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Abstract

Myrothecium(family Stachybotryacegenasa worldwide distributionSpeciesn this genus
werepreviouslyclassifiedbased orthe morphology of the axual morphgspeciallycharacters of
conidia and conidiophoresdorphologybased identificatioraloneis impreciseas there are few
charactes to differentiate specieswithin the genus andtherefore molecular sequence data is
important in identifying secies. In this review wdiscusghe history and significance of the genus,
illustratethe morphology and discuss itele as a plant pathogen abiblogical control agentWe
illustrate the type speciddyrothecium inundaturwith a line diagramand M. uttaradiensiswith
photo plates and discuss species numbers in the g&hesgenus isre-evaluatd based on
molecular analyses dS and EF1U sequence datas well as a combinedTP6, EF1-U, LSU,
RPB1 and SSWlataset The combinedgene analysisproved more suitabldor resolving the
taxonomic placement of this genuResults indicate thaMyrotheciumspecies argolyphyletic
within StachybotryaceaélVe suggest future studies needed for the genus

Key words i biocontroli mycotoxinsi opportunistic pathogerisphylogenyi Sordariomycetes
Stachybotryaceae

The significance ofMyrothecium

Myrotheciumspecies are saprobes in the soiM@ak plant pathogens (Ellis & Ellis 1985,
Watanabe 1994). More than 30 species has been reported worldwide (Seifert et al. 2011), while
there are 83 records in Index Fungorum @01

The identification of species in this genus is of particular importasceome species have
medical or public health significance. Studies have investigated the toxicity of verrucarins and
roridins, which are macrocyclic trichothecene mycotoxins producadybgtheciumspecies (Ueno
1983, Moss 1996). The macrocyclic trichetlenes are extremely toxic (Yang & Johanning 1997),
and include stréoxins produced byStachybotrys atraCorda (Levetin & Shaughnessyi997).
BecauseMyrotheciumspecies are capable of growing walls in housesnd produce mycotoxins
that are similar t@&achybotrysoxins, they can cause a variety of adverse health effects, including
inhibition of protein synthesis, immune suppression, and impairment of alveolar macrophage
function (Yang & Johanning 1997). The presence of this genus as an indoor aminantamust
be regarded as a potential health hafaeyetin & Shaughnessyi997) However, no study has
assessed the risk to humans.
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The positive actions d#lyrotheciumspecies includeompoundghat are able to resist tumm
activity and inhibit the actity of liver cancerand promyelocytic leukemia cells (Koyama et al.
1989, Lu et al. 2010, Zhu et al. 2012, Liu et al. 2014). If the medicinal propertMgrathecium
species are further exploretliis may provide advantages for human health.

Myrothecium as a plant pathogen

The first report of diseassaused bywyrotheciumwason atomato in America (Stevenson et
al. 1947) Myrotheciumroridum Tode was also found iafect coffeecausng bark canker(Schieber
& Zentmyer1968,Tulloch 1972) Myrothecium errucaria (Alb. & Schwein) Ditmaywas reported
as a weak pathogen within the seedsiad and soybeanNeergaardl979). Myrotheciumspecies
are alsgpathoges of mulberry(Myrotheciumleaf spot of mulberryfDu et al. 1988 Murakami R
et al. 2005 Ben etal. 2009 andchilli seed(Liang 1989),and manyotherhosts, including-icus
elastica (Myrothecium leaf spot) (Norman & Ali 2013) Dieffenbachia pictacv. Compacta
(Myrotheciumleaf spot)(Mcmillan 2010) Myrotheciumspeciescausedisease on the leas of
different types of vegetables (Li et al. 2009BecauseMyrothecium roidum infects many
commercial crops and a wide range of bastis an importantplant pathogen (Li et al. 2009)he
development of the disease can take advantageebfsoil condibns. Thus, in order to reduce
economic losses inommercialcultivation, it isimportantto considerwatering practices and soil
sanitation (Han et al. 2014).

