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INTRODUCTION

The order Mortierellales – from historical aspects 
on morphology and systematics to modern approaches 
in fungal identification
The Mortierellales are a long known, species rich order of the 
basal	fungi.	With	nearly	100	described	species,	the	Mortierel
lales	is	one	of	the	largest	basal	fungal	orders.	However,	only	13	
genera are described in one family, the Mortierellaceae	(Kirk	et	
al.	2008,	and	Species	Fungorum	January	2013).	Out	of	these	
genera six are currently accepted with one potential additional 
genus	recently	described	(Kirk	et	al.	2008,	Jiang	et	al.	2011,	
Table	1).	The	first	species	of	the	type	genus	was	described	by	
Coemans	(1863)	as	Mortierella polycephala, originally isolated 
from	a	mushroom.	The	name	Mortierella was given in tribute 
to	M.	Du	Mortier,	the	president	of	the	Société	de	Botanique	de	
Belgique	 (Coemans	1863).	Nevertheless,	 the	 common	 life-
style of those fungi is as soil inhabiting saprobic organisms 
on	decaying	organic	matter.	Only	one	species	is	occasionally	
described	from	animal	fungal	infections	(de	Hoog	et	al.	2009).	
Many mortierellean species possess the ability to produce poly- 
unsaturated fatty acids or to convert organic compounds, 
making them highly interesting organisms for biotransforma-
tions	and	other	biotechnological	applications	 (Holland	2001,	
Higashiyama	et	al.	2002).
As many basal fungal species, the Mortierellales possess a 
reduced macro- and micromorphology with only few morpho-

logical	 characters	 available	 for	 differentiation.	Examples	 of	
micromorphological	features	are	shown	in	Fig.	1	and	2.	Overall	
appearance of the colonies is the typical zonate, rosette-like 
growth	(Fig.	1a)	and	the	often	occurring	garlic-like	odour.	Colo-
nies are in general white to light-grey, young mycelium is coeno-
cytic	and	septate	in	aged	cultures.	Asexual	spores	are	produced	
in	sporangia	or	sporangiola	and	are	passively	released	(e.g.,	
Fig.	 1h,	 s).	The	 sporangiophores	 could	 be	widened	 at	 the	
base	(e.g.,	Fig.	1o)	and	variously	branched	(e.g.	Fig.	1h,	 l).	 
A	columella	 is	never	protruding	 into	the	sporangium.	Sexual	
reproductive	 structures	 (zygospores,	 Fig.	 2r)	 are	 often	 sur-
rounded	by	a	hyphal	sheat.	Variously	shaped	chlamydospores	
and	stylospores	are	also	possible	(Fig.	1w,	2l)	 (Zycha	et	al.	
1969,	Gams	1977).	Morphological	identification	based	solely	
on asexual features, leading to the aforementioned traditional 
classification.	Mortierella was furthermore divided into nine sec-
tions based on morphology: Actinomortierella, Alpina, Haplo
sporangium, Hygrophila, Mortierella, Schmuckeri, Simplex, 
Spinosa and Stylospora	(Gams	1977).
Judging	from	the	proposed	total	number	of	fungi	with	1.5	million	
species and the current number of described and registered 
species	with	75	000	 (Hawksworth	2001)	 it	 seems	 likely	 that	
also for the order Mortierellales an unknown percentage of 
undescribed species may exists, a fact which might influence 
phylogenetic	analyses.	Yet,	a	recent	study	challenged	previous	
estimations of the potential number of undescribed fungal spe-
cies and proposed that, at least for Mortierella, nearly all species 
are	most	likely	described	already	(Nagy	et	al.	2011).	Based	on	
this	knowledge,	phylogenetic	analyses	including	sequences	of	
an extensive amount of type and reference strains could reveal 
the	natural	evolutionary	relationships.
Nevertheless, the phylogenetic position of the Mortierellales 
is	controversial	discussed.	They	are	either	placed	within	the	
subphylum Mucoromycotina	(Hibbett	et	al.	2007)	or	elevated	
to an own subphylum, the Mortierellomycotina	 (Hoffmann	et	
al.	2011).	Furthermore,	relationships	within	this	order	are	also	
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Abstract   The basal fungal order Mortierellales	constitutes	one	of	the	largest	orders	in	the	basal	lineages.	This	
group	consists	of	one	family	and	six	genera.	Most	species	are	saprobic	soil	inhabiting	fungi	with	the	ability	of	diverse	
biotransformations or the accumulation of unsaturated fatty acids, making them attractive for biotechnological ap-
plications.	Only	few	studies	exist	aiming	at	the	revelation	of	the	evolutionary	relationships	of	this	interesting	fungal	
group.	This	study	includes	the	largest	dataset	of	LSU	and	ITS	sequences	for	more	than	400	specimens	containing	
63	type	or	reference	strains.	Based	on	a	LSU	phylogram,	fungal	groups	were	defined	and	evaluated	using	ITS	se-
quences	and	morphological	features.	Traditional	morphology-based	classification	schemes	were	rejected,	because	
the morphology of the Mortierellales	seems	to	depend	on	culture	conditions,	a	fact,	which	makes	the	identification	of	
synapomorphic	characters	tedious.	This	study	belongs	to	the	most	comprehensive	molecular	phylogenetic	analyses	
for the Mortierellales	up	to	date	and	reveals	unresolved	species	and	species	complexes.
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Fig. 1   Typical morphological structures of different isolates of the Mortierellales,	which	are	suitable	for	species	delimitation.	a.	M. zychae CBS	316.52,	macro-
scopic	shape	of	a	growing	culture	with	the	typical	zonate	growth;	b.	M. hypsicladia	CBS	116202,	acrotonous	branching	of	a	sporangiophore;	c.	M. epicladia CBS 
355.76,	sporangiophore	and	sporangiospores;	d.	M. zonata	CBS	228.35,	basitonous	branched	sporangiophore	with	sporangioles;	e.	Gamsiella multidivaricata 
CBS	227.78,	typical	branched	sporangiophores;	f.	M. elongata FSU	9721,	basitonous	branched	sporangiophore;	g.	M. alpina FSU	2698,	sporangiophore;	h.	
M. polycephala FSU	867,	sporangiospores	with	sporangia	(arrow)	and	sporangiospores;	i.	Mortierella	cf.	wolfii CBS	614.70,	sporangiophore	with	elongated	 
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Fig.	1	(cont.)
sporangiospores;	j.	M. parvispora FSU	10759,	sporangiophores;	k.	M. hypsicladia CBS	116202,	typical	sporangiophore	with	rhizoid;	l.	Mortierella	cf.	wolfii CBS 
614.70,	acrotonous	branching	of	a	sporangiophore;	m.	Mortierella	sp.	FSU	10557,	sporangiophore	and	sporangiospores;	n.	M. paraensis CBS	547.89,	tips	of	
a	sporangiophore	with	a	pseudocolumella	and	sporangiospores;	o.	M. alpina FSU	2698,	sporangiophore	with	unmatured	sporangia;	p.	M. nanthalensis CBS 
610.70,	typical	rhizoid	of	a	sporangiophore;	q.	M. wolfii CBS	651.93,	sporangiospores	with	unusual	remain	of	the	sporangia	cover	(arrow);	r.	M. strangulata 
CBS	455.67,	rhizoid	of	the	sporangiophore;	s.	Gamsiella multidivaricata	CBS	227.78,	sporangiophores	with	sporangioles;	t.	Lobosporangium transversale 
CBS	357.67,	typical	sporangia,	arranged	in	clusters,	containing	numerous	spherical	sporangiospores;	u.	M. gamsii FSU	10538,	acrotonous	branching	of	a	
sporangiophore	and	sporangiospores;	v.	Dissophora decumbens CBS	592.88,	septate	sporangiophores	along	a	hypha	and	sporangiospore	(arrow);	w.	M. 
polycephala FSU	867,	stylospores;	x.	Gamsiella multidivaricata	CBS	227.78,	sporangiola	containing	spores;	y.	M. kuhlmanii CBS	157.71,	branching	pattern	
of	the	basitonous	part	of	the	sporangiophore	and	elongated	sporangiospores,	pseudocolumella.	—	Scale	bars:	b,	c,	s–u,	x	=	30	µm;	d,	e,	i	=	20	µm;	f,	j,	k,	p	
=	100	µm;	g,	n,	o,	w	=	10	µm;	h,	l,	m,	q,	r,	v,	y	=	50	µm.

