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Abstract
The	biodiversity	of	Mediterranean	freshwater	bodies	is	among	the	most	threatened	
worldwide;	therefore,	its	accurate	estimation	is	an	urgent	issue.	However,	traditional	
methods	are	 likely	 to	underestimate	 freshwater	zooplankton	biodiversity	due	 to	 its	
high	species	seasonality	and	cryptic	diversity.	We	test	the	value	of	applying	DNA	bar-
coding	to	diapausing	egg	banks,	in	combination	with	the	creation	of	a	reference	collec-
tion	 of	 DNA	 barcodes	 using	 adult	 individual	 samples,	 to	 characterize	 rotifer	
communities.	We	use	monogonont	rotifers	from	two	lakes	in	Doñana	National	Park	
and	one	from	Ruidera	Natural	Park	in	Spain	as	models	to	create	a	reference	collection	
of	 DNA	 barcodes	 for	 taxonomically	 diagnosed	 adult	 individuals	 sampled	 from	 the	
water	column,	to	compare	with	the	sequences	obtained	from	individual	eggs	from	the	
diapausing	egg	banks.	We	apply	two	different	approaches	to	carry	out	DNA	taxonomy	
analyses,	the	generalized	mixed	Yule	coalescent	method	(GMYC)	and	the	Automatic	
Barcode	Gap	Discovery	(ABGD),	to	the	obtained	sequences	and	to	publicly	available	
rotifer	 sequences.	We	obtained	 a	 total	 of	210	new	 rotifer	COI	 sequences	 from	all	
three	locations	(151	diapausing	eggs	and	59	adults).	Both	GMYC	and	ABGD	generated	
the	same	35	operational	taxonomic	units	(OTUs),	revealing	four	potential	cryptic	spe-
cies.	Most	sequences	obtained	from	diapausing	eggs	(85%)	clustered	with	sequences	
obtained	 from	morphologically	 diagnosed	 adults.	 Our	 approach,	 based	 on	 a	 single	
sediment	sample,	retrieved	estimates	of	rotifer	biodiversity	higher	than	or	similar	to	
those	of	previous	studies	based	on	a	number	of	seasonal	samples.	This	study	shows	
that	DNA	barcoding	of	diapausing	egg	banks	is	an	effective	aid	to	characterize	rotifer	
diversity	in	Mediterranean	freshwater	bodies.
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1  | INTRODUCTION

Mediterranean	 freshwater	 bodies	 are	 important	 reservoirs	 of	 biodi-
versity	for	aquatic	invertebrates.	They	are	among	the	most	vulnerable	
and	threatened	habitats	worldwide	due	to	drastic	changes	in	hydro-
logical	regime	patterns	and	the	introduction	and	natural	invasions	of	

exotic	 species	 (Briski	Cristescu,	Bailey,	&	MacIsaac,	 2011;	Mergeay,	
Verschuren,	 &	De	Meester,	 2005;	Myers,	Mittermeier,	Mittermeier,	
Da	Fonseca,	&	Kent,	2000;	Oertli,	Biggs,	Céréghino,	&	Grillas,	2005;	
Sala	 et	al.,	 2000).	 Under	 this	 scenario,	 changes	 in	 the	 zooplankton	
community	 structure	 and	 composition	 can	 be	 noticeably	 dramatic,	
especially	for	passively	dispersed	species,	highlighting	the	urgency	of	
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biodiversity	assessments,	which	are	challenging	due	to	the	time	and	
cost	of	 surveys.	The	application	of	 conservation	 approaches	usually	
fails	as	lakes	and	ponds	are	isolated	islandlike	habitats	with	high	sea-
sonal	species	turnover	 (Dudgeon	et	al.,	2006).	 In	addition,	estimates	
of	zooplankton	diversity	are	often	incomplete	due	to	the	large	number	
of	cryptic	and	undescribed	species	involved	(Esteban	&	Finlay,	2010).	
Finally,	freshwater	biodiversity	studies	have	often	disregarded	inverte-
brate	species,	which	are	essential	for	maintaining	the	natural	dynamic	
of	ecosystems	(Muñoz,	2010).

Rotifera	 is	 one	 of	 the	main	 groups	 of	 zooplankton	 and	 plays	 a	
key	 role	 as	 component	 of	 food	webs	 in	 aquatic	 ecosystems,	 trans-
ferring	 energy	 from	 low	 to	 higher	 trophic	 levels	 (Wallace,	 2002).	
The	 phylum	 is	 classified	 into	 three	 classes,	 Seisonidea,	 Bdelloidea,	
and	 Monogononta,	 and	 comprises	 over	 2,000	 described	 species,	
mostly	 microscopic.	 Monogononta,	 the	 most	 abundant	 and	 mor-
phologically	 diverse	 class,	 includes	1,570	 species	 (Segers,	 2007)	 of	
globally	distributed,	short-	lived	organisms	found	 in	a	wide	range	of	
continental	water	bodies	 from	hypersaline	 to	 freshwater.	However,	
their	supposed	ubiquity	has	been	rejected	because	they	have	shown	
high	levels	of	cryptic	diversity.	For	example,	previous	studies	focused	
on	 rotifer	 alpha	diversity	and	biogeography	 showed	seven	putative	
species	 of	 Brachionus plicatilis	 in	 Spain	 and	 15	 described	 species	
worldwide	(Gómez,	Serra,	Carvalho,	&	Lunt,	2002;	Mills	et	al.,	2016),	
six	 lineages	of	Brachionus calyciflorus	 from	China	 and	at	 least	 eight	
putative	species	 from	different	countries	 (Schröder	&	Walsh,	2007;	
Xiang	et	al.,	2011),	six	putative	species	of	Testudinella clypeata	from	
the	UK	(Leasi,	Tang,	De	Smet,	&	Fontaneto,	2013),	12	putative	species	
of	Polyarthra dolichoptera	from	different	locations	in	Italy	(Obertegger,	
Flaim,	&	Fontaneto,	2014),	and	eight	putative	species	of	Keratella co-
chlearis	from	Italy	(Cieplinski,	Weisee,	&	Obertegger,	2016).	In	nearly	
60%	 of	 the	 complexes	 described	 in	 the	 phylum	 Rotifera,	 at	 least	
two	 species	of	 the	 same	 complex	 can	occur	 (Gabaldón,	 Fontaneto,	
Carmona,	Montero-	Pau,	&	Serra,	2016).	A	further	challenge	involved	
in	 assessing	 the	 diversity	 of	 rotifer	 communities	 is	 their	 short	 life	
cycle	with	a	short	generation	 time,	 temperature-	dependent	growth	
rate,	 and	 embryonic	 development	which	varies	 from	 population	 to	
population	 (Herzig,	 1983).	Monogonont	 rotifers	 complete	 their	 life	
cycle	in	5–10	days	and	have	a	generation	time	threshold	of	2–4	days	
in	temperate	lakes	(20–22°C)	(Gillooly,	2000;	Ricci,	2001).	Seasonal	
species	 replacement	occurs	 faster	 in	 temporary	and	fluctuating	en-
vironments;	therefore,	a	higher	sampling	effort	in	terms	of	temporal	
frequency	is	needed	to	obtain	unbiased	assessments	of	species	com-
position	(Serrano	&	Fahd,	2005;	Fahd	et	al.,	2007).

