34]:	As	rodent	populations	expand	and	

reach	urban	centres,	susceptible	domestic	rodents	such	as	Rattus	rattus	can	also	become	in-

fected.	Once	rodent	populations	collapse,	disease	infected	fleas	seek	out	new	hosts	such	as	hu-

mans.	Infection	rates	then	drop	dramatically	with	declines	in	both	human	and	local	commen-

sal	rodent	populations	[33–36].	In	the	context	of	the	Second	Pandemic,	the	periodic	outbreaks	

imply	that	Y.	pestis	persisted	among	local	rodents	where	the	bacteria	periodically	receded,	

evolved,	and	re-emerged	as	these	populations	fluctuated	[28,33].		

	
This	model	of	evolution	and	expansion	of	Second	Pandemic	Y.	pestis	strains	is	consistent	with	

the	pattern	of	genetic	diversity	observed	during	the	radiation	of	post-Black	Death	strains	in	

Europe.	South-Central	Germany,	for	example,	has	been	proposed	as	a	plausible	candidate	lo-

cation		where	plague	may	have	become	endemic	in	a	local	rodent	population	in	the	course	of	

the	Black	Death,	and	thereafter	a	spillover	event	gave	rise	to	the	Pestis	secunda[28].	However,	

as	historical	records	first	document	waves	of	infection	around	major	population	centres	and	

along	corresponding	trade	routes,	an	alternative	hypothesis	posits	that	subsequent	waves	of	

infection	are	better	explained	by	a	series	of	continuous	re-introductions	of	plague	from	either	

the	original,	as	yet	undefined,	source	of	the	Black	Death	or	elsewhere	in	Asia	[27,37–39].	It	

should	be	noted,	however,	that	the	vast	majority	of	all	late	medieval	plague	data	is	recovered	

from	urbanized/commercialized	areas	rather	than	from	more	sparsely	populated	rural	areas:	

Hypotheses	regarding	the	locations	of	epidemic	emergences	could	thus	be	reflective	of	inher-

ent	biases	in	the	availability	of	historic	records	rather	than	actual	epidemiological	phenom-

ena.	Additionally,	direct	genetic	evidence	of	Y.	pestis	infection	in	medieval	rodent	populations	

has	only	recently	[40]	been	documented.	From	a	genetic	standpoint,	observational	bias	re-

sults	from	a	dominant	focus	on	skeletal	collections	for	which	a	plague	outbreak	is	either	his-

torically	documented	or	is	suspected	based	on	burial	context,	which	are	often	from	areas	
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more	easily	accessed	in	terms	of	both	travel	and	procurement	of	sample	permits.	Together	

these	phenomena	have	the	potential	to	limit	the	resolution	of	both	an	outbreak’s	origin	and	

the	context	for	its	re-emergence.		

	
A	more	systematic	survey	of	plague	DNA	recovery	from	a	wide	range	of	spatio-temporal	con-

texts	both	within	and	outside	Europe	has	the	potential	to	clarify	the	geographic	origins	of	

these	recurrences	[37].	Genetic	data	representative	of	the	Pestis	secunda,	for	example,	is	lim-

ited	to	only	three	sites.	Here,	through	a	hypothesis-free	approach	to	pathogen	screening	of	hu-

man	remains	from	burials	in	Medieval	Germany	lacking	the	typical	contexts	associated	with	

epidemic	events	(in	terms	of	both	demography	and	historical	context),	we	present	five	histor-

ical	Y.	pestis	genomes	that	further	explore	the	genetic	links	between	the	Black	Death	and	the	

Pestis	secunda.	These	data	parsimoniously	support	precipitation	of	the	Pestis	secunda	as	a	lo-

cal	phenomenon	rather	than	a	disease	reintroduction	from	afar.	
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Figure	1.	Map	of	the	cemetery	excavation	site	at	Krakauer	Berg,	near	Peißen,	Saxony-Anhalt,	
Germany.	Graves	highlighted	in	yellow	mark	those	initially	screened,	while	the	green	high-
lighted	features	represent	those	utilized	for	the	second,	targeted	Y.	pestis	screening	effort.	
	 	



100	

Table	1.	SNP	table	showing	seven	diagnostic	Second	Pandemic	Y.	pestis	SNPs	(p1-p7)	compar-
ing	profiles	the	Black	Death	strains,	all	Krakauer	Berg	samples	(KRA0XX;	high	coverage	de-
noted	in	blue,	low	coverage	in	orange),	known	examples	of	Pestis	secunda	(Bergen	op	Zoom,	
London	St.	Mary’s	Graces,	Bolgar	City),	and	the	modern	CO92	reference	(accession	number:	
AL590842).	Amongst	the	two	high-coverage	genomes,	a	minimum	of	3	reads	covering	each	
position	were	required	for	SNP	identification,	while	SNPs	in	the	low-coverage	genomes	were	
evaluated	at	1x	coverage.	Sites	where	this	coverage	was	not	achieved	(for	both	high	or	low-
coverage	genomes)	are	denoted	with	Ns.	SNPs	diagnostic	of	Pestis	secunda/Branch	1	strains	
shown	in	bold.	
		

SNP	(Position	in	reference	to	the	CO92	reference	genome)	

Individual/Site	 p1	
(189,227)	

p2	
(1,871,476)	

p3	
(699,494)	

p4	
(2,262,577)	

p5	
(4,301,295)	

p6	
(3,806,677)	

p7	
(3,643,387)	

Black	Death	 C	 G	 G	 G	 G	 T	 G	
KRA004	 C	 G	 A	 G	 G	 T	 G	
KRA008	 N	 N	 A	 G	 N	 N	 G	
KRA018	 C	 G	 A	 T	 G	 T	 G	
KRA028	 C	 G	 A	 G	 G	 T	 G	
KRA032	 N	 N	 A	 N	 G	 N	 N	
Bergen-op-
Zoom	

C	 G	 A	 T	 G	 T	 G	

London,	St.	
Mary’s	Graces	

C	 G	 A	 T	 T	 T	 G	

Bolgar	City	 C	 G	 A	 T	 G	 C	 T	
CO92	 C	 G	 A	 T	 G	 C	 G	
	

	

	

Results	

In	a	separate	study,	247	single-stranded	DNA	libraries	stemming	from	eleven	individuals	ex-

cavated	from	the	14th	century	Krakauer	Berg	cemetery	in	Halle,	Germany	were	investigated	

for	comparative	ancient	human	DNA	recovery	based	on	bulk	DNA	(shotgun)	content	across	

various	skeletal	elements	[41].	A	non-targeted	screening	of	these	extensive	data	for	ancient	

pathogen	DNA	using	the	HOPS	pipeline	[42,43]	resulted	in	the	discovery	of	two	individuals	

(KRA004	and	KRA008)	who	showed	convincing	evidence	of	Y.	pestis	infection.	Eight	libraries	
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stemming	from	separate	sampling	locations	within	each	individual	yielded	traces	of	Y.	pestis	

DNA	after	mapping	to	the	CO92	reference	genome	(accession	number:	AL590842).	Based	on	

an	evaluation	of	the	number	of	unique	mapping	reads	expressed	per	one	million	total	se-

quenced	reads,	these	included	cementum	from	individuals	KRA004	and	KRA008	(4.79	and	

1.41	unique	reads,	respectively),	dentin	(8.76	and	1.45	unique	reads,	respectively),	and	pulp	

chamber	(217.02	and	4.78	unique	reads,	respectively)	from	both	individuals,	as	well	as	the	

superior	vertebral	arch	(3.00	unique	reads)	and	femur		(3.02	unique	reads)	from	KRA004	(see	

Supplementary	File	1:	Pre-Capture	Sequencing	Data:	MappedReadsperMillion).	These	results	

lend	credence	to	previous	assumptions	that	sampling	from	the	teeth,	specifically	in	the	region	

of	the	dental	pulp	chamber,	is	an	optimal	strategy	for	recovery	of	blood-borne	pathogens	such	

as	Y.	pestis	[4].	Given	the	demonstrated	success	of	the	dental	sampling	locations,	50	teeth	from	

an	additional	43	individuals	excavated	from	the	site	were	obtained	to	further	explore	plague’s	

impact	on	the	mortality	of	the	population	buried	in	the	Krakauer	Berg	cemetery.	Pulverised	

material	from	the	dental	pulp	chambers	were	screened	for	the	presence	of	Y.	pestis	DNA	using	

a	targeted	PCR	assay	for	the	pla	region	of	the	pPCP1	plasmid	[44].	Amplification	products	

were	observed	in	three	of	these	individuals	(KRA018,	KRA028,	and	KRA032).	Double-

stranded	DNA	libraries	treated	with	a	uracil-DNA	glycosylase	(UDG)	-half	treatment	were	

then	generated	from	each	candidate	extract	[45].	Together	this	yielded	twelve	libraries	from	

the	five	putative	plague	victims	(eight	single-stranded	and	three	double-stranded)	for	further	

analyses.	An	additional	double-stranded	library	with	UDG-full	treatment	was	generated	from	

the	dental	pulp	chamber	extract	of	KRA004	to	verify	single	nucleotide	polymorphism	(SNP)	

authenticity	against	the	single-stranded	data,	which	retains	a	greater	proportion	of	damaged	

template	molecules.	
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Candidate	libraries	from	the	five	individuals	were	enriched	for	Y.	pestis	DNA	using	in-solution	

bait	capture	[46]	and	were	further	sequenced	(75x2bp	on	the	Illumina	platform)	to	a	depth	of	

ca.	10	million	reads	each.	As	initial	analyses	of	individuals	KRA028	and	KRA032	resulted	in	

genomes	of	low	coverage	(<	1X),	a	second	double-stranded	UDG-half	library,	as	well	as	a	fur-

ther	non-UDG	treated	single-stranded	DNA	library,	were	generated	from	the	corresponding	

extracts,	which	were	later	enriched	and	sequenced	as	above.	Reads	mapping	to	the	Y.	pestis	

reference	genome	were	authenticated	as	ancient	based	on	the	accord	between	patterns	of	de-

amination	observed	for	both	Y.	pestis	and	HG19	human	reference	mapping	(accession	num-

ber:	GCF_000001405.13,	see	Supplementary	Figure	S5).	

	
Of	these	twelve	libraries,	Y.	pestis	genomes	in	excess	of	10-fold	coverage	were	reconstructed	

from	both	the	single-	and	double-stranded	libraries	from	the	dental	pulp	chamber	of	KRA004	

(ca.	40-fold	and	11-fold	coverage,	respectively)	as	well	as	the	double-stranded	library	from	

this	sampling	location	of	KRA018	(ca.	20-fold).	SNPs	were	called	at	a	minimum	of	3-fold	cov-

erage	and	90%	identity.	To	assess	the	placement	of	the	recovered	Y.	pestis	strains	within	the	

greater	diversity	of	historical	Y.	pestis,	a	bootstrapped	maximum	likelihood	tree	was	con-

structed	using	RAXML	[47]	(98%	partial	deletion,	1000	bootstraps)	for	the	combined	en-

riched	libraries	from	all	sampling	locations	(cementum,	dentin,	dental	pulp,	superior	verte-

bral	arch,	and	femur	sampling)	from	individual	KRA004	and	the	enriched	dental	pulp	library	

from	individual	KRA018	(Figure	2A).		
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Figure	2.	(A.)	Overall	historical	Y.	pestis	diversity	including	the	Justinianic,	Second,	and	Third	
Pandemics.	New,	high-coverage	genomes	from	Krakauer	Berg	are	denoted	in	blue.	(B.)	Zoom	
in	on	the	Y.	pestis	diversity	within	Pestis	secunda,	(grey	area	in	A),	high	coverage	genomes	are	
denoted	in	blue,	whereas	the	tentative,	manual	placements	of	low-coverage	genomes	are	de-
noted	in	orange.	Lineage-characteristic	SNPs	are	indicated	in	circles	at	their	respective	nodes.	
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All	genomes	were	investigated	with	regard	to	their	SNP	profiles,	with	special	attention	given	

to	status	at	positions	p3	and	p4	that	have	previously	defined	the	Pestis	secunda	lineages	[30].	