Year	 Genus	 Synonyms	 Type	species	 Number	of	 MycoBank
	 	 	 	 described	species	 no.

1863	 Mortierella Coem. Actinomortierella Chalab. 1968
  Carnoya Dewèvre 1893
  Haplosporangium Thaxt. 1914
  Azygozygum Chesters 1933
  Naumoviella Novot. 1950	 M. polycephala 91	 MB#20345

1914 Dissophora Thaxt. none D. decumbens 3	 MB#20187

1936	 Modicella Kanouse none M. malleola 2	 MB#20336

1967	 Aquamortierella Embree & Indoh none A. elegans 1 MB#20047

2004 Gamsiella (R.K.	Benj.) Benny & M.	Blackw. none G. multidivaricata 1	 MB#28820

2004 Lobosporangium M.	Blackw.	&	Benny	 Echinosporangium Malloch 1967 L. transversale 1	 MB#28819

2011 Echinochlamydosporium X.Z.	Jiang,	X.Y.	Liu	&	Xing	Z.	Liu none E. variabile 1	 MB#511829

MB	=	Mycobank:	http://www.mycobank.org;	IndexFungorum:	http://www.indexfungorum.org.

Table 1   Chronological overview of descriptions and name changes for accepted genera in the order Mortierellales Caval.-Sm. 1998	[MB#90555].	The	order	
consists of several genera and one family, the Mortierellaceae	A.	Fisch. 1892	[MB#81029].	Data	based	on	MycoBank	and	IndexFungorum	(accessed	7	Janu-
ary	2013).

poorly understood and were extensively analysed only in few 
studies	until	now	(Nagy	et	al.	2011,	Petkovits	et	al.	2011).	Our	
study contributes to the effort to elucidate natural phylogenetic 
relationships based on one of the largest datasets assembled 
so	far.	This	study	concerns	the	extension	of	previous	datasets	
and	facilitates	an	approach	to	molecular	 identification	of	 the	
Mortierellales.	We	surveyed	the	diversity	of	the	Mortierellales in-
cluding	a	re-evaluation	of	the	morphology	based	classifications.	
This study based on the broad sampling of specimens which 
are	maintained	at	the	fungal	culture	collections	CBS	(Centraal-
bureau	voor	Schimmelcultures,	Utrecht,	The	Netherlands)	and	
JMRC	(Jena	Microbial	Resource	Collection,	Jena,	Germany).

MATERIALS AND METHODS

Taxon sampling, culture conditions and 
light microscopic investigations
For this study, a total of 421 isolates were obtained from the 
Centraalbureau	 voor	Schimmelcultures	 (CBS,	Utrecht,	The	
Netherlands)	 and	 the	 Jena	Microbial	 Resource	Collection	
(JMRC,	Jena,	Germany)	(Table	2).	Strains	were	cultivated	on	
malt-extract	medium	(3	%	malt	extract,	0.5	%	yeast	extract)	
for	DNA	isolation	and	on	oatmeal	agar	(OA,	3	%),	soil	extract	
agar	(Gams	1969)	or	synthetic	nutrient	deficient	agar	(SNA,	
Nirenberg	1981)	for	morphological	examinations.	Cultivation	
was done at 20–37 °C for 7–20 days depending on the re-
quirements	of	the	fungus	to	sporulate.	The	light	microscopical	
examinations	shown	in	Fig.	1	and	2	were	performed	with	an	
Axiophot	(Zeiss,	Germany).	The	best	method	to	observe	micro-
scopic	features	is	to	grow	cultures	directly	on	cover	slips.

Preparation of genomic DNA, PCR amplification 
and DNA sequencing
Genomic	DNA	was	prepared	from	mycelia	grounded	to	a	fine	
powder	in	liquid	nitrogen	followed	by	purification	(Cenis	1992)	
or	living	cultures	alternatively,	using	the	Jetquick	general	DNA	
clean	 up	 kit	 (Genomed)	 or	 a	 high-throughput	 96-well	 plate	

extraction	(Ivanova	et	al.	2006)	following	the	given	protocols.	
The	PCR	for	the	amplification	of	the	ITS1-5.8S-ITS2	nuclear	
ribosomal	DNA	region	uses	ITS5/ITS1	and	ITS4	under	stand-
ard	or	semi-nested	conditions	(White	et	al.	1990,	Stielow	et	al.	
2009).	PCR	for	amplifying	the	partial	28S	rDNA	(LSU)	was	done	
using	the	standard	primers	LR0R	and	LR5	or	the	NL-primer	
(http://www.biology.duke.edu/fungi /mycolab/primers.htm).	
The	primers	differ	only	in	their	annealing	temperature	(55	°C	
or	 60	°C).	 Increasing	 cycle	 extension	 time	 (90	s/cycle)	was	
done	in	some	cases	to	improve	amplification.	PCR	products	
were	directly	purified	using	FastAP	 thermosensitive	alkaline	
phosphatase	and	 shrimp	alkaline	phosphatase	 (Fermentas,	
Thermo	Scientific)	or	using	the	GeneClean	protocol	(Vogelstein	
&	Gillespie	1979).	The	cycle-sequencing	reaction	was	set	up	
using	ABI	big	dye	terminator	v.	3.1,	following	the	manufactures	
instructions	or	by	using	a	quarter	of	 the	suggested	volumes	
(modified	manufactures	protocol),	followed	by	bidirectional	se-
quencing	with	a	laboratory	capillary	electrophoresis	system	(Life	
Technologies	3730XL	DNA	analyser).	Sequences	were	evalu-
ated	with	Chromas	Lite	(Technelysium	Pty.	Ltd.).	Sequencing	
primers	were	the	same	as	used	for	PCR.	Manually	correction	
and	assembling	of	forward	and	reverse	sequences	was	done	
using	the	Biolomics	database	(www.bio-aware.com)	(Vu	et	al.	
2012)	or	Seqman	(v.	7.2.1).	Sequences	were	deposited	at	NCBI	
GenBank	(Table	2).

Alignments and phylogenetic analyses
A	total	of	364	sequences	of	ITS	and	213	sequences	of	LSU	
were	generated	in	this	study.	For	the	extension	of	the	dataset	
additional	sequences	were	retrieved	from	GenBank	(Table	2).	
A	total	of	15	sequences	were	excluded	and	562	were	subjected	
to	further	analyses	(298	ITS	and	263	LSU	sequences).	Align-
ments	were	performed	with	MAFFT	v.	6.833	(Katoh	2008)	as	
implemented	in	EPoS	(Griebel	et	al.	2008).	Maximum	Likelihood	
analyses	were	 carried	out	 using	RAxML	 (Stamatakis	 2006)	
provided	by	the	CIPRES	Science	Gateway	v.	3.2	(http://www.
phylo.org).	RAxML	was	run	under	the	default	settings	with	the	
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Fig. 2   Typical morphological structures of different isolates of the Mortierellales,	which	are	suitable	for	species	delimitation.	a.	M. verticillata CBS	315.52,	
sporangiophore	with	a	sporangiola;	b.	M. elongata FSU	9721,	elongated	sporangiospores	containing	central	oil	droplets;	c.	M. wolfii CBS	651.93,	cracked	
sporangia	releasing	sporangiospores,	on	acrotonous	branched	tip	of	the	sporangiophore;	d.	M. indohii CBS	720.71,	stylospores;	e.	M. schmuckeri CBS	295.59,	
sporangiophores	alongside	a	hypha	with	sporangiola;	f.	M. claussenii CBS	294.59,	sporangiophores	along	a	hypha	with	sporangiola;	g.	M. clonocystis CBS 
357.76,	typical	swollen	hyphae;	h.	M. zychae FSU	719,	typical	swollen	hyphae	arranged	in	clusters;	i.	M. parvispora FSU	10759,	tip	of	a	sporangiophore,	 
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following	adjustments:	GTRGAMMA	for	bootstrapping	and	final	
tree	inference	with	1	000	bootstrap	iterations.	The	resulting	phy-
logenetic	trees	which	based	on	the	LSU	sequences	were	used	
to	identify	clusters	of	strains.	For	these	clusters	MAFFT	align-
ments	of	the	ITS	region	were	computed	and	RAxML	analyses	
performed.	Subsequent	alignments	are	crucial	since	ITS	is	in	
general	highly	diverse	on	higher	level	classification.	If	a	group	
of	sequences	contains	a	high	number	of	a	repetitive	species	
not	all	sequences	were	 included	in	the	ITS	tree.	Alignments	
and	trees	are	deposited	in	TreeBASE2	under	http://purl.org/
phylo/treebase/phylows/study/TB2:S13827.