The	life	cycle	of	monogonont	rotifers	includes	diapausing	eggs	able	
to	survive	unfavorable	periods	of	harsh	conditions	and	prevent	local	
extinctions	(Ricci,	2001;	Wallace,	2002).	Diapausing	eggs	accumulate	
in	the	sediments,	where	they	can	persist	for	long	periods	of	time	and	
establish	 egg	 banks,	 potentially	 integrating	 spatiotemporal	 patterns	
of	 community	 diversity,	 increasing	 generation	 time	 and	 decreasing	
population	 growth	 rate	 (Brendonck	&	De	Meester,	 2003;	DeStasio,	
1989;	 Gabaldón,	 Serra,	 Carmona,	 &	 Montero-	Pau,	 2015;	 Hairston,	
1996;	Vandekerkhove,	Declerck,	Jeppesen,	et	al.,	2005).	Given	these	
features,	the	study	of	diapausing	egg	banks	could	potentially	become	

a	cost-	effective	approach	for	assessment	of	zooplankton	biodiversity,	
as	a	single	egg	bank	sample	may	cover	a	period	of	several	years,	while	
plankton	samples	are	highly	variable	temporally,	implying	that	several	
samples	 are	 required	 for	 an	 accurate	 characterization	 of	 zooplank-
ton	communities	(Duggan,	Green,	&	Shiel,	2002;	Havel,	Eisenbacher,	
&	 Black,	 2000;	 May,	 1986;	 Mergeay	 et	al.,	 2005;	 Vandekerkhove,	
Declerck,	 Jeppesen,	 et	al.,	 2005).	 In	 other	 planktonic	 invertebrates,	
such	 as	 cladocerans,	 diapausing	 stages	or	 ephippia	 can	display	very	
species-	specific	 morphologies	 (e.g.,	 size,	 shape,	 color,	 and	 external	
sculpturing	or	ornamentation)	and	they	have	been	successfully	used	
for	species-	level	identification	(Pourriot	&	Snell,	1983;	Vandekerkhove	
et	al.,	 2004).	 In	 contrast,	 although	 rotifer	diapausing	eggs	 can	 show	
genus-	specific	morphological	features	(Walsh,	May,	&	Wallace,	2016),	
high	intraspecific	morphological	variability	and	absence	of	useful	diag-
nostic	characters	have	precluded	 their	use	 for	species-	level	 identifi-
cation	(Brendonck	&	De	Meester,	2003;	Gilbert,	1974,	1995),	leading	
to	 biased	 diversity	 estimates	 between	 diapausing	 egg	 diversity	 and	
species	diversity	(Piscia	et	al.,	2012).	An	early	approach	to	the	study	
of	diapausing	egg	banks	for	assessing	zooplankton	species	richness	is	
the	hatching	method	(Brendonck	&	De	Meester,	2003;	Duggan	et	al.,	
2002;	Gleason,	Euliss,	Hubbard,	&	Duffy,	2004;	May,	1986;	Palazzo,	
Bonecker,	&	Fernandes,	2008;	Vandekerkhove,	Declerck,	Brendonck,	
Conde-	Porcuna,	 Jeppesen,	 Johansson,	 et	al.,	 2005).	 However,	 this	
method	has	limitations,	and	the	identification	of	appropriate	hatching	
cues	(light,	temperature,	salinity,	oxygen	concentration,	or	others)	and	
the	latency	period	(which	may	vary	from	a	few	days	to	several	months)	
are	often	species-	specific	and	within	species	(Gilbert	&	Walsh,	2005),	
and	potential	biases	introduced	by	bet-	hedging,	where	only	a	fraction	
of	the	eggs	hatches	at	a	given	time	(García-	Roger,	Serra,	&	Carmona,	
2014;	 Schröder,	 2005;	 Schwartz	 &	 Hebert,	 1987;	 Vandekerkhove,	
Declerck,	 Brendonck,	 Conde-	Porcuna,	 Jeppesen	 and	 De	 Meester,	
2005).

A	 significant	 improvement	 for	 the	 analysis	 of	 rotifer	 diapausing	
egg	 bank	 biodiversity	 would	 include	 the	 development	 of	 tools	 for	
the	direct	species	identification	of	diapausing	eggs.	An	alternative	to	
morphological	identification	and	hatching	approaches	is	using	molec-
ular	 techniques,	which	can	be	applied	on	 individual	diapausing	eggs	
or	 adults.	 DNA	 barcoding	 and	 DNA	 taxonomy	 offer	 a	 complemen-
tary	tool	to	traditional	taxonomy	and	to	quantify	global	biodiversity,	
especially	 for	 groups	 whose	 morphology	 is	 uninformative,	 plastic,	
and/or	 difficult	 to	 describe	 (Fontaneto,	 Flot,	 &	Tang,	 2015;	Hebert,	
Ratnasingham,	 &	 deWaard,	 2003).	 DNA	 barcoding	 consists	 of	 the	
sequencing	 and	 analysis	 of	 a	 DNA	 fragment	 of	 the	 mitochondrial	
gene	 COI	 (the	 cytochrome	 c	 oxidase	 subunit	 I)	 to	 identify	 species	
(Hebert	et	al.,	2003).	On	the	other	hand,	DNA	taxonomy	approaches,	
such	as	GMYC	(generalized	mixed	Yule	coalescent;	Pons	et	al.,	2006;	
Fujisawa	&	Barraclough,	2013)	or	Automatic	Barcode	Gap	Discovery	
(ABGD;	Puillandre,	Lambert,	Brouillet,	&	Achaz,	2012),	are	based	on	
the	analysis	of	variation	 in	genetic	data	 for	delimiting	 species.	DNA	
barcoding	and	analytical	tools	of	DNA	taxonomy	have	offered	a	very	
productive	 approach	 to	 uncover	 cryptic	 species	 complexes	 (Birky,	
Wolf,	Maughan,	Herbertson,	&	Henry,	2005;	Fontaneto	et	al.,	2007;	
Fujisawa	&	Barraclough,	2013;	Hebert	et	al.,	2004;	Leasi	et	al.,	2013;	
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Puillandre	et	al.,	2012).	DNA	taxonomy	has	indeed	revealed	that	most	
rotifer	 taxonomic	 species	 analyzed	 are	 actually	 species	 complexes	
both	in	monogonont	(Derry,	Hebert,	&	Prepas,	2003;	Leasi	et	al.,	2013;	
Mills	et	al.,	2016;	Obertegger,	Fontaneto,	&	Flaim,	2012;	Obertegger	
et	al.,	 2014;	 Schröder	 &	Walsh,	 2007;	Walsh,	 Schröder,	Wallace,	 &	
Rico-	Martínez,	2009;	Xiang	et	al.,	2011)	and	in	bdelloids	(Fontaneto,	
Barraclough,	Chen,	Ricci,	&	Herniou,	2008;	Fontaneto,	Kaya,	Herniou,	
&	Barraclough,	2009;	Fontaneto	et	al.,	2011),	with	39	known	species	
complexes	identified	so	far	in	rotifers	(21	monogononta	and	18	bdel-
loidea),	a	number	that	is	likely	to	increase	(see	Fontaneto,	2014	for	a	
recent	review).	DNA	barcoding	has	also	been	useful	as	a	complemen-
tary	tool	for	surveying	rotifer	biodiversity	 in	 larger	geographic	areas,	
revealing	 the	 presence	 of	 several	 potential	 cryptic	 species	 (García-		
Morales	&	Elías-	Gutiérrez,	2013),	and	for	studies	on	the	dispersal	and	
transport	 detection	of	 invasive	 species	 (Briski	 et	al.,	 2011;	Mergeay	
et	al.,	2005).

Here,	we	test	the	value	of	applying	DNA	barcoding	and	DNA	tax-
onomy	to	diapausing	egg	banks	from	a	single	sediment	sample	to	char-
acterize	 zooplankton	communities.	To	do	 so,	we	collected	 sediment	
and	water-	column	samples	 from	two	 lakes	 in	Doñana	National	Park	
and	one	from	Ruidera	Natural	Park	in	Spain.	We	create	a	reference	col-
lection	of	DNA	barcodes	with	the	water-	column	monogonont	rotifers	
taxonomically	diagnosed	as	models	to	compare	to	barcodes	obtained	
from	their	corresponding	diapausing	egg	from	sediment	samples.	We	
then	use	DNA	taxonomy	methods	to	delimit	species	and	detect	poten-
tial	cryptic	species,	and	describe	species	complexes	in	our	dataset	in	
the	context	of	all	published	rotifer	barcodes.