Our	manual	evaluation	of	the	partial	SNP	profiles	for	the	lower	coverage	genomes	(KRA008,	

KRA028,	and	KRA032)	were	also	used	to	infer/extrapolate	their	placement	in	the	phyloge-

netic	tree	(Figure	2B).	All	genomes	presented	here	show/carry	the	derived	state	at	position	

p3,	thus	confirming	their	phylogenetic	grouping	within	Pestis	secunda	as	inferred	through	the	

maximum	likelihood	approximation.	Importantly,	position	p4	did	not	yield	consistent	allele	

calls	across	the	dataset:	While	present	in	the	derived	state	for	KRA018,	the	KRA004	genome	

carries	the	ancestral	state	(i.e.,	the	nucleotide	call	is	identical	to	the	Black	Death	isolate).	The	

ancestral	state	was	also	detected	by	visual	inspection	of	the	SNP	profile	for	KRA028	and	

KRA0008.	The	low	coverage	of	KRA032	precluded	further	assessment	at	this	position.	In	addi-

tion,	two	derived	alleles	unique	to	KRA018	were	detected	(positions	1,009,185	and	1,526,22	

with	respect	to	the	CO92	reference	genome,	26-fold	and	4-fold	coverage	respectively),	indicat-

ing	further	divergence	of	this	genome	from	the	others	presented	here.	Given	that	one	of	the	

above	SNPs	was	also	found	in	KRA032	(position	1,009,185,	1-fold	coverage),	we	can	infer	that	

KRA0032	likely	clusters	together	with	KRA018,	although	this	cannot	be	confirmed	as	the	p4	

position	was,	as	previously	noted,	not	recovered	in	this	individual	(Figure	2B).	A	presence/ab-

sence	analysis	of	both	high	coverage	genomes	targeting	genes	known	to	be	involved	in	Y.	pes-

tis	virulence	indicates	that,	aside	from	a	filamentous	prophage	gene	generally	found	in	a	few	

modern	genomes	(e.g.,	CO92),	all	expected	virulence	genes	were	present	with	no	additional	

gene	loss	detected	(Supplementary	Figure	S6).	Radiocarbon	dates	were	available	for	KRA004	

(1284-1392	CE,	Cal	2-sigma),	and	KRA008	(1301-1402	CE,	Cal	2-sigma)	from	a	previous	pub-

lication	[41],	and	additional	dating	was	performed	for	KRA018	(1283-1389	CE,	Cal	2-sigma)	

by	the	Curt-Engelhorn-Zentrum	Archaeometrie	GmbH	in	Mannheim.	
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Discussion	

Although	Y.	pestis	is	the	most	densely	studied	ancient	pathogen	to	date,	many	questions	re-

garding	its	evolutionary	history	and	past	distribution	persist.	Here,	through	the	application	of	

a	non-targeted	screening	approach,	we	demonstrate	the	unexpected	presence	of	Y.	pestis	in	

skeletal	material	interred	in	the	absence	of	typical	epidemic-related	contexts,	as	has	been	the	

case	with	nearly	all	previous	examples	of	prehistoric	Y.	pestis	findings.	Two	of	the	genomes	

presented	here,	namely	those	from	individuals	KRA018	and	KRA032	(TBC),	group	within	the	

diversity	previously	documented	for	plague	burials	linked	to	the	Pestis	secunda.	Three	addi-

tional	genomes	(KRA004	and	KRA008,	KRA028),	however,	are	clearly	basal	to	the	diversity	

that	previously	defined	the	Pestis	secunda	cluster	.	Initial	estimates	for	onset	of	the	Pestis	

secunda	suggest	it	occurred	sometime	between	1353	CE	(the	end	of	the	Black	Death	in	Eu-

rope)	and	ca	1359-1360	CE,	the	inferred	historical	date	of	the	Bergen	op	Zoom	burials,	the	

earliest	Y.	pestis	genomes	confirmed	to	represent	this	widespread	mortality	event	[27].	The	

outbreak	reached	England	only	a	few	short	years	later	(commencing	in	London	in	Spring	

1361	CE)	and	necessitated	the	consecration	of	the	London	St.	Mary’s	Graces	cemetery	in	the	

same	year	for	victims	of	the	pandemic.	Details	of	the	pandemic’s	temporal	and	geographic	ori-

gins	can	be	further	refined	using	recently	uncovered	historical	data,	including	chronicles,	pro-

bated	wills	and	local	authority	records,	that	together	suggest	that	the	Pestis	secunda	wave	

commenced	in	the	summer	of	1356	CE	in	South-Central	Germany,	possibly	in	the	area	around	

Frankfurt	am	Main.	Consolidation	of	these	sources	allow	us	to	build	a	provocative	narrative	

detailing	the	course	of	plague’s	spread	in	the	Germanic	lands	and	beyond.	In	the	following	

year	(1357	CE)	the	plague	spread	out	of	Hesse:	in	the	west,	it	reached	Westphalia	and	east	

Rhineland-Palatinate;	in	the	east,	it	appeared	in	Thuringia;	in	the	north,	it	was	circulating	in	

the	western	parts	of	North	Rhine	and	southern	parts	of	Lower	Saxony,	while	in	the	south,	it	
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proliferated	in	the	eastern	part	of	Baden-Württemberg,	Bavaria	eventually	reaching	Lake	Con-

stance.	In	1358	CE,	the	pandemic	extended	into	north-west	Germany,	the	eastern	part	of	the	

bishopric	of	Constance	(including	the	north-eastern	tip	of	Switzerland),	and	the	hinterland	of	

Strasbourg,	while	a	year	later	(1359	CE),	it	spread	to	Pomerania	in	the	north-east,	Austria	in	

the	south-east,	and	the	Zurich	hinterland	and	Alsace	in	the	south-west	[28].	Unfortunately,	

there	are	no	surviving	textual	records	about	the	Pestis	secunda	outbreak	in	Halle	or	its	imme-

diate	hinterland.	However,	in	1357	plague	was	reported	in	both	Meiningen	(20km	south-west	

of	Halle)	and	Magdeburg	(90km	north	of	Halle),	implying	that	Halle,	situated	between	the	two	

cities,	experienced	its	outbreak	most	likely,	in	the	same	year	[48,49].	Using	a	synthesis	of	

these	historical	data	and	the	new	genomic	data	presented	here	we	propose	a	temporal	place-

ment	of	the	burials	within	a	narrow	time	interval	of	1353-1359	CE.	While	consistent	with	cali-

brated	radiocarbon	dates	(KRA004:	1284-1392	CE,	Cal	2-sigma	[41],	KRA008:	1301-1402	CE,	

Cal	2-sigma	[41],	and	KRA018:	1283-1389	CE,	Cal	2-sigma),	our	synthesis	offers	a	far	better	

resolution.		

	
Recovery	of	the	most	basal	lineage	in	the	Pestis	secunda	cluster	identified	thus	far	from	the	

Krakauer	Berg	cemetery	is	compatible	with	the	earliest	human	mortality	recorded	in	Ger-

many	and	could	be	viewed	as	supporting	hypotheses	of	the	pandemic’s	emergence	in	South-

Central	Germany.	This	in	turn	supports	historical	interpretation	of	its	endemic	status	in	Eu-

rope	in	the	1350s,	with	the	first	human	cases	occurring	in	1356	CE,	just	three	years	after	the	

conclusion	of	the	Black	Death	(in	Central	Russia)	.	Our	data	also	support	fixation	of	the	de-

rived	p3	and	p4	SNPs	in	Europe	within	a	year	or	two	of	the	pandemic	onset	(i.e.,	by	1357-8	

CE).	

	
The	fact	that	the	five	genomes	are	clustered	within	two	different	phylogenetic	clusters	

(KRA004,	KRA008	and	KRA028	on	p3	and	KRA018	and	KRA032	on	p4)	may	be	explained	by	
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two	possible	scenarios:	one	option	is	that	genomes	with	a	derived	p3	and	ancestral	p4	reflect	

earlier	stages	of	plague	outbreak,	while	those	with	the	derived	state	in	both	p3	and	p4	are	as-

sociated	with	later	stages	of	the	pandemic	in	the	Halle	region.	This	would	imply	that	the	muta-

tion	was	either	acquired	through	the	course	of	the	outbreak	in	Halle	itself,	or	the	disease	was	

reintroduced	to	the	region	after	accumulating	diversity	during	the	course	of	the	pandemic.	

Historical	evidence	suggests	that	Pestis	secunda	outbreaks	lasted	,	on	average,	half-a-year	in	

different	European	cities,	which	is	likely	too	short	a	time	interval	for	fixation	of	two	polymor-

phisms	when	viewed	in	the	context	of	genomic	data	from	other	single	spatio-temporal	Second	

Pandemic	events	such	as	Stans	(c.1485-1635	CE)	and	Marseille	(1720-1722	CE),	which	show	

near	clonality	in	their	strain	clusters	[20].	The	possibility	that	the	p4	cluster	reflects	a	reintro-

duction	of	the	disease	a	few	years	later,	possibly	by	the	way	of	trade,	is	more	in	line	with	our	

knowledge	of	the	genetics	of	plague	outbreaks.	Halle	was	an	important	salt	producing	and	

trading	centre,	with	commercial	ties	to	other	parts	of	the	German	Empire	and	beyond	[50–

52].	Presence	of	the	p4	SNP	in	the	Netherlands	and	London	indicates	that	the	genotype	

achieved	a	wide	geographic	presence.		

	
The	basal	position	of	the	p3	genomes	(KRA004,	KRA008	and	KRA028)	and	later	phylogenetic	

positions	of	Pestis	secundas-associated	genomes	(Bergen-op-Zoom	and	London	in	the	West,	

and	later	in	Bolgar	City	(on	the	Volga-Kama	confluence	in	Tatarstan	in	the	East),	before	the	

post-Pestis	secundas	migration	of	Branch	1B	out	of	Europe	and	its	eventual	seeding	of	diverse	

lineages	associated	with	the	prolific	Third,	or	modern,	Pandemic	[53,54],	pair	well	with	his-

torical	evidence	of	Pestis	secundas	spread	in	West	Eurasia.	From	its	inferred	beginnings	in	

Germany,	the	Pestis	secundas	undoubtedly	ravaged	the	Netherlands	in	1359-60,	arrived	in	

London	in	March	1361	(from	Gascony	or	from	the	Low	Countries)	and	circulated	in	the	Volga	
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region	in	1363-4,	having	arrived	there,	most	likely,	from	the	Azov	Sea	littoral,	where	it	is	doc-

umented	in	1362.	From	there,	the	plague	would	continue	westwards	into	Russian	principali-

ties	(1364-5)	and	Lithuania	(1366),	where	it	finally	abated	[28].	In	the	east,	the	plague	broke	

out	in	Armenia	and	Georgia	in	1364-6	[55,56],	but	its	subsequent	global	proliferation	leading	

to	the	onset	of	the	Third	Plague	Pandemic	in	1772	in	Western	Yunnan	cannot,	at	this	point,	be	

reconstructed.	Additionally,	our	level	of	resolution	suggests	that	all	three	strains	(Black	Death,	

and	both	Pestis	secundas	variants	-	p3	(associated	with	KRA004,	KRA008	and	KRA028)	,	and	

p4	(associated	with	KRA018	and	KRA032)	-	were	of	similar	genetic	virulence	potential.	

	
While	teeth	have	traditionally	been	the	most	targeted	sampling	location	with	respect	to	aDNA	

recovery	of	Y.	pestis	[43,54,57],	our	data,	even	if	only	based	on	results	obtained	from	two	indi-

viduals,	further	reinforces	the	idea	that	teeth	(specifically	the	dental	pulp	chamber)	should	be	

the	preferred	location	for	sampling	for	investigation	of	bacteria	present	in	the	bloodstream.	

However,	we	show	that	the	regular	screening	of	postcranial	elements	can	be	potentially	use-

ful,	as	Y.	pestis	infection	was	detected	in	both	a	vertebra	and	the	femur	of	individual	KRA004,	

albeit	with	rather	low	recovery	of	pathogen	DNA	when	compared	to	the	tooth	of	the	same	in-

dividual.	This	is	especially	important	in	cases	where	it	may	be	possible	to	request	teeth	from	

an	individual	where	Y.	pestis	infection	is	detected	via	molecular	analysis	of	postcranial	re-

mains.		

	
In	many	cases,	human	remains	acquired	for	molecular	detection	of	infectious	diseases	are	

screened	with	a	narrow	focus	on	a	target	pathogen.	Similarly,	studies	undertaken	with	a	focus	

on	population	genetics	have,	in	the	past,	neglected	to	screen	the	recovered	molecules	for	po-

tential	pathogens,	especially	in	the	absence	of	historical	documentation,	burial	context,	or	

pathological	evaluation	suggestive	of	possible	infection.	While	this	can	be	resolved	by	the	ret-
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roactive	screening	of	datasets	from	past	projects	in	combination	with	new	sampling	endeav-

ours,	as	done	in	the	studies	demonstrating	the	presence	of	Y.	pestis	DNA	in	Bronze	and	Iron	

Age	samples	[17,18],	it	may	not	always	be	possible	to	request	additional	material	for	subse-

quent	analyses	should	pathogens	be	detected.	Our	findings	here	reinforce	that	the	routine	

screening	of	all	samples	for	both	host	and	pathogen	DNA	(when	authorized	to	do	so	by	the	rel-

evant	cultural	authority)	is	not	only	of	great	use	in	terms	of	generating	a	more	complete	ge-

netic	picture	of	the	past,	but	also	allows	researchers	to	maximize	the	amount	of	information	

that	can	be	produced	from	destructive	analyses	of	archaeological	remains.	Additionally,	these	

findings	also	highlight	how	the	screening	of	burials	that	lack	features	regarded	as	typical	of	

epidemic	contexts	can	identify	early	diversity	in	pathogens	and	potentially	help	pinpoint	the	

epicentres	of	their	associated	epidemics.	Continued	examination	of	both	human	and	associ-

ated	faunal	remains	[40]	from	Medieval	and	post-Medieval	periods,	paired	with	relevant	his-

torical	data,	will	be	necessary	to	fully	untangle	the	web	of	plague	dissemination	throughout	

Europe	and	its	neighbouring	continents.		