The potential of Myrotheciumas abio-control agent

The genudMyrotheciumis a prolific produceof bioactive secondary metabolites, with more
than 20 reported compounds frdvh roridum, and more than 30 compounds fréwi verrucaria
(Wagenaar & Clardy 2001Myrothecium verrucarias particularly virulent against several weedy
plant species and isofentially useful as a biberbicide (Walker & Tilley 1997)Myrothecium
verrucaria has high activity against extracellular insect cusicend produce chitinases,
proteinases and lipases (Kobayashi et al. 1996). Thus, the cuticle degrading enzyme complex
produced by. verrucariahas potential for the bioontrol of mosquitoes (Mendonsa et al. 1996).
Mou (1975) showed that some insects (suctMasrotermes barneyitermites and Dendrolimus
punctatu$ are parasitized btaxa,which are morphologically sira@r to M. roridum Myrothecium
verrucaria and its metaboliteshow nematode activity, which could control plant damage from
nematodes by reducing egg hatching, inhibiting developmameven killing the nematodes
directly L a mo vetjaé R013).

Taxonomic history and phylogenetic understanding oMyrothecium

The genusMyrotheciumwas introducedby Tode (1790)who described five speciedvl.
inundatum M. roridumand three others which were later stated by Kdi829)to belong to other
generaThe genusvas adopted in an emended form by Fries (1829) with four spétiesridum,

M. verrucarig M. inundatumTode and M. scybalorum(Schum.) Frlts original diagnosigTode
1790)wasof a cup-shaped dinguswith the cups surrounded by a shedilted with sticky spores
Tode (1790) and Preston (1943, 1948, 1961) published a series of papeMywmtheciumand
provided detailed descriptions and illustrations. Pidoplichko (1953) distinguiglyeathecium
from the similar generdDendrodochiumChaetostromaVertidlliodochum and Volutella Nicot &
Olivry (1961) studied Myrotheciumspeciesand concluded that the genuscsmmonin soils.
Tulloch (1972 defined the key generic charactersMyrotheciumand accepted 13 species after
checking numerous collections andsdriptions of 55 specieédditionally, she summarized the
morphological characters of speciesMyrotheciumand provided a key fahe genusWu (1991)
compared the morphology df. roridumon different hosts.

We consider that the identification dfyrotheciumspeciesusing morphology is imprecise
due tothe following reasons: ljmorphologycannot clearly differentiate species a@jdthe genus
probably comprises species compleX@& thereforegeneratedh phylogenetic tree for species of
Myrotheciumbasd onATP6, EFtU ITS, LSU RPB1and SSU sequencelat downloaded from
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GenBank (Fig 3, 4, 95, which shows the genus to be polyphyletic Stachybotyaceae
Morphology cannot effectively reflect phylogenetic relationshipthe genusbecausef the few
characterswvailableto differentiate specigdudd et al. 2002).

Gene sequence data from fungi are changing our understanding of species and ganera or
higher taxonomic levels (Shenoy et 2007,Udayanga et al. 2011, Wikee et al. 20d¥de et al.
2013, Wijayawardeneet al. 2014) Feketeet al. (1997)utilized the Tri5 gene for identification of
Myrotheciumand Stachybotrysspeciesand strains that produced trichothecenes received strong
bootstrap supportMyrothecium Stachybotrys Trichoderma and Trichotheciun). Seifert et al.
(2003) isolated a strain dflyrotheciumand LSU sequence data indicated that it was related to
Myrothecium inundatum Recently, several Chinese mycologists have identifgdothecium
species by combining morphology aadalyss of ITS sequencelata(Li et al. 2009, Zhao et al.
2009, Liu et al. 201A4Liu et al.2015.

