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Abstract
Asexual	 reproduction	 is	assumed	 to	 lead	 to	 the	accumulation	of	deleterious	muta-
tions,	and	reduced	heterozygosity	due	to	the	absence	of	recombination.	Panagrolaimid	
nematode	species	display	different	modes	of	reproduction.	Sexual	reproduction	with	
distinct	 males	 and	 females,	 asexual	 reproduction	 through	 parthenogenesis	 in	 the	
genus Panagrolaimus, and hermaphroditism in Propanagrolaimus.	Here,	we	compared	
genomic	features	of	free-	living	nematodes	in	populations	and	species	isolated	from	
geographically	 distant	 regions	 to	 study	 diversity,	 and	 genome-	wide	 differentiation	
under	different	modes	of	reproduction.	We	firstly	estimated	genome-	wide	sponta-
neous mutation rates in a triploid parthenogenetic Panagrolaimus, and a diploid her-
maphroditic Propanagrolaimus	 via	 long-	term	mutation	accumulation	 lines.	Secondly,	
we	calculated	population	genetic	parameters	including	nucleotide	diversity,	and	fixa-
tion	 index	 (FST)	 between	 populations	 of	 asexually	 and	 sexually	 reproducing	 nema-
todes.	 Thirdly,	 we	 used	 phylogenetic	 network	 methods	 on	 sexually	 and	 asexually	
reproducing Panagrolaimus populations to understand evolutionary relationships be-
tween	them.	The	estimated	mutation	rate	was	slightly	 lower	for	 the	asexual	popu-
lation,	as	expected	for	taxa	with	this	reproductive	mode.	Natural	polyploid	asexual	
populations	revealed	higher	nucleotide	diversity.	Despite	their	common	ancestor,	a	
gene	network	revealed	a	high	level	of	genetic	differentiation	among	asexual	popula-
tions.	The	elevated	heterozygosity	 found	 in	 the	triploid	parthenogens	could	be	ex-
plained by the third genome copy. Given their tendentially lower mutation rates it 
can	be	hypothesized	that	this	is	part	of	the	mechanism	to	evade	Muller's	ratchet.	Our	
findings in parthenogenetic triploid nematode populations seem to challenge com-
mon	expectations	of	evolution	under	asexuality.
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1  |  INTRODUC TION

Parthenogenetic	 organisms	 reproduce	 asexually,	 without	 paying	 the	
twofold	 cost	 of	 sex,	 that	 is,	 production	 of	males,	 courtship	 or	mate	
finding.	 Parthenogenetic	 reproduction	 should	 result	 in	 an	 evolution-
ary	advantage	(Otto	&	Lenormand,	2002),	as	all-	female	species	are	in	
theory capable of generating more offspring from the same resources, 
when	compared	to	sexual	sister	species.	However,	sexual	reproduction	
is	 the	predominant	 reproductive	mode	among	Metazoans,	 leading	to	
a	paradox	that	was	coined	as	 the	“Queen	of	Evolutionary	questions”	
by	Bell	(1982).	To	explain	the	apparent	“lack”	of	parthenogenetic	taxa,	
evolutionary theory posits that the absence of recombination inhibits 
the efficient purging of deleterious mutations which accordingly ac-
cumulate	over	time.	This	effect,	called	Muller's	ratchet	(or	mutational	
meltdown,	e.g.,	for	RNA	viruses)	(Felsenstein,	1974; Gabriel et al., 1993) 
counteracts	the	long-	term	persistence	of	obligate	asexual	lineages	lack-
ing	recombination.	Hence,	mutation	rates,	the	rate	at	which	mutations	
arise de novo in a genome, are thought to vary between organisms with 
different	reproductive	modes,	being	lower	in	asexually	reproducing	or-
ganisms	when	compared	to	sexual	relatives	(Sloan	&	Panjeti,	2010).

Additionally	 in	 parthenogens,	 due	 to	 the	 lack	 of	 outcrossing,	
alleles	can't	be	recombined	and	the	 linkage	between	sites	 in	finite	
populations	would	reduce	the	overall	effectiveness	of	selection	(Hill	
& Robertson, 1966).	The	Red	Queen	Hypothesis	(RQH),	originally	fo-
cused	on	coevolution	in	a	host–parasite	context,	has	been	extended	
to	propose	that	sexually	reproducing	organisms	have	an	evolution-
ary	advantage	in	habitats	with	many	biotic	interactions,	while	asex-
ually	reproducing	taxa	are	expected	to	be	more	frequent	in	habitats	
with challenging environmental conditions and lowered biotic pres-
sure	(e.g.,	higher	altitudes)	(Hartmann	et	al.,	2017;	Van	Valen,	1973).

Empirical	studies	paint	a	different,	more	complex	picture	of	the	
evolutionary persistence of parthenogenesis: Bdelloid rotifers, ori-
batid	mites	and	Darwinulid	ostracods	are	examples	of	the	so	called	
‘evolutionary	 scandals’,	 asexual	 taxa	apparently	persisting	on	geo-
logical	 time-	scales.	 (Smith,	 1978).	 Despite	 the	 expected	 reduced	
genetic	 diversity	 in	 parthenogenetic	 taxa,	 a	 study	 on	 the	 triploid	
asexual	crayfish	Procambarus virginalis, has shown that this species is 
highly	heterozygous	even	when	the	expected	outcome	of	its	repro-
ductive	mechanism	would	be	homozygosity	(Schwarz,	2017).

It	might	thus	be	possible	for	natural	populations	of	asexually	re-
producing organisms to genetically diverge due to local adaptation, 
genetic drift, geographic isolation, and the generation of distinct 
mutations in different populations. Currently, there is still a lack of 
data	on	 such	 asexually	 reproducing	organisms	 and	populations,	 in	
part due to potential study systems not lending themselves to easy 
cultivation	in	the	laboratory	for	molecular	evolutionary	experiments.

Nematoda,	 one	 of	 the	 most	 species-	rich	 groups	 within	
Metazoa,	 is	 a	 highly	 diverse	 phylum	 in	 terms	 of	 ecological	 niches	

inhabited, size ranges of different groups and reproductive strate-
gies	 (Blaxter,	2011).	The	family	Panagrolaimidae,	 the	focus	system	
of	 this	 study,	 exhibits	 various	 reproductive	 modes:	 gonochorism	
(sexual),	 parthenogenesis	 (asexual),	 and	 hermaphroditism	 (sexual,	
but	selfing)	(Kiontke	et	al.,	2004). This system, with closely related 
taxa,	can	provide	information	on	how	genomic	features	may	differ	in	
relation to reproductive modes.

Panagrolaimidae	 nematodes	 have	 been	 used	 as	 a	 system	 to	 ad-
dress	 diverse	 biological	 questions.	 Panagrolaimids	 are	 widely	 dis-
tributed across the globe, isolates of the family from distant regions 
(e.g.,	 Russian	 Permafrost,	 Antarctica	 and	 Germany)	 have	 been	 de-
scribed	as	cryptobionts,	displaying	a	suspended	metabolic	state	(Lewis	
et al., 2009; Shatilovich et al., 2023), thus providing a system to study 
and	develop	methodologies	for	long-	term	storage	of	cells	and	tissues	
(Shatilovich	et	al.,	2023).	In	addition,	inactivation	of	gene	expression	in	
nematodes of the genus Panagrolaimus	is	also	possible.	RNA	interfer-
ence	(RNAi)	that	could	for	functional	genomic	analysis	has	been	suc-
cessful	in	panagrolaimids	(Shannon	et	al.,	2008). Recent studies have 
also	performed	gene	editing	in	the	genus	mediated	by	CRISPR/Cas9	
(Hellekes	et	al.,	2023). Their varied reproductive modes, have allowed 
for	the	study	of	the	evolution	of	parthenogenesis	(Schiffer	et	al.,	2019; 
Shatilovich et al., 2023).	Previous	studies	had	suggested	a	common	sin-
gle	origin	of	parthenogenesis	in	the	genus	(Schiffer	et	al.,	2019); how-
ever, the newly described species Panagrolaimus kolymaensis has been 
proposed to have a second independent evolution of this reproduction.

In	this	study,	we	made	use	of	the	Panagrolaimus system to under-
stand	how	mutation	 rates	vary	 in	 free-	living	 closely	 related	 species	
with	different	reproduction	modes	(sexual	–	selfing	and	asexual)	and	
their genomic traits, such as nucleotide diversity and population di-
vergence	under	pure	inbreeding.	We	furthermore	extended	the	study	
of	these	genomic	traits	to	natural	populations	(here	defined	as	a	as	a	
group of individuals from the same geographical origin belonging to 
the	genera	of	interest)	of	diploid	sexual	and	triploid	parthenogenetic	
nematodes of the genus Panagrolaimus. We tested whether the results 
obtained	in	bottle-	necked	laboratory	populations	held	true	for	natural	
Panagrolaimus	populations	from	different	geographical	locations,	and	
if these patterns of genome evolution in parthenogens are consistent 
with	theoretical	expectations	or	challenge	them.

2  |  MATERIAL S AND METHODS

2.1  |  Sampling, sequencing and data pre- processing

This study includes natural Panagrolaimus populations from differ-
ent	 geographic	 locations	 that	 were	 previously	 described	 in	 McGill	
et	al.	(2015)	(Figures 1 and 2, Table 1, Table S1).	Asexual	nematode	pop-
ulations	used	here	are	triploid	(allopolyploids)	and	sexual	populations	

T A X O N O M Y  C L A S S I F I C A T I O N
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are diploid selfing hermaphrodites, in which no males have been ob-
served so far, reproductive modes of the nematodes used in this study 
have	been	previously	 defined	 in	 Lewis	 et	 al.	 (2009) by single larval 
stage nematode propagation and determination of sperm presence 
using	DIC/epifluorescence	microscopy	techniques.	Populations	were	
kept	as	laboratory	cultures	(at	15Â°C	on	low	nutrient	agar	plates	inoc-
ulated	with	OP50	(E. coli)	from	which	DNA	was	extracted	from	several	
plates.	Adult	nematodes,	as	well	as	larvae	and	eggs	were	washed	off	
from	the	plates	and	cleaned	in	three	washing	steps.	After	three	rounds	
of	 freeze–thaw	 cycles	 on	 lysis	 buffer,	 genomic	DNA	was	 extracted	
following	 a	 salting-	out	 genomic	 DNA	 protocol	 or	 using	 Qiagen's	
genomic	 tip	 (cat.no.	 10223).	Whole	 genome	 sequencing	 of	 pooled	
specimens	was	performed	on	Illumina	HiSeq2000	and	NovaSeq	plat-
forms,	sequencing	data	was	deposited	in	SRA	and	is	available	under	
the	Bioproject	PRJNA374706	(Schiffer,	2017).	After	standard	quality	
filtering	and	trimming	of	 raw	reads	using	 fastp	 (versions	0.23.0	and	
0.20.1)	 (Chen	 et	 al.,	 2018),	 paired-	end	 reads	 were	 mapped	 to	 the,	
respectively,	closest	 related	 reference	assembly	 (available	 for	popu-
lations	 PS1159,	 JU765,	 and	 ES5	 (P.	 sp.	 ‘bornheim’)	 (Table S2) using 
bwa-	mem2	(version	2.2.1)	(Vasimuddin	et	al.,	2019).	For	populations	
where	reads	were	too	short,	mapping	was	done	using	NextGenMap	
(version	0.5.5)	(Sedlazeck	et	al.,	2013).	For	populations	where	the	in-
sert	size	was	smaller	than	double	the	read	length,	pear	(version	0.9.8)	
(Zhang	et	al.,	2014)	was	used	before	mapping	with	bwa-	mem2.	The	
alignments	 were	 filtered	 to	 remove	 duplicates	 using	 PICARD	 tools	
(MarkDuplicatesWithMateCigar)	(version	2.26.8)	(Institute,	2018), and 
low-	quality	 reads	 (<30)	were	removed	using	samtools	view	 (version	

1.13)	 (Danecek	et	al.,	2021).	Asexual	population	PS1159	and	sexual	
population	JU765	were	used	 in	the	mutation	accumulation	 lines	ex-
periment	for	estimation	of	mutation	rates.	All	other	sexual	and	asexual	
populations were used in the population analysis and phylogenetic 
network.	A	 list	of	the	commands	 implemented	 in	the	following	seg-
ments of Section 2 is provided here: https:// github. com/ laura ivill 
egasr/  parth enoge nomics.