	

Conclusion	

This	study	provides	genetic	support	for	the	notion	that	the	Pestis	secundas,	as	previously	de-

fined	by	Y.	pestis	genomes	from	Bergen	Op	Zoom	[2,27,29],	London	St.	Mary’s	Graces	[14],	and	

Bolgar	City	[31],	likely	originated	within	Europe	These	findings	also	further	demonstrate	the	

need	to	continue	to	expand	screening	approaches	to	include	both	geographical	sites	and	skel-

etal	elements	not	typically	analyzed	in	these	contexts	due	to	a	lack	of	physical	or	historical	ev-

idence	indicating	the	potential	presence	of	infectious	agents.	
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Material	and	Methods	

Sampling	and	initial	screening:	

Multiple	skeletal	elements	from	11	individuals	excavated	from	the	abandoned	medieval	ceme-

tery	at	Krakauer	Berg,	near	Peißen,	Saxony-Anhalt,	Germany	were	provided	by	the	State	Mu-

seum	of	Prehistory,	Halle	[Saale],	Germany.	These	elements	consisted	of	pars	petrosae,	molars,	

clavicles,	ribs,	vertebrae,	metacarpals,	distal	phalanx,	ischia,	femora,	and	tali	from	each	indi-

vidual	[41].	As	the	subsequent	screening	for	the	presence	of	potential	pathogens	in	these	orig-

inal	247	samples	indicated	the	presence	of	Y.	pestis	in	two	of	eleven	individuals,	an	additional	

50	teeth	from	43	more	individuals	excavated	were	sampled	to	investigate	the	prevalence	of	

plague	at	the	site.	Radiocarbon	dating	of	ribs	from	each	of	the	original	11	individuals	and	mo-

lar	roots	from	the	additional	43	individuals	screen	was	(performed	at	the	Curt	Engelhorn	Cen-

tre	for	Archaeometry	in	Mannheim,	Germany).	

	
For	all	samples,	bone	powder	was	generated	from	multiple	sampling	locations	on	each	ele-

ment	in	a	dedicated	ancient	DNA	(aDNA)	clean	room	setting	at	the	Max	Planck	Institute	for	

the	Science	of	Human	History	in	Jena.	For	the	initial	screening,	DNA	was	extracted	from	~50-

75mg	of	bone	powder	from	the	23	sampling	locations	across	ten	skeletal	elements	gathered	

from	eleven	individuals	each	using	a	modified	Dabney	protocol	[41,58].	The	resulting	DNA	

from	those	extractions	was	then	used	to	generate	single-stranded,	non-UDG	treated	shotgun	

DNA	libraries	via	automation	[59],	which	were	then	sequenced	on	the	Illumina	platform	

(75bp	X2,	ca.	5,000,000	reads)	and	screened	for	the	presence	of	Y.	pestis	using	both	the	EA-

GER	[60]	and	HOPS	[42,43]	pipelines.	Reads	mapping	to	the	CO92	reference	genome	were	au-

thenticated	as	ancient	through	comparison	of	the	observed	deamination	patterns	post-map-

ping	of	shotgun	libraries	to	the	bacterial	reference	with	those	observed	post-mapping	to	the	
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human	reference	genome	hg19	using	the	Burrows-Wheeler	Alignment	(BWA)	mapping	[61]	

and	MapDamage	[62]	tools	contained	within	the	EAGER	pipeline.	Those	libraries	determined	

to	contain	verifiable	traces	of	historical	Y.	pestis,	were	then	enriched	for	the	pathogen	using	

in-solution	bait	capture	[46,63]	based	on	the	CO92	reference	genome	and	sequenced	using	

the	Illumina	platform	(75bp	X2,	ca.	10,000,000	reads).	An	additional	enriched,	double-

stranded,	UDG	treated	library	was	generated	from	the	same	extraction	of	pulp-chamber	sam-

ple	of	individual	KRA004	[64]	for	use	in	downstream	SNP	verification,	as	the	most	reads	map-

ping	to	the	Y.	pestis	reference	genomes	were	observed	in	this	sample	Supplementary	File	1,	

Pre-Capture	Sequencing	Data,	MappedReads).		

	
After	the	presence	of	historical	Y.	pestis	was	confirmed	for	the	site,	an	additional	50	teeth	

were	collected	from	an	additional	43	individuals,	sampled	as	indicated	in	previously	pub-

lished	methods	[65],	and	DNA	extracted	from	the	pulp	chamber	portion	using	the	same	modi-

fied	Dabney	protocol.	Extractions	stemming	from	these	additional	samples	were	then	

screened	for	the	presence	of	the	bacterium	using	a	qPCR	assay	targeting	the	pla	gene	located	

on	the	pPCP1	Y.	pestis	plasmid	[66].	Double-stranded,	shotgun	and	enriched	UDG-half	librar-

ies	were	then	generated	from	each	positively	screened	extraction	[64]	and	further	sequenced	

using	the	Illumina	platform	(75bp	1X,	ca,	10,000,000	reads).	As	low	coverage	was	found	in	

two	of	these	libraries,	the	extracts	from	KRA028	and	KRA032	were	used	to	generate	an	addi-

tional	double-stranded	(UDG-half)	and	single-stranded	(non-UDG)	enriched	libraries	for	each	

individual	which	were	then	further	sequenced	as	previously	described.	
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Analysis:	

Analysis	of	the	captured	libraries	was	done	by	first	concatenating	all	libraries	stemming	from	

a	single	individual	and	then	using	a	combination	of	the	EAGER	pipeline	to	generate	align-

ments	to	the	CO92	reference	genome	using	BWA	(seed	length	19,	0.01	mismatch	penalty,	

mapping	quality	filter	37)	as	well	as	verify	that	the	reads	showed	a	damage	pattern	consistent	

with	aDNA.	Post-enrichment,	all	reads	from	non-UDG	libraries	were	trimmed	to	remove	any	

residual	damage	(5bp	for	single-stranded	libraries,	1bp	for	UDG	half,	double	stranded	librar-

ies)	and	remapped	with	more	stringent	BWA	mapping	parameters	(seed	length	32,	0.1	map-

ping	stringency,	mapping	quality	filter	of	37).		

	
SNP	calling	was	performed	using	GATK	[66].	MultiVCFAnalyzer	[67]	was	applied	to	generate	

SNP	tables	for	each	library	with	a	mean	coverage	above	3x	in	comparison	with	233	published	

modern	and	52	published	ancient	genomes,	with	Y.	pseudotuberculosis	(IP23953)	included	as	

an	outgroup.	SNP	analysis	and	verification	were	performed	using	IGV	[68]	and	SNPEvaluation	

[10].	After	filtering	of	the	SNPs,	only	polymorphic	positions	covered	in	at	least	98%	of	the	ge-

nomes	were	kept	for	generating	a	maximum	likelihood	tree	with	RaxML	[47]	based	on	the	

General	Time	Reversible	(GTR)	substitution	model	with	1000	bootstrap	replicates.	Phyloge-

netic	placements	of	low-coverage	genomes	were	done	manually	based	on	the	aforementioned	

SNP	analysis	of	the	libraries	stemming	from	individuals	KRA008,	KRA028,	and	KRA032.	Addi-

tionally,	SnpEff	[69]	was	applied	to	classify	possible	effects	of	SNPs	on	any	associated	genes	

and/or	gene	products.	

The	two	high	coverage	Y.	pestis	genomes	retrieved	from	KRA004	and	KRA018	were	investi-

gated	for	presence	or	absence	of	virulence	factors	[70]	alongside	other	published	ancient	

(Bolgar	2370,	London	6330,	Ber45,	NAB003,	London	ES	8124/8291/11972,	Barcelona	3031,	

OBS137,	STN014,	Altenerding,	RISE509)	and	modern	(CO92,	Y.	pseudotuberculosis	IP32953)	



113	

genomes.	The	genomes	were	mapped	against	the	Y.	pestis	CO92	chromosome	and	plasmids	

without	quality	filter	(-q	0,	Samtools	[64]).	The	resulting	bam	files	were	taken	as	input	for	

Bedtools	[71]	to	produce	bed	files	to	check	for	the	presence	of	previously	defined	genes,	

known	to	be	involved	in	virulence.	Based	on	these	bed	files	a	heat-map	was	generated	show-

ing	their	presence/absence	(1	if	the	entire	gene	is	present;	0	if	absent)	across	all	genomes	in-

vestigated	using	R	Studio	(v1.2.5033)	[72].	
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Supplementary	Material	

1.1	Detailed	Sampling	Methods:	

The	following	steps	were	performed	in	a	dedicated	clean	room	facility	associated	with	the	

Max	Planck	Institute	for	the	Science	of	Human	history	in	accordance	with	all	local,	federal,	and	

international	handling	of	human	remains	and	safety	regulations	therein.		

	

1.1.1	Untargeted	Screening	(Reprinted	from	the	Supplementary	Materials	of	Parker	et	

al.	2020[1]).	

	

1.1.1.1	Teeth	

Cementum	was	removed	from	the	root	portion	of	the	tooth	using	a	standard	dental	drill	fitted	

with	a	circular	cutting	attachment.	The	blade	of	the	cutting	wheel	was	placed	lightly	against	

the	root	at	a	20°	angle	(relative	to	the	bottom	of	the	root)	on	a	low-speed,	high-torque	setting	

and	the	cementum	scraped	off	downward	(Figure	S1a-b).	The	tooth	was	then	bisected	along	

the	cementum-enamel	junction.	Powder	from	the	pulp	chamber	was	generated	using	a	stand-

ard	dental	drill	bit	from	the	first	pass	of	the	interior	of	the	crown.	Subsequent	passes	were	

used	to	generate	bone	powder	from	dentin	(Figure	S1c).	
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Figure	S1a-c:	In	situ	molar	pre	(a)	and	post	(b)	removal	of	cementum,	as	well	as	pre	(b)	and	
post	(c)	sectioning	and	drilling	of	the	pulp	chamber	and	underlying	dentin.	
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1.1.1.2	Superior	Vertebral	Arch	Sampling	
	
Cortical	bone	powder	was	collected	from	the	superior	apex	of	the	junction	of	the	lamellae	and	

spinous	process	(superior	vertebral	arch;	Figure	S2).	

	

	
Figure	S2:	All	sampling	locations	(post-drilling)	of	the	thoracic	vertebrae	(superior	view).	
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1.1.1.3	Femur	Sampling	
	
Cortical	bone	material	was	collected	from	the	shaft,	just	below	the	lesser	trochanter	(Figure	

S3).	

	

	
Figure	S3:	Femur	(anterior	view)	showing	drilling	sites	for	the	collection	of	both	cortical	and	
cancellous	material.	
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1.2.1		Targeted	sampling	for	pathogen	DNA:		
	
Teeth	were	cut	at	the	cementoenamel	junction	(Figure	S4)	and	between	~	30	-70	mg	powder	

was	generated	by	removing	the	surface	layer	of	the	pulp	chamber	from	the	crown	and,	if	not	

enough	powder	obtained,	from	the	root	with	a	dentist	drill.	

	
	
Figure	S4:	Example	of	crown	and	root	being	separated	and	sampled.	
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1.3	Supplementary	analyses:	

	

1.3.1	Deamination	Patterns	

	

Figure	S5.	Representative	comparison	of	deamination	patterns	in	reads	from	the	KRA004	
dental	pulp	chamber	libraries	mapping	to	both	the	HG19	human	reference	and	Yersinia	Pestis	
CO92	reference	genomes.		
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Figure	S6.	Melting	curve	of	pla	assay	for	KRA018	(left)	and	KRA028	and	KRA032	(right)	in	
pink,	showing	a	peak	at	around	77°C.	Standards	ranging	from	2.23x10-1	–	2.23x104	are	col-
ored	in	purple.		
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1.3.2	Virulence	factor	presence/absence	analyses	
	

	
	
Figure	S7a-b.	Heatmaps	showing	genomic	coverage	of	chromosomal	(A)	and	plasmid-en-
coded	(B)	genes	involved	in	virulence	of	Y.	pestis	for	KRA004	and	KRA018	(indicated	in	blue)	
and	other	ancient	genomes	as	well	as	the	CO92	reference	genome	and	Y.	pseudotuberculosis	
(IP32953).	Coverage	given	in	percent,	“X”	denotes	cases	where	genes	were	not	included	in	the	
probe	set	that	was	used	for	target	enrichment	for	the	respective	genomes.		
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5.	Manuscript	4	

	
“Development	of	laboratory	methods	to	isolate	high	molecular	weight	microbial	DNA	

from	dental	calculus”	
	

Cody	Parker,	Kurt	Alt,	Wolfgang	Haak,	Kirsten	I	Bos,	Johannes	Krause	
	

In	preparation	

	

We	present	a	proof-of-concept	experiment	designed	to	develop	and	evaluate	a	poten-

tial	method	for	the	isolation	of	high	molecular	weight	oral	microbiome	DNA	from	modern	

dental	calculus.	We	find	that	with	some	modification	that	current,	highly	available	high	molec-

ular	weight	DNA	extraction	kits	can	be	used	to	isolate	DNA	of	sufficient	length	(>10kbp)	for	

use	in	conjunction	with	sequencing	technologies	such	as	the	Oxford	Nanopore	and	PacBio	se-

quencing	platforms.	In	addition,	we	were	able	to	verify	that,	in	similar	proportions	to	those	

found	when	using	techniques	intended	for	short-read	sequencing	such	as	on	the	Illumina	plat-

form,	the	DNA	extracted	from	this	method	stems	from	microbes	known	to	be	integral	parts	of	

the	oral	microbiome.	
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Abstract	