RESULTS AND DISCUSSION

Phylogenetic analyses and relationships within 
the Mortierellales based on single-locus analyses
According	to	previous	studies	(White	et	al.	2006,	Petkovits	et	
al.	 2011),	 the	major	genus	of	 the	Mortierellales, Mortierella, 
appears as paraphyletic genus since the genera, Dissophora, 
Gamsiella and Lobosporangium are	nested	within.	Since	there	
is	no	sequence	data	or	living	material	available	for	Aquamor
tierella and Modicella (White	et	al.	2006)	these	genera	were	not	
included.	Due	to	lacking	species	material	the	newly	proposed	
and described genus Echinochlamydosporium (Jiang	 et	 al.	
2011)	was	also	excluded	from	the	current	analysis.	Although	
the	 pre-molecular	 classification	 schemes	 defined	morpho-
logically	well-supported	clades	(Linnemann	1941,	Zycha	et	al.	
1969,	Gams	1977)	these	clades	could	not	be	retained	in	any	
molecular	based	analyses	(White	et	al.	2006,	Petkovits	et	al.	
2011,	this	study).	The	present	study	extended	a	previous	study	
by	addition	of	sequence	information	for	407	specimens.	One	
isolate, Mortierella mutabilis,	was	excluded	due	to	miss-fitting	
morphological	characteristics.	The	morphology	of	M. mutabilis 
is	in	contradiction	with	its	original	description	(Linnemann	1941)	
and resembles Gamsiella multidivaricata in all morphological 
features	as	well	its	molecular	data.	Since	only	one	isolate	is	
available, we postpone its phylogenetically analysis till addi-
tional	material	is	available.	Nineteen	species	were	additionally	
included	with	a	total	of	115	sequences.	Out	of	these	sequences	
57	sequences	were	generated	for	ITS,	58	for	LSU	and	1	ITS	
sequence	was	retrieved	from	GenBank.
Out	of	421	specimens	 in	 total,	213	sequences	 for	LSU	and	
364	sequences	for	ITS	were	generated.	The	dataset	was	sup-
plemented	with	additional	sequences	form	GenBank	(69	LSU	
and	11	ITS	sequences)	(Table	2).
A	first	phylogenetic	tree	based	on	LSU	sequences	from	266	
taxa	was	 generated	 to	 define	 placement	 and	 relationships	
of	all	sequences	generated	in	this	study	(data	not	shown).	A	
subset of all relevant groups and isolates was taken for the 
final	tree	of	the	LSU	dataset	(Fig.	3,	just	for	better	overview).	
The	final	alignment	contains	781	characters	and	101	taxa.	For	
subsequent	deep-level	analyses	seven	artificial	subsets	out	of	
eight	clades	of	this	tree	were	defined	referring	to	the	previously	
published	group	delimitations	(Petkovits	et	al.	2011).	For	each	
group	the	ITS1-5.8S	rDNA-ITS2	sequences	were	aligned	and	
analysed with Maximum Likelihood although the backbone 
of	 the	underlying	 LSU	 tree	 is	 not	 resolved	 (Fig.	 3).	Groups	

are	mainly	located	on	one	branch	(‘monophyletic’)	except	for	
the under-represented chienii /selenospora-group which was 
combined	 and	 aligned	 together	with	 the	most	 basal	 group.	
Taking these groups as single taxa sets allows alignments 
providing phylogenetic signals with higher resolution on deep 
level	classification.	The	alignments	of	the	subsets	consists	of	
the	following	numbers	of	taxa	and	characters:	subset	1:	58/816	
(means	58	taxa	and	816	characters,	Fig.	4);	subset	2:	36/636	
(Fig.	5);	subset	3:	38/701	(Fig.	6);	subset	4:	17/710	(Fig.	7);	
subset	5:	18/761	(Fig.	8);	subset	6:	60/703	(Fig.	9);	subset	7:	
73/688	(Fig.	10).
Our	results	do	not	allow	for	the	revelation	of	the	natural	relation-
ships between different species or between groups of species 
since	 the	 clades	are	 poorly	 supported	 in	 the	LSU	 tree.	But	
definition	of	boundaries	between	the	species/species	groups	
is possible and the presented species groups are in full accord-
ance with the twelve large clades distinguished in a previous 
study	(Petkovits	et	al.	2011).	Because	the	current	dataset	is	
more comprehensive, we will keep, but also extend some of 
the	groups.

 Group 1 ‒ selenospora and parvispora (Fig.	 4,	 some	
morphological	 features	 are	 displayed	 in	Fig.1j,	 2i)	 contains	
the	two	most	basal	groups	of	the	LSU	tree	(Fig	3).	Mortierella 
selenospora clusters well with M. chienii (Bootstrap	support	BS	
=	100	%). Mortierella chienii was not included in the previous 
study	(Petkovits	et	al.	2011).	In	cases	where	the	morphological	
identification	does	not	match	the	position	of	the	strain	in	the	
ITS	tree	the	strains	were	designated	as	Mortierella	sp.	with	the	
epithet	in	quotation	marks.	Strains	which	are	very	distinct,	not	
part	of	a	clade	and	consequently	might	represent	undescribed	
species	are	highlighted	 in	blue.	The	selenospora	clade	also	
contains	the	questionable	M. wolfii CBS	614.70	which	shows	
different	characteristics	(e.g.	no	thermotolerance)	to	the	original	
M. wolfii strains although the sporangiospores are ellipsoidal 
to kidney-shaped like those of M. wolfii.	A	detailed	analysis	
of the morphology and several molecular markers is needed 
to	clarify	 the	status	of	 this	particular	strain.	The	other	group	
termed	 ‘parvispora’	 contains	 also	 the	 species	M. alliacea,  
M. basiparvispora, M. fimbricystis, M. jenkinii, M. macrocys
tis, M. macrocystopsis, M. sossauensis in addition to the 
previously	 included	species	 (M. cystojenkinii, M. dichotoma,  
M. elongatula, M. parvispora, M. pulchella, M. turficola;	Petko-
vits	et	al.	2011).	Mortierella alliacea, M. chienii, M. cystojenkinii, 
M. elongatula, M. macrocystis, M. macrocystopsis, M. pul chella 
and M. sossauensis form well-supported clades and the mor-
phologically	defined	species	boundaries	are	well	reflected	in	
the	ITS	tree	(Fig.	4).	The	parvispora-jenkinii-complex	consists	
predominantly	of	strains	morphologically	identified	as	M. jenkinii 
or M. parvispora.	These	two	species	differ	mainly	by	the	shape	
of their sporangiospores: ellipsoidal for M. jenkinii and globose 
for M. parvispora.	This	distinction	is	not	supported	by	the	ITS	
tree,	mixing	both	types	of	spores.	The	strain	M. basiparvispora 
CBS	517.72	is	also	clustering	in	this	complex,	but	is	differing	
morphologically from the ex-type strain of this species, which 
was	not	included	in	this	study	(Gams	1976).	A	detailed	revision	
of this species in relation to Mortierella	will	be	needed.