Morphology of Myrothecium

Type speciesMyrothecium inundatumTode Fung. mecklendsel. (Line burg) 1:251790). (Fig
1) Facesoffungi numbdfoF 01961

Morphological character$ Sporodochiasessile or stalkedviscid, horny when drywith a
green to black mass of conidia, usually surrounded White zone,with flocculent hyphae from
which setae project in some speci&roma often presentSetaewhen presentunbrancled,
colourless or paleHyphopodiaabsent.Conidiophoresmacronematous, mononematous, closely
packed together to form sporodochia, branched, with the branckedaapnged penicillately,
straight or flexuous,colourless or olivaceous, smooth oermuculose.Conidiogenous cells
monophialidic, discrete, cylindrical, clavate or subul@enidiaaggregated in dark green or black,
slimy masses, ser@indogenous or acrogenous, simple, hyaline to pale dheelled, cylindrical
with rounded ends, nauitar, limoniform or broadly ellipsoidal, often with a projecting truncate
base, smooth or striaEllis 1971).

Notesi Myrothecium inundatumvas introduced athe type species of this genus by Tode
(1790), Link provided a revised description1809 while Preston (1943nakea comparison of
morphology withM. inundatumMyrothecium inundaturhas been reported from dead agarics, e.g.
Russula adustén Europe (1971), soil from a forest irut¥hanProvince, China (Xu 2006}oil
from coniferbroadleaf mixeddrest in Liuba, Zhouzhi, Chindarmlandin Mei Xian, China, and
flowerpots in Xian, China (Yu 2008). ATP, ERd, ITS, LSU and SSU sequence data are available
for M. inundatum(IMI 158855 in GenBaik, and the LSU sequence as the first gene was released
by Rossmar(2007). We provide a line drawing d¥l. inundatum(Fig. 1) from Yu (2008) and a
figure of M. uttaradiensis(Fig. 2) from Dai et al. (in press).

Fig. 1 i Myrothecium inundatum(redrawnfrom Yu 2008. a Sorodochum. b Conidia and
conidiogenougells.T Scale bars: & =2%m.
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Fig. 27 Myrotheciumuttaraditensis(THAILAND, Uttaradit, on dead culm déamboo, 28 October
2011, DongQin Dai DDQO00216(MFLU 15i 1197, holotypg (Dai et al. (2016)) a Mycelia on
bamboo. b, ¢ Mycelia and sporodochiad, e Conidiophores and conidia-i Conidia and
conidiogenous cedl. j-p Conidia. T Scale bars: ,ce=20mm, f, g, h, I, ], k, |, m,n, 0, p=5mm.

Phylogenetic studies omMyrothecium

M aterials and M ethods

Phylogenetic analyses were performed based on sequence data available in GenBank with the
accession and strain numbésted inTablel1 and used byastlebuy et al. 2004Wang et al. 2015
Maharachchikumbura et al. 2Q1Bhis study used ATP6, EFQ SSU, LSU, RPB1 sequersdata
and EF1-U+ITS sequences datior combined genanalysesand ITS forsingle geneanalyses.
Multiple sequencgalignments wergeneragd withBioEdit v. 7.0.9.0 oMEGA 6.06(Kumar et al.
2012); Maximum Likelihood (ML) pghylogenies analysesf eachaligned datasetgenerated by
RAXML-HPC BlackBoxv. 8.2.4 on CIPRESusing default conditiongMiller et al. 2010) The
resuls wereviewedin TreeView v. 1.6.6 (Page 1996)
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Table 1 Strains used in phylogenetic analyses and their corresponding GenBank accession numbers

Strain (or isolate)

GenBank acc. No.