2  | MATERIALS AND METHODS

2.1 | Study sites

Samples	 were	 taken	 from	 three	 lakes	 located	 in	 two	 regions	 with	
different	 limnological	 and	 geographic	 characteristics	 (Figure	1).	
Tinaja	 Lake	 is	 located	 in	Ruidera	Natural	 Park	 in	Central	 Spain,	 be-
tween	Albacete	 and	Ciudad	Real	 provinces.	 It	 is	 a	warm	monomic-
tic	mesotrophic	and	eutrophic	lake,	part	of	15	chain-	connected	lakes	
separated	by	travertine	 (tufa)	dams	and	fed	by	groundwater	and	by	
surface	drainage	from	upper	to	lower	lakes	when	groundwater	levels	
are	high.	Climate	in	Ruidera	is	continental	Mediterranean,	with	rain-
fall	mostly	 in	 spring	and	autumn.	Zooplankton	 species	 composition,	
abundance,	and	biomass	are	variable	throughout	lakes,	where	rotifers	
are	the	most	abundant	taxon	followed	by	cladoceran	and	copepods	
(Álvarez-	Cobelas	et	al.,	2007;	Bort,	Rojo,	Rodrigo,	&	Maidana,	2005;	
Rojo,	Rodrigo,	&	Barón-	Rodríguez,	2007).	Santa	Olalla	and	Dulce	are	
coastal	peridunal	shallow	ponds	located	in	Doñana	National	Park	(SW	
Spain).	The	area	has	a	Mediterranean	climate	with	Atlantic	influence	
that	results	in	mild	winters	and	dry	hot	summers.	Rainfall	is	quite	vari-
able	seasonally	and	annually,	and	this	 is	 reflected	 in	drastic	 fluctua-
tions	of	water	level,	physical–chemical	and	biological	parameters,	and	
temporal	character	of	the	freshwater	bodies.	Santa	Olalla	and	Dulce	
are	 contiguous	 ponds	 fed	 by	 groundwater	 and	 rainfall,	 permanent	
and	 semipermanent	 respectively.	 Although	 both	 ponds	 are	 usually	
isolated	hydrologically	and	have	different	limnological	characteristics,	
during	high-	precipitation	 seasons	 the	ponds	can	be	connected.	The	

F IGURE  1 Sampling	sites
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zooplankton	 composition	 changes	 seasonally	 and	 annually,	with	 ro-
tifers	as	predominant	group,	mostly	 from	the	genus	Brachionus,	 fol-
lowed	by	cladoceran	and	copepods	(López,	Toja,	&	Gabellone,	1991;	
Moreno,	 Pérez-	Martínez,	 &	 Conde-	Porcuna,	 2016;	 Serrano	 &	 Toja,	
1998).

2.2 | Sample collection

Sediment	cores	of	10	cm	depth	were	taken	with	a	Universal	Percussion	
Corer	(diameter:	6.8	cm,	length:	20	cm)	from	the	deepest	part	of	each	
lake	 (03/18/2009	 in	Doñana	and	01/21/2009	 in	Ruidera).	The	 first	
4	cm	of	 the	core	was	sliced	 into	2-	cm	sections,	and	the	slices	were	
packed	in	ziplock	plastic	bags,	labeled,	and	stored	at	4°C	in	the	dark	
until	processed.	To	construct	a	reference	collection	of	rotifers	found	
in	the	water	column	of	the	study	sites,	water	samples	were	collected	
with	 a	 Van	Dorn	 sampler	 in	 Ruidera	 or	 a	 tube	 sampler	 (6.8	cm	 di-
ameter)	 in	Doñana,	 filtered	 through	a	40	μm	mesh	and	 immediately	
fixed	in	96%	ethanol	(during	the	period	03/18/2009-	09/16/2010	in	
Doñana	and	01/21/2009-	02/10/2010	in	Ruidera).

2.3 | Diapausing egg isolation

A	sediment	 subsample	of	6	g	 (wet	weight)	 from	 the	 center	of	 each	
2-	cm	slice	was	 taken	 for	 further	processing.	We	used	 the	modified	
sucrose	flotation	technique	to	isolate	diapausing	eggs	from	the	sedi-
ments	 (Gómez	et	al.,	2002).	The	supernatant	was	 filtered	 through	a	
10 μm	Nytal	mesh	 and	 the	 filtrate	washed	with	 distilled	water	 and	
transferred	 to	 a	 plankton	 counting	 chamber.	We	 classified	putative	
rotifer	diapausing	eggs	according	to	their	morphology	(Koste,	1978)	
under	an	 inverted	microscope.	Each	egg	was	photographed	prior	to	
DNA	analyses.

2.4 | Identification of rotifers from water samples

Zooplankton	samples	were	examined	under	an	inverted	microscope,	
and	all	individual	rotifers	were	identified	to	species	level	using	Koste’s	
identification	key	(Koste,	1978).

2.5 | DNA extraction, amplification, and sequencing

DNA	was	extracted	from	single	adult	rotifers	or	diapausing	eggs	using	
the	hot	sodium	hydroxide	and	Tris	(HotSHOT)	method	(Montero-	Pau,	
Gómez,	&	Muñoz,	2008).	A	region	of	the	mitochondrial	DNA	from	the	
cytochrome	c	oxidase	subunit	I	gene	(COI)	was	amplified	using	prim-
ers	LCO1490	and	HCO2198	(Folmer,	Black,	Hoch,	Lutz,	&	Vrijenhoek,	
1994).	 Each	 50	μl	 PCR	 contained	 5	μl	 of	 template	 DNA,	 2	mM	 of	
MgCl2,	0.2	mM	of	each	nucleotide,	0.2	μM	of	each	primer,	5	μl	of	10×	
NH4	 Bioline	 buffer,	 and	0.5	U	of	BioTaq	DNA	polymerase	 (Bioline).	
Amplification	 was	 performed	 in	 a	 Veriti	 thermocycler	 (Applied	
Biosystems)	 with	 the	 following	 cycling	 profile:	 1	 cycle	 of	 3	min	 at	
93°C;	40	cycles	of	15	s	at	92°C,	20	s	at	45°C,	and	30	s	at	70°C;	and	
3	min	 at	 72°C.	 Samples	 giving	 clear	 strong	 single	 bands	 were	 se-
quenced	 in	 both	 directions	 by	 Macrogen	 Inc.	 (South	 Korea)	 using	

3730XL	 DNA	 analyzer	 (Applied	 Biosystems,	 USA).	 Chromatograms	
were	 checked	 and	 edited	 using	 CodonCode	 Aligner	 (CodonCode	
Corporation,	Dedham,	MA).

2.6 | Phylogenetic analysis

We	constructed	a	first	dataset	that	included	all	newly	obtained	se-
quences	 in	 this	study	 (Dataset	S1	hereafter).	The	aim	of	 this	data-
set	is,	firstly,	to	identify	diapausing	eggs	matching	with	their	adults,	
which	served	as	a	 reference	collection	of	 the	study	sites,	as	all	 in-
dividuals	were	 identified	 to	morphospecies;	 and	 secondly,	 to	 esti-
mate	the	hidden	biodiversity	by	detecting	potential	cryptic	species.	
Sequences	were	 aligned	 using	 the	 ClustalW	 algorithm	 included	 in	
ARB	(Ludwig	et	al.,	2004)	and	trimmed	to	499	base	pairs,	the	length	
of	the	shortest	sequence	in	our	alignment.	The	alignment	was	indi-
vidually	checked	and	verified	for	protein	coding	frameshifts	to	avoid	
pseudogenes	using	MEGA5	(Tamura	et	al.,	2011).	All	sequences	ob-
tained	in	this	study	were	submitted	to	GenBank	with	accession	num-
bers	(KY749339–KY749548).

To	construct	the	second	dataset	(Dataset	S2	hereafter),	we	down-
loaded	 all	 the	 available	 monogonont	 rotifer	 COI	 sequences	 from	
GenBank	retrieved	using	the	following	search	criteria:	Monogononta	
organism,	sequences	over	300	bp	with	COI,	CO1,	COX,	or	cytochrome	
c	oxidase	subunit	I	in	title	(downloaded	on	8	June	2016).	The	purpose	
of	this	dataset	is	to	potentially	match	the	cryptic	species	in	our	dataset	
to	previously	described	ones	available	in	the	GenBank	reference	col-
lection.	We	generated	an	alignment	following	the	same	procedure	as	
described	for	Dataset	S1.	 Identical	sequences	 in	both	datasets	were	
collapsed	 into	 haplotypes	 using	 the	 online	 fasta	 sequence	 toolbox	
FaBox	v.	1.4	(Villesen,	2007)	before	phylogenetic	analyses.