2.2  |  Estimation of mutation rates from a 
MAL experiment

For	 the	 estimation	 of	 mutation	 rates,	 an	 asexual	 popula-
tion Panagrolaimus	 sp.	 PS1159	 and	 a	 sexual	 selfing	 population	
Propanagrolaimus	sp.	JU765	were	subjected	to	a	mutation	accumula-
tion	 lines	 (MALs)	experiment	for	30–52	generations	of	continuous	
inbreeding.	 Whole	 genome	 sequencing	 data	 was	 then	 generated	
from	the	starting	point	of	the	experiment	and	the	end	point	of	each	
MAL	(Figure 3).	DNA	extraction	was	performed	as	described	above.	
To	allow	for	sufficient	DNA	content,	several	libraries	of	the	respec-
tive	population	at	the	start	of	the	MAL	experiment	were	pooled	into	
one, hereafter referred to as the RefPool.	To	ensure	all	quality	scores	
were	 in	Sanger	encoding	seqret	 (Madeira	et	al.,	2019)	 and	 fastQC	
(version	0.11.9)	(Andrews,	2010)	were	used.	Mutations	were	called	
using	 a	 probabilistic	 approach	 (accuMUlate	 version	 0.2.1)	 (Winter	
et al., 2018),	following	authors	recommendations.	Alignments	from	
MAL	were	merged	 using	 samtools	merge	 along	with	 the	 RefPool.	
The analysis was performed only on a reduced set of positions com-
monly covered between all the lines and parental state per repro-
ductive	 mode,	 respectively.	 Putative	 mutations	 were	 filtered	 by	
coverage	ranges	(332–575),	number	of	reads	supporting	mutations	
(>0.05),	absence	of	mutant	allele	 in	other	samples	and	absence	of	
mutation	in	RefPool	(==0), apparent mutation being caused by mis-
mapped	 reads	 (Anderson-	Darling	 test	 statistic)	 (<=1.96),	 read	 pair	
successfully	mapped	to	the	reference	genome	 (Fisher's	exact	 test)	
(specific	commands	used	for	 filtering	can	be	found	under:	https:// 
github. com/ laura ivill egasr/  parth enoge nomics). Resulting candidates 
were	manually	curated	using	the	Integrative	Genomics	Viewer	(IGV	
version	2.16.1)	(Thorvaldsdottir	et	al.,	2013). The number of callable 
sites	was	estimated	for	each	MAL	as	the	number	of	positions	along	
the	assembly	within	the	depth	coverage	of	10	and	50	(Table S4). The 
mutation rates were obtained by dividing the number curated de 
novo mutations by the total number of callable sites using

High-	credibility	intervals	(HCI)	for	the	estimated	mutation	rates	
were	obtained	using	the	Bayesian	First	Aid	R	package	(version	0.2)	
(Bååth,	2014).	Mutation	rates	estimated	for	each	of	the	MAL,	as	well	
as the average mutation rate for both reproductive modes along 
with the average number of callable site per population, were pro-
vided as input for this.

(1)� =
calledmutations

generations × callable sites
.

F I G U R E  1 Panagrolaimidae	is	a	family	of	nematodes	from	clade	
IV.	Different	reproductive	modes	can	be	found	within	the	family:	
gonochorism, hermaphroditism and parthenogenesis.
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2.3  |  Analysis of populations

2.3.1  |  Population	genetic	parameters

Population	genetic	parameters	θw,	nucleotide	diversity	(π), effective 
population size Ne,	and	fixation	index	FST were estimated in two dif-
ferent	settings	(A)	 intrinsic	estimation	of	FST	 in	MA	lines	between	
each	other	and	correspondent	parental	state	(inbreeding	scenario)	
and	 (B)	 between	 natural	 populations	 from	 different	 geographic	
origins	(sexual	populations	were	compared	against	asexual	popula-
tions). Both approaches aimed to understand if patterns found in 
long	 kept	 laboratory	 populations	 (pure	 inbreeding)	 are	 similar	 to	
those	found	in	natural	asexual	populations	as	well	as	understanding	
how populations parameters vary between deferentially reproduc-
ing	taxa.

To	account	for	ploidy	in	the	triploid	asexuals,	coverage	ranges	
per genome copy were selected for all further analysis based on 
coverage distribution of the reads mapped against any of the ref-
erence	 genomes	 (Figures S1–S3).	 For	 (A)	 MAL	 data	 a	 coverage	
range	of	15×	per	genome	copy	was	selected	(10×–55×	for	asexual	
triploid	 lines	 and	 10–40	 for	 sexual	 diploid	 lines).	 For	 (B)	 natural	
populations a coverage range of 23× per genome copy was se-
lected	 (10×–80×	 for	 asexual	 triploid	 populations	 and	 10–56	 for	
sexual	diploid	populations).	Pileup	files	were	created	 individually	
for	 each	 genome	 data	 set	 of	MALs	 and	 natural	 populations,	 re-
spectively,	using	samtools	mpileup	(Danecek	et	al.,	2021).	A	sync	
file	was	obtained	using	mpileup2sync.jar	from	Popoolation2	(ver-
sion	1.201)	(Kofler,	Pandey,	et	al.,	2011) from all data sets together 
to maintain only all common positions, which served as input for 
the	estimation	of	 the	 fixation	 index	FST	 on	non-	overlapping	1 kb	
windows using FST-	sliding.pl.	An	approximate	size	of	3000	individ-
uals per population was used.

FST	was	also	estimated	for	5	MAL	of	population	size	N = 100	of	
C. elegans	 (Konrad	et	al.,	2019)	 from	the	Bioproject	PRJNA448413	
(Konrad,	2018)	to	compare	our	hermaphroditic	sexual	population	to	
the model organism.

Individual	pileup	files	were	used	as	input	for	Variance-	sliding.pl	
from	Popoolation	(Kofler,	Orozco-	terWengel,	et	al.,	2011), using the 
options –measure theta and –measure pi, respectively. The effec-
tive population size was then obtained as Ne = θ/2nμ	for	the	sexual	
populations	and	asexual	populations,	where	μ is the mutation rate 
estimated as described above and n corresponds to the ploidy of the 
studied	system	(n = 2	for	sexuals	and	n = 3	for	asexuals).

Theta	 of	 homologous	 genome	 copies	 (diploid	 part	 of	 the	 trip-
loid	 genome)	 was	 estimated	 using	 Tetmer	 (version	 2.2.1)	 (Becher	
et al., 2020).	A	k-	mer	spectrum	of	the	Illumina	reads	per	population	
was	 obtained	 using	 the	K-	mer	 analysis	 toolkit	 (KAT	 version	 2.4.2)	
(Mapleson	 et	 al.,	 2016)	 (K = 27)	 and	 provided	 to	 Tetmer	 as	 input.	
The manual fitting mode was used for both reproductive modes, for 
asexuals	 the	 triploid	 allopolyploid	model	 (AAB)	 was	 selected,	 the	
diploid	(AA)	model	was	selected	for	sexual	populations.

Plots	 for	visualizing	θw, π, FST and effective population size re-
sults	were	obtained	using	the	R	package	ggplot2	(Wickham,	2016). 
Statistical analyses to test for significance between the results ob-
tained	from	each	of	the	populations	were	done	using	Welch's	t-	test.	
Welch's	t-	test	is	used	since	sample	sizes	are	unequal	(more	asexual	
populations	than	sexual	populations)	to	compare	the	mean	values	of	
FST, π, θw for the different reproductive modes.

2.3.2  |  Phylogenetic	network	construction

A	phylogenetic	network	was	constructed	for	the	parthenogenetic	
populations to test whether they can be defined as phylogenetically 

F I G U R E  2 Workflow	followed	for	this	study.	Populations	used	for	the	MAL	experiment	are	highlighted	in	blue,	populations	used	for	
estimation	of	population	genetic	parameters	are	highlighted	in	light	purple.	Main	findings	of	each	section	are	highlighted	in	orange	boxes.
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distinct	 species	 due	 to	 their	 genetic	 divergence.	 A	 phylogenetic	
network	was	also	constructed	for	the	sexual	species	as	a	reference.	
Orthologues	 present	 in	 all	 asexual	 and	 in	 all	 sexual	 populations	
were used for this analysis, each reproductive mode was assessed 
separately. Coordinates of the orthologue genes were obtained 
for	each	 reference	genome	using	Benchmarking	Universal	Single-	
Copy	Orthologs	 (BUSCO)	 (Simão	et	al.,	2015). The coordinates of 
the	genes	on	the	reference	genome	extract	single	gene	bam	files,	
from alignments produced as previously described, for each pop-
ulation	using	 samtools.	 To	obtain	 a	 consensus	 sequence	 for	 each	
gene,	bcftools	 (version	1.13)	mpileup	and	bcftools	call	were	used	
for	variant	calling	(Danecek	et	al.,	2021). These served as input for 
GATK	(FastaAlternateReferenceMake)	(version	4.2.3.0))	(Auwera	&	
O'Connor,	2020)	 to	 obtain	 a	 consensus	 sequence	 per	 population	
for	each	gene,	a	multiple	sequence	alignment	was	obtained	using	
MAFFT	 (version	 7.47.1)	 (Katoh,	 2002).	 A	 gene	 network	 was	 ob-
tained	 for	 the	 consensus	 gene	 sequences	of	orthologues	present	
in all the populations per reproductive mode using the median net-
work	algorithm	from	Splitstree4	(Huson,	1998).

3  |  RESULTS

3.1  |  Low spontaneous mutation rate in 
parthenogens

We	conducted	a	mutation	accumulation	line	(MAL)	experiment	with	an	
asexual	(triploid)	and	a	sexual	population	(diploid)	(Figure 3).	MALs	were	
maintained for up to 40 generations, with many lines being lost over the 
course	of	the	experiment.	Starting	with	100	and	71	lines,	respectively,	
30	(30%)	sexual	lines	and	15	(21%)	parthenogenetic	lines	survived.	Of	
these,	six	lines	per	reproduction	mode	were	randomly	chosen	for	whole	
genome	sequencing	and	mutation	calling.	High-	confidence	mutations	
were	called	from	31,735	and	25,812	common	positions	in	asexual	and	
sexual	lines,	respectively.	For	the	asexual	lines,	72,375	candidate	muta-
tions	were	called,	whereas	7852	candidates	were	found	for	the	sexual	
lines.	After	filtering	for	coverage	ranges,	read	support,	unique	muta-
tions	per	 line,	miss-	mapped	 regions,	 and	manual	 curation,	11	DNMs	
(De	novo	mutations)	with	high	support	remained	for	the	asexual	lines	
and	10	DNMs	for	the	sexual	ones	(Table S3).

TA B L E  1 Populations	used,	geographic	origin,	and	mode	of	reproduction	are	specified.

Original name Renaming Geographical origin Analysis
Reference for 
mapping

JU765_parental srefpool Guangxi,	China Hermaphroditic
MAL

JU765

JU765_100 sl1 Lines	established	from	JU765_parental JU765

JU765_47 sl2 JU765

JU765_60 sl3 JU765

JU765_71 sl4 JU765

JU765_73 sl5 JU765

JU765_88 sl6 JU765

PS1159_parental arefpool Raleigh,	USA Parthenogenetic
(asexual)
MAL

PS1159

PS1159_82 al1 Lines	established	from	PS1159_parental PS1159

PS1159_22 al2 PS1159

PS1159_8 al3 PS1159

PS1159_84 al4 PS1159

PS1159_86 al5 PS1159

PS1159_19 al6 PS1159

JU1646 spop1 Santiago	Island,	Cape	Verde Sexual
natural
populations

P. sp. bornheim

P. sp. bornheim spop2 Bonn, Germany P. sp. bornheim

P. sp. brombeer spop3 Cologne, Germany P. sp. bornheim

JU765 spop4 Guangxi,	China JU765

JB051 apop1 Diourbel,	Senegal Parthenogenetic
(asexual)
natural
populations

PS1159

PS1159 apop2 Raleigh,	USA PS1159

PS1162 apop3 Beijing,	China PS1159

PS1579 apop4 Pasadena,	USA PS1159

PS1806 apop5 Huntington,	USA PS1159

P.	davidi apop6 McMurdo	station,	Antarctica PS1159

DL137G2 apop7 Corvallis,	USA PS1159

Note:	All	species/populations	apart	from	P. davidi are not described, that is, Panagrolaimus sp. or Propanagrolaimus	sp.	in	the	case	of	JU765.
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6 of 14  |     VILLEGAS et al.