Species No. ITS EF1-U SSu LSU RPB1 ATP6
Bionectria ochroleuca CBS 114056 AY489611 AY489684 AY489176
B. ochroleuca Sin 80 KF055399
B. pityrodes ATCC 208842 AY489623 AY489696 AY489728 AY489658 AY489589
Cosmospora coccinea CBS 341.70 HQ897827
C. coccinea A.R. 2743 KJ676141
Didymostilbe
echinofibrosa A. R. 2824 DQ135999 AY489601 AY489674 AY489706 AY489634 AY489567
Hypomyces polyporinus ~ ATCC 76479 AF543784 AF543771 AF543793 AY489663 AY489593
Myrotheciunsp. E31 KP401889
Myrotheciunsp. BAB-5430 KT281599
Myrotheciumsp. JZ-45 HQ637275
Myrotheciumsp. BCC9829 DQ135992
Myrotheciumsp. SC0265 KM086710
Myrotheciumsp. DoF25 JQ388270
Myrotheciumsp. c101 JQ936269
Myrotheciumsp. ASR-261 GU973803
Myrotheciumsp. 30382 KP714371
Myrotheciunsp. CNN22 DQ092541
Myrotheciunsp. HKB28 DQ092520
Myrotheciumsp. M7-CA-302 JX984613
Myrotheciunsp. E6 KJ862068
Myrotheciumsp. Sn342 KP006363
Myrotheciumsp. E2 KF887082
Myrotheciumsp. M9-CA-360 JX984615
M. atroviride BBA 71016 AJ302002
M. atroviride wb256 AF455507
M. atrum CBS 338.97 AY254160
M. cinctum ATCC 18947 DQ135997
M. cinctum BCC8249 DQ135995
M. cinctum ATCC 32918 DQ135998
M. cinctum ATCC 22270 AY489605 AY489678 AY489710 AY489638 AY489571
. MFLUCC
M. cylindrosporum 11-00392 KP744448
M. carmichaelii IMI 199044 AY254150
M. gramineum C41 JQ936265
M. gramineum LCJ 177 KF414681

68



Strain (or isolate)

GenBank acc. No.

Species No. ITS EF1-U SSu LSU RPB1 ATP6
M. gramineum BCC9458 FJ825374 FJ825%9 FJ825379
M. gramineum A243 GQ373154
M. gramineum CBS 324.54 AY254151
M. gramineum WS11720 JX406554
M. inundatum CBS 582.93 AY?254152
M. inundatum BBA 71019 AJ302005
M. inundatum F216 KM979993
M. inundatum IMI 158855 AY489626 AY489699 AY489731 AY489594
M. inundatum SCSGAF0095 JN851023
M. lachastrae IMI 273160 AY?254159
M. leucotrichum AR3506 AY489602 AY489675 AY489707 AY489635 AY489568
M. leucotrichum BBA 71014 AJ302000
M. leucotrichum BBA 65577 AJ301992
M. masonii ATCC 24426 AY254153
M. prestonii CBS 175.73 AY254154
M. roridum MA-20 JF724152 JF724141
M. roridum A243 GQ351270
M. roridum 781 JF724155 JF724132
M. roridum MA-83 JF724154 JF724149
M. roridum UAMH 1369 DQ676613 DQ680056
M. roridum ATCC 16297 AY489603 AY489676 AY489708 AY489636 AY489569
M. roridum MA_73 JF724153 JF724144
M. roridum 801 JF724151
M. roridum 794 JF724158 JF724140
M. roridum 784 JF724157 JF724134
M. roridum ATCC 52485 DQ676603 DQ680047
M. roridum IMI 394934 GQ853401
M. roridum ICMP:20424 KJ909289
M. roridum Myr2-2 KC469695
M. roridum DUCC4002 KC581914
M. roridum CDA725 KJ815095
M. roridum KKFC400 AB823652
M. roridum UB:2246 KJ494661
M. roridum BCRC 34581 GU929191
M. roridum RDCCT07091402 KP942366
M. roridum FO4 HQ839773
M. roridum CBS 331.51 HQ115647
M. roridum ATCC 52801 AY254155
M. roridum KUAB1MRCD KF171528
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Strain (or isolate)

GenBank acc. No.