For	both	datasets,	we	reconstructed	phylogenetic	trees	with	max-
imum	likelihood	(ML)	and	Bayesian	inference	(BI).	ML	reconstructions	
were	carried	out	using	MEGA5	(Tamura	et	al.,	2011).	Nucleotide	sub-
stitution	model	was	chosen	using	the	find	best	DNA/Protein	models	
option	in	MEGA5	(Tamura	et	al.,	2011).	We	used	a	sequence	from	the	
bdelloid	 rotifer	Philodina roseola	as	an	outgroup	 (GenBank	accession	
number:	DQ078544).	 BI	 reconstructions	were	 performed	 in	BEAST	
v.	1.8.3	(Drummond,	Suchard,	Xie,	&	Rambaut,	2012)	as	implemented	
on	the	CIPRES	Science	Gateway	(Miller,	Pfeiffer,	&	Schwartz,	2010).	
To	do	so,	we	used	BEAUti	v.	1.8.3	(Drummond	et	al.,	2012)	to	create	
the	xml	input	file	needed	for	the	BEAST	runs	with	the	following	set-
tings:	 a	 general	 time	 reversible	with	 gamma	distribution	 and	 invari-
able	sites	nucleotide	substitution	model	 (GTR	+	г	+	I)	 for	Dataset	S1	
and	 a	 general	 time	 reversible	with	 gamma	distribution	 (GTR	+	г)	 for	
Dataset	S2	with	an	uncorrelated	lognormal	relaxed	clock.	This	model	
was	implemented	in	BEAST,	 including	an	uncorrelated	lognormal	re-
laxed	clock	and	coalescent	prior,	with	the	default	settings	of	BEAUti	
for	 the	 remaining	 parameters.	 We	 created	 ultrametric	 phylogenies	
based	 on	 each	 COI	 dataset,	 and	 the	 phylogenetic	 analysis	was	 run	
with	two	independent	searches	for	80,000,000	generations	with	trees	
sampled	 every	 10,000	 generations,	with	 a	 total	 number	 of	 trees	 of	
8,000	for	Dataset	S1.	For	Dataset	S2,	the	phylogenetic	analysis	was	
run	with	two	independent	searches	for	100,000,000	generations	with	

info:ddbj-embl-genbank/DQ078544
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trees	sampled	every	5,000.	For	examining	 that	 the	effective	sample	
size	(ESS)	values	for	all	parameters	were	above	200	and	determining	
the	burn-	in,	we	used	Tracer	v.	1.6	in	both	datasets	(Rambaut,	Suchard,	
Xie,	&	Drummond,	2013).	We	obtained	 a	 total	 of	60,000	 trees	 and	
summarized	with	TreeAnnotator	v.	1.8.3;	the	first	50,000	trees	were	
discarded	as	burn-	in.

2.7 | DNA taxonomy

To	 identify	 the	 presence	 of	 independently	 evolving	 entities	 (puta-
tive	 cryptic	 species)	 in	 both	COI	 datasets,	we	used	 the	 generalized	
mixed	Yule	coalescent	method	 (GMYC),	a	 robust	 tool	 for	delimiting	
species	 using	 single-	locus	 data	 (Fontaneto	 et	al.,	 2007;	 Fujisawa	 &	
Barraclough,	 2013;	 Pons	 et	al.,	 2006).	 It	 is	 a	 likelihood	method	 de-
signed	 to	 delimit	 independently	 evolving	 species	 by	 fitting	 within-		
and	between-	species	branching	models	to	reconstructed	gene	trees.	
GMYC	models	 were	 run	 on	 the	 previously	 constructed	 ultrametric	
maximum	 clade	 credibility	 consensus	 trees	 obtained	 with	 BEAST	
using	R	v.	3.3.1	(R	Development	Core	Team,	2011)	with	the	package	
splits	v.	1.0-	11	(https://r-forge.r-project.org/projects/splits/).

We	used	a	second,	alternative	approach	of	DNA	taxonomy	for	de-
limiting	species,	the	ABGD	(http://wwwabi.snv.jussieu.fr/public/abgd/
abgdweb.html).	This	method	automatically	identifies	the	threshold	in	
genetic	distances	 for	species	delimitation	 (a	gap	between	 intra-		and	
interspecific	 diversity),	 the	 “barcoding	 gap”	 (Puillandre	 et	al.,	 2012).	
We	applied	ABGD	to	Dataset	S1	and	Dataset	S2	separately	with	all	
the	 sequences	 excluding	 the	 outgroup,	 because	 this	method	works	
better	when	there	are	more	than	3–5	sequences	per	species.	We	used	
the	uncorrected,	JC69	and	K2P	distance	matrices	with	default	options	
(Pmin:	0.001,	Pmax:	0.1,	steps:	10,	Nb	bins:	20),	except	for	the	relative	
gap	width	(X)	that	was	set	to	1.	Higher	values	than	1	recovered	only	
one	cluster.	We	considered	only	the	results	with	a	prior	intraspecific	
divergence	higher	 than	1.5%,	as	 it	has	previously	been	described	 in	
rotifers	for	COI	(Fontaneto,	2014).

DnaSP	v4.0	(Rozas	&	Rozas,	1995)	was	used	to	calculate	DNA	di-
vergence	between	the	 lineages	delimited	by	both	GMYC	and	ABGD	
analyses	in	Dataset	S1	for	groups	of	putative	cryptic	species.

3  | RESULTS

3.1 | Sample processing and molecular analyses

The	processing	of	12	g	(wet	weight)	of	sediment	in	each	lake	resulted	
in	a	 total	of	193	putative	 rotifer	diapausing	eggs	 (Santa	Olalla	6.08	
eggs/g,	Dulce	6.58	eggs/g,	and	Tinaja	3.41	eggs/g).	These	eggs	were	
classified	 into	 20	 different	 groups	 according	 to	 their	 morphology	
(Table	1	and	Figure	2).	DNA	was	successfully	extracted	and	COI	am-
plified	from	151	eggs	 (78.2%	success	rate),	a	high	percentage	given	
that	it	is	difficult	to	identify	healthy	diapausing	eggs	in	some	species	
(García-	Roger,	 Carmona,	 &	 Serra,	 2006).	 Additionally,	we	 identified	
18	 taxonomic	 species	 from	 the	water-	column	samples	 according	 to	
their	morphology.	Only	59	of	289	zooplankton	samples	yielded	suc-
cessful	amplifications	(20.4%),	probably	due	to	poor	preservation	(as	

opposed	to	poor	primer	match),	as	we	managed	to	obtain	high	qual-
ity	sequences	from	at	least	one	specimen	of	all	18	taxonomic	species	
identified.	 These	 samples	were	 then	 used	 as	 a	 reference	 collection	
to	 assign	 diapausing	 eggs	 to	 particular	 taxonomic	 species	 by	 DNA	
barcoding.

3.2 | Estimation of rotifer taxonomic diversity 
from the diapausing egg bank

We	 obtained	 a	 total	 of	 210	 new	 sequences	 from	 all	 three	 loca-
tions	 from	both	adults	and	diapausing	eggs	 (listed	 in	Appendix	S1).	
Sequences	contained	neither	stop	codons	nor	indels	and	were	aligned	
unambiguously	and	collapsed	into	65	haplotypes.	A	first	approach	for	
adult	and	diapausing	egg	morphotype	assignation	was	based	on	ML	
and	 BI	 phylogenetic	 analyses	 (Figure	2).	 The	 consensus	 of	 10,000	
sampled	 trees	 from	 BI	 constructed	 with	 BEAST	 using	 the	 general	
time	reversible	+	G	+	I	model	is	shown	in	Figure	2.	The	GMYC	model	
suggested	the	presence	of	36	entities	in	Dataset	S1	(clusters	plus	sin-
gletons	and	excluding	outgroups	with	a	confidence	 interval	34–38)	
and	was	 the	most	 likely	model	 (likelihood	of	null	model:	251.9922,	
ML	of	GMYC	model:	293.8043,	 likelihood	ratio:	83.62426,	LR	 test:	
<0.0001).	 Sequences	 from	 diapausing	 eggs	 belonged	 to	 35	 GMYC	
entities,	 while	 zooplankton	 sample	 belonged	 to	 24	 entities	 (see	
Table	1	 and	 Figure	2).	 These	 results	 showed	 how	 each	 diapausing	
egg	morphotype	belonged	to	a	different	GMYC	entity,	but	also	that	
diapausing	 egg	morphotypes	 can	 include	 one	or	more	GMYC	enti-
ties.	Diapausing	eggs	were	assigned	to	a	taxonomical	species	when	
haplotypes	from	both	the	egg	and	the	identified	adult	belonged	to	the	
same	GMYC	entity.	In	this	way,	eleven	of	twelve	Santa	Olalla	diapaus-
ing	 egg	morphotypes	 belonged	 to	 the	 same	 operational	 taxonomic	
unit	 (OTU)	 as	 an	 adult	 in	 the	 dataset,	 and	only	 a	 single	 diapausing	
egg	belonging	to	the	Brachionus	sp.	morphotype	was	unidentified.	In	
Dulce,	nine	of	thirteen	diapausing	egg	morphotypes	were	assigned	to	
the	same	OTU	as	rotifer	adult	morphospecies.	The	remaining	three,	
which	 had	 no	 assignment	 with	 adults,	 were	 classified	 into	 genera	
Brachionus,	 Lecane,	 and	Polyarthra.	 In	 Tinaja,	 six	 of	 nine	 diapausing	
egg	 morphotypes	 were	 identified	 to	 species	 level	 with	 their	 adult	
rotifer	isolated	from	the	water	samples.	Sequences	from	diapausing	
egg	 morphotype	 Brachionus quadridentatus	 were	 grouped	 within	 a	
group	of	sequences	from	Dulce	and	Santa	Olalla,	and	the	Proales	sp.	
diapausing	 egg	morphotype	were	 classified	 to	 genus	 level.	 In	 sum-
mary,	 85%	 of	 sequences	 from	 diapausing	 eggs	were	 assigned	 to	 a	
taxonomic	species	(17	of	the	20	diapausing	eggs	morphotypes,	Santa	
Olalla	91%,	Dulce	69%,	and	Tinaja	66%;	we	excluded	the	adult	rotifer	
K. cochlearis).