	

Studies	into	the	evolution	of	the	human	microbiome	are	in	high	demand.	This	is	particularly	

true	of	the	human	oral	microbiome,	as	dental	calculus	has	been	shown	to	be	an	excellent	

source	of	both	modern	and	ancient	DNA	stemming	from	the	microbial	flora	that	make	up	the	

oral	microbiome.	However,	analyses	of	ancient	microbes	can	be	challenging,	as	investigations	

typically	rely	on	mapping	short,	highly	degraded	ancient	DNA	fragments	to	modern	reference	

databases.	Of	the	771	microbial	species	currently	recognized	as	part	of	the	human	oral	micro-

biome,	full	reference	genomes	are	available	for	only	62%	(475),	and	30%	remain	known	only	

as	uncultivated	phylotypes.	The	production	of	high-quality	reference	genomes	from	uncultiva-

ble	species	in	a	metagenomic	context	is	typically	done	via	the	de	novo	assembly	of	shotgun	se-

quencing	results	and	is	generally	most	successful	when	using	a	combination	of	short-read	

(e.g.,	Illumina)	and	long-read	(e.g.,	Oxford	Nanopore	or	PacBio)	sequencing.	The	efficacy	of	

long-read	extraction	techniques	in	the	extraction	of	metagenomic	microbial	DNA	from	dental	

calculus,	however,	has	not	yet	been	tested.	Here	we	present	a	proof-of	concept	experiment	

showing	the	successful	extraction	of	microbial	DNA	fragments	>12kbp	from	modern	dental	

calculus	and	the	subsequent	successful	mapping	of	said	fragments	to	already	described	mem-

bers	of	the	human	oral	microbiome.	
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Introduction	

The	introduction	of	next-generation	sequencing	(NGS)	techniques	has	drastically	changed	the	

field	of	ancient	DNA	(aDNA)	analyses1–3.	Using	these	high-throughput	techniques,	researchers	

are	now	able	to	use	aDNA	extracted	from	archaeological	remains	to	study	not	just	the	evolu-

tion	of	the	host	species4–8,	but	also	associated	pathogens9–13	and	the	communities	of	microbial	

flora	living	within	the	host	(i.e.,	the	associated	microbiomes)14–17.	As	a	result,	studies	into	the	

evolution	of	these	microbiomes	are	in	high	demand15,18–20.	This	is	particularly	true	of	projects	

seeking	to	investigate	the	make-up	of	the	ancient	oral	microbiome,	as	ancient	dental	calculus	

is	not	only	readily	available,	but	has	also	been	shown	to	exhibit	excellent	preservation	of	an-

cient	microbial	DNA20–23.		

	

Within	the	oral	cavity,	several	members	of	the	oral	microbiome	are	known	to	produce	layers	

of	biofilms	which	adhere	to	the	exterior	of	teeth24,25.	Dental	calculus	is	formed	via	flash	calcifi-

cation	of	these	biofilms.	As	new	layers	are	deposited	and	calcified,	the	microbes,	free	DNA,	

and/or	food	particles	to	these	biofilms	is	subsequently	trapped	and	preserved26–30.	In	terms	of	

DNA	preservation,	sequencing	of	DNA	libraries	derived	from	ancient	dental	calculus	has	been	

shown	to	yield	exceptionally	high-quality	microbial	DNA22,23,31,32.	As	such,	ancient	dental	cal-

culus	has	already	been	used	to	great	effect	in	terms	of	elucidating	changes	in	the	human	oral	

microbiome	through	time15,19,20.	

	

Investigations	of	the	ancient	oral	microbiomes	typically	rely	on	reference	mapping-based	

techniques	to	identify	and	analyses	potential	constituents	of	the	host	microbiome,	as	the	

highly	degraded	nature	of	aDNA	can	make	the	already	daunting	task	of	assembling	de	novo	ge-

nomes	from	metagenomic	samples	even	more	challenging33.	The	reference	mapping	ap-

proach,	however,	is	inherently	limited	to	the	investigation	of	only	of	those	microbial	species	
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that	have	been	previously	described,	sequenced,	and	assembled	into	high-quality	reference	

genomes.	This	is	of	particular	concern	for	the	investigation	of	the	ancient	oral	microbiome,	as	

of	the	771	species	currently	thought	to	make	up	this	microbial	community,	reference	genomes	

are	only	available	for	475	taxa	(62%)34.	Of	the	remaining	296	taxa,	231	are	known	only	as	un-

cultivated	phylotypes,	making	the	de	novo	assembly	of	metagenomic	datasets	the	only	possi-

ble	method	for	the	generation	of	high-quality	reference	genomes.	It	has	been	shown	that	the	

quality	of	assembled	genomes	can	be	greatly	increased	by	utilizing	a	combination	of	datasets	

incorporating	both	short-read	(e.g.,	that	produced	from	the	Illumina™	platform)	and	long-read	

(e.g.,	produced	from	the	Oxford	Nanopore™	and	PacBio™	platforms,	or	inferred	from	tech-

niques	such	as	Hi-C	library	preparation)	sequencing35,36.		

	

While	the	production	of	short-read	metagenomic	datasets	from	dental	calculus	is	well	de-

scribed37–39,	long-read	sequencing	libraries,	or	their	Hi-C	equivalent,	require	high-molecular	

weight	(HMW)	input	DNA.	To	date,	it	has	not	yet	been	confirmed	that	sufficiently	long	DNA	

fragments	can	be	recovered	from	the	microbial	component	of	dental	calculus	using	standard	

HMW	DNA	extraction	techniques.	As	such,	it	is	of	value	to	not	only	test	the	efficacy	of	these	

methods	in	modern	dental	calculus,	but	also	to	verify	that	at	least	some	portion	of	the	result-

ing	HMW	DNA	does	indeed	originate	from	known	members	of	the	oral	microbiome	before	at-

tempting	widespread	production	of	long-read	libraries	from	dental	calculus	for	the	purpose	of	

oral	microbiome	reference	construction.	Here	we	present	one	such	test	utilizing	a	dental	cal-

culus	optimized	protocol	for	the	MagAttract	High	Molecular	Weight	DNA	extraction	kit™	(Qi-

agen),	yielding	metagenomic	DNA	>12kbp	in	length	and	reliably	mapping	back	to	known	con-

stituents	of	the	human	oral	microbiome.		
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Methods	

Sampling	

Calculus	samples	were	obtained	from	patients	at	the	Danube	Private	University	School	of	Den-

tistry.	All	donors	were	asked	to	fill	out	a	basic	health	survey	indicating	their	tobacco	usage	

(present	or	past),	alcohol	consumption,	dietary	preference	(e.g.,	vegetarian,	vegan,	or	omni-

vore),	as	well	as	any	pre-existing	medical	conditions	(Table	1).	All	samples	were	removed	di-

rectly	from	the	donor,	placed	in	a	microcentrifuge	tube,	weighed,	and	immediately	frozen	for	

later	analyses.	

	

High	molecular-weight	DNA	extraction	

All	samples	were	decalcified	by	incubation	at	room	temperature	(with	rotation)	for	48	hours	

in	900µl	of	solution	consisting	of	0.5M	EDTA	and	0.5%	SDS.	Proteinase	K	(100µl)	was	then	

added	to	digest		freed	proteins	and	incubation	resumed	for	another	24	hours.	Samples	were	

then	centrifuged	for	2	minutes	at	14000rmp	to	separate	particulate	matter	and	the	resulting	

supernatant	split	into	two	equal	volumes	of	500µl.	High-molecular	weight	DNA	was	then	ex-

tracted	from	each	reaction	using	the	MagAttract	HMW	DNA	extraction	kit	following	the	sup-

plied	protocols	for	fresh/frozen	tissue	scaled	by	2.5x	(total	volume	1685µl	per	reaction)	and	

each	was	eluted	in	50µl	of	supplied	buffer	AE	each	for	a	total	of	100µl	of	HMW	DNA	solution.	

	

Quantification	

All	sample	concentrations	were	first	quantified	using	standard	Qubit™	quantification.	Frag-

ment	size	was	verified	using	standard	protocols	for	genomic	DNA	on	the	Agilent	TapeStation	

4000.	
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Illumina	sequencing	

After	the	successful	generation	of	HMW	extract,	200ng	of	DNA	from	each	extraction	was	di-

luted	in	50µl	of	water	and	prepared	for	Illumina	sequencing	by	first	shearing	the	DNA	to	an	

average	fragment	length	of	ca.	400bp	by	sonication	using	a	Covaris	M220	focused	ultrasonic	

sonicator.	Double	stranded	sequencing	libraries	were	then	prepared	using	standard	NEB	T4	

Polymerase	protocols	for	blunt	end	repair40,41	and	Bst	Polymerase	protocols	for	adapter	liga-

tion	(see	Supplementary	Materials).	The	unindexed	libraries	were	then	quantified	via	qPCR	

before	double	indexes	(unique	indexing	on	both	the	5’	and	3’	ends	of	each	fragment)	were	

added	using	the	suggested	protocols	for	downstream	Illumina	sequencing	(see	Supplemental	

Materials).	All	samples	were	then	sequenced	to	a	target	depth	of	ca.	5,000,000	reads	(150bp	

paired	end)	on	the	Illumina	HiSeq	4000	platform.	

	

Confirmation	of	oral	microbiome	flora	

Metagenomic	sequencing	data	for	all	samples	were	first	aligned	to	the	hg19	human	reference	

genome	(accession	number:	GCF_000001405.13)	to	remove	all	mapping	reads.	The	filtered,	

non-human,	reads	were	then	processed	through	the	MALT16	and	MetaPhlAn42	pipelines	to	

screen	for	the	presence	of	DNA	mapping	to	known	members	of	the	human	oral	microbiome.	

	

Results	

As	to	the	suitability	of	our	dental	calculus	extraction	protocols	in	yielding	high-molecular	

weight	DNA,	we	find	that	all	screened	samples	yielded	an	average	fragment	size	of	8.0237	±	

0.889	kbp	with	three	individuals	>	10	kbp	(Figure	1).	Additionally,	we	observe	our	samples	to	

yield	an	average	concentration	of	9.805	±	1.714	ng/µl	per	extraction	(Figure	1).	We	find	this	

yield	more	than	sufficient	for	use	on	all	long-read	sequencing	platforms.	
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In	the	Illumina	short-read	(150bp	paired	end)	screening	datasets,	we	find	that,	overall,	

88.26%	of	reads	map	to	bacterial	species,	11.71%	to	Eukaryota,	and	of	remaining	0.04%	of	

reads	mapping	to	viral	species	(Figure	2).	Within	those	reads	mapping	to	bacterial	species,	we	

find	high	quality	mappings	to	multiple	taxa	known	to	be	endemic	to	the	human-oral	microbi-

ome	in	all	individuals	(Figure	3,	Table	1).	At	the	species	and	sub-species	level,	36	of	the	top	40	

represented	taxa	are	known	members	of	the	oral	microbiome	(Table	1)	or	oral	pathogens.		

Of	the	remaining	four,	Clostridiodes	difficle,(160.59	reads	assigned,	normalized	across	sam-

ples)	is		a	known	human	pathogen,	commonly	found	as	a	false	positive	due	to	sequence	iden-

tity	issues	between	closely	related	taxon;	Neisseria	gonorrhoeae	is	a	similarly	pathogenic	and	

has	been	known	to	infect	the	throat	of	infected	individuals	(In	addition,	N.	gonorhoea	(781.40	

reads	assigned,	normalized	across	samples)	shares	much	of	the	same	core	genome	with	the	

many	other	Neisseria	species,	some	of	which	can	colonize	the	oral	cavity,	making	false	posi-

tives	and	cross	mapping	highly	probable);	and	Kinella	kingae‘s	(116.51	reads	assigned,	nor-

malized	across	samples)	habitat	is	currently	unassigned,	though	several	other	members	of	the	

genus	are	known	members	of	the	oral	microbiome;	with	another	354.59	(normalized	across	

samples)	reads	assigned	to	uncultured	bacteria,	highlighting	the	need	for	further	efforts	to	ex-

pand	the	oral	microbiome	reference	database	through	metagenomic	assembly.		