Species No. ITS EF1-U SSu LSU RPB1 ATP6
M. setiramosum CBS534.88 AY254156
M. tongaense CBS 873.85 AY254157
. . MFLUCC
M. uttaraditensis 11-00216 In press
M. verrucaria NRRL 52420 GU183129
M. verrucaria PTCC 799 KC140228
M. verrucaria KAUEF26 HF548712
M. verrucaria HGUP 0731 KC80623
M. verrucaria E21 KF887115
M. verrucaria ATCC 9095 AY489608 AY489681 AY489713 AY489641 AY489574
M. verrucaria AR346 HQ596904
Neonectria ditissima CBS 226.31 JF735309
N. major CBS 240.29 JF735308
N. ramulariae CBS 151.29 JF735313
N. ramulariae CBS 182.36 JF735314
N. ramulariae ATCC 16237 HM364297
Nectria cinnabarina CBS 255.47 HM484710
N. cinnabarina AR 4477 HM484548
N. cinnabarina CBS 189.87 HM484699
Nectriopsis violacea CBS 424.64 AY489687 AY489719 AY489579 AY489579
Niesslia exilis CBS 357.70 AY489613 AY489686 AY489718 AY489645 AY489578
Ochronectria calami CBS 125.87 AY489612 AY489685 AY489717 AY489644 AY489577
Parasarcopodium CBS 110664  AY344479
ceratocarvi
Peethambara CBS 110115 AY489619 AY489692 AY489724 AYA89654 AY489585
spirostraita
Stachybotrys
albipeg=Melanopsamma ATCC 18873 AY489604 AY489677 AY489709 AY489637 AY489570
pomiformig
S. chartarum ATCC 9182 AY489609 AY489682 AY489714 AY489642 AY489575
ATCC 66238
S. chartarum (=UAMH 6417, AY489607 AY489680 AY489712 AY489640 AY489573
=CBS 25089)
S. chlorochalonata CBS 109285 AY180261.
Stachybotrys dichroa ATCC 18913 AF081472
S. echinata
(=Memnoniella UAMH 6594 AY489631 AY489704 AY489736 AY489672 AY489599
echinata)
S. eucylindrospora ATCC 18851 AF081474
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Species

Strain (or isolate)

GenBank acc. No.

No. ITS EF1-U SSsu LSU RPB1 ATP6

S. parvispora ATCC 18877 AF081483

;s:itrf;g’('eﬁcw" ATCC 32888  AF205439 AY489606 AY489679 AY489711 AY489639 AY489572
S. subcylindrospora HGUP 0201 JX998163

S. subreniformis HGUP 1051 KC305344

Stilbocrea macrostoma ~ CBS 114375 AY489620 AY489693 AY489725 AY489655 AY489586
Stephanonectria keithii ~ CBS 114057 AY489622 AY489695 AYA489727 AY489657 AY489588
Torrubiella wallacei CBS 101237  EF469153 EF469073

Bayesian Analyses (PP) was performed using MrBayes 3.2Bafids v. 3.2.1; Ronquist et al. 2012). The optimal models for the Bayesian analysis
were preliminarily chosen using models of nucleotide substitution for each gadecombined geness detamined using MrModeltest v. 2.2
(Nylander 2004). The GTR+I+G model was selectecemhmulti-loci analysesndsingle gene analyses. The analyses of four simultaneous Markov
Chain Monte Carlo (MCMC) chains were run from random trees for 1,000,000 genematd sampled every 100 generations. The temperature value
was lower than 0.15, buin was set to 0.25, and the run was automatically stopped as soon as the average standard deviation of split frequencit
reached below 0.0Maharachchikumbura et al025) The resulting trees were printed with Figtree v 1(lttb://tree.bio.ed.ac.uk/software/figtrge/
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_ Hypomyces polyporinus ATCC 76479 Outgroup
Niesslia exilis CBS 357.70  Clade A Niessliaceae