Fig.	2	(cont.)
sporangia	leaving	a	collar	(arrow),	globose	sporangiospores;	j.	M. lignicola CBS	207.37,	sporangiophores,	sporangiola	(arrow	1),	stylospores	(arrow	2);	k.	
M. exigua CBS	655.68,	chlamydospores	with	 typical	outgrowing	hyphae;	 l.	M. gemmifera CBS	134.45,	chlamydospores;	m.	M. hypsicladia CBS	116202,	
stylospores	with	projections;	n.	M. polygonia CBS	685.71,	stylospores;	o.	M. nanthalensis CBS	610.70,	acrotonous	branching	part	of	a	sporangiophore;	p.	M. 
alpina FSU	2698,	oil	droplets	containing	hypha;	q.	M. camargensis CBS	221.58,	sporangiophores	along	a	hypha	with	sporangiola;	r.	M. epigama CBS	489.70,	
zygospores;	s.	M. echinosphaera CBS	575.75,	chlamydospores;	t.	M. microszygospora CBS	880.97,	microzygospore;	u.	M. camargensis CBS	221.58,	oil	
droplets	containing	spheric	sporangiola;	v.	Dissophora decumbens CBS	592.88,	sporangiophores	with	sporangia;	w.	M. paraensis CBS	547.89,	two	sporan-
giophores	with	typical	basitonous	branchings	(arrows	mark	the	basal	part).	—	Scale	bars:	a,	b,	i,	n,	p,	r,	u	=	10	µm;	c,	j,	q	=	20	µm;	d,	e,	g,	h,	m,	v	=	30	µm;	
f,	k,	l,	s,	t	=	15	µm;	o	=	250	µm;	w	=	100	µm.

(text	continues	on	p.	88)
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al
	p
el
le
t	o
f	C

am
po

no
tu

s	
JX
97
58
69
	

JX
97
61
71

	
	

	
	

G
er
m
an
y	

he
rc

ul
ea

nu
s,

 in
 P

ic
ea

 a
bi

es
 

C
B
S
10
96
58

 
–	

	
Zw

ei
fa
lle
r	W

al
d	
ne
ar
	A
ac
he
n,
	G
er
m
an
y	

in
fra
bu
cc
al
	p
el
le
t	o
f	F

or
m

ic
a 

ru
fa
	

JX
97
60
51
	

K
C
01
83
76

 
C
B
S
10
96
59

 
–	

	
U
tre
ch
t,	
La
ge
	V
uu
rs
ch
e,
	N
et
he
rla
nd
s	

in
fra
bu
cc
al
	p
el
le
t	o
f	F

or
m

ic
a 

ru
fa
	

JX
97
59
98
	

K
C
01
83
40

 
C
B
S
12
3.
72
,	F
S
U
97
94

 
M

. b
el

ja
ko

va
e 

Ty
pe

 o
f M

or
tie

re
lla

 b
el

ja
ko

va
e	

R
ov
en
sk
	re
gi
on
,	S

ar
na
,	U

kr
ai
ne
	

so
il,
	c
on
ife
ro
us
	fo
re
st
	

JX
97
61
26
	

H
Q
66
74
28
.1

 
C
B
S
26
7.
71

 
– 

 
N

or
th

 C
ar

ol
in

a 
se

ed
lin

g,
 P

in
us

 te
ad

a	
JX
97
60
72
	

K
C
01
83
46

 
C
B
S
26
8.
71

 
– 

 
N

or
th

 C
ar

ol
in

a 
se

ed
lin

g,
 P

in
us

 te
ad

a	
JX
97
60
43
	

K
C
01
83
23

 
C
B
S
27
4.
71

 
– 

 
S

ou
th

 C
ar

ol
in

a 
ro

ot
, P

in
us

 ta
ed

a	
JX
97
60
11
	

K
C
01
83
88

 
C
B
S
27
5.
71

 
– 

 
S

ou
th

 C
ar

ol
in

a 
ro

ot
, P

in
us

 ta
ed

a	
JX
97
59
13
	

K
C
01
84
01

 
C
B
S
27
6.
71

 
– 

 
S

ou
th

 C
ar

ol
in

a 
ro

ot
, P

in
us

 ta
ed

a	
JX
97
59
37
	

K
C
01
84
42

 
C
B
S
80
6.
68

 
–	

	
N
or
th
	C
ar
ol
in
a	

ba
rk
	o
f	r
oo
t,	
P
in
us
	

JX
97
59
87
	

K
C
01
83
97

M
or

tie
re

lla
 b

ira
m

os
a 

C
B
S
37
0.
95
,	F
S
U
97
95

 
M

. b
ira

m
os

a 
Ty

pe
 o

f M
or

tie
re

lla
 w

uy
is

ha
ne

ns
is
	

W
uy
i,	
Fu
jia
n,
	C
hi
na
	

fo
re
st
	s
oi
l	

JX
97
60
94
	

H
Q
66
73
89
.1

 
C
B
S
50
6.
81

 
–	

	
O
de
nw

al
d,
	O
be
re
r	B

un
ts
an
ds
te
in
,		

de
ca
yi
ng
	fi
ne
	ro
ot
,	3
0	
yr
	o
ld
,	o
n	

JX
97
59
63
	

K
C
01
84
07

	
	

	
	

G
er
m
an
y	

ac
id
ic
	lo
am

y	
so
il

 
C
B
S
55
0.
80

 
–	

	
O
de
nw

al
d,
	G
er
m
an
y	

ro
ot
le
t	

JX
97
60
64
	

K
C
01
84
19

M
or

tie
re

lla
 b

is
po

ra
lis

 
C
B
S
14
5.
69

 
–	

	
Ita
ly
	

	
JX
97
58
57
	

K
C
01
83
77

 
FS

U
96
75

 
M

. b
is

po
ra

lis
	

	
–	

	
JX
97
59
53
	

JX
97
61
76

M
or

tie
re

lla
 c

am
ar

ge
ns

is
 

C
B
S
11
06
38

 
–	

	
S
oe
st
,	S

m
ic
ke
l,	
N
et
he
rla
nd
s	

th
at
ch
	o
f	r
oo
f	

JX
97
60
24
	

–
 

C
B
S
22
1.
58
,	F
S
U
97
96

 
M

. c
am

ar
ge

ns
is

 
Ty

pe
 o

f M
or

tie
re

lla
 c

am
ar

ge
ns

is
	

C
am

ar
gu
e,
	B
oi
s	
de
s	
R
iè
ge
s,
	F
ra
nc
e	

sa
nd
y	
so
il	

JX
97
59
49
	

H
Q
66
74
08
.1

M
or

tie
re

lla
 c

ap
ita

ta
 

C
B
S
11
06
40

 
–	

	
B
er
lin
,	K

ön
ig
in
-L
ui
se
-S
tra
ße
,	n
ea
r	B

B
A
,		

so
il	
w
ith
	A
rm
ad
ill
id
iu
m
	

JX
97
59
23
	

JX
97
61
63

	
	

	
	

G
er
m
an
y

 
C
B
S
29
3.
96

 
–	

	
N
ag
an
oh
ar
a,
	G
un
m
a,
	J
ap
an
	

ga
rd
en
	s
oi
l	

JX
97
61
23
	

K
C
01
83
34

 
C
B
S
85
9.
70

 
–	

	
N
or
th
	C
ar
ol
in
a	

pi
llb
ug
	g
ut
	

JX
97
60
08
	

K
C
01
83
95

M
or

tie
re

lla
 c

hi
en

ii 
C
B
S
28
7.
96

 
–	

	
A
m
ak
ub
o,
	T
su
ku
ba
,	I
ba
ra
ki
,	J
ap
an
	

so
il	
un
de
r	Q

ue
rc

us
 m

irs
in

ifo
lia
	fo
re
st
	

JX
97
60
13
	

K
C
01
84
27

 
C
B
S
28
9.
96

 
–	

	
N
an
am

ag
ar
i,	
Yo
ko
ha
m
a,
	K
an
ag
aw

a,
		

so
il	
un
de
r	C

as
ta

no
ps

is
 s

ie
bo

ld
ii	
fo
re
st
	

JX
97
58
98
	

JX
97
61
61

	
	

	
	

Ja
pa
n

 
C
B
S
29
0.
96

 
– 

 
 

so
il 

un
de

r M
is

ca
nt

hu
s 

si
ne

ns
is
	

JX
97
60
75
	

K
C
01
83
73

 
C
B
S
29
2.
96

 
M

. s
el

en
os

po
ra
	

	
S
hi
to
ko
,	Y
ak
us
hi
m
a	
Is
la
nd
,	K

ag
os
hi
m
a,
		

so
il	
un
de
r	F

ic
us

 m
ic

ro
ca

rp
a	
fo
re
st
	

JX
97
59
51
	

JX
97
61
53

	
	

	
	