Per	 reproductive	 mode	 five	 MAL	 showed	 at	 least	 one	 DNM.	
For	 the	 asexual	 lines	 an	 average	 of	 7.5 × 1010 callable sites were 
found	 and	 5.6 × 1010	 for	 the	 sexual	 lines	 (Table S3). This resulted 
in	 a	 total	mutation	 rate	of	 5.828 × 10−10	 (Bayesian	HCI	1.2 × 10−17, 
5.1 × 10−9)	for	asexual	Panagrolaimus	and	a	respective	mutation	rate	
of	8.923 × 10−10	(Bayesian	HCI	2.9 × 10−17,	6.9 × 10−9)	for	the	sexual	
Panagrolaimus.	The	mean	rate	for	asexuals	is	lower	than	that	found	
for	 sexuals;	 however,	 due	 to	 wide	 credibility	 intervals,	 mutation	
rates	between	asexual	and	sexual	nematodes	do	not	differ	signifi-
cantly.	 The	majority	 of	DNMs	were	 transitions,	with	 a	 transition/
transversion	ratio	of	4.5	(9:2)	in	the	asexual	lines	and	1.5	(6:4)	in	the	
sexual	lines	(Table S5).

3.2  |  Different population genetic patterns 
between asexual and sexual lines under inbreeding

Standing nucleotide diversity, that is, π of the respective parental 
lines,	 is	 lower	 in	 the	 sexual	 srefpool	 than	 in	 the	 asexual	 arefpool	
(Figure 4).

Estimating	population	genetic	parameters	for	MALs	of	both	re-
production modes revealed significantly lower θw	(p < .0005)	in	sex-
ual	lines	(range	0.0022–0.0029	–	lowest	and	highest	θw values found 
in	the	different	sexual	lines)	(Table S6)	when	compared	to	the	asex-
ual	lines	(range	0.0029–0.0037	–	lowest	and	highest	θw values found 
in	the	different	asexual	lines).	Sexual	lines	are	also	significantly	lower	
in	 nucleotide	 diversity	 (range	 0.0024–0.0036)	 (p = .001315)	 with	
the	 lowest	value	found	 in	 the	sexual	parental	population	srefpool,	
when	 compared	 to	 asexual	 lines.	 Nucleotide	 diversity	 of	 asexual	
lines	ranges	between	0.0032	and	0.0046,	with	the	lowest	π found 
in	one	of	the	asexual	MAL	(al4),	which	is	also	the	asexual	line	with	
the lowest θw.

Comparisons of population differentiation among parental and 
descendant lines per reproduction mode revealed distinct differ-
ences.	The	sexual	 lines	 showed	a	 significantly	higher	FST between 
parental and descendant lines when compared to the FST among 
descendant	 lines	 (p = 6e–7)	 (Table S8).	 For	 the	 asexual	 lines,	 this	
comparison	 was	 not	 significant	 (Table S7).	 In	 general,	 genome-	
wide population differentiation was found to be more pronounced 
among	 asexual	 lines	 (including	 parental	 arefpool	 –	PS1159_paren-
tal) with FST	 ranging	between	0.1312	and	0.1755	in	comparison	to	
the FST	range	in	sexual	lines	(0.0304–0.0796).	Population	differen-
tiation	was	significantly	higher	 in	asexual	 lines	than	 in	sexual	 lines	
(p = 7.5 × 1024). FST	values	found	on	the	sexual	descendant	lines	were	
similar to those estimated for C. elegans	descendant	lines	(population	
size	100)	 (Table S9)	 from	a	MAL	experiment	performed	by	Konrad	
et	al.	(2019).

3.3  |  High genetic diversity but low differentiation 
in natural populations of parthenogens

Nucleotide	 diversity	 π	 for	 asexual	 populations	 ranged	 from	
0.0402963	 (Raleigh,	 USA;	 apop2)	 to	 0.206227	 (Beijing,	 China;	
apop3).	For	sexual	populations	π	ranged	from	0.00241247	(Guangxi,	
China;	spop4)	to	0.0545159	(Cologne,	Germany;	spop3).	Nucleotide	
diversity	was	on	average	higher	for	asexual	populations	(p = .0145)	
(Table S10)	(Figure 5).

Genome-	wide	estimator	θw	for	asexual	populations	ranged	from	
0.0306732	 (Diourbel,	Senegal;	 apop1)	 to	0.192175	 (Beijing,	China;	
apop3).	For	sexual	populations	θw	ranged	from	0.0027009	(Guangxi,	
China;	 spop4)	 to	 0.0452624	 (Cologne,	 Germany;	 spop3).	 Asexual	
populations showed a significantly higher θw	when	compared	to	sex-
ual	populations	(p = .0242).

F I G U R E  3 Experimental	setup	of	mutation	accumulation.	A	total	of	100	asexual	lines	(PS1159)	and	71	sexual	lines	(JU765)	were	
established	at	the	beginning	of	the	experiment;	the	total	of	final	lines	was	15	for	PS1159	and	30	for	JU765.
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    |  7 of 14VILLEGAS et al.

To	 test	 whether	 the	 higher	 diversity	 found	 on	 asexuals	 could	
be caused by the third genome copy, estimator θw was obtained for 
homologous	genome	copies	 (asexual	 triploid	Panagrolaimus have a 
hybrid	origin).	For	triploid	asexual	populations,	the	mean	θw obtained 
for	homologous	copies	(2	genome	copies)	was	generally	lower	than	
genome-	wide	θw	estimations	(3	genome	copies),	but	not	significantly	
different	(p = .0747)	(Table S11).

In	 natural	 populations,	 population	 differentiation	 FST between 
asexual	Diourbel	population,	Senegal	(apop1)	and	asexual	Corvallis	
population,	USA	(apop7)	was	highest	with	an	FST	of	0.468	for	asex-
ual	 populations	 (Table S13).	 For	 sexual	 populations,	 the	 highest	
level of population differentiation was found between the Santiago 
Island	population,	Cape	Verde	(spop1)	and	the	Cologne	population,	
Germany	 (spop3)	with	 an	FST	 of	 0.851948	 (Table S12).	 Population	

F I G U R E  4 Nucleotide	diversity	(a)	and	population	differentiation	of	(b)	asexual	and	(c)	sexual	mutation	accumulation	lines.	On	average,	θw 
and nucleotide diversity π	are	higher	in	asexual	lines.	A	pattern	of	differentiation	can	only	be	seen	among	sexual	lines.	Note	that	the	range	of	
FST	valued	differs	between	asexuals	and	sexuals.

F I G U R E  5 Nucleotide	diversity	π	on	natural	populations	of	nematodes	isolated	from	distant	geographical	areas.	Nucleotide	diversity	is	
higher	on	natural	asexual	populations	when	compared	to	natural	sexual	populations.
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8 of 14  |     VILLEGAS et al.

differentiation	was	more	pronounced	among	sexual	populations	as	
compared	to	among	asexual	populations	(p = .00002471).

3.4  |  Asexual Panagrolaimus populations are 
genetically distinct to each other

To	 analyze	 divergence	 between	 the	 monophyletic	 asexual	
Panagrolaimus populations under the phylogenetic species concept 
we	 used	 a	 network	 approach	 in	 Splits	 Tree	 (Huson,	1998).	 In	 the	
asexual	reference	genome	(Panagrolaimus	sp.	PS1159)	we	identified	
2173	universal	single-	copy	orthologues.	For	each	population,	reads	
corresponding	to	the	coordinates	of	the	orthologues	were	extracted	
in	order	to	generate	consensus	sequences	for	genes	with	sufficient	
read	support:	375	orthologues	were	shared	on	the	asexual	popula-
tions, these genes were aligned and used on the gene network. We 
conducted	a	corresponding	analysis	for	the	sexual	species	as	proof	
of	principle.	For	the	sexual	reference	(Panagrolaimus sp. bornheim) 
genome 1983 orthologues were found and reads corresponding to 
these	genes'	coordinates	were	extracted;	a	total	of	213	orthologues	
were	used	for	the	gene	network.	The	Median	network	calculated	in	
Splits	Tree	showed	a	total	of	23	splits	between	the	asexual	popula-
tions,	while	there	were	3	splits	between	the	sexual	species,	that	is,	
the	minimum	possible	number	of	splits	(Figure 6).

4  |  DISCUSSION

In	 this	 study	 we	 aimed	 to	 analyze	 divergence	 patterns	 in	 the	
evolutionary	 context	 of	 asexual	 animals	 using	 parthenogenetic	
Panagrolaimus	 nematodes	 as	 a	 system,	 and	 sexual,	 in	 this	 case	
fully selfing hermaphroditic Propanagrolaimus, as a comparator. By 
running	 long-	term	 MAL	 we	 conducted	 a	 classical	 experiment	 to	
measure	mutation	rates	under	nearly	neutral	evolution	(Halligan	&	
Keightley, 2009). We also estimated standard population genetic 
parameters from natural populations of widely spread geographic 
origin	 (Figure 5)	 (gonochoristic	 sexual	 Panagrolaimus and parthe-
nogenetic	asexual	Panagrolaimus), and used phylogenetic networks 
(Figure 6)	to	narrow	the	complexity	of	population	genomic	patterns	
under parthenogenesis.

Genome	 sequencing	 has	 seen	 another	 drastic	 advancement	 in	
the	 last	 years	with	 long-	read	methods	becoming	 available	 for	 sin-
gle	 individuals	with	 sufficient	 amounts	 of	DNA	 (e.g.,	 vertebrates),	
thus potentially allowing for higher resolution in population ge-
nomic	assays	(De	Coster	et	al.,	2021).	 In	our	study	we	still	depend	
on	short-	read	sequencing	data	of	pools	of	 individuals,	as	single	 in-
dividual	 long-	read	 sequencing	 from	 tiny	 organisms	 remains	 chal-
lenging.	 Consequently,	 our	 study	 remains	 reference-	based	 with	
limited resolution on aspects such as structural genomic variation 
(Adewale,	2020).	At	the	same	time,	short-	read	(Illumina)	sequencing	

F I G U R E  6 Population	differentiation	of	(a)	natural	asexual	populations	and	(b)	natural	sexual	populations.	Orthologue	gene	network	of	(c)	
asexual	and	(d)	sexual	populations	of	Panagrolaimus	nematodes.	Sexual	populations	show	higher	differentiation	than	asexual	ones.	The	gene	
network	shows	that	asexual	nematodes	analyzed	are	genetically	distinct	from	each	other.
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    |  9 of 14VILLEGAS et al.

still	outperforms	long-	read	methods	in	terms	of	the	cost-	coverage-	
ratio	when	aiming	for	deep	sequencing	studies,	which	is	inevitable	
for	the	here	conducted	MAL	experiment	for	the	identification	of	de	
novo mutations.

4.1  |  Lower spontaneous mutations rate in 
parthenogens could aid to diminish the effect of 
Muller's ratchet

Parthenogenesis	 is	 assumed	 to	 have	 low	 evolutionary	 potential	 due	
to	 the	 accumulation	 of	 deleterious	 mutations	 (Muller's	 Ratchet)	
(Muller,	1932),	lack	of	recombination	and	low	genetic	diversity	(Simon	
et al., 2003).	 In	Panagrolaimus, the parthenogenetic populations ana-
lyzed	 here	 appear	 to	 be	monophyletic,	 originating	 1.3–8.5	Mya	 ago	
through	 hybridization	 involving	 triploidization	 (Schiffer	 et	 al.,	 2019). 
Whereas	sexual	populations	and	species	in	our	analysis	undergo	normal	
meiosis, eggs of the nematode Panagrolaimus	sp.	PS1159	(arefpool	and	
apop2)	develop	without	fertilization	and	the	offspring	is	exclusively	fe-
male.	Asexual	meiosis	(presence	of	polar	body)	occurs	without	recom-
bination	[pers.	comment,	Caroline	Blanc	and	Marie	Delattre,	Lyon]	and	
as	a	result,	offspring	are	clones	of	their	mother.	The	majority	of	non-	
neutral	mutations	that	occur	are	deleterious	(Sloan	&	Panjeti,	2010). To 
explain	long-	term	persistence	of	asexuals	it	can	be	assumed	that	they	
have lower mutation rates, thus the process of mutation accumulation 
is	slowed	down.	Although	the	estimated	mutation	rates	did	not	differ	
significantly	 between	 sexual	 and	 asexual	Panagrolaimus populations, 
genetic	diversity	in	the	MAL	was	found	to	be	much	higher	in	asexual	
Panagrolaimus	than	in	sexual	Propanagrolaimus.