Stilbocrea macrostoma CBS 114375

7095

Stephanonectria keithii CBS 114057

Bionectria ochrolenca CBS 114056 Clade B

100/1

| Bionectria pityrodes ATCC 208842

CLERRIBELN S|

Nectriopsis violacea CBS 424.64
Ochronectria calami CBS 125.87

Melanopsamma pomiformis ATCC 18873

Stachubotrys chartarum ATCC 66238
Stachybotrys chartarum ATCC 9182 Clade C

10011

100/1

991

Stachiybotrys echinata UAMH 6594

Stachybotrys subsimplex ATCC 32888

10071

Didymostilbe echinofibrosa AR2824
1 Clade D

100/

Peethambara spirostriata CBS 110115

100/

Myrothecium gramineum BCC 9458 Clade E1

Myrothecium leucotrichum AR3506
o Clade E2
Myrothecium verrucaria ATCC 9095

aeaseAnogAyoe)g

Myrothecium inumdatum IML 158855 e

Myrothecium cinctum ATCC 22270

791 Myrothecium roridum ATCC 52485 e 22

Myrothecium roridum ATCC 16297
Myrothecium roridum UAMH 1369
0.1

Fig. 317 Maximum Likelihood (ML) majority rule consensus tree based on a combined SSU, LSU,
ATP6,EF1-Uand RPB1 sequence dahL bootstrap support values higher than 70% Bagesian
posterior probabilities (PP) above 95% are given above or under the branches (ML/PP). The tree is
rooted withHypomycepolyporinus(ATCC 76479. Ex-type strains are in b

Myrotheciumat the species level
ITS sequenceslata can be considered as the primary bdecdor Myrotheciumspecies

becausdts sequence data can reliably idgn73% of taxa studied across kingdéingi and has a
high sequence and PCR success matalge et al. 20055choch et al. 201 Nilsson et al. 2014
ITS can be useds a rough anduick identification guide (Udayanga et al. 2012). ITS sequence
dataprovides persuasive evidence for species delineation with a few distantly related taxa analyzed,
but confusion occurs whemlarge number of species from a wide range of host speciebgor t
same hostput different distributios) are analyzed (Udayanga et al. 2012). Branches in the
phylogenetic treeshould bebifurcate. Any node that has only two intermediate decedents is said to
be resolvedlts internal nodes are polytomous (more thaw tdescendents i.e., sister taxtgn
relationships are unclefddayanga et ak011,2012).

ITS sequence dataas been most useful for molecular systrs at the species level, and
even within species (e.g. to identify geographic races) (Wang 20Hb). Furthermore, combined
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gene tree could be provided more precise classification syktdayanga et al. (2012) evaluated
the phybgenetic species recognition Diaporthebased on ITS, EFD , TUB @aeqgdencE€ A L
data,individually and in combinatigrto establisha robust concept to circumscribe species in the
genus. The result shows that the combined gene analysis provides robust support to delineate
cryptic species at the terminal node, and to recognize subclades of closely related taxa across the
genusDiaporthe Similaly, Maharachchikumbura et al. (2012) analyzed sequence data from three
gene regions (ITS, TUB and Ef1) Il ndividually and in combina
resolve species limits d?estalotiopsisCombined multigenes analysis successfullyoked most
of the Pestalotiopsisspecies with high bootstrap suppoRurthermore, Wikee et al. (2011)
identified the species in the genuRhyllosticta by combining ITS, ACT and EFD . They
recommend the improvement of the ItHoci phylogenetic analysisby using more
phylogenetically informative genes.

Multi-genes treghave basically resolved the problems of phylogenetic speci€saporthe
Pestalotiopsisand Phyllostictaand many other phytopathogenic gen@gtgde et al. 2014)ln this
study, combinednalysis ofiTS andEF1-Usequence data was also used to evaluate the species of
Myrothecium

ITS gene analyses

The ITS gene tree is presented in Fig.from strains of Didymostilbe,Melanopsamma,
Peethambaraand Stachybotrys Some Nectriaceae species which previously groupeat tiee
family Stachybotyaceaein Hypocrealesin the study byMaharachchikumbura et gR015, were
used in thghylogenetianalyses.