Ja
pa
n

 
C
B
S
55
4.
73

 
M

. s
el

en
os

po
ra
	

	
K
ua
ng
-M
ia
u	
C
o.
,	1
6	
km

	E
	o
f	T
ai
na
n,
		

so
il	
fro
m
	b
am

bo
o	
gr
ov
e	

JX
97
59
12
	

K
C
01
83
81

 
 

 
 

Ta
iw

an
M

or
tie

re
lla

 c
hl

am
yd

os
po

ra
 

C
B
S
12
0.
34
,	F
S
U
97
99

 
– 

S
yn

ty
pe

 o
f A

zy
go

zy
gu

m
 c

hl
am

yd
os

po
ru

m
  

in
fe

ct
ed

 b
y 

R
hi

zo
ct

on
ia

 s
ol

an
i	

JX
97
59
42
	

H
Q
66
74
30
.1

 
C
B
S
52
9.
75

 
–	

	
N
et
he
rla
nd
s	

so
il	

JX
97
59
27
	

–
M

or
tie

re
lla

 c
la

us
se

ni
i 

C
B
S
79
0.
85

 
–	

	
–	

	
JX
97
60
12
	

JX
97
61
59

M
or

tie
re

lla
 c

lo
no

cy
st

is
 

C
B
S
35
7.
76
,	F
S
U
98
01

 
M

. c
lo

no
cy

st
is

 
Ty

pe
 o

f M
or

tie
re

lla
 c

lo
no

cy
st

is
	

G
ra
n	
C
an
ar
ia
,	S

pa
in
	

so
il,
	u
nd
er

 A
po

llo
ni

as
 c

an
ar

ie
ns

is
	

JX
97
58
99
	

H
Q
66
73
95
.1

M
or

tie
re

lla
 c

og
ita

ns
 

C
B
S
87
9.
97
,	F
S
U
98
02

 
– 

Ty
pe

 o
f M

or
tie

re
lla

 c
og

ita
ns
	

N
ag
an
o,
	S
an
ad
a,
	S
ug
ad
ai
ra
	

de
ca
yi
ng
	tr
ee
	b
ar
k	

JX
97
60
17
	

H
Q
66
73
60
.1

	
	

	
	

M
.R
.C
.,	
Ja
pa
n

M
or

tie
re

lla
 c

ys
to

je
nk

in
ii 

C
B
S
45
6.
71
,	F
S
U
98
03

 
M

. c
ys

to
je

nk
in

ii 
Ty

pe
 o

f M
or

tie
re

lla
 c

ys
to

je
nk

in
ii	

W
ag
en
in
ge
n,
	N
et
he
rla
nd
s	

ag
ric
ul
tu
ra
l	s
oi
l	

JX
97
60
30
	

H
Q
66
75
04
.1

 
C
B
S
66
0.
82

 
–	

	
B
ak
ke
ve
en
,	N

et
he
rla
nd
s	

P
in
us
	fo
re
st
	

JX
97
58
68
	

K
C
01
83
25

M
or

tie
re

lla
 d

ec
ip

ie
ns

 
C
B
S
87
3.
68

 
–	

	
K
ie
l-K

itz
eb
er
g,
	G
er
m
an
y	

w
he
at
	fi
el
d	
so
il	

–	
JX
97
61
73

M
or

tie
re

lla
 d

ic
ho

to
m

a 
C
B
S
22
1.
35
,	F
S
U
98
04

 
M

. d
ic

ho
to

m
a 

S
yn

ty
pe

 o
f M

or
tie

re
lla

 d
ic

ho
to

m
a	

fo
rm
er
	W

es
t-G

er
m
an
y	

du
ng
	o
f	m

ou
se
	

JX
97
58
42
	

H
Q
66
73
93
.1

M
or

tie
re

lla
 e

ch
in

os
ph

ae
ra

 
C
B
S
57
4.
75

 
–	

	
ne
ar
	W

ag
en
in
ge
n,
	N
et
he
rla
nd
s	

so
il	

JX
97
60
60
	

K
C
01
83
70

 
C
B
S
57
5.
75
,	F
S
U
98
05

 
M

. e
ch

in
os

ph
ae

ra
	
H
ol
ot
yp
e	
of
	M

or
tie

re
lla

 e
ch

in
os

ph
ae

ra
	

A
al
sm

ee
r,	
N
et
he
rla
nd
s	

	
JX
97
60
15
	

H
Q
66
74
31
.1

M
or

tie
re

lla
 e

ch
in

ul
a 

C
B
S
28
2.
71

 
–	

	
Ic
el
an
d	

so
il	

JX
97
59
48
	

–
M

or
tie

re
lla

 e
lo

ng
at

a 
C
B
S
11
05
17

 
–	

	
A
lti
	M
ou
nt
ai
ns
,	S

ou
th
	A
fri
ca
	

so
il,
	g
ra
ss
la
nd
,	s
um

m
er
	ra
in
fa
ll	
re
gi
on
	

JX
97
60
42
	

K
C
01
83
48

 
C
B
S
12
2.
71

 
–	

	
G
eo
rg
ia
,	M

on
ro
e,
	U
S
A	

so
il,
	u
nd
er
	g
ol
f	t
ur
f-g
ra
ss
	

JX
97
60
00
	

K
C
01
83
96

 
C
B
S
12
6.
71
,	F
S
U
82
3 

M
. e

lo
ng

at
a	

	
W
ag
en
in
ge
n,
	N
et
he
rla
nd
s	

ag
ric
ul
tu
ra
l	s
oi
l	

JX
97
61
01
	

K
C
01
82
79

 
C
B
S
20
8.
71

 
–	

	
N
et
he
rla
nd
s	

gr
ee
nh
ou
se
	s
oi
l	

JX
97
59
95
	

JX
97
61
35
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C
B
S
27
6.
89

 
–	

	
Q
ue
be
c	

(b
la
ck
	fl
y)
	

JX
97
61
11
	

K
C
01
84
52

 
C
B
S
27
9.
62

 
–	

	
K
ie
l-K

itz
eb
er
g,
	G
er
m
an
y	

w
he
at
	fi
el
d	
so
il	

JX
97
60
89
	

K
C
01
84
17

 
C
B
S
34
4.
66

 
–	

	
A
la
sk
a	

tu
nd
ra
	s
oi
l	

JX
97
60
81
	

K
C
01
83
22

 
FS

U
53
2 

M
. e

lo
ng

at
a	

	
–	

	
JX
97
59
76
	

K
C
01
82
81

 
FS

U
82
2,
	C
B
S
12
5.
71

 
M

. e
lo

ng
at

a	
	

W
ag
en
in
ge
n,
	N
et
he
rla
nd
s	

ag
ric
ul
tu
ra
l	s
oi
l	

JX
97
59
78
	

K
C
01
82
82

 
FS

U
97

21
 

M
. e

lo
ng

at
a	

	
M
ün
ch
en
ro
da
,	G

er
m
an
y	

	
JX
97
58
94
	

K
C
01
82
84

M
or

tie
re

lla
 e

lo
ng

at
ul

a 
C
B
S
48
8.
70
,	F
S
U
98
08

 
– 

Ty
pe

 o
f M

or
tie

re
lla

 e
lo

ng
at

ul
a	

fo
rm
er
	W

es
t-G

er
m
an
y	

m
un
ic
ip
al
	w
as
te
	

JX
97
59
67
	

H
Q
66
74
25
.1

 
C
B
S
66
1.
70

 
–	

	
B
ra
un
sc
hw

ei
g,
	G
er
m
an
y	

m
un
ic
ip
al
	w
as
te
	

JX
97
60
69
	

K
C
01
84
31

M
or

tie
re

lla
 e

pi
cl

ad
ia

 
C
B
S
24
6.
75

 
– 

 
S

ur
in

am
e 

so
il,

 u
nd

er
 E

la
ei

s 
gu

in
ee

ns
is
	

JX
97
58
90
	

K
C
01
83
61

 
C
B
S
35
5.
76
,	F
S
U
98
09

 
M

. e
pi

cl
ad

a 
Ty

pe
 o

f M
or

tie
re

lla
 e

pi
cl

ad
ia
	

G
ra
n	
C
an
ar
ia
,	S

pa
in
	

so
il,
	u
nd
er
	A

po
llo

ni
as

 c
an

ar
ie

ns
is
	

JX
97
61
30
	

H
Q
66
73
96
.1

 
C
B
S
35
6.
76

 
–	

	
G
ra
n	
C
an
ar
ia
,	S

pa
in
	

so
il,
	u
nd
er
	A

po
llo

ni
as

 c
an

ar
ie

ns
is
	

JX
97
59
72
	

–
 

C
B
S
55
5.
89

 
–	

	
P
ar
á,
	2
00
	k
m
	S
E
	fr
om

	B
el
ém

,	C
ap
itâ
o	

ra
in
	fo
re
st
	s
oi
l	

JX
97
59
91
	

JX
97
61
50

 
 