	

Discussion	

Although	long-read	sequencing	and	metagenomic	assembly	has	not	been	attempted	with	

these	samples	as	of	yet,	we	find	the	protocol	discussed	here	of	sufficient	promise	to	warrant	

further	testing.	Expanding	the	existing	human	oral	microbiome	reference	database	is	an	ongo-

ing	project.	As	a	proof	of	concept,	the	protocol	presented	here	represent.	one	possible	step	to	

continue	this	process.	The	use	of	this	protocol	for	the	production	of	both	long	read	short	read,	
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next	generation	DNA	sequencing	libraries	will,	in	conjunction	with	new	metagenomic	assem-

bly	techniques,	help	to	not	only	increase	the	quality	of	existing	reference	genomes,	but	also	

help	identify	new	and	previously	unassigned	bacterial	constituents	of	the	human	oral	micro-

biome.	
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Figures	

	

	

	

Figure	1.	Concentration	(Blue;	ng/µl)	and	average	fragment	length	(red;	Kbp)	of	high	molecu-
lar	weight	DNA	extracts	from	each	modern	dental	calculus	sample	as	measured	by	TapeSta-
tion	4200.	The	dashed	blue	line	represents	the	overall	average	concentration	of	9.805	±	1.714	
ng/µl.	The	red	the	overall	average	fragment	length	of	8.0237	±	0.889	Kbp.	All	error	is	meas-
ured	as	standard	error	of	the	mean.	
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Figure	2.	Relative	proportion	of	reads	mapping	to	bacteria	(blue),	Eukaryota	(red),and	viral	

(grey)	species	across	all	samples.	Individual	proportions	are	shown	as	lighter	coloured	bars	

within	their	respective	categories.	
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Figure	3.	Heatmap	showing	the	relative	numbers	of	normalized	reads	assigned	to	oral	micro-

biome	taxa	across	three	representative	modern	calculus	samples.	
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Tables:	

Table	1.	Species	level	taxonomic	chart	showing	the	40	most	prevalent	taxons,	their	habitat,	

and	number	of	total	reads	assigned	(normalized	across	samples)	for	all	high	molecular	weight	

DNA	modern	dental	calculus	libraries	analysed.	

	

Taxon	 Habitat	 Normalized	reads	assigned	

Ottowia	sp.	Oral	taxon	894	 Oral	 7997.00	

Actinomyces	oris	 Oral	 6000.97	

Actinomyces	sp.	Oral	taxon	414	 Oral	 3652.33	

Aggregatibacter	aphrophilus	 Oral	 3525.93	

Neisseria	meningitidis	 Oral	 3115.34	

Tannerella	forsythia	 Oral	 2129.39	

Porphyromonas	gingivalis	 Oral	 1497.22	

Streptococcus	gordonii	 Oral	 978.38	

Leptotrichia	sp.	Oral	taxon	212	 Oral	 972.81	

Streptococcus	sp.	VT	162	 Oral	 956.77	

Olsenella	sp.	Oral	taxon	807	 Oral	 922.67	

Capnocytophaga	sp.	Oral	taxon	323	 Oral	 905.01	

Neisseria	gonorrhoeae	 Unassigned	 781.40	

Fretibacterium	fastidiosum	 Oral	 638.10	

Actinomyces	radicidentis	 Oral	 403.36	

Treponema	sp.	OMZ	838	 Oral	 376.83	

Campylobacter	gracilis	 Oral	 356.12	

uncultured	bacterium	 N/A	 354.59	

Streptococcus	sanguinis	 Oral	 249.42	

Prevotella	intermedia	 Oral	 245.50	

Candidatus	Saccharibacteria	oral	taxon	TM7x	 Oral	 230.66	

Schaalia	meyeri	 Oral	 227.05	

Streptococcus	pneumoniae	 Oral	 186.71	
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Clostridioides	difficile	 Fecal	 160.59	

Streptococcus	mitis	 Oral	 137.71	

Rothia	mucilaginosa	 Oral	 136.71	

Aggregatibacter	actinomycetemcomitans	 Oral	 123.02	

Kingella	kingae	 Unassigned		 116.51	

Capnocytophaga	haemolytica	 Oral	 114.05	

Fusobacterium	hwasookii	 Oral	 107.86	

Haemophilus	influenzae	 Oral	 91.44	

Fusobacterium	nucleatum	 Oral	 84.08	

Selenomonas	sp.	Oral	taxon	136	 Oral	 83.50	

Streptococcus	intermedius	 Oral	 83.13	

Selenomonas	sp.	Oral	taxon	478	 Oral	 81.94	

Treponema	putidum	 Oral	 73.41	

Parvimonas	micra	 Oral	 71.57	

Streptococcus	sp.	Oral	taxon	431	 Oral	 71.05	

Streptococcus	sp.	A12	 Oral	 58.99	

Campylobacter	concisus	 Oral	 58.37	
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Supplementary	Material	

	
High-molecular	weight	calculus	DNA	extraction	protocol	

	

	 Decalcification:	

• Add	2-10mg	of	each	sample	to	a	2µl	LoBind	along	with	tube	with	700µl	0.5M	EDTA		

• Incubate	at	room	temperature	with	constant	rotation	for	~48	hours	

• Add	200µl	0.5M	EDTA	and	100µl	10mg/ml	proteinase	K	for	a	total	volume	of	1000µl	

and	incubate	another	24	hours	at	room	temperature	with	rotation	

Extraction:	

• Perform	extraction	using	Qiagen	High	Molecular	Weight	MagAttract	kits		–	scaled	up	

from	200µl	reaction	to	2x	500µl	reaction	(extractions	split	into	two	tubes).	

• Centrifuge	samples	1400rpm	for	2	minutes	

• Add	500µl	of	supernatant	to	a	new	LoBind	tube	(2x	per	sample)	

• Add	10µl	of	Rnase	A		

• vortex	and	incubate	at	room	temperature	for	2	minutes		

• Add	375ul	buffer	AL	added	

• mix	by	pipetting	

• Add	700µl	buffer	MB		

• Add	100µl	of	well	vortexed	mag	attract	

• Incubate	at	25°C	and	1400rpm	for	3	minutes	

• Place	in	magnetic	rack	and	allow	10	minutes	to	fully	separate	beads	

• Remove	supernatant	

• Add	1750µl	buffer	MW1	and	incubate	at	room	temperature	for	2	mins	at	1400rpm	

• Place	in	magnetic	rack,	allow	5	minutes	for	separation	and	remove	supernatant	
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• Repeat	wash	

• Add	1750µl	of	buffer	PE	incubate,	separate	and	remove	supernatant	as	above	(2x)	

• While	beads	still	bound	to	magnet:	rinse	with	1750µl	H2O,	incubate	for	1	minute,	and	

remove	supernatant	

• Repeat	water	wash	

• Remove	from	magnetic	rack,	add	50µl	buffer	AE	(elution	buffer)	and	incubate	at	room	

temperature	for	3	minutes	at	1400rpm	

• Place	in	magnetic	rack	for	10		minutes	

• Remove	supernatant	(extracted	DNA)	to	new	LoBind	tube	

• Repeat	elution	and	combine	eluates	in	single	tube	
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Supplementary	Table	1.	Concentration	(ng/µl)	and	total	DNA	(ng)	recovered	from	each	
high-molecular	weight	DNA	extraction	

Sample:	
Concentration	

(ng/µl)	 Total	DNA	(ng)	recovered	
DAN045	 40	 4000	
DAN028	 36.4	 3640	
DAN044	 26.2	 2620	
DAN048	 20.8	 2080	
DAN046	 19.9	 1990	
DAN049	 15.6	 1560	
DAN024	 13.8	 1380	
DAN039	 10.6	 1060	
DAN038	 9.12	 912	
DAN023	 4.46	 892	
DAN025	 10	 1000	
DAN034	 8.02	 802	
DAN027	 7.7	 770	
DAN035	 6.56	 656	
DAN032	 5.16	 516	
DAN031	 4.42	 442	
DAN022	 2.01	 402	
DAN037	 3.72	 372	
DAN029	 3.38	 338	
DAN033	 3.3	 330	
DAN043	 2.94	 294	
DAN047	 2.94	 294	
DAN036	 1.58	 158	
DAN026	 0.758	 75.8	
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Double-stranded	Illumina	library	preparation:	
	

Prepare	blunt	end	repair	assay	[50	µl/rxn]	

	
																																																				stock	concentration														Final										Unit									1x	Volume	(µl)	

NEB	Buffer	2																																						10																																						1																x																			5.00	

ATP																																																								10																																						1														mM																5.00	
BSA																																																								20																																			0.8										mg/ml													2.00	

dNTPs																																																				25																																			0.2												mM																0.40	
T4	PNK																																																	10																																				0.4													U																			2.00	

T4	Polymerase																																				3																																			0.024										U																		0.40	

DNA	or	H2O																																																																																																																								20.00	
UV-Water																																																																																																																													15.20	

Assay	total																																																																																																																										50.00	

	

•	Add	40µl	mastermix	and	10µl	sample	to	each	tube.	

	

•	Incubate	at	15°C	for	15	min,	then	at	25°C	for	15	min.	

		

•	Purify	with	MinElute	kit.	

					•	Pre-heat	EB	containing	0,05%	Tween	to	50°C.	

					•	Add	650	µl	PB	buffer	to	a	new	1,5	ml	LoBind	tube	and	transfer	the	Blunt	End	Repair	assay	to	
the	PB	Puffer,	vortex	briefly.	

					•	Load	each	reaction	onto	MinElute	column	and	incubate	for	1-2	minutes.	

					•	Spin	30	sec	at	13000	rpm	and	discard	supernatant.	

					•	Add	700	µl	PE	buffer.	

					•	Spin	30	sec	at		13000	rpm	and	discard	supernatant.	

					•	Dry	spin	for	1	min	at	13000	rpm.	

					•	Flip	columns	180°	and	spin	again	for	1	min	at	13000	rpm.	

					•	Put	column	in	new	1.5	ml	LoBind	tube.	

					•	Elute	in	20	µl	EB	containing	0.05%	Tween,	let	stand	for	1	min,	then	spin	1	min	at	13000	rpm.		
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Prepare	adapter	ligation	assay	[40	µl/rxn]:	
																																																																stock	concentration									final									unit					1x	Volume	(µl)	

Quick	Ligase	Buffer																																													2																											1															x														20.00	

Adapter	Mix																																																									10																										0.25									µM													1.00	
DNA	or	H2O																																																																																																																											18.00	

Assay	total																																																																																																																												39.00	

	
•	Add	21	µl	of	mastermix	and	the	complete	eluate	from	the	last	step	(~18	µl)	to	each	tube.	

		

•	Add	1	µl	of	Quick	ligase	(5	U	stock,	0.125	U	final)	to	each	library	(mix	by	pipetting).	

	

•	Incubate	at	22°C	for	20	min.	

	

•	Purfiy	with	MinElute	kit.	

					•	Pre-heat	EB	containing	0.05%	Tween	to	50°C	
					•	Add	650	µl	PB	buffer	to	a	new	1.5	ml	LoBind	tube	and	transfer	the	Blunt	End	Repair	assay	to												
the	PB	Puffer,	vortex	briefly.	

					•	Load	each	reaction	onto	MinElute	column	and	incubate	for	1-2	minutes.	

					•	Spin	30	sec	at	13000	rpm	and	discard	supernatant.	

					•	Add	700	µl	PE	buffer.	

					•	Spin	30	sec	at	13000	rpm	and	discard	supernatant.	

					•	Dry	spin	for	1	min	at	13000	rpm.	

					•	Flip	columns	180°	and	spin	again	for	1	min	at	13000	rpm.	

					•	Put	column	in	new	1.5	ml	LoBind	tube.	

					•	Elute	in	22	µl	EB	containing	0.05%	Tween,	let	stand	for	1	min,	then	spin	1	min	at	13000	rpm.		
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Prepare	adapter	fill	in	assay	[40	µl/rxn]:	

																																																														stock	concentration								final						unit						1x	Volume	(µl)	
Thermopol	Buffer																																														10																									1											x																		4.00	

dNTPs																																																																					25																								0.25						mM														0.40	

Bst	Polymerase																																																					8																									0.4								U																		2.00	
DNA	or	H2O																																																																																																																							20.00	

UV-Water																																																																																																																												13.60	

Assay	total																																																																																																																									40.00	
	

•	Add	20	µl	of	mastermix	and	to	the	complete	eluate	from	the	last	step.	

	

•	Incubate	at	37°C	for	30	min	then	80°C	for	10	min.	

		

•	Freeze	at	-20°C	without	purification.	

	

Library	indexing	protocol:	
	

Prepare	indexing	assay	[100	µl/rxn]:	
	

																																																																		stock	concentration		final					unit								1x	Volume		(µl)	

Pfu	Turbo	Buffer																																																10																							1									N/A																	10.00	
BSA																																																																										20																							0.3						mg/ml															1.50	

dNTPs																																																																					25																								5									mM																					3	
DMSO																																																																																																		3										v/v%																	3	

Pfu	Turbo	Polymerase																																					2.5																					0.05						U																							2.00	

P5	index																																																																	10																							0.2							µM																			2.00	
P7	index																																																																	10																							0.2							µM																			2.00	

DNA	or	H2O																			(Calculate	to	1.5x108	molecules	input	from	qPCR	of	unindexed	library)	

UV	treated	H2O																																																																																																																		to	100µl	
Assay	total																																																																																																																															100µl	
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Run	assay	in	thermocycler	with	the	following	program:	

	

Initial	denaturing:			2	minutes	at	95ºC	

					10x	

1	minute	at	98ºC	
30	seconds	at	58ºC	

90	seconds	at	72ºC	

	

followed	by:	10	minutes	at	72ºC	

	

Clean-up	reaction	using	Ampure	beads	for	left-right	size	selection	(0.45	ratio	followed	by	0.75	
ratio)	

	

Dilute	to	10nM	for	sequencing.	
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7.	Discussion	

The	generation	of	aDNA	datasets	requires	the	destructive	sampling	of	irreplaceable	an-

thropological	remains.	Simultaneously,	advances	in	next	generation	sequencing	technology	

along	with	the	introduction	of	targeted	amplification	of	whole	genomic	DNA	have	greatly	ad-

vanced	the	field	of	archaeogenetics	in	terms	of	both	popularity	and	the	demand	for	the	de-

structive	sampling.	As	these	remains	are	often	of	considerable	historical,	archaeological,	and	

cultural	importance,	the	need	to	balance	research	into	ancient	genetics	with	the	preservation	

of	the	anthropological	record	has,	consequently,	become	a	serious	concern.	To	alleviate	these	

concerns,	it	is	increasingly	imperative	that	researchers	strive	to	develop	more	efficient,	opti-

mized,	methodologies	for	both	the	generation	and	use	of	ancient	genetic	data	obtained	

through	destructive	sampling.	