If	mutation	rates	are	low	and	recombination	is	absent,	clonal	in-
terference can be reduced when beneficial mutations in a popula-
tion arise. With higher mutation rates, if many beneficial mutations 
are	 carried	 in	different	 clones,	 fixation	 time	of	 these	mutations	 is	
increased	 (De	Visser	&	Rozen,	2005).	 In	our	 study,	mutation	 rates	
found for both reproductive modes are one order of magnitude 
smaller than that reported for the distantly related nematode C. el-
egans	(Denver	et	al.,	2009) and for the arthropod model Drosophila 
melanogaster	(Keightley	et	al.,	2014). This not only shows that find-
ings in model organisms cannot be generalized across phyla, but 
also indicates divergent evolutionary mechanisms in both panag-
rolaimid nematodes analyzed here. To better understand these, it 
will	be	necessary	to	estimate	mutation	rates	with	additional	MALs,	
run for shorter accumulation periods to reduce variation of the 
data	 and	 thus	 allowing	 for	 better	 statistical	 validation	 (Oppold	 &	
Pfenninger,	2017).

4.2  |  Different population genetic patterns 
between asexual and sexual lines under inbreeding

Asexual	 reproduction	 may	 affect	 population	 differentiation	 pat-
terns	differently	than	sexual	reproduction	does	(Balloux	et	al.,	2003; 
Prugnolle	 &	 De	 Meeûs,	 2008).	 Theoretical	 examples	 of	 clonal	

(=asexual)	 diploid	 parasitic	 species,	 show	 that	 populations	 are	 ex-
pected	 to	 be	 less	 differentiated	 in	 comparison	 their	 parents	 (i.e.,	
preceding	 generations)	 than	 to	other	 populations	 (Prugnolle	&	De	
Meeûs,	2008).	 In	our	 study	 the	 triploid	 asexual	MAL	did	not	pro-
duce	a	distinct	pattern	of	differentiation	between	MA	lines	and	the	
parental	 state	or	among	MA	 lines	 (Figure 4).	 For	 sexual	 reproduc-
tion, previously described highly inbred laboratory selfing nema-
todes, such as C. briggsae and C. elegans, show low heterozygosity 
and a higher differentiation between populations and the parental 
state than among populations, which is a result of alternative alleles 
being	fixed	separately	in	each	lineage	(Barrière	et	al.,	2009; Teotónio 
et al., 2017).	Our	results	for	the	sexual	(hermaphroditic)	nematodes	
align	with	said	“sexual”	pattern:	reduced	heterozygosity.

Parthenogenetic	Panagrolaimus nematodes analyzed in this study 
have	been	 found	 to	be	 triploid	by	Schiffer	 et	 al.	 (2019) and other 
asexual	 representatives	 of	 the	 genus	 are	 also	 triploid	 (Shatilovich	
et al., 2023).	 The	 lower	 rate	 of	 differentiation	 among	 sexual	 lines	
from	the	MAL	experiment	in	comparison	to	asexual	lines	could	be	ex-
plained	by	(i)	lower	standing	genetic	variation	in	the	hermaphroditic	
parent	at	the	beginning	of	the	experiment	and	(ii)	increased	hetero-
zygosity	for	asexuals	arising	from	the	third	genome	copy.	In	asexual	
lines	“inbreeding”	does	not	change	the	genetic	structure	of	a	popula-
tion	(Bengtsson,	2003). The pattern of population differentiation we 
found	for	asexual	MA	 lines	could	show	the	differentiation	pattern	
of natural populations: maintained heterozygosity within offspring 
due	to	 the	 lack	of	allele	segregation	 (Stoeckel	&	Masson,	2014).	 It	
has	been	proposed	that	under	asexuality,	heterozygosity	can	even	
increase since alleles of a same gene could independently accu-
mulate	mutations	over	generations,	the	so-	called	Meselson	effect.	
This	has	 recently	been	observed	 in	obligate	asexual	oribatid	mites	
(Brandt	et	al.,	2021), but could not be tested in the nematodes with 
our current data.

4.3  |  High genetic diversity but low differentiation 
in parthenogenetic populations

Studies	on	populations	of	the	sexual	parasitic	nematode	Baylisascaris 
schroederi isolated from different mountain ranges, showed very low 
and	non-	significant	FST	(range:	0.01911–0.02875)	between	three	pop-
ulations	(Zhou	et	al.,	2013).	Natural	populations	of	sexual	C. brenneri 
also show low values of differentiation between populations, in this 
case,	 from	 geographically	 distant	 regions	 eastern	 India	 and	 French	
Guiana	(0.092)	(Dey	et	al.,	2013).	Our	results	reveal	contrasting	pat-
terns	of	on	average	higher	differentiation	among	natural	sexual	popu-
lations.	In	our	study,	both	sexual	and	asexual	populations	have	twofold	
higher FST values than those reported for Caenorhabditis nematodes 
and Baylisascaris schroederi. These higher FST values could be an initial 
indication	for	local	adaptation	(Hirase	et	al.,	2021) to the distinct re-
gions where the populations were isolated from.

Population	 genetic	 parameters	 obtained	 for	 asexual	 natu-
ral populations showed a mean nucleotide diversity higher than 
that	 found	 for	 sexual	 populations.	 This	 pattern	 contradicts	 the	
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expectation	 that	 the	 lack	 of	 recombination	 is	 assumed	 to	 result	
in	reduced	genetic	diversity	in	parthenogenetic	taxa	compared	to	
sexually	reproducing	counterparts	(Charlesworth	&	Willis,	2009). 
This conflictual pattern of increased nucleotide diversity has also 
been	 found	 for	 the	 amazon	molly,	 an	 asexual	 fish	 of	 hybrid	 ori-
gin	 (Jaron	et	al.,	2021),	and	 in	the	asexual	bark	 lice	 (Echmepteryx 
hageni)	(Shreve	et	al.,	2011)	when	compared	to	respective	sexual	
counterparts.

θw	was	also	found	to	be	higher	in	the	asexual	populations	genome-	
wide	estimations.	However,	when	only	homologous	genome	copies	
were	compared	(accounted	for	by	allopolyploid	model	using	Tetmer),	
θw estimations were generally lower, revealing the third genome 
copy	as	a	major	source	for	genetic	diversity	due	to	the	hybrid	origin.	
Increased	genetic	 diversity	 in	 asexuals	 could	 also	be	 explained	by	
a larger effective population size Ne	 (Soulé,	1976).	Under	 the	neu-
tral	theory,	genetic	diversity	is	expected	to	increase	with	Ne and this 
has	been	seen	in	taxa	such	as	chordates,	annelids,	arthropods	and	
mollusks	among	others	(Buffalo,	2021; Leffler et al., 2012). Larger, 
more	stable	populations	are	then	expected	to	maintain	greater	levels	
of neutral genetic diversity than populations with lower effective 
population sizes Ne	 (Leffler	 et	 al.,	2012).	 It	 is	 predicted	 that	 large	
population	sizes	in	asexual	taxa	aid	the	avoidance	of	extinction	since	
the effectiveness of natural selection is increased and the lack of re-
combination	can	be	compensated	in	such	lineages	(Ross	et	al.,	2013). 
Consequently,	 studies	 have	 found	 larger	 populations	 for	 asexual	
oribatid	mites	than	 in	sexual	ones	 in	temperate	and	boreal	 forests	
(Brandt	et	al.,	2017).

Heterozygosity	is	heavily	affected	by	effective	population	size.	
This	could	differ	between	asexual	and	sexual	populations	because	
of differences in actual population size, reproduction mode and the 
different	 impact	 of	 purifying	 selection.	 For	 example,	 an	 increased	
mutational	load	in	asexuals	could	reduce	their	effective	population	
size due to purifying selection, but this effect could be compensated 
by larger population sizes.

Asexual	 reproduction	 accompanied	 by	 high	 genetic	 diver-
sity has shown to allow for rapid adaptive responses on parasitic 
nematodes of Meloidogyne	 species	 to	 their	 hosts	 (Castagnone-	
Sereno, 2006).	Nucleotide	diversity	of	natural	C. elegans popula-
tions	from	Hawaii	has	been	found	to	be	lower	than	that	found	here	
for	 asexual	 and	 sexual	 populations,	 these	 Hawaiian	 isolates	 are	
known to harbor a higher genetic diversity than all other known C. 
elegans	populations.	However,	the	average	genome-	wide	diversity	
found for these C. elegans	populations	(π 0.00109) is very similar 
to	what	was	obtained	for	JU765	 (spop4	–	0.00129).	Both	C. ele-
gans and our Propanagrolaimus populations are diploid and selfing 
hermaphrodites	(Crombie	et	al.,	2019). The variable proportion of 
nucleotide diversity found on different genomic regions, is con-
sistent with the assumed pattern across the genomic landscape. 
Some regions have very low diversity and could correspond to 
coding	regions,	whereas	introns	are	expected	to	be	more	diverse	
(Tatarinova	et	al.,	2016).	Follow-	up	studies,	including	the	annota-
tion of reference genomes, will allow for more precise estimations 
of π across the genomic landscape.

4.4  |  Asexual Panagrolaimus populations are 
genetically distinct to each other

Split networks have been successfully applied to compare distantly 
related	taxa	(yeast,	mammals,	Drosophila, and C. briggsae)	(Huson	&	
Bryant, 2006), as well as populations of hyperdiverse nematodes 
(Dey	et	al.,	2013).	Our	split	network	analysis	based	on	375	ortho-
logues	 in	the	asexual	populations	and	213	orthologues	 in	the	sex-
ual species, appears to indicate that the former are as genetically 
distinct	 as	 the	 latter.	Notably,	 the	 network	 for	 the	 sexual	 species	
is	tree-	like,	while	it	shows	more	splits	for	the	parthenogens.	This	is	
expected	in	a	triploid	system,	where	homeologs	are	not	resolved	(or	
phased in the genome assemblies) and thus recapitulate a pattern 
usually seen in recombining populations.

The Panagrolaimus genus is characterized by very little mor-
phological variation, usually only observable under the electron 
microscope	to	the	(taxonomic)	expert	eye.	Thus,	morphological	spe-
cies descriptions are limited and isolates are referred to as strains. 
Parthenogenetic	taxa	add	an	extra	 level	of	complexity	as	the	clas-
sical biological species concept, which defines species as groups 
of	 (potentially)	 interbreeding	populations	which	are	reproductively	
isolated	 from	 other	 similar	 groups	 (Mayr,	1999), is not applicable. 
However,	 distinct	 species	 have	 been	 found	 for	 asexual	 organisms	
such as bdelloid rotifers, oribatid mites and oligochaete worms by 
using	genomic	data	(Birky	et	al.,	2010), that is, applying a phyloge-
netic or phylogenomic species concept.

We had initially decided to treat the different nematode isolates/
strains as separate populations according to their geographical origin 
and reproductive mode. While analyzing population differentiation 
(FST), it became clear that the populations being analyzed showed 
higher FST values than other nematode populations previously stud-
ied.	Hence,	we	tested	how	genetically	distinct	the	different	popula-
tions were to obtain insights on whether they could be genetically 
distinct species despite the low morphological variation and lack of 
interbreeding,	using	single-	copy	orthologues.