 
 

P
oç

o,
 B

ra
si

l
M

or
tie

re
lla

 e
pi

ga
m

a 
C
B
S
16
1.
76

 
M

. e
pi

ga
m

a	
	

E
xe
te
r,	
H
at
he
rly
	L
ab
or
at
or
ie
s,
	E
ng
la
nd
	

co
m
po
st
	h
ea
p	

JX
97
61
09
	

JX
97
61
58

 
C
B
S
48
9.
70
,	F
S
U
98
10

 
M

. e
pi

ga
m

a 
Ty

pe
 o

f M
or

tie
re

lla
 e

pi
ga

m
a	

fo
rm
er
	W

es
t-G

er
m
an
y	

m
un
ic
ip
al
	w
as
te
	

JX
97
60
57
	

H
Q
66
73
67
.1

 
C
B
S
88
1.
97

 
–	

	
K
ag
os
hi
m
a,
	K
am

ei
,	T
ok
un
os
hi
m
a-
Is
la
nd
,		

ol
d	
du
ng
	o
f	c
ow

	
JX
97
60
53
	

K
C
01
84
45

	
	

	
	

Ja
pa
n

M
or

tie
re

lla
 e

xi
gu

a 
C
B
S
35
8.
76

 
–	

	
G
ra
n	
C
an
ar
ia
,	S

pa
in
	

so
il,
	u
nd
er
	A

po
llo

ni
as

 c
an

ar
ie

ns
is
	

JX
97
61
13
	

K
C
01
84
39

 
C
B
S
51
0.
63

 
–	

	
K
ie
l-K

itz
eb
er
g	

ag
ric
ul
tu
ra
l	s
oi
l	

JX
97
58
63
	

JX
97
61
34

 
C
B
S
65
5.
68
,	F
S
U
98
11

 
M

. e
xi

gu
a 

Ty
pe

 o
f M

or
tie

re
lla

 s
te

ril
is
	

A
lla
ha
ba
d,
	In
di
a	

fa
rm
	s
oi
l	

JX
97
60
47
	

H
Q
66
74
06
.1

 
C
B
S
86
5.
68

 
–	

	
K
ie
l-K

itz
eb
er
g,
	G
er
m
an
y	

w
he
at
	fi
el
d	
so
il	

JX
97
60
70
	

–
M

or
tie

re
lla

 fa
ts

he
de

ra
e 

C
B
S
38
8.
71

 
–	

	
G
ra
n	
C
an
ar
ia
	

so
il,
	u
nd
er
	P

in
us

 c
an

ar
ie

ns
is
	

JX
97
60
03
	

JX
97
61
36

M
or

tie
re

lla
 fi

m
br

ic
ys

tis
 

C
B
S
94
3.
70

 
– 

Ty
pe

 o
f M

or
tie

re
lla

 fi
m

br
ic

ys
tis
	

S
ou
th
	P
at
ag
on
ia
,	P

ue
rto
	E
dw

ar
ds
	n
ea
r	

ce
nt
re
	o
f	m

os
s	
cu
sh
io
n,
	in
	v
er
y	
w
et
	b
og
	
G
U
55
99
86
.1
	J
X
97
61
72

 
 

 
 

B
ea

gl
e 

C
an

al
, A

rg
en

tin
ia

M
or

tie
re

lla
 fo

rm
ic

ic
ol

a 
C
B
S
10
95
89

 
–	

	
B
ra
m
pt
on
,	O

nt
ar
io
	

in
fra
bu
cc
al
	p
el
le
t	o
f	C

am
po

no
tu

s	
JX
97
59
33
	

JX
97
61
40

 
 

 
 

 
pe

nn
sy

lv
an

ic
us
,	i
n	
ho
us
e	
(w
in
do
w
si
ll)

M
or

tie
re

lla
 g

am
si

i 
C
B
S
11
06
30

 
–	

	
B
oe
kr
ijk
,	B

el
gi
um

	
so
il	
w
ith
	P
or
ce
lli
o	

JX
97
61
06
	

K
C
01
84
10

 
C
B
S
25
3.
36
,	F
S
U
98
13

 
M

. g
am

si
i 

S
yn

ty
pe

 o
f M

or
tie

re
lla

 s
pi

no
sa
	

fo
rm
er
	W

es
t-G

er
m
an
y	

fo
re
st
	s
oi
l	

JX
97
59
68
	

H
Q
66
74
15
.1

 
C
B
S
31
4.
52
,	F
S
U
98
14

 
M

.	c
f.	

ga
m

si
i 

S
yn

ty
pe

 o
f M

or
tie

re
lla

 s
pi

no
sa
	

fo
rm
er
	W

es
t-G

er
m
an
y	

fo
re
st
	s
oi
l	

JX
97
58
92
	

H
Q
66
73
84
.1

 
C
B
S
55
1.
73
,	F
S
U
82
4 

M
. g

am
si

i	
	

N
or
th
	C
ar
ol
in
a	

pa
st
ur
e	
so
il	

JX
97
60
79
	

JX
97
61
77

 
C
B
S
55
2.
73
,	F
S
U
82
5 

M
. g

am
si

i	
	

A
lle
gh
an
y	
C
ou
nt
y,
	N
or
th
	C
ar
ol
in
a	

pa
st
ur
e	
so
il	

JX
97
59
84
	

K
C
01
82
85

 
C
B
S
74
9.
68
,	F
S
U
98
12

 
M

. g
am

si
i 

Ty
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 Group 2 – verticillata-humilis (Fig.	5,	some	morphological	
features	are	displayed	in	Fig.	1c,	2a,	g,	r)	is	a	group	that	also	
contains the genera M. clonocystis, M. epicladia, M. epigama,  
M. horticola and M. minutissima.	The	topology	is	similar	to	the	one	
previously	published	(Petkovits	et	al.	2011)	but	includes	some	
morphologically	misidentified	 specimens.	Mortierella zonata 
CBS	863.68	and	M. sossauensis CBS	898.68	are	well	separat-
ed	from	any	other	members	of	their	species.	The	main	cluster	of	 
M. sossauensis is	 closely	 related	 to	 the	 parvispora-jenkinii	
complex	(Fig.	4)	while	the	type	strain	of	M. zonata is related to 
M. hyalina and M. bainieri (Fig.	10).	After	a	profound	morpho-
logical revision M. zonata CBS	863.68	and	M. sossauensis CBS 
898.68	should	be	renamed	and	included	in	the	M.	minutissima-
M.	horticola	complex,	which	makes	this	phylogenetic	group	of	
M. minutissimaM. horticola indistinguishable	by	ITS	sequences	
although both species could be distinguished by the number of 
their	spores	in	the	sporangiola.	While	M. minutissima develops 
few-spored sporangiola, M. horticola produces single-spored 
sporangiola.	This	 suggests	 that	 the	 number	 of	 spores	 per	
sporangium	is	not	strictly	fixed	in	this	group	and	is	therefore	
not	of	taxonomic	relevance.	The	single	specimen	CBS	246.75	
resembles M. epicladia but it clusters distantly from the ex-type 
material	CBS	355.76	which	is	close	to	M. clonocystis (Fig.	5).	
Since	no	other	known	species	group	together	with	CBS	246.75,	
this	might	be	a	so	far	undescribed	species.	CBS	226.78	was	
originally deposited as M. globalpina and	CBS	 226.35	 as	 
M. minutissima but molecular data of both species currently re-
sembles M. clonocystis, indicating an original misapplication or 
a	contamination. Morphology of both species was checked twice 
and	both	species	were	finally	assigned	to	M. clonocystis. The 
morphospecies M. clonocystis, M. epicladia and M. epigama 
are	well	 recognized	by	 the	 ITS	tree	while	M. verticillata and 
M. humilis form	another	species	complex.	Another	apparent	
cluster, the M. verticillataM. humilis cluster, contains strains 
including	type	strains	of	both	species.	Based	on	ITS	sequences,	
a	differentiation	is	not	possible.	Sequences	are	similar	between	
98–100	%.	Both	species	are	morphologically	similar	without	
any	significant	differences.	Consequently	both	species	should	
be	synonymized.