	

6.1	The	first	systematic	analyses	of	DNA	preservation	across	historical	skeletal	
elements	
	 In	Manuscript	1,	we	conduct	the	first,	large-scale,	systematic	investigation	of	human	

DNA	preservation	across	ancient	(medieval)	skeletal	elements.	By	examining	not	only	a	wide	

range	of	potential	sampling	locations,	but	also	several	diagnostic	metrics	important	for	the	

successful	downstream	use	of	DNA	isolated	from	destructive	sampling	across	each	sampling	

location	we	are	able	to	confidently	put	forward	seven	aDNA	sampling	locations	across	four	

skeletal	elements	as	potential	alternatives	to	the	destructive	sampling	of	the	petrous	portion.	

While	the	petrous	portion	has	been	repeatedly	shown,	through	both	comparative	studies	and	

more	generally	through	the	numerous	archaeogenetic	studies	which	have	utilized	this	sam-

pling	strategy,	to	be	an	excellent	source	of	ancient	DNA,	we	posit	that	under	standard	labora-

tory	conditions	(e.g.,	not	sequencing	to	exhaustion	for	purposes	such	as	whole	genome	assem-

bly)	sampling	from	the	cementum,	dentin,	and	dental	pulp	chamber	of	in	situ	teeth,	as	well	as	

sampling	from	cortical	bone	stemming	from	the,superior	vertebral	arch,	vertebral	body,	talus,	
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and	distal	phalanx	is	very	likely	to	yield	more	than	adequate	human	DNA	for	reliable	use	in	

the	vast	majority	of	population	genetics	analyses.	Additionally,	we	find	the	teeth	and	verte-

brae	particularly	well	suited	for	analyses	as	they	offer	not	only	multiple	high-yielding	sam-

pling	locations	per	single	instance	of	each	element,	but	also	have	been	shown	to	potentially	

harbour	pathogen	DNA	(Schuenemann	et	al.	2011;	2011;	Bos	et	al.	2011;	2014;	Taylor	et	al.	

1999),	providing	a	more	complete	anthropological	picture	of	a	given	site.		

	

6.1.1	Challenges	in	assessing	DNA	preservation	across	skeletal	elements	

	 There	are	numerous	factors	influencing	the	analyses	of	host	DNA	retention	in	archaeo-

logical	skeletal	elements.	First	and	foremost	are	the	effects	of	different	environmental	effects	

of	gross	DNA	preservation	including	the	thermal	age	of	a	sample,	soil	condition,	handling	

practices	associated	with	burial	(Collins	et	al.	2002;	Smith	et	al.	2003),	and	potential	contami-

nation	during	recovery	or	processing	of	samples	(Skoglund	et	al.	2014).	Additionally,	aside	

from	a	handful	of	well-studied	sampling	locations	(e.g.,	the	petrous	pyramid,	femora,	and	den-

tin),	there	are	very	few	optimized	DNA	sampling	protocols	in	publication	for	the	majority	of	

ancient	human	skeletal	elements.	This	makes	the	exploration	of	potential	differences	in	DNA	

preservation	across	skeletal	elements	more	challenging,	as	ensuring	that	different	studies	are	

using	comparable	methods	is	not	always	possible.	In	Manuscript	1	we	seek	to	mitigate	any	po-

tential	sources	of	variation	in	DNA	preservation	not	associated	with	variance	between	sam-

pling	locations	by	restricting	our	sampling	to	skeletal	elements	gathered	from	contemporary	

individuals	excavated	from	a	single	site	and	all	exhibiting	similar	levels	of	morphological	

preservation.	In	addition,	in	Manuscript	2	we	provide	the	fully	detailed	and	optimized	bone-

powder	generation	methods	for	all	the	top	performing	sampling	locations	in	Manuscript	1		in	

both	written	and	video	formats.	The	separate	publication	of	these	methods,	in	video	format,	
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make	protocols	widely	accessible	and	easily	replicated	throughout	the	aDNA	and	forensic	

communities.	

	

6.1.2	DNA	preservation	in	the	petrous	in	comparison	to	other	sampling	locations	

	 Very	few	systematic	explorations	of	DNA	retention	across	skeletal	elements	have	been	

performed	to	date.	The	first	such	study	to	highlight	the	use	of	the	petrous	pyramid	in	ancient	

DNA	research,	Gamba	et	al	2014,	was	not,	in	fact	a	targeted	study	of	DNA	preservation	across	

skeletal	elements,	but	rather	a	population	genetics	study.	As	such,	they	examined	just	seven	

potential	sampling	locations	across	four	skeletal	elements	(one	metacarpal,	one	metatarsal,	

dentin	from	the	roots	and	crowns	of	three	molars,	two	rib	fragments,	seven	petrous	pyramids,	

and	one	portion	of	the	surrounding	temporal	bone)	across	seven	individuals,	with	the	petrous	

pyramid	being	found	to	outperform	all	other	sampling	locations	in	terms	of	proportion	of	en-

dogenous	DNA	recovered.	While	still	a	ground-breaking	study	which	helped	to	elucidate	the	

vast	variation	in	DNA	retention	between	skeletal	elements,	the	low	sample	sizes	for	each	se-

lected	sampling	location	make	any	meaningful	statistical	analyses	challenging	at	best.	Con-

versely,	the	first	targeted	study	to	show	the	utility	of	the	petrous	pyramid	in	comparison	to	

other	skeletal	elements,	Hansen	et	al	2017,	examined	the	cementum	of	teeth	(n=27),	parietal	

bones	(n=9),	and	cochlear	region	of	the	petrous	pyramid	(n=27)	across	twenty-seven	individ-

uals	from	the	Bronze	Age	(n=6),	Viking	(n=11),	and	Historical	(n=10)	periods.	The	findings	of	

this	study	indicate	that,	while	the	petrous	pyramid	has	a	higher	overall	proportion	of	human	

DNA	recovered	across	all	samples,	when	the	petrous	and	teeth	are	both	well	preserved	the	ce-

mentum	and	dense	cochlear	region	of	the	petrous	pyramid	perform	equally	well.	The	fact	that	

both	sampling	locations	are	observed	to	have	high	utility	indicates	that	a	more	thorough	

study	including	more	sampling	locations	would	be	highly	beneficial	to	our	understanding	of	

differential	DNA	preservation.	Similarly,	the	more	recent	Sirak	et	al.	2020	study	examined	the	
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cochlear	portion	and	ossicles	recovered	from	ten	individuals	found	no	significant	differences	

in	human	DNA	proportions	or	library	complexity	between	the	two	sampling	locations,	again	

indicating	that	the	cochlear	portion	of	the	petrous	pyramid	is	not	unique	in	exhibiting	poten-

tially	excellent	DNA	preservation	in	archaeological	remains.	

	 In	Manuscript	1	we	examine	DNA	recovery	across	a	total	of	23	sampling	sites	stem-

ming	from	ten	skeletal	elements	recovered	from	eleven	contemporary	individuals	for	a	total	

of	247	sampling	effort,	making	this	the	largest,	most	systematic	investigation	of	DNA	reten-

tion	in	archaeological	remains	to	date.	We	report	best	performance	in	the	dense	cochlear	por-

tion	of	the	petrous	pyramid	in	comparison	to	22	other	sampling	locations	in	terms	of	DNA	re-

covery.	However,	when	we	further	analyse	these	results	in	terms	of	standard	practices	(e.g.,	

standard	sequencing	depths,	capture-enrichment,	and	Y-haplogrouping)	we	find	no	difference	

in	utility	between	the	petrous	pyramid;	cortical	bone	from	the	distal	phalanx;	cementum,	den-

tin,	and	material	from	the	pulp	chamber	of	the	molar;	cortical	bone	from	the	body	and	supe-

rior	vertebral	arch	of	the	thoracic	vertebrae;	or	dense	material	collected	from	the	exterior	of	

the	talus.		

	

6.1.3	Ethical	issues	surrounding	the	use	of	the	petrous	pyramid	

	 The	dense	cochlear	region	of	the	petrous	pyramid	has	been	shown	on	numerous	occa-

sions	to	be	an	excellent	source	of	endogenous	human	DNA	from	archaeological	remains.	As	

such,	researchers	have	systematically	targeted	this	sampling	area	for	use	in	ancient	popula-

tion	genetics	studies.	The	increased	demand	for	sampling	of	the	petrous	pyramid	for	use	in	

ancient	DNA	analyses	coupled	with	the	particularly	destructive	nature	of	DNA	sampling	from	

this	element	and	the	petrous	pyramid’s	widespread	use	in	morphological	and	radio	isotope	

studies	has	led	to	increasingly	intense	ethical	debates	over	the	utility	its	use	(Prendergast	and	

Sawchuk	2018;	Booth	2019;	Lewis-Kraus	2019;	K.	A.	Sirak	and	Sedig	2019;	Charlton,	Booth,	
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and	Barnes	2020).	As	such,	it	is	imperative	that	alternative	sampling	locations	be	evaluated	

for	their	potential	uses	in	the	field.		

	 Of	the	previously	mentioned	comparative	studies,	both	Hansen	et	al	2014	and	Sirak	et	

al	2020	put	forth	potential	alternative	sampling	sites	based	on	a	limited	comparison	of	the	pe-

trous	pyramid	to	a	single,	alternate,	source	(cementum	and	ossicles	respectively).	Addition-

ally,	the	rarity	of	ossicle	recovery	in	conjunction	with	their	morphological	importance	makes	

the	viability	of	ossicle	sampling	questionable	in	the	case	of	Sirak	et	al.	2020.	The	fact	that	

equally	useful,	alternative	sampling	locations	can	be	found	during	the	process	of	such	limited	

study	clearly	indicates	the	need	for	broader,	more	in-depth	comparative	studies	to	aid	ancient	

DNA	researchers	in	the	development	of	ethical	sampling	strategies	tailored	to	each	site	of	in-

terest.	Our	findings	in	Manuscript	1	further	this	goal	by	not	only	further	reinforcing	the	utility	

of	cementum	as	an	alternative	to	petrous	sampling,	but	also	elucidating	6	more	potential	sam-

pling	locations:	dentin;	material	from	the	pulp	chamber;	and	dense	cortical	bone	from	the	ex-

terior	of	the	distal	phalanx,	talus,	vertebral	body,	and	superior	vertebral	arch.	

	

6.1.4	Future	directions	

	 As	previously	mentioned,	the	myriad	of	variables	influencing	DNA	preservation	in	ar-

chaeological	remains	as	well	as	the	numerous	possible	sampling	locations	to	potentially	be	

examined,	means	that	no	single	study	of	differential	DNA	preservation	across	skeletal	ele-

ments	can	reasonably	be	expected	to	be	representative	in	the	context	of	suggested	sampling	

strategies	for	the	aDNA	analyses	of	all	sites	across	all	time	periods.	Instead,	multiple	studies	

across	archaeological	sites	representative	of	different	periods	and	climates,	each	encompass-

ing	as	many	skeletal	elements	and	potential	sampling	locations	as	possible,	are	necessary	to	

generate	comprehensive	sampling	strategies	for	the	ethical	analyses	of	aDNA	across	a	wide	

range	of	conditions.	In	addition,	it	is	imperative	that	the	methods	used	in	these	studies	be	
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made	widely	accessible	to	not	only	ensure	the	comparability	of	results,	but	also	make	aDNA	

analyses	a	more	feasible	prospect	in	as	many	laboratories	as	possible.	In	Manuscripts	A	and	B	

we	seek	to	further	this	aim	by	providing	a	baseline	of	suggested	sampling	strategies	and	

methods	for	the	eight	best	performing	sampling	locations	(out	of	23	examined)	from	our	in-

vestigation	of	differential	DNA	preservation	in	a	representative	temperate,	medieval	site.	