4.5  |  Theoretical expectations about mutation 
rate evolution need to be adapted to diverse and 
complex systems

Mutations	are	the	ground	source	of	genetic	variation,	even	if	most	
non-	synonymous	mutations	that	occur	are	deleterious.	While	both	
mutation and recombination rates are variable along the genome, 
in	 obligate	 asexual	 taxa	 recombination	 can	 be	 completely	 absent,	
possibly leading to the accumulation of mildly deleterious muta-
tions.	We	have	found	indications	that	natural	populations	of	asexual	
Panagrolaimus show an elevated level of heterozygosity, poten-
tially due to their third genome copy and the lack of allele segrega-
tion. The mutation rate in these organisms appears to be low, thus 
maybe	 delaying	 the	 effect	 of	Muller's	 ratchet.	 The	 differentiation	
found within sets of natural populations, as well as the genomic dif-
ferentiation between populations seems to show the potential for 
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evolution	 in	 parthenogenetic	 animals.	 Asexual	 reproduction	 does	
not	occur	in	the	same	way	across	the	tree	of	life.	In	some	taxa	like	
asexual	angiosperms,	asexual	reproduction	occurs	with	meiosis	still	
present	and	where	gene	conversion	can	occur.	In	other	taxa,	such	as	
Panagrolaimus	nematodes,	asexual	meiosis	happens	without	recom-
bination,	whereas	in	other	nematode	species	(Castagnone-	Sereno	&	
Danchin,	2014)	 and	 stick	 insects	 (Schwander	 et	 al.,	2011), mitotic 
parthenogenesis without meiosis can take place.

4.6  |  Conclusions

Asexual	 reproduction	 adds	 another	 level	 of	 complexity	 to	 our	
understanding of mutational evolution, selection, and adapta-
tion.	Many	 expectations	 for	 genome	 evolutionary	 processes,	 as	
for	example,	the	reproductive	mode	violates	the	classical	popula-
tion	 assumption	 of	 random	mating	 (Fisher,	1923; Wright, 1931). 
In	our	study	it	became	obvious	that	studying	“parthenogenomic”	
complexity	 is	 currently	 limited	on	 two	very	different	 levels.	The	
availability	 of	 genomic	 resources	 is	 limited	 (phased	 reference	
genomes from tiny invertebrate organisms are not available for 
enough	representatives	of	the	Phyla).	Polyploid	genomes,	as	those	
in	the	asexual	populations	studied	here,	are	technically	challeng-
ing	as	they	are	likely	to	involve	divergent	evolutionary	trajectories	
between homeologs, which carry different patterns of variation 
(Hörandl	et	al.,	2020). To better infer measures such as π phased 
reference genomes should be used and with the current advances 
in	long-	read	sequencing	methods	these	should	be	available	in	the	
future	 (The	Darwin	Tree	of	Life	Project	Consortium	et	al.,	2022) 
even	 for	 tiny	 invertebrate	 taxa,	 as	nematodes	or	 rotifers.	 In	 this	
study	we	aimed	to	account	for	potential	biases	by	adjusting	cover-
age ranges to ensure high enough representation of the respective 
genotypes	in	the	short-	read	data	and	thus	allow	for	each	position	
on	each	genome	copy	to	be	called	equally	likely.	However,	to	study	
such genotypes on a single individual level in polyploid systems it 
is	urgently	necessary	to	develop	more	sensitive	software	tools.	As	
parthenogenetic	taxa	are	not	paying	the	“cost	of	sex”,	they	could	
have	 an	 advantage	 in	 extreme,	 and	 challenging	 environments	
(geographical	parthenogenesis)	(Tilquin	&	Kokko,	2016). This pat-
tern	 has	 been	observed	 in	 plants,	 flatworms	 (Lorch	 et	 al.,	 2016) 
and	ostracods	(Symonová	et	al.,	2018). Based on our findings that 
genomic	diversity	is	high	in	asexual	populations,	we	would	like	to	
extend	our	research	to	further	analyze	a	large	set	of	populations	
isolated	from	distinct	extreme	environments	 to	 test	 the	hypoth-
esis of geographical parthenogenesis.

AUTHOR CONTRIBUTIONS
Laura I. Villegas:	 Data	 curation	 (equal);	 formal	 analysis	 (equal);	
methodology	 (equal);	 validation	 (equal);	 visualization	 (equal);	 writ-
ing	–	original	draft	(equal);	writing	–	review	and	editing	(equal).	Luca 
Ferretti:	 Conceptualization	 (equal);	 methodology	 (equal);	 supervi-
sion	(equal);	validation	(equal);	writing	–	original	draft	(equal);	writ-
ing	–	review	and	editing	(equal).	Thomas Wiehe: Conceptualization 

(equal);	 funding	 acquisition	 (equal);	 methodology	 (equal);	 supervi-
sion	(equal);	writing	–	original	draft	(equal);	writing	–	review	and	ed-
iting	(equal).	Ann- Marie Waldvogel:	Conceptualization	(equal);	data	
curation	 (equal);	 funding	 acquisition	 (equal);	 methodology	 (equal);	
resources	 (equal);	 supervision	 (equal);	 validation	 (equal);	 writing	 –	
original	draft	(equal);	writing	–	review	and	editing	(equal).	Philipp H. 
Schiffer:	 Conceptualization	 (equal);	 data	 curation	 (equal);	 funding	
acquisition	 (equal);	 methodology	 (equal);	 resources	 (equal);	 super-
vision	 (equal);	writing	–	original	draft	 (equal);	writing	–	review	and	
editing	(equal).

ACKNOWLEDG MENTS
The	authors	gratefully	acknowledge	 the	help	of	Michael	Kroiher	
and	 Einhard	 Schierenberg	 in	 conceiving	 the	 original	 MAL	 ex-
periment.	The	authors	are	thankful	to	Tanja	Schwander	for	com-
ments	 on	 analyses	 methods,	 and	 to	 Caroline	 Blanc	 and	 Marie	
Delattre	 for	 a	 cytological	 analysis	 in	 two	 Panagrolaimus nema-
todes.	 This	 project	was	 supported	 by,	 initially,	 a	 grant	 from	 the	
Volkswagen	Foundation	to	P.	Schiffer.	The	project	was	then	sup-
ported	 through	 a	 DFG	 ENP	 Projekt	 (grant	 number	 434028868)	
to	P.	Schiffer,	 and	 the	DFG-	funded	project	B08	 in	 the	CRC1211	
(grant	number	268236062)	 to	P.	Schiffer	and	A-	M	Waldvogel,	 in	
which	L.	Villegas	is	employed.	We	furthermore	thank	the	Regional	
Computing	Center	of	 the	University	of	Cologne	 (RRZK)	 for	pro-
viding	computing	time	on	the	DFG-	funded	(Funding	number	INST	
216/512/1FUGG)	 High	 Performance	 Computing	 (HPC)	 system	
CHEOPS	as	well	as	support.	Open	Access	funding	enabled	and	or-
ganized	by	Projekt	DEAL.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflict of interest.

OPEN RE SE ARCH BADG E S

Data	 used	 is	 available	 through	 the	 Bioproject	 PRJNA374706,	 all	
information resulting from the analysis is part of the supplemen-
tary	material	 and	 computational	methods	 are	 available	on	GitHub	
(https://	urlde	fense.	com/	v3/__	https://	github.	com/	laura	ivill	egasr/		
parth	enoge	nomics__;	!!N11eV	2iwtf	s!ups8Y	GgDPo	hAlxE	RXSz8	
B01I7	SO-		TIsLl	i60YN	iYg-		nUOqT	6ilYg	JihZs	HaGxd	vrn4F	aRtCA	
hMx6io_	fVVY$).

DATA AVAIL ABILIT Y S TATEMENT
Genome	 assemblies	 and	 sequencing	 data	 are	 deposited	 under	
Bioproject	PRJNA374706	and	are	available	through	Wormbase.

ORCID
Laura I. Villegas  https://orcid.org/0000-0002-0906-8373 

R E FE R E N C E S
Adewale,	B.	A.	 (2020).	Will	 long-	read	sequencing	technologies	 replace	

short-	read	 sequencing	 technologies	 in	 the	 next	 10 years?	African 

 20457758, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10831 by B

ibl. der U
niversitat zu K

oln, W
iley O

nline L
ibrary on [30/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://urldefense.com/v3/__https://github.com/lauraivillegasr/parthenogenomics__;!!N11eV2iwtfs!ups8YGgDPohAlxERXSz8B01I7SO-TIsLli60YNiYg-nUOqT6ilYgJihZsHaGxdvrn4FaRtCAhMx6io_fVVY$
https://urldefense.com/v3/__https://github.com/lauraivillegasr/parthenogenomics__;!!N11eV2iwtfs!ups8YGgDPohAlxERXSz8B01I7SO-TIsLli60YNiYg-nUOqT6ilYgJihZsHaGxdvrn4FaRtCAhMx6io_fVVY$
https://urldefense.com/v3/__https://github.com/lauraivillegasr/parthenogenomics__;!!N11eV2iwtfs!ups8YGgDPohAlxERXSz8B01I7SO-TIsLli60YNiYg-nUOqT6ilYgJihZsHaGxdvrn4FaRtCAhMx6io_fVVY$
https://urldefense.com/v3/__https://github.com/lauraivillegasr/parthenogenomics__;!!N11eV2iwtfs!ups8YGgDPohAlxERXSz8B01I7SO-TIsLli60YNiYg-nUOqT6ilYgJihZsHaGxdvrn4FaRtCAhMx6io_fVVY$
https://orcid.org/0000-0002-0906-8373
https://orcid.org/0000-0002-0906-8373


12 of 14  |     VILLEGAS et al.

Journal of Laboratory Medicine, 9(1),	1340.	https:// doi. org/ 10. 4102/ 
ajlm.	v9i1.	1340

Andrews,	S.	(2010).	Fastqc. https://	qubes	hub.	org/	resou	rces/	fastqc.
Auwera,	G.	V.	D.,	&	O'Connor,	B.	D.	(2020).	Genomics in the cloud: Using 

Docker, GATK, and WDL in Terra	 (1st	 ed.).	O'Reilly	Media.	 (OCLC:	
on1148137471).

Bååth,	R.	 (2014).	Bayesian first aid: A package that implements Bayesian 
alternatives to the classical *.test functions in r.	 In	User!	2014	–	the	
international r user conference.

Balloux,	F.,	Lehmann,	L.,	&	de	Meeûs,	T.	(2003).	The	population	genetics	
of clonal and partially clonal diploids. Genetics, 164(4),	1635–1644.	
https://	doi.	org/	10.	1093/	genet	ics/	164.4.	1635

Barrière,	 A.,	 Yang,	 S.-	P.,	 Pekarek,	 E.,	 Thomas,	 C.	 G.,	 Haag,	 E.	 S.,	 &	
Ruvinsky,	I.	(2009).	Detecting	heterozygosity	in	shotgun	genome	
assemblies: Lessons from obligately outcrossing nematodes. 
Genome Research, 19(3),	 470–480.	 https:// doi. org/ 10. 1101/ gr. 
081851.	108

Becher,	H.,	Brown,	M.	R.,	 Powell,	G.,	Metherell,	C.,	 Riddiford,	N.	 J.,	&	
Twyford,	 A.	 D.	 (2020).	 Maintenance	 of	 species	 differences	 in	
closely related tetraploid parasitic Euphrasia	 (Orobanchaceae)	 on	
an	Isolated	Island.	Plant Communications, 1(6),	100105.	https:// doi. 
org/	10.	1016/j.	xplc.	2020.	100105

Bell,	G.	 (1982).	The masterpiece of nature: The evolution and genetics of 
sexuality.	University	of	California	Press.