The	most	widely	represented	genus	in	our	dataset	was	Brachionus 
with	 14	 GMYC	 entities,	 8	 Brachionus	 species	 in	 Santa	 Olalla	 and	
Dulce	lakes:	Two	are	B. plicatilis	which	are	followed	in	order	of	abun-
dance	 by	 B. calyciflorus,	 Brachionus angularis,	 Brachionus variabilis,	
Brachionus budapestinensis,	 Brachionus leydigi,	 and	 B. quadridenta-
tus,	the	latter	containing	three	independent	GMYC	entities,	one	of	
them	 containing	 sequences	 from	Doñana	 and	 Ruidera.	 The	 genus	
Hexarthra	 showed	 two	main	 species,	Hexarthra mira	 and	Hexarthra 

https://r-forge.r-project.org/projects/splits/
http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html
http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html
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fennica	in	Doñana,	and	a	third	H. fennica	from	Tinaja	sediment	sam-
ples,	 which	 corresponded	 to	 a	 different	 GMYC	 entity.	 From	 the	
genus	Polyarthra,	Polyarthra vulgaris	was	made	of	 three	GMYC	en-
tities	from	all	study	site	samples	and	an	unidentified	Polyarthra	sin-
gle	diapausing	egg	from	Dulce.	The	common	genus	Lecane	showed	
four	GMYC	entities,	two	of	them	from	Tinaja	Lake	included	Lecane 
closterocerca	and	Lecane hamata	adult	rotifers.	The	other	two	Lecane 
GMYC	entities	corresponded	to	the	same	diapausing	egg	morpho-
type	 and	 one	 included	 a	 single	 diapausing	 egg	 from	 Dulce	 Lake,	
and	the	other	contained	two	diapausing	eggs	from	Tinaja	and	Dulce	
lakes.	Keratella tropica	 from	both	Doñana	 lakes	 split	 in	 two	GMYC	
entities.	A	 group	 of	 diapausing	 eggs	 identified	 as	Trichocerca	 type	
formed	an	independent	GMYC	entity	from	Trichocerca similis.	Seven	
diapausing	 egg	 sequences	 (three	 from	 Santa	 Olalla	 and	 two	 from	
Dulce	with	Brachionus	 diapausing	 egg	morphotype,	 and	 three	 un-
identified	diapausing	egg	morphotypes	 from	Tinaja)	 showed	seven	
GMYC	entities	with	no	adult	rotifer	assignation.	Additional	species	
that	did	not	split	 into	different	GMYC	entities	 in	our	dataset	were	
Asplanchna brightwellii,	Filinia longiseta,	and	Proales	sp.	Similarly,	se-
quences	from	adult	K. cochlearis	from	Tinaja	Lake	lacked	correspond-
ing	 diapausing	 egg	 sequences.	 Uncorrected	 p-	distances	 between	
each	pair	of	GMYC	entities	considered	as	potential	cryptic	species	
varied	from	the	lowest	value	.0378	of	K. tropica	to	the	highest	.2431	
of	H. fennica	(see	Table	S1).

The	 ABGD	 analysis	 indicated	 a	 clear	 barcode	 gap	 between	
0.05	and	0.12	for	Dataset	S1	and	grouped	the	sequences	into	35	
groups	(see	Table	S2	and	Figure	S1),	34	if	we	only	considered	the	
diapausing	eggs.	The	choice	between	alignments	or	distance	ma-
trix	 (uncorrected,	 JC	 or	 K2P)	 had	 little	 influence	 on	 the	 results	
(see	Table	S2).	The	groupings	delimited	by	ABGD	were	highly	con-
gruent	with	 the	most	 conservative	 result	 of	 the	GMYC	analyses	
(Table	2).

3.3 | Cryptic species

For	the	second	dataset,	we	downloaded	the	available	3,597	monogon-
ont	 rotifer	 COI	 sequences	 from	GenBank	 following	 the	 criteria	 de-
scribed	above.	To	this	we	added	the	210	sequences	obtained	in	this	
study	both	from	diapausing	eggs	and	adult	rotifers.	There	were	a	total	
of	499	positions	 in	the	final	alignment,	after	trimming	and	removing	
120	shorter	sequences.	Sequence	alignments	and	amino	acid	transla-
tions	were	unambiguous,	with	no	gaps	or	stop	codons	among	the	3,686	
sequences.	A	total	of	427	polymorphic	sites,	including	352	parsimony	
informative	sites,	defined	1,275	unique	haplotypes.	The	GMYC	analy-
sis	 for	Dataset	 S2,	 resulted	 in	 148	GMYC	entities	with	 strong	 sup-
port,	and	a	total	number	of	285	GMYC	entities	(clusters	plus	singletons	
and	excluding	outgroups	with	a	confidence	 interval	271–306)	and	it	
was	the	most	likely	model	(likelihood	of	null	model:	11089.35,	ML	of	

TABLE  1 Correspondence	between	diapausing	egg	morphotypes	(DEM)	and	taxonomic	species	after	DNA	taxonomy

Diapausing egg 
morphotypes N seq N DE N AR H GMYC entities Taxon Location

DEM1 1 1 0 1 1 Fam.	Flosculariidae Tinaja

DEM2 15 12 3 2 1 Filinia longiseta Santa	Olalla,	Dulce

DEM3 1 1 0 1 1 Fam.	Collothecidae Tinaja

DEM4 9 6 3 5 2 Hexarthra fennica Santa	Olalla,	Tinaja

DEM5 7 5 2 1 1 Hexarthra mira Dulce

DEM6 9 7 2 4 4 Lecane	spp. Dulce,	Tinaja

DEM7 1 1 0 1 1 Fam.	Notommatidae Tinaja

DEM8 10 2 8 2 1 Asplanchna brightwellii Santa	Olalla

DEM9 17 13 4 7 4 Polyarthra vulgaris Santa	Olalla,	Dulce,	Tinaja

DEM10 15 13 2 4 2 Trichocerca	spp. Tinaja

DEM11 17 12 5 3 2 Keratella tropica Santa	Olalla,	Dulce

DEM12 2 1 1 1 1 Proales	sp. Tinaja

DEM13 2 1 1 2 1 Brachionus budapestinensis Dulce

DEM14 46 28 18 3 2 Brachionus plicatilis Santa	Olalla,	Dulce

DEM15 17 11 6 5 1 Brachionus calyciflorus Santa	Olalla,	Dulce

DEM16 12 5 7 8 3 Brachionus quadridentatus Santa	Olalla,	Dulce,	Tinaja

DEM17 4 4 0 3 4 Brachionus	spp. Santa	Olalla,	Dulce

DEM18 10 7 3 1 1 Brachionus angularis Santa	Olalla,	Dulce

DEM19 4 3 1 1 1 Brachionus leydigi Santa	Olalla

DEM20 7 6 1 3 1 Brachionus variabilis Santa	Olalla,	Dulce

Total	number	of	sequences	obtained	for	each	monogonont	rotifer	diapausing	egg	morphotype	and	morphospecies	(N	seq),	number	of	sequences	of	each	
diapausing	egg	(N	DE),	number	of	sequences	of	each	monogonont	adult	rotifer	morphospecies	(N	AR),	number	of	haplotypes	(H),	GMYC	entities,	and	lakes	
from	which	samples	were	collected	at	each	location	for	COI	rotifer	sequences	(Location).
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GMYC	model:	11239.9,	likelihood	ratio:	301.1003,	LR	test:	<0.0001).	
(see	Figure	S3	and	Appendix	S2,	supporting	information)	ABGD	analy-
ses	generated	253	groups	in	the	recursive	partitions	(see	Table	S2	and	
Figure	S2).	The	two	B. plicatilis	GMYC	entities	found	in	both	Doñana	