	

6.2	Making	the	most	out	of	destructive	sampling	during	analyses	
	

6.2.1	The	utility	of	combined	analyses	in	palaeopopulation	genetics	and	pathogen	
screening	

	 The	majority	of	palaeopathogenomics	and	ancient	microbiome	studies	do	not	generally	

report	on	the	population	genetics	of	a	site.	This	is	particularly	true	of	pathogen	screening,	

where	it	is	common	practice	to	target	potential	ancient	pathogen	DNA	via	sampling	of	the	

teeth	(particularly	of	the	dental	pulp	chamber)	(Margaryan	et	al.	2018)	or	skeletal	elements	

where	pathology	may	be	evident	(Bos	et	al.	2014;	Schuenemann	et	al.	2013)	stemming	from	

sites	where	historical	or	contextual	evidence	of	infectious	disease	are	clearly	present	(Wagner	

et	al.	2014;	Bos	et	al.	2016).	Often,	the	skeletal	elements	used	in	these	studies	are	seen	to	be	of	

generally	lesser	value	in	terms	of	endogenous	host	DNA	recovery,	and	as	such	if	the	host	DNA	

is	analysed	it	all,	it	is	often	done	so	through	the	sampling	of	“more	optimal”	sampling	locations	

such	as	the	dense	cochlear	region	of	the	petrous	pyramid	should	it	be	deemed	of	particular	

interest	(e.g.,	Klunk	2019).	Similarly,	as	the	petrous	pyramid	has	been	shown	to	be	a	particu-

larly	poor	source	of	ancient	pathogen	or	microbiome	DNA	(Margaryan	et	al.	2018),	population	

genetic	investigations	utilizing	the	petrous	pyramid	as	the	primary	source	of	ancient	DNA	at	

sites	without	a	priori	evidence	of	infectious	disease	are	often	uninformative	in	terms	of	en-

dogenous	microbial	content.	As	such,	successful	pathogen	screening	of	these	sites	may	require	
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further	destructive	sampling	of	archaeological	remains	if	the	ancient	microbial	community	is	

to	be	examined.	As	a	result,	not	only	does	aDNA	sampling	using	sources	either	known	to	be	

poor	in	microbial	content	or	solely	screening	sites	for	pathogens	alone	provide	only	a	small	

part	of	the	overall	genetic	story	offered	by	the	aDNA	analyses	of	ancient	remains	but	also	con-

tributes	to	the	ethical	dilemmas	surrounding	destructive	sampling	of	aDNA	analyses	by	not	

utilizing	the	full	potential	of	the	remains	available.		

	 These	practices	remain	common,	despite	examples	such	as	the	famously	successful	dis-

covery	of	ancient	Y.	pestis	from	Bronze	and	Iron	Age	samples	from	sites	with	no	a	priori	evi-

dence	of	plague	(Rasmussen	et	al.	2015;	Andrades	Valtueña	et	al.	2017;	Spyrou	et	al.	2018).	In	

Manuscript	3	we	report	yet	another	example	of	the	utility	of	combined	analyses	by	presenting	

another	example	of	plague	detection	in	remains	lacking	pathological	or	contextual	evidence	of	

epidemic.	We	do	so	by	detailing	a	novel	post-Black	Death,	Second	Pandemic	Y.	pestis	genome	

discovered	via	the	routine	screening	of	the	samples	examined	for	the	purposes	of	evaluating	

differential	host	DNA	preservation	across	ancient	skeletal	elements	in	Manuscripts	A	and	B.	

Furthermore,	in	conjunction	with	Manuscript	1’s	findings	that	the	dental	pulp	chamber	and	

two	separate	sampling	locations	on	the	vertebrae	(cortical	bone	stemming	from	exterior	the	

vertebral	body	and	from	the	superior	vertebral	arch)	can	reliably	provide	levels	of	endoge-

nous	host	DNA	recovery	adequate	for	most	population	genetic	studies,	we	argue	that	com-

bined	analyses	using	genomic	datasets	generated	from	a	wider	variety	of	skeletal		elements	is	

an	ethically	sound	strategy	for	providing	a	more	complete	genetic	picture	of	a	historical	site.	
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6.2.2	Expanding	the	oral	microbiome	reference	dataset.	

	 In	conjunction	with	the	advances	to	ancient	genetic	studies	brought	about	through	the	

introduction	of	next	generation	sequencing,	subsequent	advances	in	metagenomic	analyses	of	

have	made	investigations	into	the	evolution	of	the	human	microbiome	more	feasible	(Herbig	

et	al.	2016;	Key	et	al.	2017;	Seitz	and	Nieselt	2017).	This	is	especially	true	of	the	oral	and	gut	

microbiomes,	where	the	flora	of	each	has	been	shown	to	be	excellently	preserved	in	mummi-

fied	remains	(Herbig	et	al.	2016;	Maixner	et	al.	2016),	coprolites	(Iñiguez	et	al.	2003,	Tito	et	al.	

2012,	Appelt	et	al.	2014),	teeth,	and	ancient	dental	calculus	(C.	Warinner	2016).	One	challenge	

in	the	reconstruction	of	ancient	microbiomes,	however,	is	the	significant	gaps	in	reference	

material	available	for	comparison.		

	 This	dearth	of	reference	data	stems	from	the	inherent	challenges	associated	with	meta-

genomic	genome	assembly.	Typically,	high	quality	microbial	reference	genomes	are	assem-

bled	from	isolated	cultures	of	a	single	microbial	source.	However,	a	third	of	the	human	oral	

microbiome	remains	unculturable	(Escapa	et	al.	2018),	making	assembly	from	isolated	

sources	impossible.	Studies	of	metagenomic	assembly	have	suggested	that	using	a	mixture	of	

long-read	(e.g.,	Oxford	nanopore,	Hi-C,	PacBio,	etc)	and	short-read	(e.g.,	Illumina)	sequencing	

can	greatly	increase	the	quality	and	quantity	of	genomes	assembled	in	this	context	(Seitz	and	

Nieselt	2017;	Sanders	et	al.	2019).	Long-read	sequencing	can	be	challenging,	as	it	requires	

high	molecular	weight	DNA	(often	lost	or	explicitly	excluded	in	most	protocols	geared	to-

wards	the	more	popular	short-read	platforms)	for	input.	While	short-read	sequencing	of	den-

tal	calculus	has	been	used	in	both	modern	and	ancient	contexts	extensively,	no	published	

study	has,	to	date,	attempted	to	evaluate	the	possibility	of	extracting	high	molecular	weight,	

metagenomic	DNA	from	this	valuable	substrate.	As	dental	calculus	(as	previously	discussed)	

has	been	observed	to	be	an	excellent	source	of	oral	microbiome	flora	DNA	and	contain	only	a	
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limited	amount	of	host	DNA	(Mann	et	al.	2018),	it	is	therefore	of	great	value	develop	appropri-

ate	protocols	for	the	extraction	of	metagenomic	high	molecular	weight	DNA	to	aid	in	the	gen-

eration	of	new	reference	genomes.		

	 In	Manuscript	4	we	develop	and	test	a	method	for	the	extraction	of	high	molecular	

weight	DNA	from	modern	dental	calculus	using	an	optimized	Qiagen	MagAttract™	High	Molec-

ular	Weight	Kit	protocol.	We	find	that	this	protocol	provides	for	the	recovery	of	high	concen-

trations	of	DNA	>12kbp	from	dental	calculus.	Furthermore,	we		successfully	mapped	this	DNA	

to	known	members	of	the	human	oral	microbiome	community	after	sequencing,		

	

6.2.3	Future	directions	

Despite	the	success	of	this	experimental	procedure,	it	remains	untested	in	terms	of	its	

use	in	in	long-read,	metagenomic	sequencing.	As	such,	this	should	be	addressed	in	future	

work	before	this	protocol	can	be	used	in	the	generation	of	more	robust	metagenomic	assem-

blies	generated	from	the	oral	microflora	within	dental	calculus.	

	

6.3	Conclusions	

	 Each	time	we	sample	from	the	archaeological	record	for	the	purposes	of	aDNA	analyses	

we	damage	a	small	portion	of	it.	As	such,	it	is	imperative	that	we	make	the	best	possible	use	of	

these	remains	to	not	only	increase	the	chances	of	successful	investigation,	but	also	to	mini-

mize	the	waste	of	finite,	culturally	important,	resources.	Throughout	the	work	presented	in	

this	thesis	we	take	steps	to	mitigate	the	impact	of	destructive	DNA	sampling	on	the	archaeo-

logical	record	by:	A.)	Systematically	examining	a	broad	range	of	anatomical	sampling	loca-

tions	to	build	a	framework	by	which	researchers	can	employ	less	destructive	and	more	effi-

cient	sampling	strategies;	B).	Make	the	detailed	methods	necessary	to	sample	from	the	most	

efficient	anatomical	sampling	locations	more	widely	available	more	and	presented	in	a	clear,	
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easy	to	follow	format;	C).	Demonstrate	the	utility	of	combined	analyses	methods	in	producing	

a	wider	range	of	subjects	available	using	destructive	sampling;	and	D).	Proving	novel	methods	

of	DNA	extraction	to	expand	the	reference	datasets	available	to	researchers.	Finally,	we	pro-

pose	that	before	researchers	begin	projects	involving	destructive	sampling,	they	first	ask	the	

following	questions:	

	

1).	Of	the	elements	available	for	sampling	at	a	given	site,	which	ones	best	suit	the	scale	and	scope	

of	my	project?		For	example,	if	attempting	to	fully	reconstruct	high-coverage	host	genomes	of	a	

small	cohort	of	individuals,	sampling	from	the	dense	cochlear	region	of	the	petrous	portion	

may	be	the	best	strategy,	despite	the	inherent	lack	of	supporting	microbial	DNA.	However,	if	

generating	robust	population	genetics	statistics	for	a	larger	sub-set	of	a	population	is	the	goal,	

sampling	from	alternative	skeletal	elements	such	as	teeth	can	not	only	provide	the	necessary	

host	SNP	coverage	necessary,	but	also	allow	for	insights	into	the	general	health	of	the	targeted	

population.	

	

2).	How	can	I	best	use	the	data	generated	to	fully	explore	the	dynamics	within	the	targeted	site?	

More	inclusive	screening	techniques	including	combined	analyses	of	population	genetics	and	

pathogen	screening	across	a	broader	range	of	skeletal	elements	may	increase	the	ability	of	a	

research	project	to	more	fully	describe	the	dynamics	within	a	site.	

	

And	3).	Is	the	reference	database	necessary	for	this	investigation	robust	enough	to	make	the	de-

struction	of	archaeological	remains	worthwhile?	If	significant	gaps	are	present,	it	may	be	more	

feasible	to	first	attempt	to	fill	those	gaps	using	less	valuable	samples	before	proceeding.	
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8.	Summary	

	

	 Ancient	DNA	analyses	are	a	crucial	part	of	modern	archaeological	assessment	which	

help	to	elucidate	previously	hidden	historical	dynamics.	However,	to	utilize	this	tool,	it	is	u	

necessary	to	cause	irrevocable	damage	to	the	archaeological	record	through	the	destructive	

sampling	of	archaeological	remains.	As	such,	it	is	imperative	that	there	be	balance	between	

data	production	and	the	stewardship	of	the	anthropological	record.	This	dissertation	focuses	

on	developing	and	optimizing	laboratory	methods	aimed	at	maximizing	the	usable	data	gener-

ated	from	destructive	sampling	while	minimizing	the	damage	to	the	archaeological	record.	

Across	the	four	manuscripts	presented	here	I	explore	ancient	DNA	recovery	across	multiple	

skeletal	elements;	make	those	methods	publicly	available;	demonstrate	the	utility	of	ex-

panded	screening	techniques	in	uncovering	unexpected	historical	events;	and	optimize	a	

method	for	extracting	high-molecular	weight	DNA	from	dental	calculus	with	the	intent	to	ex-

pand	the	oral	microbiome	reference	database	through	metagenomic	assemblies.	

	 Manuscript	1	presents	the	analyses	of	DNA	yield	and	quality	from	23	sampling	loca-

tions	across	10	skeletal	elements	recovered	from	each	of	11	medieval	individuals.	We	find	

that	while	destructive	sampling	of	the	dense	cochlear	region	of	the	petrous	pyramid	does	pro-

vide	the	highest	yields	of	endogenous	human	DNA,	the	cementum,	dentin,	and	pulp	chamber	

of	molars;	cortical	bone	of	the	vertebral	body	and	superior	vertebral	arch;	cortical	bone	from	

the	distal	phalanx;	and	cortical	bone	from	the	exterior	of	the	talus	all	exhibit	excellent	DNA	

preservation	with	yields	consistently	high	enough	(in	both	quantity	and	quality)	for	the	vast	

majority	of	population	genetic	assessments.	Despite	the	popularity	of	ancient	DNA	studies,	

this	is	the	first	large	scale,	systematic,	investigation	of	DNA	preservation	across	a	host	of	skel-

etal	elements	and	associated	sampling	locations	and,	as	such,	will	serve	as	an	important	base-

line	for	the	formation	of	ethical	sampling	strategies	using	archaeological	remains.	
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	 One	of	the	challenges	presented	in	Manuscript	1	was	in	the	lack	of	appropriate	sam-

pling	protocols	for	many	of	the	sampling	locations	analysed.	This	lack	of	published	protocols	

results	in	considerable	wastage,	in	both	the	time	and	money	spent	on	aDNA	research	using	

non-standard	remains	as	well	as	the	irreplaceable	archaeological	remains	themselves.	Manu-

script	2	presents	the	complete	sampling	protocols	used	in	Manuscript	1	published	in	both	text	

and	video	format.	The	resulting,	real-time,	tutorial	makes	the	utilization	of	these	anatomical	

sampling	locations	easily	accessible	to	a	wide	audience.		