Bengtsson,	B.	O.	(2003).	Genetic	variation	in	organisms	with	sexual	and	
asexual	reproduction:	Genetic	variation	in	partially	asexual	organ-
isms. Journal of Evolutionary Biology, 16(2),	189–199.	https:// doi. org/ 
10.	1046/j.	1420-		9101.	2003.	00523.	x

Birky,	C.	W.,	Adams,	J.,	Gemmel,	M.,	&	Perry,	J.	(2010).	Using	population	
genetic	theory	and	DNA	sequences	for	species	detection	and	iden-
tification	in	asexual	organisms.	PLoS One, 5(5),	e10609.	https:// doi. 
org/	10.	1371/	journ	al.	pone.	0010609

Blaxter,	M.	(2011).	Nematodes:	The	worm	and	its	relatives.	PLoS Biology, 
9(4),	e1001050.	https://	doi.	org/	10.	1371/	journ	al.	pbio.	1001050

Brandt,	A.,	Schaefer,	 I.,	Glanz,	J.,	Schwander,	T.,	Maraun,	M.,	Scheu,	S.,	
&	Bast,	 J.	 (2017).	 Effective	purifying	 selection	 in	 ancient	 asexual	
oribatid mites. Nature Communications, 8(1),	 873.	https:// doi. org/ 
10.	1038/	s4146	7-		017-		01002	-		8

Brandt,	A.,	Tran	Van,	P.,	Bluhm,	C.,	Anselmetti,	Y.,	Dumas,	Z.,	Figuet,	E.,	
François,	C.	M.,	Galtier,	N.,	Heimburger,	B.,	Jaron,	K.	S.,	Labédan,	
M.,	Maraun,	M.,	 Parker,	D.	 J.,	 Robinson-	Rechavi,	M.,	 Schaefer,	 I.,	
Simion,	P.,	 Scheu,	 S.,	 Schwander,	 T.,	&	Bast,	 J.	 (2021).	Haplotype	
divergence	 supports	 long-	term	 asexuality	 in	 the	 oribatid	 mite	
Oppiella nova. Proceedings of the National Academy of Sciences of the 
United States of America, 118(38),	e2101485118.	https:// doi. org/ 10. 
1073/	pnas.	21014	85118	

Buffalo,	V.	 (2021).	Quantifying	the	relationship	between	genetic	diver-
sity	and	population	size	suggests	natural	selection	cannot	explain	
Lewontin's	 Paradox.	 eLife, 10,	 e67509.	 https://	doi.	org/	10.	7554/	
eLife.	67509	

Castagnone-	Sereno,	P.	(2006).	Genetic	variability	and	adaptive	evolution	
in	parthenogenetic	root-	knot	nematodes.	Heredity, 96(4),	282–289.	
https://	doi.	org/	10.	1038/	sj.	hdy.	6800794

Castagnone-	Sereno,	P.,	&	Danchin,	E.	G.	J.	(2014).	Parasitic	success	with-
out	sex	–	The	nematode	experience.	Journal of Evolutionary Biology, 
27(7),	1323–1333.	https://	doi.	org/	10.	1111/	jeb.	12337	

Charlesworth,	D.,	&	Willis,	J.	H.	(2009).	The	genetics	of	inbreeding	de-
pression. Nature Reviews Genetics, 10(11),	783–796.	https:// doi. org/ 
10.	1038/	nrg2664

Chen,	S.,	Zhou,	Y.,	Chen,	Y.,	&	Gu,	J.	(2018).	fastp:	An	ultra-	fast	all-	in-	one	
FASTQ	preprocessor.	Bioinformatics, 34(17),	i884–i890.	https:// doi. 
org/	10.	1093/	bioin	forma	tics/	bty560

Crombie,	T.	A.,	Zdraljevic,	S.,	Cook,	D.	E.,	Tanny,	R.	E.,	Brady,	S.	C.,	Wang,	
Y.,	Evans,	K.	S.,	Hahnel,	S.,	Lee,	D.,	Rodriguez,	B.	C.,	Zhang,	G.,	van	
der	Zwagg,	J.,	Kiontke,	K.,	&	Andersen,	E.	C.	(2019).	Deep	sampling	
of	Hawaiian	Caenorhabditis elegans reveals high genetic diversity 

and	 admixture	with	 global	 populations.	 eLife, 8,	 e50465.	https:// 
doi.	org/	10.	7554/	eLife.	50465	

Danecek,	P.,	Bonfield,	J.	K.,	Liddle,	J.,	Marshall,	J.,	Ohan,	V.,	Pollard,	M.	
O.,	Whitwham,	A.,	Keane,	T.,	McCarthy,	S.	A.,	Davies,	R.	M.,	&	Li,	H.	
(2021).	Twelve	years	of	SAMtools	and	BCFtools.	GigaScience, 10(2),	
giab008. https:// doi. org/ 10. 1093/ gigas cience/ giab008

De	Coster,	W.,	Weissensteiner,	M.	H.,	&	Sedlazeck,	F.	J.	(2021).	Towards	
population-	scale	 long-	read	 sequencing.	 Nature Reviews Genetics, 
22(9),	572–587.	https://	doi.	org/	10.	1038/	s4157	6-		021-		00367	-		3

De	Visser,	J.	A.	G.	M.,	&	Rozen,	D.	E.	(2005).	Limits	to	adaptation	in	asex-
ual populations. Journal of Evolutionary Biology, 18(4),	 779–788.	
https://	doi.	org/	10.	1111/j.	1420-		9101.	2005.	00879.	x

Denver,	D.	R.,	Dolan,	P.	C.,	Wilhelm,	L.	J.,	Sung,	W.,	Lucas-	Lledo,	J.	I.,	
Howe,	D.	 K.,	 Lewis,	 S.	 C.,	Okamoto,	 K.,	 Thomas,	W.	 K.,	 Lynch,	
M.,	&	Baer,	C.	F.	 (2009).	A	genome-	wide	view	of	Caenorhabditis 
elegans basesubstitution mutation processes. Proceedings of 
the National Academy of Sciences of the United States of America, 
106(38),	 16310–16314.	 https://	doi.	org/	10.	1073/	pnas.	09048	
95106	

Dey,	A.,	Chan,	C.	K.	W.,	Thomas,	C.	G.,	&	Cutter,	A.	D.	(2013).	Molecular	
hyperdiversity defines populations of the nematode Caenorhabditis 
brenneri. Proceedings of the National Academy of Sciences of the 
United States of America, 110(27),	11056–11060.	https:// doi. org/ 10. 
1073/	pnas.	13030	57110	

Felsenstein,	 J.	 (1974).	 The	 evolutionary	 advantage	 of	 recombination.	
Genetics, 78(2),	 737–756.	 https://	doi.	org/	10.	1093/	genet	ics/	78.2.	
737

Fisher,	 R.	 A.	 (1923).	 Xxi.—On	 the	 dominance	 ratio.	 Proceedings of the 
Royal Society of Edinburgh, 42, 321–341.

Gabriel,	W.,	Lynch,	M.,	&	Burger,	R.	 (1993).	Muller's	 ratchet	and	muta-
tional meltdowns. Evolution, 47(6),	1744.	https://	doi.	org/	10.	2307/	
2410218

Halligan,	D.	 L.,	&	Keightley,	 P.	D.	 (2009).	 Spontaneous	mutation	 accu-
mulation studies in evolutionary genetics. Annual Review of Ecology, 
Evolution, and Systematics, 40(1),	151–172.	https://	doi.	org/	10.	1146/	
annur	ev.	ecols	ys.	39.	110707.	173437

Hartmann,	M.,	Štefánek,	M.,	Zdvořák,	P.,	Heřman,	P.,	Chrtek,	J.,	&	Mráz,	
P.	(2017).	The	Red	Queen	Hypothesis	and	geographical	partheno-
genesis in the alpine hawkweed Hieracium alpinum	 (asteraceae).	
Biological Journal of the Linnean Society, 122(4),	 681–696.	https:// 
doi.	org/	10.	1093/	bioli	nnean/		blx105

Hellekes,	V.,	Claus,	D.,	Seiler,	 J.,	 Illner,	F.,	 Schiffer,	P.	H.,	&	Kroiher,	M.	
(2023).	 Crispr/cas9	 mediated	 gene	 editing	 in	 non-	model	 nema-
tode Panagrolaimus	sp.	ps1159.	Frontiers in Genome Editing, 5, 1–14. 
https://	doi.	org/	10.	3389/	fgeed.	2023.	1078359

Hill,	W.	G.,	&	Robertson,	A.	(1966).	The	effect	of	linkage	on	limits	to	arti-
ficial selection. Genetical Research, 8(3),	269–294.

Hirase,	 S.,	 Yamasaki,	 Y.	 Y.,	 Sekino,	M.,	 Nishisako,	M.,	 Ikeda,	M.,	 Hara,	
M.,	Merilä,	J.,	&	Kikuchi,	K.	 (2021).	Genomic	evidence	for	specia-
tion with gene flow in broadcast spawning marine invertebrates. 
Molecular Biology and Evolution, 38(11),	 4683–4699.	 https:// doi. 
org/ 10. 1093/ molbev/ msab194

Hörandl,	 E.,	Bast,	 J.,	 Brandt,	A.,	 Scheu,	 S.,	 Bleidorn,	C.,	Cordellier,	M.,	
Nowrousian,	M.,	Begerow,	D.,	Sturm,	A.,	Verhoeven,	K.,	Boenigk,	J.,	
Friedl,	T.,	&	Dunthorn,	M.	(2020).	Genome	evolution	of	asexual	or-
ganisms	and	the	paradox	of	sex	in	eukaryotes.	In	P.	Pontarotti	(Ed.),	
Evolutionary biology—A transdisciplinary approach	 (pp.	 133–167).	
Springer	 International	 Publishing.	 https://	doi.	org/	10.	1007/	978-		3-		
030-		57246	-		4_	7

Huson,	D.	H.	 (1998).	SplitsTree:	Analyzing	and	visualizing	evolutionary	
data. Bioinformatics, 14(1),	 68–73.	 https:// doi. org/ 10. 1093/ bioin 
forma	tics/	14.1.	68

Huson,	D.	H.,	&	Bryant,	D.	(2006).	Application	of	phylogenetic	networks	
in evolutionary studies. Molecular Biology and Evolution, 23(2),	254–
267.	https://	doi.	org/	10.	1093/	molbev/	msj030

Institute,	B.	(2018).	Picard Toolkit. http:// broad insti tute. github. io/ picard/ 

 20457758, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10831 by B

ibl. der U
niversitat zu K

oln, W
iley O

nline L
ibrary on [30/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.4102/ajlm.v9i1.1340
https://doi.org/10.4102/ajlm.v9i1.1340
https://qubeshub.org/resources/fastqc
https://doi.org/10.1093/genetics/164.4.1635
https://doi.org/10.1101/gr.081851.108
https://doi.org/10.1101/gr.081851.108
https://doi.org/10.1016/j.xplc.2020.100105
https://doi.org/10.1016/j.xplc.2020.100105
https://doi.org/10.1046/j.1420-9101.2003.00523.x
https://doi.org/10.1046/j.1420-9101.2003.00523.x
https://doi.org/10.1371/journal.pone.0010609
https://doi.org/10.1371/journal.pone.0010609
https://doi.org/10.1371/journal.pbio.1001050
https://doi.org/10.1038/s41467-017-01002-8
https://doi.org/10.1038/s41467-017-01002-8
https://doi.org/10.1073/pnas.2101485118
https://doi.org/10.1073/pnas.2101485118
https://doi.org/10.7554/eLife.67509
https://doi.org/10.7554/eLife.67509
https://doi.org/10.1038/sj.hdy.6800794
https://doi.org/10.1111/jeb.12337
https://doi.org/10.1038/nrg2664
https://doi.org/10.1038/nrg2664
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.7554/eLife.50465
https://doi.org/10.7554/eLife.50465
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1038/s41576-021-00367-3
https://doi.org/10.1111/j.1420-9101.2005.00879.x
https://doi.org/10.1073/pnas.0904895106
https://doi.org/10.1073/pnas.0904895106
https://doi.org/10.1073/pnas.1303057110
https://doi.org/10.1073/pnas.1303057110
https://doi.org/10.1093/genetics/78.2.737
https://doi.org/10.1093/genetics/78.2.737
https://doi.org/10.2307/2410218
https://doi.org/10.2307/2410218
https://doi.org/10.1146/annurev.ecolsys.39.110707.173437
https://doi.org/10.1146/annurev.ecolsys.39.110707.173437
https://doi.org/10.1093/biolinnean/blx105
https://doi.org/10.1093/biolinnean/blx105
https://doi.org/10.3389/fgeed.2023.1078359
https://doi.org/10.1093/molbev/msab194
https://doi.org/10.1093/molbev/msab194
https://doi.org/10.1007/978-3-030-57246-4_7
https://doi.org/10.1007/978-3-030-57246-4_7
https://doi.org/10.1093/bioinformatics/14.1.68
https://doi.org/10.1093/bioinformatics/14.1.68
https://doi.org/10.1093/molbev/msj030
http://broadinstitute.github.io/picard/


    |  13 of 14VILLEGAS et al.