lakes	were	identified	as	“Almenara”	and	“Tiscar”	belonging	to	the	B. pli-
catilis	complex.	The	GMYC	entities	with	no	adult	rotifer	assignation,	
TIN25DE,	 TIN40DE,	 and	 TIN62DE	 (DE,	 diapausing	 egg	 sequence),	
were	 identified	 to	 Notonmatidae,	 Collothecidae,	 and	 Flosculariidae	

F IGURE  2 Phylogenetic	relationships	of	the	65	COI	rotifer	haplotypes	newly	obtained,	according	to	Bayesian	Inference	reconstructions.	The	
consensus	of	10,000	sampled	trees	from	BI	constructed	with	BEAST	using	the	general	time	reversible		+	G	+	I	model.	Branch	length	indicates	
number	or	substitutions	per	site.	Posterior	probabilities	values	from	the	BI	reconstruction	above	0.8	and	80	for	bootstrap	support	from	the	ML	
reconstruction	are	shown	in	each	branch,	respectively.	(*)	Asterisks	indicate	values	of	posterior	probability	and	bootstrap	support	of	1	and	100	
respectively.	Values	in	red	show	posterior	probability	or	bootstrap	support	above	0.8	and	80	respectively.	Black	branches	indicate	delineated	
OTUs,	and	red	lines	represent	haplotypes	belonging	to	the	same	GMYC	entity	(OTUs).	Diapausing	egg	morphotype	(DEM);	adult	rotifer	
morphotype	(AR).	The	number	of	potential	OTUs	within	each	species	according	to	the	different	methods	in	DNA	taxonomy	(ABGD	and	GMYC	
on	different	chronograms)	is	reported.	Monophyletic	groups	in	red	indicate	a	single	putative	species	recognized	by	the	GMYC	analysis.	Note	that	
the	actual	samples	for	each	haplotype	are	detailed	in	Appendix	S1
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family	 (Floscularia melicerta).	The	GMYC	entity	corresponding	 to	 the	
diapausing	eggs	DUL24DE	and	TIN53DE	 from	Dulce	and	Tinaja	 re-
spectively	and	the	GMYC	entity,	which	included	the	single	DUL11DE	
sequence,	belonged	to	the	group	of	Lecane	spp.	species.	The	Lecane	sp.	
diapausing	egg	morphotype	identified	as	L. closterocerca	and	L. hamata 
was	closely	related	with	other	L. closterocerca	and	L. hamata,	support-
ing	the	 idea	that	Lecane	group	is	a	huge	species	complex.	Polyarthra 
vulgaris	from	Tinaja	and	Dulce	were	included	in	the	same	GMYC	entity	
with	an	unpublished	sequence	of	Polyarthra	 sp.	The	other	P. vulgaris 
GMYC	entity	were	closely	related	to	the	last	GMYC	entity	and	to	the	
only	Polyarthra	diapausing	egg	morphotype	from	Dulce	Lake.	All	three	
GMYC	entities	seem	to	be	related	to	the	P. dolichoptera	species	com-
plex	 (Obertegger	 et	al.,	 2014).	 Keratella cochlearis	 from	 Tinaja	 Lake	
belonged	to	the	same	GMYC	entity	that	an	unpublished	K. cochlearis 
sequence.	 Our	 B. calyciflorus	 sequences	 were	 included	 in	 the	 same	
GMYC	entity	than	B. calyciflorus	sequences	from	the	Netherlands	and	
China.	Brachionus quadridentatus	 showed	 three	 GMYC	 entities,	 one	
including	a	B. quadridentatus	f.	cluniorbicularis	from	Mexico.	The	four	
Brachionus	diapausing	egg	morphotypes	were	confirmed.

We	compared	the	number	of	taxa	estimated	from	the	diapausing	
egg	banks	and	plankton	sample	with	zooplankton	species	lists	which	
included	rotifer	species	compiled	 in	previous	studies	 from	the	three	
locations	 (Table	3).	 Our	 approach	 retrieved	 higher	 number	 of	 taxa	
for	 both	 Doñana	 lakes	 than	 in	 previous	 studies	 using	 conventional	
sampling	techniques	in	the	zooplankton	(Galindo,	Mazuelos,	Mata,	&	
Serrano,	1994;	Guisande,	Granado-	Lorencio,	Toja-	Santillana,	León,	&	
León-	Muez,	 2008;	 López	 et	al.,	 1991).	However,	 in	Tinaja	 Lake,	 our	
approaches	 estimated	 fewer	 taxa	 both	 in	 the	 egg	 bank	 and	 in	 the	
water	column	than	classical	methods	in	a	long	term	sampling	campaign	
which	 included	one	sample	every	2–3	months	over	3	years	 (Moreno	
et	al.,	in	prep)	and	other	studies	(Álvarez-	Cobelas	et	al.,	2007).

4  | DISCUSSION

This	is	the	first	study	using	DNA	barcoding	on	diapausing	egg	banks	
from	a	single	sediment	sample	to	characterize	rotifer	communities	in	
continental	aquatic	systems.	We	generated	a	reference	collection	by	
barcoding	 individuals	 sampled	 from	the	water	column,	 to	which	we	
assigned	sequences	obtained	from	diapausing	eggs	 from	sediments.	
Our	DNA	 taxonomy	 analysis	 yielded	 35	GMYC	 entities	 in	 the	 dia-
pausing	egg	bank,	a	substantially	higher	number	than	the	20	types	of	
diapausing	eggs	previously	identified	based	on	morphology.	We	iden-
tified	61%	of	GMYC	entities	to	taxonomic	species	level	and	a	91%	to	
likely	genus	level,	with	a	combination	of	two	reference	data	sets,	one	

generated	in	this	study	and	one	downloaded	from	GenBank.	Our	ap-
proach,	based	on	a	single	sediment	sample,	gave	higher	or	similar	esti-
mates	of	rotifer	biodiversity	than	previous	studies	based	on	a	number	
of	seasonal	samples,	reducing	time	and	sampling	effort.

4.1 | Temporary versus permanent environments

The	success	of	the	application	of	barcoding	to	diapausing	egg	banks	
might	differ	between	ponds	with	different	hydrology,	as	this	is	known	
to	 influence	 the	 investment	 of	 rotifer	 species	 into	diapausing	 eggs.	
Seasonal	 environments	 with	 fluctuating	 conditions	 may	 induce	 a	
higher	diapausing	egg	production	(Altermatt	&	Ebert,	2008;	Cáceres	
&	 Tessier,	 2004;	 García-	Roger,	 Carmona,	 &	 Serra,	 2005;	 Pérez-	
Martínez,	 Barea-	Arco,	 Conde-	Porcuna,	 &	 Morales-	Baquero,	 2007).	
Indeed,	Santa	Olalla	and	Dulce	show	drastic	hydrological	fluctuations	
between	years	(Moreno	et	al.,	2016)	and	both	Doñana	Lakes	present	
a	higher	abundance	of	diapausing	eggs	 in	comparison	with	Ruidera.	
In	 contrast,	 in	 permanent	 habitats	 dormancy	 might	 not	 be	 strictly	
necessary,	and	asexual	reproduction	would	be	favored	(Serra	&	King,	
1999;	 Schröder,	 2005);	 therefore,	 some	 common	 rotifer	 species	 in	
more	permanent	environments	may	either	lack	a	diapausing	egg	stage	
or	 produce	 few	 diapausing	 eggs	 (for	 instance,	 as	 we	 observed	 for	
K. cochlearis	 from	Tinaja	 Lake,	 and	 previously	 reported	 by	Dumont,	
1983).	 In	 consequence,	DNA	barcoding	would	be	expected	 to	be	a	
more	useful	tool	on	diapausing	egg	banks	in	temporal–semipermanent	
systems	than	in	permanent	ones.	Therefore,	in	the	case	of	permanent	
and	stable	water	bodies	such	as	Ruidera	Lakes,	this	molecular	tech-
nique	should	be	performed	using	both	sediment	and	water	samples	si-
multaneously	to	include	diapausing	eggs	and	adults	and	obtain	a	good	
characterization	of	the	rotifer	community.