There are 194TS sequences fadlb putatively namedvyrotheciumspecies in GenBanlil.
atroviride M.C. Tulloch, M. atrum M.C. Tulloch, M. carmichaeliiGrev, M. cinctumSacc, M.
gramineunLibert, M. cylindrosporum(D.Q. Dai & K.D. Hyde 2016)M. inundatumM. lachastrae
Sacc, M. leucotrichumM.C. Tullochh M. masoniiM.C. Tulloch M. prestoniiM.C. Tulloch M.
roridum, M. setiramosuniR.F. CastBedg M. tongaens&V.B. Kendr, DiCosmo & Michaelided/.
verrucaria However, mly M. prestoniiandM. cylindrosporumarerepresented by etype strairs.
Additionally, three unculturedMyrotheciumisolates andr2 isolates named aBlyrotheciumsp.
were obtainedfrom GenBank. We used these data to build a Maxinikelihood (ML) treeand
Bayesian Analyses (PRFig. 4) with Myrothecium uttaradiensistrain fromDai et al. {n press,
based on ITS sequence data fré@ strains and & species ofMyrothecium,with Bionectria
ochrolenca(Schwein.) Schroers & Samuedsthe outgroup taxor(Table) (Castlebury et al. 2004,
Wang et al. 2015Maharachchikumbura et al. 201%lyrotheciumis polyphyletic (Fig. 4) and
clustered irsevenclades (ChdesA-G).

Clade AcomprisessevenMyrotheciumstrainsand Parasarcopodium ceratocaryMe | ¢ ni k
S.J. Lee & CrousClade Bcomprisedour Myrotheciumstrains (BBA 65577, HKB 28, W31720
and CBS 324.54pand clustered withStachybotrysspecies Clades GG comprise Myrothecium
strains and species pliBidymostilbeechinofibrosain Clade D The phylogenetic placement of
Myrotheciumis cryptic, because these species do not clearly separate from otbex §karefore,
using only ITS sequencdatafor the genedogical classification and analyses of lineages is not
reliable. Clade A can be also separated two subclades: CladeM\Icasctumcomplex group and
Clade A2possiblya new species together. This needs to be confirméarthyerresearch.

Family placement of Myrothecium

In this study, thegeneric placement d¥lyrotheciumin Stachybotryaceae was evaluated by
generating a phylogenetic tresingfive genes datasetith Hypomyces polyporinuBeck ashe
outgroup taxorfFig 3) (Castlebury et al. 2004

Myrothecium species cluster in the family Stachylysiceae (Wang et al. 2015) with
Didymostilbe Peethambaraand Stachybotrys The Stachybotrysgroup (Clade C) e high
bootstrapsupport Clade DcomprisesDidymostilbe echinofibrosand Peethambara spirostriata
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Bionectria ochroleuca Sin80 Outgroup
Nectria cinnabarina CBS 255.47
1 Nectria cinnabarina AR 4477
Nectria cinnabarina CBS 189.87
Neonectria ramulariae ATCC 16237
Neonectria ramulariae CBS 182.36
Neonectria ramulariae CBS 151.29
Neonectria major CBS 240.29
Neonectria ditissima CBS 226.31
Cosmospora coccinea AR 2743
Cosmospora coccinea CBS 341.70
Parasarcopodium ceratocaryi CBS 110664
Myrothecium cinctum BCC 8249
Mpyrothecium cinctum ATCC 32918
Myrothecium atrum CBS 338.97
oonr Myrothecium cinctum ATCC 18947
Myrothecium sp. CCN 22
Mpyrothecium sp. C101
Myrothecium sp. E6
Myrothecium sp. 30382
Myrothecium sp. ASR 261
Stachybotrys subcylindrospora HGUP 0201
Stachybotrys subreniformis HGUP 1051
| Stachybotrys chlorohalonata CBS 109285
Stachybotrys parvispora ATCC 18877
Stachybotrys eucylindrospora ATCC 18851 (Clade B
Stachybotrys dichroa ATCC18913
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Fig. 41 Phylogenetic tree obtachybotryaceaspecies from analysis of ITS sequence data using
Maximum Likelihood (ML) method with Bionectria ochrolencaas the outgroup taxonviL
bootstrap spport values higher than 70% aRdyesianposterior probabilities (PP) above 95% are
given above or under the branches (ML/Ppe or &-typestrains are in bold.
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Fig. 51 Phylogenetic tree ofMyrotheciumspeciesfrom GenBank generated frooombinedITS
and EF1-U s e q u e mased ord M tmathod with Torrubiella wallacei (CBS 101237 as
outgroup taxon.ML bootstrap support values higher th&806% are given above or under the
branches (ML)Type or &-type strains are in bold.