Jaron,	K.	S.,	Bast,	J.,	Nowell,	R.	W.,	Ranallo-	Benavidez,	T.	R.,	Robinson-	
Rechavi,	M.,	&	Schwander,	T.	(2021).	Genomic	features	of	parthe-
nogenetic animals. Journal of Heredity, 112(1),	 19–33.	https:// doi. 
org/	10.	1093/	jhered/	esaa031

Katoh,	K.	 (2002).	MAFFT:	A	novel	method	for	rapid	multiple	sequence	
alignment	based	on	fast	Fourier	transform.	Nucleic Acids Research, 
30(14),	3059–3066.	https://	doi.	org/	10.	1093/	nar/	gkf436

Keightley,	 P.	 D.,	 Ness,	 R.	W.,	 Halligan,	 D.	 L.,	 &	 Haddrill,	 P.	 R.	 (2014).	
Estimation	of	the	spontaneous	mutation	rate	per	nucleotide	site	in	
a Drosophila melanogaster	full-	sib	family.	Genetics, 196(1),	313–320.	
https://	doi.	org/	10.	1534/	genet	ics.	113.	158758

Kiontke,	K.,	Gavin,	N.	P.,	Raynes,	Y.,	Roehrig,	C.,	Piano,	F.,	&	Fitch,	D.	H.	
A.	 (2004).	Caenorhabditis phylogeny predicts convergence of her-
maphroditism	and	extensive	intron	loss.	Proceedings of the National 
Academy of Sciences of the United States of America, 101(24),	9003–
9008. doi:10.1073/pnas.0403094101

Kofler,	R.,	Orozco-	terWengel,	P.,	De	Maio,	N.,	Pandey,	R.	V.,	Nolte,	V.,	
Futschik,	A.,	Kosiol,	C.,	&	Schlötterer,	C.	(2011).	PoPoolation:	A	tool-
box	for	population	genetic	analysis	of	next	generation	sequencing	
data from pooled individuals. PLoS One, 6(1),	e15925.	https:// doi. 
org/	10.	1371/	journ	al.	pone.	0015925

Kofler,	 R.,	 Pandey,	 R.	 V.,	 &	 Schlotterer,	 C.	 (2011).	 PoPoolation2:	
Identifying	differentiation	between	populations	using	sequencing	
of	 pooled	DNA	 samples	 (Pool-	Seq).	Bioinformatics, 27(24),	 3435–
3436.	https://	doi.	org/	10.	1093/	bioin	forma	tics/	btr589

[Dataset]Konrad,	 A.	 (2018).	 Experimental mutation accumulation in 
Caenorhabditis elegans under differing population size.	 SRA	 –	
Bioproject	 PRJNA448413.	 https:// www. ncbi. nlm. nih. gov/ biopr 
oject/	?	term=	PRJNA	448413

Konrad,	A.,	Brady,	M.	J.,	Bergthorsson,	U.,	&	Katju,	V.	(2019).	Mutational	
landscape of spontaneous base substitutions and small indels in 
experimental	Caenorhabditis elegans populations of differing size. 
Genetics, 212(3),	 837–854.	 https://	doi.	org/	10.	1534/	genet	ics.	119.	
302054

Leffler,	 E.	M.,	Bullaughey,	K.,	Matute,	D.	R.,	Meyer,	W.	K.,	 Ségurel,	 L.,	
Venkat,	A.,	Andolfatto,	P.,	&	Przeworski,	M.	 (2012).	Revisiting	 an	
old	riddle:	What	determines	genetic	diversity	levels	within	species?	
PLoS Biology, 10, e1001388. https://	doi.	org/	10.	1371/	journ	al.	pbio.	
1001388

Lewis,	S.	C.,	Dyal,	L.	A.,	Hilburn,	C.	F.,	Weitz,	S.,	Liau,	W.-	S.,	LaMunyon,	
C.	W.,	&	Denver,	D.	R.	(2009).	Molecular	evolution	in	Panagrolaimus	
nematodes:	 Origins	 of	 parthenogenesis,	 hermaphroditism	 and	
the	Antarctic	 species	P. davidi. BMC Evolutionary Biology, 9(1),	 15.	
https://	doi.	org/	10.	1186/	1471-		2148-		9-		15

Lorch,	S.,	Zeuss,	D.,	Brandl,	R.,	&	Brändle,	M.	(2016).	Chromosome	num-
bers in three species groups of freshwater atworms increase with 
increasing latitude. Ecology and Evolution, 6(5),	1420–1429.	https:// 
doi.	org/	10.	1002/	ece3.	1969

Madeira,	F.,	Park,	Y.	M.,	Lee,	 J.,	Buso,	N.,	Gur,	T.,	Madhusoodanan,	N.,	
Basutkar,	P.,	ARN,	T.,	Potter,	S.	C.,	Finn,	R.	D.,	&	Lopez,	R.	(2019).	
The	 EMBL-	EBI	 search	 and	 sequence	 analysis	 tools	 APIs	 in	 2019.	
Nucleic Acids Research, 47(W1),	W636–W641.	 https:// doi. org/ 10. 
1093/	nar/	gkz268

Mapleson,	D.,	Garcia	Accinelli,	G.,	Kettleborough,	G.,	Wright,	J.,	&	Clavijo,	
B.	J.	 (2016).	KAT:	A	K-	mer	analysis	 toolkit	 to	quality	control	NGS	
datasets and genome assemblies. Bioinformatics, btw663,	574–576.	
https://	doi.	org/	10.	1093/	bioin	forma	tics/	btw663

Mayr,	E.	(1999).	Systematics and the origin of species, from the viewpoint of 
a zoologist.	Harvard	University	Press.

McGill,	 L.	M.,	 Shannon,	 A.	 J.,	 Pisani,	 D.,	 Félix,	M.-	A.,	 Ramløv,	 H.,	 Dix,	
I.,	 Wharton,	 D.	 A.,	 &	 Burnell,	 A.	 M.	 (2015).	 Anhydrobiosis	 and	
freezing-	tolerance:	 Adaptations	 that	 facilitate	 the	 establishment	
of Panagrolaimus nematodes in polar habitats. PLoS One, 10(3),	
e0116084.	https://	doi.	org/	10.	1371/	journ	al.	pone.	0116084

Muller,	H.	J.	(1932).	Some	genetic	aspects	of	sex.	The American Naturalist, 
66(703),	118–138.	https://	doi.	org/	10.	1086/	280418

Oppold,	A.-	M.,	&	Pfenninger,	M.	(2017).	Direct	estimation	of	the	sponta-
neous	mutation	rate	by	short-	term	mutation	accumulation	lines	in	
Chironomus riparius:	Mutation	 rate	of	C. riparius. Evolution Letters, 
1(2),	86–92.	https:// doi. org/ 10. 1002/ evl3. 8

Otto,	S.	P.,	&	Lenormand,	T.	 (2002).	Resolving	 the	paradox	of	 sex	and	
recombination. Nature Reviews Genetics, 3(4),	252–261.	https:// doi. 
org/	10.	1038/	nrg761

Prugnolle,	F.,	&	De	Meeûs,	T.	(2008).	The	impact	of	clonality	on	parasite	
population genetic structure. Parasite, 15(3),	455–457.	https:// doi. 
org/	10.	1051/	paras	ite/	20081	53p455

Ross,	L.,	Hardy,	N.	B.,	Okusu,	A.,	&	Normark,	B.	B.	(2013).	Large	popu-
lation	 size	predicts	 the	distribution	of	 asexuality	 in	 scale	 insects:	
Distribution	of	asexuality	in	scale	insects.	Evolution, 67(1),	196–206.	
https://	doi.	org/	10.	1111/j.	1558-		5646.	2012.	01784.	x

[Dataset]Schiffer,	P.	(2017).	Evolution of parthenogenesis in	Panagrolaimus	
nematodes.	 SRA	 –	 Bioproject	 PRJNA374706.	 https:// www. ncbi. 
nlm.	nih.	gov/	biopr	oject/		374706

Schiffer,	P.	H.,	Danchin,	E.	G.,	Burnell,	A.	M.,	Creevey,	C.	J.,	Wong,	S.,	Dix,	
I.,	O'Mahony,	G.,	Culleton,	B.	A.,	Rancurel,	C.,	Stier,	G.,	Martínez-	
Salazar,	E.	A.,	Marconi,	A.,	Trivedi,	U.,	Kroiher,	M.,	Thorne,	M.	A.	S.,	
Schierenberg,	E.,	Wiehe,	T.,	&	Blaxter,	M.	(2019).	Signatures	of	the	
evolution of parthenogenesis and cryptobiosis in the genomes of 
Panagrolaimid	nematodes.	 iScience, 21,	 587–602.	https:// doi. org/ 
10.	1016/j.	isci.	2019.	10.	039

Schwander,	 T.,	 Henry,	 L.,	 &	 Crespi,	 B.	 (2011).	 Molecular	 evidence	 for	
ancient	asexuality	in	Timema	stick	insects.	Current Biology, 21(13),	
1129–1134. https://	doi.	org/	10.	1016/j.	cub.	2011.	05.	026

Schwarz,	 E.	M.	 (2017).	 Evolution:	A	parthenogenetic	 nematode	 shows	
how	animals	become	sexless.	Current Biology, 27(19),	R1064–R1066.	
https://	doi.	org/	10.	1016/j.	cub.	2017.	08.	040

Sedlazeck,	F.	 J.,	Rescheneder,	P.,	&	von	Haeseler,	A.	 (2013).	NextGen-	
map:	 Fast	 and	 accurate	 read	 mapping	 in	 highly	 polymorphic	 ge-
nomes. Bioinformatics, 29(21),	 2790–2791.	 https:// doi. org/ 10. 
1093/	bioin	forma	tics/	btt468

Shannon,	A.	J.,	Tyson,	T.,	Dix,	I.,	Boyd,	J.,	&	Burnell,	A.	M.	(2008).	Systemic	
RNAi	 mediated	 gene	 silencing	 in	 the	 anhydrobiotic	 nematode	
Panagrolaimus superbus. BMC Molecular Biology, 9(1),	58.	https:// doi. 
org/	10.	1186/	1471-		2199-		9-		58

Shatilovich,	A.,	Gade,	V.	R.,	Pippel,	M.,	Hoffmeyer,	T.	T.,	Tchesunov,	A.	
V.,	 Stevens,	 L.,	Winkler,	 S.,	 Hughes,	 G.	M.,	 Traikov,	 S.,	 Hiller,	M.,	
Rivkina,	E.,	Schiffer,	P.	H.,	Myers,	E.	W.,	&	Kurzchalia,	T.	V.	(2023).	
A	 novel	 nematode	 species	 from	 the	 Siberian	 permafrost	 shares	
adaptive mechanisms for cryptobiotic survival with C. elegans dauer 
larva. PLoS Genetics, 19(7),	 e1010798.	 https://	doi.	org/	10.	1371/	
journ	al.	pgen.	1010798

Shreve,	S.	M.,	Mockford,	E.	L.,	&	Johnson,	K.	P.	(2011).	Elevated	genetic	
diversity	of	mitochondrial	genes	in	asexual	populations	of	bark	lice	
(‘Psocoptera’:	 Echmepteryx hageni):	 Genetic	 diversity	 in	 asexual	
Psocoptera.	Molecular Ecology, 20(21),	4433–4451.	https:// doi. org/ 
10.	1111/j.	1365-		294X.	2011.	05298.	x

Simão,	 F.	 A.,	 Waterhouse,	 R.	 M.,	 Ioannidis,	 P.,	 Kriventseva,	 E.	 V.,	
&	 Zdobnov,	 E.	 M.	 (2015).	 BUSCO:	 Assessing	 genome	 assem-
bly	 and	 annotation	 completeness	 with	 single-	copy	 orthologs.	
Bioinformatics, 31(19),	 3210–3212.	 https:// doi. org/ 10. 1093/ bioin 
forma	tics/	btv351

Simon,	 J.-	C.,	Delmotte,	F.,	Rispe,	C.,	&	Crease,	T.	 (2003).	Phylogenetic	
relationships	between	parthenogens	and	their	sexual	relatives:	The	
possible routes to parthenogenesis in animals. Biological Journal 
of the Linnean Society, 79(1),	 151–163.	 https://	doi.	org/	10.	1046/j.	
1095-		8312.	2003.	00175.	x

Sloan,	D.	B.,	&	Panjeti,	V.	G.	(2010).	Evolutionary	feedbacks	between	re-
productive	mode	and	mutation	rate	exacerbate	the	paradox	of	sex.	
Evolution, 64(4),	1129–1135.