4.2 | Reference collections

To	aid	in	the	identification	of	the	diapausing	eggs	obtained,	it	is	nec-
essary	 to	 compare	 the	 sequences	 obtained	 to	 a	 curated	 reference	
collection	of	barcodes.	For	this,	we	(i)	gathered	a	representative	and	
taxonomically	identified	rotifer	species	list	from	the	water	column	of	
the	sampled	lakes	as	a	reference	collection	for	rotifer	diapausing	egg	
bank	characterization	of	the	local	area	and	(ii)	we	compared	our	dataset	
with	rotifers	sequences	published	in	GenBank	to	identify	cryptic	spe-
cies	previously	described.	We	avoided	the	limitations	of	using	hatching	
from	 sediment	 samples,	 as	 optimal	 hatching	 cues	 can	 be	 species-	
specific	 and	bet-	hedging	might	 limit	 the	number	of	viable	eggs	 that	
hatch	from	a	given	sample	(García-	Roger	et	al.,	2014;	Schröder,	2005;	
Vandekerkhove,	Declerck,	Brendonck,	Conde-	Porcuna,	Jeppesen	and	

TABLE  2 Number	of	GMYC	entities	includes	the	most	likely	solution	and	confidence	interval	of	Dataset	S1	and	Dataset	S2

Dataset Clusters GMYC entities Likelihood- null Likelihood- GMYC Likelihood ratio Threshold
GMYC entities 
(conservative results)

ABGD 
groups

1 16 36	(34–38) 251.9922 293.8043 83.62426 −0.020325 36 35

2 148 285	(271–306) 11089.35 11239.9 301.1003 −0.035099 271/37a 252/37a

aNumber	of	GMYC	entities	and	ABGD	groups	obtained	from	our	sequences	in	Dataset	S2	analyses.
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De	Meester,	2005),	as	well	as	the	undescribed	diversity	of	diapausing	
egg	morphologies	 (Gilbert	&	Wurdak,	1978;	Snell,	Burke,	&	Messur,	
1983;	 Munuswamy	 et	al.	 1996).	 Therefore,	 DNA	 barcoding	 might	
solve	a	misdiagnosis	but	we	need	a	reference	collection	of	barcodes.

Using	diapausing	eggs	as	proxies	to	estimate	biodiversity	(Pourriot	
&	Snell,	1983;	Ricci,	2001)	might	incur	biases	due	to	the	lack	of	dia-
pausing	 egg	 production	 in	 some	 species	 or	 habitat	 heterogeneity.	
Hence,	some	discrepancies	between	sediment	samples	and	plankton	
samples	 are	 expected,	 they	 reflect	 the	 differences	 in	 sampling	 in-
tensity	 (zooplankton	 survey	vs	 sediment	 sample).	A	 single	 sediment	
sample	might	reflect	the	biodiversity	or	composition	of	a	diapausing	
egg	bank,	 but	 cannot	 reflect	 their	 habitat	 heterogeneity	 (Chittapun,	
Pholpunthin,	&	Segers,	2005).	In	addition,	the	usefulness	of	the	com-
bination	of	collecting	plankton	and	sediment	samples	can	be	improved	
using	DNA	barcoding	(Hebert	et	al.,	2003).

4.3 | Cryptic species

The	species	list	made	for	our	study	sites	reveals	the	presence	of	three	
rotifer	taxonomic	species	that	are	part	of	well	studied	and	described	
cryptic	 complexes	 (B. plicatilis,	B. calyciflorus	 and	P. vulgaris)	 and	 four	
potential	 cryptic	 complexes	 (B. quadridentatus,	 K. tropica,	 H. fennica 
and	Lecane	 spp.).	To	verify	 the	presence	of	cryptic	 species	we	used	
DNA	 taxonomy	 analyses,	 which	 provided	 higher	 taxonomic	 resolu-
tion	 than	 morphological	 identification.	 GMYC	 identified	 36	 entities	
from	17	adults	and	20	different	morphological	diapausing	eggs.	ABGD	
also	clustered	the	sequences	into	35	groups	congruent	with	the	most	
conservative	GMYC	result.	Brachionus plicatilis	from	Doñana	samples	
and	B. quadridentatus	from	Doñana	and	Ruidera	samples	belonged	to	
different	OTUs.	The	rest	of	Brachionus	species	with	both	diapausing	
egg	and	adult	samples	were	B. angularis,	B. budapestinensis,	B. leydigi,	
and	B. variabilis.	The	remaining	four	Brachionus	groups	were	singletons	

from	 diapausing	 eggs	 without	 adult	 confirmation.	 Those	 results	 re-
veal	the	widespread	presence	of	this	genus	in	these	freshwater	sys-
tems	and	its	importance	in	zooplankton	communities.	In	the	Keratella 
group,	K. tropica	splits	in	two	groups	with	strong	support,	suggesting	
the	presence	of	potential	cryptic	species	in	both	Doñana	lakes.	Other	
diverse	group	was	the	genus	Lecane,	which	seems	to	comprise	numer-
ous	undescribed	cryptic	species	complexes	(García-		Morales	&	Elías-	
Gutiérrez,	2013;	Walsh	et	al.,	2009).	The	absence	of	Colothecaceae	
and	 Flosculariidae	 adults	 in	 the	 water-	column	 samples	 is	 not	 sur-
prising	 as	 these	 are	 may	 be	 related	 with	 the	 species	 of	 the	 family	
Collothecidae,	which	are	mainly	benthonic	(De	Manuel,	2000).	The	ab-
sence	of	corresponding	sequences	from	adults	from	the	water	column	
for	some	of	the	GMYC	entities	found	could	also	be	due	to	the	fact	that	
a	single	plankton	samples	was	used	to	build	out	reference	collection.

The	 application	 of	 GMYC	 and	 ABGD	 analysis	 to	 Dataset	 S2	
which	 included	 all	 the	monogonont	 rotifer	COI	 sequences	 available	
in	GenBank	in	addition	to	our	sequences,	revealed	that	some	cryptic	
species	in	our	dataset	belonged	to	previously	described	species	com-
plexes	 (García-	Morales	&	Elías-	Gutiérrez,	2013;	Gómez	et	al.,	 2002;	
Obertegger	et	al.,	2014;	Xiang	et	al.,	2011).	The	most	studied	rotifer	
cryptic	species	complexes,	B. plicatilis	and	B. calyciflorus,	split	in	33	and	
12	entities,	respectively	in	Dataset	S2.	The	B. calyciflorus	entity	found	
in	Doñana	samples	belonged	to	the	group	of	BcwII	published	by	Xiang	
et	al.	 (2011),	 probably	 a	 cosmopolitan	 species	 also	 collected	 in	 the	
Netherlands	and	China.	In	Doñana,	Dulce,	and	Santa	Olalla	lakes,	the	
most	abundant	monogonont	rotifer	was	B. plicatilis	 in	both	sediment	
and	 freshwater	 samples,	which	 split	 in	 “Almenara”	 and	 “Tiscar”	 spe-
cies	 (Gómez	et	al.,	2002;	Ortells,	Gómez,	&	Serra,	2006).	Brachionus 
“Almenara”	and	Brachionus	 “Tiscar”	were	previously	found	by	Ortells	
et	al.	(2006)	in	Mediterranean	ponds,	together	with	B. plicatilis	“sensu	
stricto”	also	 found	 in	Doñana	brackish	water	ponds	 (Badosa,	Frisch,	
Green,	Rico,	&	Gómez,	2017).	Other	Brachionus	species	which	seems	