 Group 3 – lignicola (Fig.	6,	some	morphological	features	
are	displayed	in	Fig.	1n,	y,	2j,	l,	s,	w).	This	group	contains	the	
species Mortierella beljakovae, M. chlamydospora, M. echi
nosphaera, M. formicicola, M. gemmifera, M. kuhlmanii, M. ligni 
cola and M. paraensis.	Several	of	the	morphologically	defined	
species, namely M. beljakovae, M. chlamydospora, M. echi
nosphaera, M. formicicola, M. lignicola and M. paraensis, are 
nicely	detected	by	the	molecular	data.	Mortierella chlamydo
spora and M. echinosphaera appear to be closely related as 
they	are	sister	groups	(BS	=	100	%).	The	species	M. gemmifera 
and M. kuhlmanii	 are	morphologically	 very	 similar	 (complex	
is	supported	by	BS	=	85	%)	and	differ	just	gradually	by	spore	
shape	and	chlamydospores.	The	ex-type	strains	of	both	spe-
cies	differ	just	by	12	different	base	pairs	in	the	ITS	sequences	
(=	98	%).	The	original	morphological	identification	of	strain	CBS	
268.71	could	not	be	verified	because	it	did	not	sporulate	under	
different conditions, but its molecular data places it between the 
gemmifera-complex, M. chlamydospora and M. echinosphaera.	
The	strains	CBS	109659	and	CBS	555.89	were	not	examined	
morphologically and assigned as Mortierella sp.	since	their	origi-
nal	descriptions	does	not	correspond	with	the	molecular	data.

 Group 4 – mutabilis, globulifera and angusta (Fig.	 7,	
some	morphological	features	are	displayed	in	Fig.	1e,	s,	v,	x,	2v).	
This group contains two of the three included non-Mortierella 
genera: Gamsiella and Dissophora.	The	genus	Gamsiella does 
not cluster with any other mortierellean species, although it was 
reported to be sister with M. mutabilis	(Petkovits	et	al.	2011).	
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Fig. 3			Maximum	Likelihood	analysis	based	on	781	aligned	
nucleotides	of	the	D1/D2	domain	of	the	large	subunit	(LSU,	
28S)	rDNA	from	101	taxa	(100	ingroup	taxa	of	the	Mortierel
lales and 1 outgroup taxon Umbelopsis as member of the 
Mucorales,	Meyer	&	Gams	2003).	The	phylogram	based	on	
a	MAFFT-Alignment	(L-ins-I).	Node	supports	above	75	%	
is	given.	The	tree	defines	7	groups:	groups	1–7,	which	are	
more profoundly analysed in individual analyses based on 
the	ITS1-5.8S-ITS2	shown	in	Fig.	4–10.	The	strains	named	
Mortierella	sp.	‘epithet’	are	strains	with	an	originally	different	
assignment	based	on	morphology.	Blue	marked	strains	are	
potential	new	species.
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Fig. 4			Maximum	Likelihood	analysis	based	on	the	ITS1-5.8S-ITS2	dataset	
for	clade	1.	The	phylogram	was	constructed	 from	a	MAFFT-Alignment	of	
816	aligned	nucleotides	of	58	taxa.	Node	support	above	75	%	is	given.	The	
phylogram	is	midpoint	rooted.
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Fig. 5			Maximum	Likelihood	analysis	based	on	the	ITS1-5.8S-ITS2	dataset	
for	clade	2.	The	phylogram	was	constructed	 from	a	MAFFT-Alignment	of	
636	aligned	nucleotides	of	36	taxa.	Node	support	above	75	%	is	given.	The	
phylogram	is	midpoint	rooted.
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Fig. 6			Maximum	Likelihood	analysis	based	on	the	ITS1-5.8S-ITS2	dataset	
for	clade	3.	The	phylogram	was	constructed	 from	a	MAFFT-Alignment	of	
701	aligned	nucleotides	of	38	taxa.	Node	support	above	75	%	is	given.	The	
phylogram	is	midpoint	rooted.
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Fig. 7			Maximum	Likelihood	analysis	based	on	the	ITS1-5.8S-ITS2	dataset	
for	clade	4.	The	phylogram	was	constructed	 from	a	MAFFT-Alignment	of	
710	aligned	nucleotides	of	17	taxa.	Node	support	above	75	%	is	given.	The	
phylogram	is	midpoint	rooted.

A revision of the morphology revealed different features for  
M. mutabilis as	originally	described.	Mortierella mutabilis should 
develop explicitly branched sporangiophores with globose 
sporangia containing globose to subglobose sporangiospores, 
for	example.	But	the	observed	morphology	resembles	that	of	
Gamsiella.	Furthermore,	LSU	and	ITS	sequences	are	similar	
with	100	and	99.8	%,	respectively.	Based	on	these	data,	we	
are	 rejecting	 the	previous	group	named	mutabilis	 (Petkovits	
et	al.	2011).	For	the	final	placement	of	M. mutabilis, additional 
strain	material	is	necessary.

The angusta group is extended by M. simplex and consists 
of the subclades M. angustaM. simplex (BS	=	88	%)	and	the	
subclade Dissophora with D. decumbens and D. ornata (BS	=	
100	%).	Mortierella simplex could not by differentiated from 
M. angusta by	significant	 features,	suggesting	an	upcoming	
synonymization	of	both	species.	The	globulifera	group	contains	
exclusively M. globulifera (BS	=	94	%).	The	strain	CBS	254.76	
formerly	iden	tified	as	M. horticola might represent a new spe-
cies	because	of	its	distinct	ITS	sequence.	The	ITS	sequences	
of true M. horticola	strains	belong	to	group	2	(Fig.	5)	where	the	
ex-syntype	of	this	species	is	located.
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Fig. 8			Maximum	Likelihood	analysis	based	on	the	ITS1-5.8S-ITS2	dataset	
for	clade	5.	The	phylogram	was	constructed	 from	a	MAFFT-Alignment	of	
761	aligned	nucleotides	of	18	taxa.	Node	support	above	75	%	is	given.	The	
phylogram	is	midpoint	rooted.
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Fig. 9			Maximum	Likelihood	analysis	based	on	the	ITS1-5.8S-ITS2	dataset	
for	clade	6.	The	phylogram	was	constructed	from	a	MAFFT-Alignment	of	
703	aligned	nucleotides	of	60	taxa.	Node	support	above	75	%	is	given.	The	
phylogram	is	midpoint	rooted.

Fig. 10			Maximum	Likelihood	analysis	based	on	the	ITS1-5.8S-ITS2	dataset	
for	clade	7.	The	phylogram	was	constructed	 from	a	MAFFT-Alignment	of	
688	aligned	nucleotides	of	73	taxa.	Node	support	above	75	%	is	given.	The	
phylogram	is	midpoint	rooted.

Strain	number	 Original	name	 Revised	name

CBS585.81 M. alpina M. kuhlmanii
CBS696.70 M. alpina M. cystojenkinii
CBS272.71 M. bainieri M. kuhlmanii
CBS273.71 M. bainieri M. kuhlmanii
CBS292.96 M. chienii M. selenospora
CBS554.73 M. chienii M. selenospora
CBS387.91 M. macrocystopsis M. cystojenkinii
FSU2736 M. parvispora M. jenkinii 
CBS293.34 M. polycephala M. hyalina
CBS176.74 M. sossauensis M. clonocystis

Table 3   Summary of isolates which were revised and assigned to different 
species	within	this	study.
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 Group 5 – strangulata and wolfii (Fig.	8,	some	morpho-
logical	features	are	displayed	in	Fig.	1q,	r,	2c,	t)	contains	only	
few	species,	which	could	all	be	identified	by	molecular	data.	
The	wolfii	 group	 (BS	=	100	%)	 is	 extended	 in	 this	 study	 by	 
M. ambigua (clade	support	BS	=	99	%).	Mortierella ambigua is 
sister	clade	(BS	=	81	%)	to	M. capitata (BS	=	98	%)	and	both	
clades are sister group to M. wolfii (BS	=	96	%).	The	strangulata	
group is retained, containing M. strangulata and M. rostafinskii 
(BS	=	100	%).	Mortierella microzygospora, M. parazychae and 
M. pseudozygospora were	not	assigned	to	any	defined	group.