Smith,	J.	M.	 (1978).	Optimization	theory	 in	evolution.	Annual Review of 
Ecology and Systematics, 9(1),	31–56.	https://	doi.	org/	10.	1146/	annur	
ev.	es.	09.	110178.	000335

 20457758, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10831 by B

ibl. der U
niversitat zu K

oln, W
iley O

nline L
ibrary on [30/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/jhered/esaa031
https://doi.org/10.1093/jhered/esaa031
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1534/genetics.113.158758
https://doi.org//10.1073/pnas.0403094101
https://doi.org/10.1371/journal.pone.0015925
https://doi.org/10.1371/journal.pone.0015925
https://doi.org/10.1093/bioinformatics/btr589
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA448413
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA448413
https://doi.org/10.1534/genetics.119.302054
https://doi.org/10.1534/genetics.119.302054
https://doi.org/10.1371/journal.pbio.1001388
https://doi.org/10.1371/journal.pbio.1001388
https://doi.org/10.1186/1471-2148-9-15
https://doi.org/10.1002/ece3.1969
https://doi.org/10.1002/ece3.1969
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1093/bioinformatics/btw663
https://doi.org/10.1371/journal.pone.0116084
https://doi.org/10.1086/280418
https://doi.org/10.1002/evl3.8
https://doi.org/10.1038/nrg761
https://doi.org/10.1038/nrg761
https://doi.org/10.1051/parasite/2008153p455
https://doi.org/10.1051/parasite/2008153p455
https://doi.org/10.1111/j.1558-5646.2012.01784.x
https://www.ncbi.nlm.nih.gov/bioproject/374706
https://www.ncbi.nlm.nih.gov/bioproject/374706
https://doi.org/10.1016/j.isci.2019.10.039
https://doi.org/10.1016/j.isci.2019.10.039
https://doi.org/10.1016/j.cub.2011.05.026
https://doi.org/10.1016/j.cub.2017.08.040
https://doi.org/10.1093/bioinformatics/btt468
https://doi.org/10.1093/bioinformatics/btt468
https://doi.org/10.1186/1471-2199-9-58
https://doi.org/10.1186/1471-2199-9-58
https://doi.org/10.1371/journal.pgen.1010798
https://doi.org/10.1371/journal.pgen.1010798
https://doi.org/10.1111/j.1365-294X.2011.05298.x
https://doi.org/10.1111/j.1365-294X.2011.05298.x
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1046/j.1095-8312.2003.00175.x
https://doi.org/10.1046/j.1095-8312.2003.00175.x
https://doi.org/10.1146/annurev.es.09.110178.000335
https://doi.org/10.1146/annurev.es.09.110178.000335


14 of 14  |     VILLEGAS et al.

Soulé,	M.	(1976).	Allozyme	variation:	Its	determinants	in	space	and	time.	
In	F.	Ayala	(Ed.),	Molecular evolution	(pp.	60–70).	Sinauer	Associates.

Stoeckel,	S.,	&	Masson,	J.-	P.	(2014).	The	exact	distributions	of	FIS	under	
partial	 asexuality	 in	 small	 finite	 populations	with	mutation.	PLoS 
One, 9(1),	e85228.	https://	doi.	org/	10.	1371/	journ	al.	pone.	0085228

Symonová,	 R.,	 Vrbová,	 I.,	 Lamatsch,	 D.,	 Paar,	 J.,	 Matzke-	Karasz,	 R.,	
Schmit,	O.,	Martens,	K.,	&	Müller,	S.	 (2018).	Karyotype	variability	
and	inter-	population	genomic	differences	in	freshwater	ostracods	
(Crustacea)	 showing	 geographical	 parthenogenesis.	 Genes, 9(3),	
150.	https://	doi.	org/	10.	3390/	genes	9030150

Tatarinova,	T.	V.,	Chekalin,	E.,	Nikolsky,	Y.,	Bruskin,	S.,	Chebotarov,	D.,	
McNally,	K.	L.,	&	Alexandrov,	N.	(2016).	Nucleotide	diversity	anal-
ysis highlights functionally important genomic regions. Scientific 
Reports, 6(1),	35730.	https://	doi.	org/	10.	1038/	srep3	5730

Teotónio,	H.,	Estes,	S.,	Phillips,	P.	C.,	&	Baer,	C.	F.	(2017).	Experimental	
evolution with Caenorhabditis nematodes. Genetics, 206(2),	 691–
716.	https://	doi.	org/	10.	1534/	genet	ics.	115.	186288

The	Darwin	Tree	of	Life	Project	Consortium,	Blaxter,	M.,	Mieszkowska,	
N.,	Di	Palma,	F.,	Holland,	P.,	Durbin,	R.,	Richards,	T.,	Berriman,	M.,	
Kersey,	 P.,	 Hollingsworth,	 P.,	 Wilson,	 W.,	 Twyford,	 A.,	 Gaya,	 E.,	
Lawniczak,	M.,	Lewis,	O.,	Broad,	G.,	Howe,	K.,	Hart,	M.,	Flicek,	P.,	&	
Barnes,	I.	(2022).	Sequence	locally,	think	globally:	The	Darwin	Tree	
of	Life	Project.	Proceedings of the National Academy of Sciences of 
the United States of America, 119(4),	e2115642118.	https:// doi. org/ 
10.	1073/	pnas.	21156	42118	

Thorvaldsdottir,	H.,	Robinson,	 J.	T.,	&	Mesirov,	 J.	P.	 (2013).	 Integrative	
genomics	 viewer	 (IGV):	 High-	performance	 genomics	 data	 visual-
ization	and	exploration.	Briefings in Bioinformatics, 14(2),	178–192.	
https://	doi.	org/	10.	1093/	bib/	bbs017

Tilquin,	A.,	&	Kokko,	H.	 (2016,	October).	What	does	 the	geography	of	
parthenogenesis	 teach	 us	 about	 sex?	 Philosophical Transactions 
of the Royal Society, B: Biological Sciences, 371(1706),	 20150538.	
https://	doi.	org/	10.	1098/	rstb.	2015.	0538

Van	 Valen,	 L.	 (1973).	 A	 new	 evolutionary	 theory.	 Evolutionary Theory. 
https://	schol	ar.	google.	com/	schol	ar_	lookup?	title	=	A\%	20new	\%	
20evo	lutio	nary\%	20law	&	journ	al=	Evol\%	20The	ory&	volum	e= 1& 
pages =	1-		30&	publi	cation_	year=	1973&	autho	r=	Valen	\%	2CL

Vasimuddin,	M.,	Misra,	S.,	Li,	H.,	&	Aluru,	S.	(2019).	Efficient	architecture-	
aware	acceleration	of	BWA-	MEM	for	multicore	 systems.	 In	2019	
IEEE	International	Parallel	And	Distributed	Processing	Symposium	

(IPDPS)	 (pp.	 314–324).	 Rio	 de	 Janeiro,	 Brazil:	 IEEE.	 https://	ieeex	
plore.	ieee.	org/	docum	ent/	88209	62/		 (Backup	 Publisher:	 2019	
IEEE	International	Parallel	and	Distributed	Processing	Symposium	
(IPDPS))	https://	doi.	org/	10.	1109/	IPDPS.	2019.	00041	

Wickham,	H.	 (2016).	ggplot2: Elegant graphics for data analysis	 (2nd	ed.	
2016	ed.).	Springer	International	Publishing:	Imprint:	Springer.

Winter,	D.	 J.,	Wu,	S.	H.,	Howell,	A.	A.,	Azevedo,	R.	B.,	Zufall,	R.	A.,	&	
Cartwright,	R.	A.	 (2018).	accuMUlate:	A	mutation	caller	designed	
for	 mutation	 accumulation	 experiments.	 Bioinformatics (Oxford, 
England), 34(15),	 2659–2660.	 https:// doi. org/ 10. 1093/ bioin forma 
tics/	bty165

Wright,	 S.	 (1931).	 Evolution	 in	Mendelian	 populations.	Genetics, 16(2),	
97–159.	https://	doi.	org/	10.	1093/	genet	ics/	16.2.	97

Zhang,	J.,	Kobert,	K.,	Flouri,	T.,	&	Stamatakis,	A.	(2014).	PEAR:	A	fast	and	
accurate	 Illumina	 paired-	end	 reAd	 mergeR.	 Bioinformatics, 30(5),	
614–620.	https://	doi.	org/	10.	1093/	bioin	forma	tics/	btt593

Zhou,	X.,	Xie,	Y.,	Zhang,	Z.-	H.,	Wang,	C.-	D.,	Sun,	Y.,	Gu,	X.-	B.,	Wang,	S.	X.,	
Peng,	X.	R.,	&	Yang,	G.-	Y.	(2013).	Analysis	of	the	genetic	diversity	of	
the nematode parasite Baylisascaris schroederi from wild giant pan-
das in different mountain ranges in China. Parasites & Vectors, 6(1),	
233. https://	doi.	org/	10.	1186/	1756-		3305-		6-		233

SUPPORTING INFORMATION
Additional	 supporting	 information	 can	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	this	article.

How to cite this article: Villegas,	L.	I.,	Ferretti,	L.,	Wiehe,	T.,	
Waldvogel,	A.-M.,	&	Schiffer,	P.	H.	(2024).	
Parthenogenomics:	Insights	on	mutation	rates	and	
nucleotide diversity in parthenogenetic Panagrolaimus 
nematodes. Ecology and Evolution, 14, e10831. https://doi.
org/10.1002/ece3.10831

 20457758, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10831 by B

ibl. der U
niversitat zu K

oln, W
iley O

nline L
ibrary on [30/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1371/journal.pone.0085228
https://doi.org/10.3390/genes9030150
https://doi.org/10.1038/srep35730
https://doi.org/10.1534/genetics.115.186288
https://doi.org/10.1073/pnas.2115642118
https://doi.org/10.1073/pnas.2115642118
https://doi.org/10.1093/bib/bbs017
https://doi.org/10.1098/rstb.2015.0538
https://scholar.google.com/scholar_lookup?title=A%5C new%5C evolutionary%5C law&journal=Evol%5C Theory&volume=1&pages=1-30&publication_year=1973&author=Valen%5C%2CL
https://scholar.google.com/scholar_lookup?title=A%5C new%5C evolutionary%5C law&journal=Evol%5C Theory&volume=1&pages=1-30&publication_year=1973&author=Valen%5C%2CL
https://scholar.google.com/scholar_lookup?title=A%5C new%5C evolutionary%5C law&journal=Evol%5C Theory&volume=1&pages=1-30&publication_year=1973&author=Valen%5C%2CL
https://ieeexplore.ieee.org/document/8820962/
https://ieeexplore.ieee.org/document/8820962/
https://doi.org/10.1109/IPDPS.2019.00041
https://doi.org/10.1093/bioinformatics/bty165
https://doi.org/10.1093/bioinformatics/bty165
https://doi.org/10.1093/genetics/16.2.97
https://doi.org/10.1093/bioinformatics/btt593
https://doi.org/10.1186/1756-3305-6-233
https://doi.org/10.1002/ece3.10831
https://doi.org/10.1002/ece3.10831

	Parthenogenomics: Insights on mutation rates and nucleotide diversity in parthenogenetic Panagrolaimus nematodes
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Sampling, sequencing and data pre-processing
	2.2|Estimation of mutation rates from a MAL experiment
	2.3|Analysis of populations
	2.3.1|Population genetic parameters
	2.3.2|Phylogenetic network construction


	3|RESULTS
	3.1|Low spontaneous mutation rate in parthenogens
	3.2|Different population genetic patterns between asexual and sexual lines under inbreeding
	3.3|High genetic diversity but low differentiation in natural populations of parthenogens
	3.4|Asexual Panagrolaimus populations are genetically distinct to each other

	4|DISCUSSION
	4.1|Lower spontaneous mutations rate in parthenogens could aid to diminish the effect of Muller's ratchet
	4.2|Different population genetic patterns between asexual and sexual lines under inbreeding
	4.3|High genetic diversity but low differentiation in parthenogenetic populations
	4.4|Asexual Panagrolaimus populations are genetically distinct to each other
	4.5|Theoretical expectations about mutation rate evolution need to be adapted to diverse and complex systems
	4.6|Conclusions

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	OPEN RESEARCH BADGES
	DATA AVAILABILITY STATEMENT

	REFERENCES