TABLE  3 Total	number	of	GMYC	entities,	GMYC	entities	retrieved	from	diapausing	egg	banks	and	from	zooplankton	samples

Location

GMYC entities ABGD

Plankton samples (other works)
Total 
entities

Sediment 
sample

Plankton 
sample

Total 
groups

Sediment 
sample

Plankton 
sample

Tinaja 14 12 7 14 12 7 18	morphospecies	and	15	samples	(2008–2011)a

25	morphospecies	and	four	samples	(2001–2002)b

Santa	Olalla 18 14 14 18 14 14 12	morphospecies	and	17	samples	(2008–2011)a  
7	morphospecies	and	21	samples	(1989–1992)c  
4	morphospecies	and	23	samples	(1985–1987)d  
5	morphospecies	and	six	samples	(2004)e

Dulce 19 18 12 19 18 12 16	morphospecies	and	17	samples	(2008–2011)a  
11	morphospecies	and	21	samples	(1989–1992)c  
11	morphospecies	and	23	samples	(1985–1987)d  
8	morphospecies	and	six	samples	(2004)e

Number	of	taxonomic	species	and	samples	from	previous	work	in	our	study	sites.
aMoreno	et	al.	in	prep.
bÁlvarez-	Cobelas	et	al.,	2007
cGalindo	et	al.,	1994
dLópez	et	al.,	1991
eGuisande	et	al.,	2008
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to	form	a	species	complex	 is	B. quadridentatus,	which	 includes	three	
independent	 OTUs,	 two	 from	 Doñana	 lakes	 and	 a	 third	 one	 from	
Doñana	and	Ruidera.	One	of	these	OTUs	includes	a	B. quadridentatus 
sequence	 from	Mexico	 (García-	Morales	 &	 Elías-	Gutiérrez,	 2013).	 In	
addition,	sequences	belonging	to	the	morphospecies	P. vulgaris	 from	
Doñana	and	Ruidera	split	into	four	OTUs.	We	also	found	for	the	first	
time	a	potential	cryptic	group	of	Hexarthra	species,	since	that	H. fen-
nica	 from	 Doñana	 and	 Ruidera	 split	 in	 two	 OTUs	 and	 comprises	 a	
monophyletic	group	with	strong	support.	The	sequences	we	obtained	
for	Hexarthra	species	are	the	first	ones	available	(GenBank	accession	
numbers	X–X).	All	individuals	of	H. fennica	from	diapausing	eggs	and	
adult	samples	were	morphologically	homogeneous;	nevertheless,	we	
identified	two	potentially	cryptic	species	based	on	GMYC	and	ABGD	
analyses,	with	genetic	distances	of	0.2431,	one	located	in	Tinaja	Lake	
from	Ruidera,	and	the	other	located	in	Santa	Olalla	Lake	from	Doñana.

Our	 study	underscores	 the	common	coexistence	of	 zooplanktonic	
cryptic	species	in	rotifers	(Gabaldón	et	al.,	2016;	Gómez,	Montero-	Pau,	
Lunt,	Serra,	&	Campillo,	2007;	Gómez	et	al.,	2002;	Li,	Niu,	&	Ma,	2010;	
Obertegger	et	al.,	2012;	Ortells,	Gómez,	&	Serra,	2003).	Brachionus pli-
catilis	species	complex	is	the	best	studied	group	of	cryptic	species	with	a	
well	described	representation	of	their	coexistence	in	the	Iberian	Peninsula	
(Gómez	 et	al.,	 2002).	 We	 found	 Brachionus	 “Tiscar”	 and	 Brachionus 
“Almenara”	coexisting	in	two	nearby	lakes	(Santa	Olalla	and	Dulce).	These	
species	have	been	previously	described	in	Mediterranean	lakes,	but	they	
have	never	been	found	coexisting	in	the	same	lake	(Gómez	et	al.,	2002;	
Montero-	Pau,	 Ramos-	Rodríguez,	 Serra,	 &	Gómez,	 2011;	Ortells	 et	al.,	
2006).	“Almenara”	was	restricted	to	coastal	lagoons	of	low	salinity	and	
“Tiscar”	has	been	found	in	inland	and	coastal	lakes.	There	is	no	evidence	
of	both	species	co-	occurring	in	the	same	water	body.	We	show	for	the	
first	time	their	coexistence	of	these	cryptic	species	either	in	water	col-
umn	and	sediments	 in	Santa	Olalla	and	Dulce	 lakes,	although	 it	 is	not	
clear	if	both	cryptic	species	coexist	at	the	same	time	in	the	water	column.

An	emerging	and	highly	promising	molecular	approach	and	alterna-
tive	 technique	 to	DNA	 barcoding	 zooplankton	 communities	might	 be	
DNA	 metabarcoding	 (e.g.,	 see	 Deiner,	 Fronhofer,	 Mächler,	 Walser,	 &	
Altermatt,	2016).	DNA	metabarcoding	is	a	high-	throughput	multispecies-	
identification	tool	from	a	single	bulk	sample	containing	entire	organisms	
or	degraded	DNA	(Taberlet,	Coissac,	Pompanon,	Brochmann,	&	Willerslev,	
2012).	However,	 the	application	of	DNA	metabarcoding	 to	 rotifer	dia-
pausing	eggs	has	some	constraints.	First,	the	multispecies-	identification	
approach	requires	that	the	primers	used	are	highly	versatile	to	avoid	bi-
ases	in	species	amplification,	but	at	the	same	time	specific	to	the	group	of	
interest.	Second,	quantitative	information	is	difficult	to	extract	from	the	
sequence	information.	Third,	no	morphological	information	can	be	linked	
to	 each	 individual.	Despite	 these	 problems,	 the	 increasingly	 used	 and	
cost-	effective	of	DNA	metabarcoding	might	eventually	become	an	effec-
tive	tool	applied	to	zooplankton	diapausing	egg	banks	characterization.

5  | CONCLUSION

Our	results	highlight	how	an	integrated	taxonomic	approach,	combin-
ing	DNA	barcoding	of	diapausing	eggs	from	a	single	sediment	sample	

with	 the	 rapidly	 improving	 rotifer	 reference	 collection	 of	DNA	 bar-
codes	can	be	an	efficient	method	to	characterize	rotifer	communities	
from	lentic	aquatic	systems.	These	results	agree	with	previous	studies	
that	 have	 shown	 how	 the	 zooplankton	 community	 characterization	
from	diapausing	egg	banks	is	more	effective	than	intensive	samplings	
of	 active	 communities	 from	 different	 seasons	 (Duggan	 et	al.,	 2002;	
May,	1986;	Vandekerkhove	et	al.,	2004),	reducing	time	and	sampling	
effort.	Our	molecular	approach,	based	on	DNA	barcoding	and	DNA	
taxonomy,	solve	the	problems	related	to	diapausing	eggs	morphologi-
cal	 identification	and	hatching	cues	and	not	only	correctly	classified	
a	high	percentage	of	 the	 rotifer	diapausing	egg	 sequences,	but	 also	
revealed	the	occurrence	of	cryptic	species	overlooked	by	traditional	
taxonomic	methods.	The	incorporation	of	GMYC	analysis	for	delimit-
ing	species	boundaries	as	a	complementary	 tool	 for	DNA	barcoding	
facilitated	the	identification	of	new	cryptic	species.	Although	GMYC	
has	the	tendency	to	oversplit	 in	comparison	with	ABGD	(Tang	et	al.,	
2012),	both	techniques	gave	similar	results,	resulting	in	accurate	spe-
cies	delimitation	and	the	presence	of	potentially	undescribed	cryptic	
species.	DNA	taxonomy	for	species	delimitation	should	be	considered	
as	 a	 first	 step	 for	 taxonomic	 identifications	 instead	 of	 a	 conclusive	
taxonomic	tool	(Kekkonen	&	Hebert,	2014).	Nevertheless,	we	support	
the	idea	of	integrative	taxonomic	approach	as	DNA	barcoding	might	
be	a	powerful	complementary	tool,	 in	such	cases	where	rotifer	spe-
cies	do	not	produce	diapausing	eggs	or	they	are	produced	in	very	low	
quantities	and	problems	with	the	DNA	preservation	or	amplification.	
Finally,	our	understanding	of	rotifer	communities	from	diapausing	egg	
banks	would	benefit	tremendously	from	the	further	development	of	
the	rotifer	reference	database	of	barcodes.
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