again with strong supporMyrotheciumclustes in Clade E which can bseparatednto three
subclades however there support iglatively low. Clades C, Dand E formed an independent
lineage which attained 100% (ML) and 1 (PP) bootstrap value, diffexten from other families in
the order Hypocreale€éstlebury et al. 2004ummerbell et al. 2011).

CladesC, D, E, FandG clustered in onéarge cladewith 78% (ML) and 0.98 (PP) bootstrap
support. Within this large clade, strains of variously putbtiveemedMyrotheciumspecies are
confused, e.gM. gramineumand M. roridum, and are likely to be species complexes and / or
wrongly named. Clad® includesone type speciebl. prestonii (CBS 175.73), and two eype
speciesM. cylindrosporum(MFLUCC 11 0392) and M. uttaraditensis(MFLUCC 11 00216).
Didymostilbe echinofibrosa (Finley) Rossman(AR2824) clustered in this cladaith three
MyrotheciumspeciesThus,D. echinofibrosanay bea synonym oMyrothecium or this strain may
be wrongly namedThe othefrfour Clades (C, E, Bnd G)comprise amixture of putatively named
MyrotheciumspeciesUntil the species are epitypified it is unclear which clade represents which
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species, although Clade C may compfideinundatum Clade E may compris®l. gramineum
Clade F may beM. roridum, and Clade G may b#kl. verrucariaand all are probably species
complexesMyrotheciunspecies in Clades A and B cluster with other genera and this is confusing.

Combined gene analysesf Myrothecium

Combined gene analysegre evalated using ITSand EF1 s e q u e n ¢ Borrudiella a wi
wallacei H.C. Evans as outgroupaxon in Fig. 5 (Maharachchikumbura et al. 2015). The
phylogenetic tree illustrated thatulti-gene tree could resolve classification better than single gene
trees of ITS andEF1-U respectively (data not shownn Fig. 5, Myrotheciumspecies cluster in
Clade B, but there is a low bootstap support malmgause of 75 percent dfyrothecium
straingack gene. Didymostilbe echinofibrosgd AR2824) and Peethambara spirostrta (CBS
110115) classif nearM. prestonii(CBS 175.73)and M. setiramosun{CBS 534.88), the same as
the analyses of ITS gene tr&me speciearedifferenty placel in the genusn the ITS treesuch
asM. gramineum(CBS 324.54)which separateBom Stachybotrys(Clade A) andM. atrum(CBS
338.97) andM. cinctum(ATCC 18947)which clusterinto the hrgeMyrotheciumclade Clade B.
Even though many species Mifyrotheciumlack sequence data in GenBatike analysesised in
this study suggeststhat combire gene provide a better solution to determinespecies of
Myrothecium

Research prospects

Species ofMyrotheciumare presently difficult to resolve because of few distinct morphological
characters and lack @bucher specimens witmolecular data. The tgpspeciesM. inundatumis

in urgent need of epitypification or being provided with a reference specsapsuf\riyawansaet

al. 2014. The majority of species in GenBank only have ITS sequence data and this does not
resolve species weEF1-Uis also available fosomeMyrotheciumspeciesand this maybe a better

gene candidate. Multiene sequence analysEmbetter resolve species in the genimvever, as

only few extype strains are available and most strains in GenBank lack moréTthaequence

data, ahoroughstudy of the genus is needed.
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