	 Manuscript	3	presents	a	case	study	in	the	utility	of	the	rigorous	and	routine	screening	

of	aDNA	datasets	for	potential	findings	outside	of	the	original	scope	of	a	project.	Here	I	pre-

sent	two	high-coverage	Y.	pestis	genomes	recovered	from	the	remains	used	in	Manuscripts	A	

and	B.	These	genomes	were	recovered	from	remains	where	there	were	no	archaeological	evi-

dence	of	infection	and	were	discovered	only	through	the	expanded	screening	of	the	datasets.	

Here	we	find	not	only	a	new	example	of	Pestis	secunda,	a	post-Black	Death,	Second	Pandemic	

strain	genetically	linked	to	the	ongoing	Third	Pandemic,	but	also	the	genome	of	a	new,	earlier	

example	of	the	same	strain	which	appears	to	be	the	direct	link	between	the	Black	Death	and	

all	other	described	examples	of	Pestis	secunda.	Additionally,	we	find	the	first	verifiable	traces	

of	Y.	pestis	infection	in	post-cranial	remains,	further	reinforcing	the	importance	of	broad	

screening	techniques.	

	 Manuscript	4	presents	an	optimized	method	for	the	extraction	of	high	molecular	

weight	DNA	from	modern	dental	calculus.	Reference	genomes	are	available	for	ca	60%	of	

those	species	thought	to	make	up	the	human	oral	microbiome.	As	this	is	a	metagenomic	sub-

strate,	assembly	of	new	reference	genomes	using	only	short-read	sequencing	is	challenging	at	

best.	The	introduction	of	methods	to	bolster	the	efficacy	of	metagenomic	assembly	of	the	oral	

microbiome	by	the	addition	of	long	read	sequencing	will	help	to	fill	these	gaps	and	make	the	

subsequent	investigations	of	the	ancient	oral	microbiome	more	informative.	
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	 There	is	a	single	common	thread	throughout	this	dissertation:	The	only	way	to	ethi-

cally	use	ancient	DNA	analyses	from	archaeological	remains	is	to	maximize	the	utility	of	each	

instance	of	destructive	sampling	to	generate	a	clearer,	more	complete	picture	of	the	genetic	

landscape	of	a	given	individual	and	site.	
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8.	Zusammenfassung	
 

Prä-/Historische	DNA-Analysen	sind	ein	wichtiger	Bestandteil	moderner	

archäologischer	Untersuchungen,	die	dazu	beitragen,	bisher	verborgene	historische	Kausali-

täten	zu	erläutern.	Um	dieses	Instrument	zu	nutzen,	ist	es	jedoch	unumgänglich,	durch	die	

destruktive	Entnahme	von	Proben	aus	archäologischen	Überresten	unwiderrufliche	Schäden	

an	den	archäologischen	Fundstücken	zu	verursachen.	In	diesem	Zusammenhang	ist	ein	

Gleichgewicht	zwischen	der	Datenproduktion	und	dem	Schutz	der	anthropologischen	Über-

reste	unabdingbar.	Diese	Dissertation	konzentriert	sich	auf	die	Entwicklung	und	Optimierung	

von	Labormethoden,	die	darauf	abzielen,	die	verwertbaren	Daten,	die	durch	destruktive	Pro-

benahmen	gewonnen	werden,	zu	maximieren	und	gleichzeitig	die	Schäden	an	den	

archäologischen	Funden	zu	minimieren.	In	den	vier	hier	vorgestellten	Manuskripten	unter-

suche	ich	die	Gewinnung	historischer	DNA	aus	verschiedenen	Skelettelementen,	stelle	diese	

Methoden	öffentlich	zur	Verfügung,	demonstriere	den	Nutzen	erweiterter	Screening-Techni-

ken	bei	der	Aufdeckung	unerwarteter	historischer	Ereignisse	und	optimiere	eine	Methode	zur	

Extraktion	hochmolekularer	DNA	aus	Zahnstein	mit	dem	Ziel,	die	Referenzdatenbank	des	

oralen	Mikrobioms	durch	metagenomische	Zusammenstellungen	zu	erweitern.	

	

												In	Manuskript	1	werden	die	Analysen	der	DNA-Ausbeute	und	-Qualität	von	23	Pro-

benahmestellen	an	10	verschiedenen	Skelettelementen	vorgestellt,	die	von	11	mittelalterli-

chen	Individuen	entnommen	wurden.	Wir	stellen	fest,	dass	die	destruktive	Entnahme	von	

Proben	aus	der	dichten	Cochlea-Region	des	Pars	Petrosa	zwar	die	höchste	Ausbeute	an	en-

dogener	menschlicher	DNA	liefert,	dass	aber	auch	das	Cementum,	das	Dentin	und	die	Pulpa-

kammer	der	molaren	Zähne,	der	kortikale	Knochen	des	Wirbelkörpers	und	des	oberen	Wir-

belbogens,	der	kortikale	Knochen	des	distalen	Phalanx	und	der	kortikale	Knochen	von	der	
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Außenseite	des	Talus	alle	einen	ausgezeichneten	DNA-Erhalt	aufweisen	und	die	Ausbeute	

durchweg	hoch	genug	ist	(sowohl	in	Bezug	auf	die	Quantität	als	auch	die	Qualität)	für	die	

große	Mehrheit	der	populationsgenetischen	Analysen.		Trotz	der	Beliebtheit	prä-/historischer	

DNA-Studien	ist	dies	die	erste	groß	angelegte,	systematische	Untersuchung	der	DNA-

Erhaltung	bei	einer	Vielzahl	von	Skelettelementen	und	den	dazugehörigen	Entnahmestellen	

und	wird	als	solche	eine	wichtige	Grundlage	für	die	Entwicklung	ethischer	Probenahmestrate-

gien	bei	archäologischen	Überresten	darstellen.	

		

												Eine	der	Herausforderungen	in	Manuskript	1	war	das	Fehlen	geeigneter	Probenahme-

protokolle	für	viele	der	untersuchten	Entnahmestellen.	Dieser	Mangel	an	veröffentlichten	

Protokollen	führt	zu	einer	beträchtlichen	Verschwendung	von	Zeit	und	Geld,	die	für	die	prä-

/historische	DNA-Forschung	unter	Verwendung	von	nicht-standardisierbaren	Überresten	

aufgewendet	werden,	sowie	der	unersetzlichen	archäologischen	Überreste	selbst.	Manuskript	

2	enthält	die	vollständigen	Probenahmeprotokolle,	die	in	Manuskript	1	verwendet	wurden,	

sowohl	im	Text-	als	auch	im	Videoformat.	Das	daraus	resultierende	Echtzeit-Tutorial	macht	

die	Verwendung	dieser	anatomischen	Probenahmestellen	einem	breiten	Publikum	leicht	

zugänglich.	

		

												Manuskript	3	ist	eine	Fallstudie	über	die	Zweckdienlichkeit	des	rigorosen	und	rou-

tinemäßigen	Screenings	von	prä-/historischen	DNA-Datensätzen	auf	potenzielle	Ergebnisse	

außerhalb	des	ursprünglichen	Projektumfangs.	Hier	stelle	ich	zwei	Y.-pestis-Genome	mit	

hoher	Coverage	vor,	welche	aus	den	in	den	Manuskripten	1	und	2	verwendeten	Überresten	

gewonnen	wurden.	An	den	Individuuen	wurden	vorab	keinerlei	archäologische	Hinweise	auf	

eine	Infektion	festgestellt.	Diese	Pathogene	wurden	erst	durch	das	erweiterte	Screening	der	

Datensätze	entdeckt.	Hierbei	handelt	es	sich	nicht	nur	um	ein	neues	Beispiel	für	Pestis	
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secunda,	einen	Stamm	der	Zweiten	Pandemie	nach	dem	schwarzen	Tod,	der	genetisch	mit	der	

laufenden	Dritten	Pandemie	verbunden	ist,	sondern	auch	das	Genom	eines	bisher	unen-

deckten,	früheren	Vertreters	von	Pestis	secunda,	welcher	die	direkte	genetische	Verbidnung	

zwischen	dem	Schwarzen	Tod	und	allen	bereits	bekannten	Arten	von	Pestis	secunda	zu	sein	

scheint.	Darüber	hinaus	finden	wir	die	ersten	nachweisbaren	Spuren	von	Y.	pestis-Infektionen	

in	postkranialen	Überresten,	welches	die	Bedeutung	breit	angelegter	Screening-Techniken	

weiter	unterstreicht.	

		

												In	Manuskript	4	wird	eine	optimierte	Methode	zur	Extraktion	von	hochmolekularer	

DNA	aus	modernem	Zahnstein	vorgestellt.	Referenzgenome	sind	für	etwa	60	%	der	Arten	ver-

fügbar,	von	denen	man	annimmt,	dass	sie	das	menschliche	orale	Mikrobiom	bilden.	Da	es	sich	

um	ein	metagenomisches	Substrat	handelt,	ist	die	Erstellung	neuer	Referenzgenome	nur	mit	

Hilfe	von	Short-Read-Sequenzierung	bestenfalls	eine	Herausforderung.	Die	Einführung	von	

Methoden,	die	die	Effizienz	der	metagenomischen	Assemblierung	des	oralen	Mikrobioms	

durch	die	Ergänzung	von	Long-Read-Sequenzierung	verbessern,	wird	dazu	beitragen,	diese	

Lücken	zu	schließen	und	die	nachfolgenden	Untersuchungen	des	prä-/historischen	oralen	

Mikrobioms	noch	aufschlussreicher	zu	machen.	

		

												Eine	Grundidee	lässt	sich	in	der	gesamten	Dissertation	erkennen;	Die	einzige	Möglich-

keit,	prä-/historische	DNA-Analysen	aus	archäologischen	Überresten	auf	ethische	Weise	zu	

nutzen,	besteht	darin,	den	Nutzen	jeder	einzelnen	destruktiven	Probenahme	zu	maximieren,	

um	ein	klareres,	vollständigeres	Bild	der	genetischen	Landschaft	einer	bestimmten	Stätte	und	

des	Individuums	zu	erhalten.	

	 	



200	

9.	Appendix	1:	Author’s	contributions	to	figures	representing	experimental	data	

	
Manuscript	1:	Parker	et	al.	(2020),	Scientific	Reports	

	

Figure(s)	 Contribution	(%)	 Notes	

2-6	 40%	 Evaluated	data	and	formatting,	coded	
formatting	(R	statistical	language)	

S11-S17	 30%	 Evaluated	data	and	formatting,	coded	
formatting	(R	statistical	language)	

	

	

Manuscript	2:	Parker	et	al.	2021,	JoVE	

	

Figure(s)	 Contribution	(%)	 Notes	

N/A	 N/A	 No	original	figures	representing	experimental	data	

	

	

Manuscript	3:	Parker	et	al.	(In	preparation)	

	

Figure(s)	 Contribution	(%)	 Notes	

2	 5%	 Evaluated	data	

S5	 100%	 N/A	

S6-S7	 0%	 N/A	
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Manuscript	4:	Parker	et	al.	(in	preparation)	

	

Figure(s)	 Contribution	(%)	 Notes	

1-2	 100%	 N/A	

3	 10%	 formatting	
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10.	Eigenständigkeitserklaerung	
	

	Entsprechend	§5	Abs.	4	der	Promotionsordnung	der	Biologisch-Pharmazeutischen	Fakultät	

der	Friedrich-Schiller-Universität	Jena,	erkläre	ich,	dass	mir	die	geltende	Promotionsordnung	

der	Fakultät	bekannt	ist.	Ich	bezeuge,	dass	ich	die	vorliegende	Dissertation	selbst	angefertigt	

habe	und	keine	Textabschnitte	eines	Dritten	oder	eigener	Prüfungsarbeiten	ohne	Kennzeich-

nung	übernommen	und	alle	von	mir	benutzten	Hilfsmittel,	persönliche	Mitteilungen	sowie	

Quellen	in	meiner	vorliegenden	Arbeit	angegeben	habe.	Zudem	habe	ich	alle	Personen,	die	mir	

bei	der	Auswahl	und	Auswertung	sowie	bei	der	Erstellung	der	Manuskripte	unterstützt	ha-

ben,	in	der	Auflistung	der	Manuskripte	und	den	entsprechenden	Danksagungen	namentlich	

erwähnt.	Zudem	versichere	ich,	dass	ich	die	Hilfe	eines	Promotionsberaters	nicht	in	Anspruch	

genommen	haben	und	auch	Dritten	von	mir	keine	unmittelbaren	sowie	mittelbaren	geldwerte	

Leistungen	für	Arbeiten,	die	im	Zusammenhang	mit	dieser	Dissertation	stehen,	erhalten	ha-

ben.	Die	vorliegende	Promotion	wurde	zuvor	weder	für	eine	staatliche	oder	andere	wissen-

schaftliche	Prüfung	eingereicht,	also	auch	einer	anderen	Hochschule	als	Dissertation	

vorgelegt.		

Jena,	den	12/12/2021	

	

Cody	Parker	
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