 Group 6 – alpina and polycephala (Fig.	9,	some	morpho-
logical	features	are	displayed	in	Fig.	1b,	g,	h,	k,	o,	w,	2d,	m,	
n,	p).	The	polycephala	group	harbours	the	type	species	of	the	
whole genus Mortierella: M. polycephala.	Therefore,	this	clade	
resembles the core group of the genus Mortierella.	Related	to	
M. polycephala	and	well	supported	 in	LSU	(BS	=	99	%)	and	
ITS	(BS	=	100	%)	are	the	species	M. bisporalis, M. hypsicladia, 
M. indohii, M. oligospora, M. polygonia and M. reticulata.	Ex-
cept for the ex-type strain of M. polygonia	CBS	685.71	which	
clusters within the M. polycephala, all species form well sup-
ported	clades	(Fig.	9).	But	judging	from	the	different	observed	
morphology of M. polygonia, which is that of M. polycephala 
instead	of	 that	originally	described	 (Gams	1976),	 this	 strain	
should	be	treated	as	such.	Although	the	strain	is	sterile,	it	shows	
the typical stylospores of M. polycephala.	A	second	isolate	of	
M. polygonia	 (CBS	248.81)	could	not	be	confirmed	as	 ‘true’	 
M. polygonia since it does not sporulate, displaying only untypi-
cal	stylospores	and	clusters	within	the	alpina-complex	(Fig.	9).	
Therefore	the	status	of	this	species	seems	doubtful.	Mortierella 
alpina	is	one	of	the	major	species	isolated	and	identified	from	
our	 environmental	 samples	 collected	 in	Austria.	Mortierella 
alpina forms a heterogeneous cluster with the two species  
M. antarctica and M. amoeboidea.	For	M. amoeboidea again 
is the observed morphology not identical with the described 
one	and	resembles	the	species	indicated	by	molecular	data.	
This	justifies	M. amoeboidea W.	Gams 1976 to be treated as 
synonym of M. alpina Peyronel 1913. One	isolate	of	M. glob
alpina (CBS	718.88)	is	placed	within	the	alpina	complex	and	
one	isolate	(CBS	226.78)	is	located	in	the	M. clonocystis clade 
(Fig.	5).	Verification	by	inclusion	of	the	type	strain	is	not	possible	
since	this	particular	strain	seems	to	be	dead	now.

 Group 7 – gamsii (Fig.	10,	some	morphological	 features	
are	displayed	in	Fig.	1a,	d,	f,	p,	u,	2b,	e,	f,	h,	k,	o,	q,	u)	is	the	
largest	group	in	this	and	our	previous	study	containing	73	taxa.	
The	previous	dataset	(Petkovits	et	al.	2011)	with	the	species	
Mortierella acrotona, M. armillariicola, M. biramosa, M. camar
gensis, M. cogitans, M. elongata, M. exigua, M. gamsii, M. his 
toplasmatoides, M. hyalina, M. nantahalensis, M. rishikesha, 
M. sarnyensis, M. schmuckeri, M. sclerotiella, M. zonata and 
M. zychae was extended by M. bainieri, M. claussenii, M. fat 
shederae and M. longigemmata.	Mortierella armillariicola, 
M. bainieri, M. fatshederae, M. hyalina and M. zychae form 
monophyletic clades supported by the coherence of several 
strains	(Fig.	10).	Mortierella exigua, M. gamsii and M. zonata 
are	polyphyletic.	Strains	identified	as	these	species	appear	in	
different	places	of	 the	 tree.	None	of	 the	strains	of	M. exigua 
clusters	together	with	the	ex-type	strain.	For	M. gamsii at least 
three	divided	clusters	are	present.	One	sequence	of	an	ex-type	
strain	is	placed	in	the	elongata-complex.	Mortierella schmuckeri 
forms one monophyletic clade together with M. claussenii and 
M. camargensis (BS	=	97	%).	Due	to	a	lack	of	sufficient	amounts	
of strains neither the phylogenetic position nor the species 
coherence of M. acrotona, M. cogitans, M. histoplasmatoides,  
M. longigemmata, M. nantahalensis, M. sclerotiella and M. zonata  
could	be	confirmed.

CONCLUSIONS

In	order	to	study	and	evaluate	the	monophyly	of	Mortierella, 
and to address the phylogenetic relationships of other genera 
in the Mortierellales, we analysed one of the largest datasets of 
LSU	and	ITS	sequences	for	this	order.	The	genera	Dissophora, 
Gamsiella and Lobosporangium are placed within the genus 
Mortierella.	This	suggests	either	a	polyphyly	of	Mortierella with 
the necessity to establish additional genera or the necessity to 
reduce	the	existing	genera	to	one.	Although	our	study	contains	
a comprehensive dataset it is still not possible to elucidate all 
species and species groups of the Mortierellales.	It	was	already	
proposed that additional molecular markers are necessary for 
a	profound	phylogenetic	study	(Petkovits	et	al.	2011).	But	our	
study supports existing and reveals new contradictions to the 
traditional	morphology	based	classifications	(Linnemann	1941,	
Zycha	et	al.	1969,	Gams	1977).	Several	species,	originally	iden- 
tified	as	one,	appear	on	different	places	 in	 the	phylogenetic	
analyses.	This	might	originate	either	from	simple	misapplica-
tions or from the observed phenomenon of dependency of 
the	phenotype	on	 culture	 conditions	 (Petkovits	 et	 al.	 2011).	
Furthermore,	names	of	new	genera	and	species	published	just	
recently may be superfluous at a nomenclatural level because 
their respective phylogenetic markers were not compared with 
the full molecular dataset of the Mortierellales,	e.g.	Echinochla
mydosporium variabile	(Jiang	et	al.	2011),	which	may	turn	out	
to be a micromorphologically degenerate Mortierella stylospora.	
Here	we	present	the	most	comprehensive	molecular	dataset	of	
the Mortierellales which is available up to date and facilitates 
revision	of	existing	and	validation	of	upcoming	names.	Finally,	
all these actions will lead to several species name changes 
and	synonymizations.	Nevertheless,	several	species	or	even	
groups of species seem to be distinguishable by morphol-
ogy	 and	 phylogeny.	The	monophyletic	 clade	 of	Mortierella 
s.str. contains the type species of the genus, M. polycephala 
Coem. 1863.	Whether	additional	 species	are	 related	 to	 this	
group and therefore belonging to the genus Mortierella needs 
to	be	evaluated	in	further	studies.	Current	data	(Petkovits	et	
al.	2011)	are	contradictory	with	regard	to	relationships	of	spe-
cies	and	species	groups.	Due	to	the	lack	of	suitable	morpho-
logical criteria the following species and species groups were 
misapplied	 and	 require	 taxonomic	 revision,	where	 indicated	
nomenclatural	synonymization.	These	are:		M. angusta, M. basi 
parvispora, M. carmagensis, M. fimbricystis, M. gamsii, M. gem 
mifera, M. globalpina, M. horticola, M. humilis, M. jenkinii,  
M. kuhlmanii, M. minutissima, M. parvispora, M. rishikesha,  
M. schmuckeri, M. simplex, M. sossauensis, M. turficola, M. verti 
cillata and M. zonata.
Underrepresented in this study, but due to the lack of compre-
hensive additional material, are the species: M. acrotona, M. an 
gusta, M. dichotoma, M. epicladia, M. exigua, M. fimbricystis, 
M. formicicola, M. longigemmata, M. microzygospora, M. nanta 
halensis, M. parazychae, M. rishikesha, M. rostafinskii, M. scle 
rotiella and M. strangulata.
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