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Abstract

The genusScedosporiunaurrently comprises six speci€s,apiospermuns. boydij Pseudallescheria
angustaS. minutisporumS. dehoogiiandS. aurantiacummost of which can be distinguished with
the primary fungal DNA barcogene ITS1/2 region of the rDNA gene cluster. In the prasstudy,
four additional genetic loci were explored fromtgylpgenetic point of view enabling a barcoding
approach based on K2P pairwise distances to refiodviaxa within the geni®&cedosporiumie
included partiak-actin ACT), B-tubulin BT2), elongation factord (TEF1) andthe small ribosomal
protein 60S L10 (L1)RP60S genetic loci. Phylogenetic inference of each raaikdividually
showed that four out of six species in the gebesdosporiuman be distinguished unambiguously,
while strains ofS. apiospermung. boydij andP. angustashowed occasional recombination, and
accordingly, no genealogical concordance betweakarmawas obtainable. We defingd
apiospermumsS. boydiiandP. angustaas the S. apiospermurapecies complex’ since observed
differences were not consistent between lineagebna clinical differences are known between
entities within the complex. WhilBT2revealed the best performance among the genetitelsted at
the lineage level, barcoding of the ITS regionuBiisient for distinction of all entities in

Scedosporiunat the species or ‘complex’ level.

Keywords: Scedosporiumspecies complex; populations; primary barcod& FDNA; secondary

barcode
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Introduction

The term ‘species complex’ is suggestive to coveugs of organisms or lineages that are
taxonomically closely related or even difficultdistinguish. However, no clear definition of the
category ‘species complex’ exists so far and sdarétyin the use of the term is urgently needelde T
best-known use of ‘species complex’ for the kingdéumgi is in the genususarium where ‘species
complexes’ were introduced (O’'Donnell et al. 20&8)an alternative to the subgeneric ‘sections’ as
currently in use in genera likespergillus(Geiser et al. 2007) dirichoderma(Bisset 1991;
Druzhinina & Kubicek 2005); iffusariumthe older, phenotypic sections did not match with
phylogeny. The current species complexeSusariumare monophyletic, together encompass all
species known in the respective genera, and hemtespecies complexes can be viewed as
taxonomic categories. However, in other casesecisp complex’ just describes a selected group of
entities that are difficult to distinguish from &aather and/or classification of such groups is yet
unclear. For example, some genetically diversenstnaith unclear taxonomic status were listed as
‘Aspergillus viridinutanspecies complex’ (Hong et al. 2005). Bensch €Rél12) grouped series of
closely related molecular siblings @ladosporiumas ‘species complexes’ under the name of their
original phenotype name such & herbarumcomplex’ or C. cladosporioidesomplex’; only few of
the siblings within these complexes revealed dégaalogical characteristics.

In addition to taxonomic criteria, species comptekave also been defined for divergent
practical reasons, one of which may be clinicahdustrial significance. Howard et al. (2011)
suggested to list all well-described clinical spsadf theAspergillussectionNigri as ‘Aspergillus
niger complex’ due to absence of differences in antiflirsgisceptibility profiles. Some authors even
united groups of unrelated fungi (Reedy et al. 3@Bat were as yet unclassified (Manamgoda et al.
2012).

A further reason to aggregate species as a ‘speaiaplex’ is unsettled taxonomy. For example,
Cryptococcuseoformansa potentially fatal pathogenic yeast, was inialivided into two varieties,
var.neoformansnd vargattii. Katsu et al. (2004) united separate lineagesinvih neoformanas
the ‘C. neoformansomplex’ using the primary barcoding ITS locugsDNA. Subsequently, Kwon-
Chung et al. (2006) brought the vgattii to species level due to the significant divergesice
ecological, biochemical, and molecular charactessifter a long debate, these molecular siblings
recently have been proposed as seven separatespetie C. neoformansomplex’ (Hagen et al.
2015). This is an example of a species aggregdteentities that are closely related but appear to
differ in some clinically relevant parameters. Tiss also the case in théadndida parapsilosis
complex’, where the original species proved to Haigber antifungal susceptibility than more recent
molecular siblings (Trevifio-Rangel et al. 2012).

Scedosporiunfbeing preferred over its sexual state naRssudallescheriadLackner et al. 2014b)

is a genus of ubiquitous ascomycetous fungi cawsingle array of human infection&mong the



104  genusScedosporium, S. apiospermandS. boydiiare clinically relevant, being the second most
105 common clinical molds in cystic fibrosis, aft@spergillus fumigatusCurrently, an increasing

106  incidence of infections caused by these speciebd®s noticed, presently mainly in

107 immunocompromised hosts (Tammer et al. 2011). Trewglent species are currently recogniZd,
108 apiospermunandS. boydij for which as yet not unambiguous diagnostic paters are available and
109  which are often taken together as a ‘complex’.

110 Thus, the term ‘species complex’ may (a) standffixed taxonomic category below the genus
111  level, (b) indicate some closely related strainhwicertain taxonomic status, or it may (c) stimd
112  divergent species that for practical reasons argmisely identifiable. The aim of the presentgt
113 s to provide clarity and consistency for the téspecies complex’ in medical mycology. Cases (a)
114  and (c) are conceptually clear, just differingheit practical bias: taxonomically valid groups,igrh
115  are either identified or are not distinguished.dHee focused on the most problematic situation (b),
116  where data as yet obtained is insufficient to dbeantities within the ‘species complex’ properly,
117  and useScedosporiumas an example.

118

119

120 Materials and methods

121 Strains

122  Members of the genuscedosporiunwvere studied by the analysis of five gene fragsmand

123  compared with previously published AFLP profileai¢kner et al. 2014a); the same set of strains was
124  used in all partitions. The 10 populations distisged by AFLP were used as reference, in

125  accordance with Lackner et al. (2014a), includtgninutisporaS. dehoogjiandS. aurantiacum

126  Thus, a total of 65 strains were analyzed, inclgdifi strain®f S. apiospermun®3 strainof S.

127  boydii, 9 strain®f S. dehoogji7 strainf P. angusta3 strainf S. minutisporunand 3 strainsf S.
128  aurantiacumaA single isolate oPseudallescheria desertoruf@BS 489.72) was used as outgroup.
129  All of them were obtained from the reference cdit@tof the Centraalbureau voor Schimmelcultures
130  Fungal Biodiversity Centre (CBS-KNAW), Utrecht, tNetherlands. All available type strains were
131  included. Stock cultures were maintained on slah%s% malt extract agar (MEA) at 28. Meta data
132 on origin and sources of isolation are listed ip@amentary Table 1.

133

134  DNA extraction

135 DNA was extracted following the CTAB protocol thveas described previously (Lackner et al.

136  2014a). Quality of genomic DNA was verified by rimmn2 uL DNA sample in a 1.0 % agarose gel.
137  DNA sample was quantified with a NanoDrop 2000 sephotometer (Thermo Fisher, Wilmington,
138 DE, U.S.A)), and was stored-a20 °C until further use.

139



140 DNA amplification and sequencing

141  Five gene regions were amplified for inclusionhe tulti-locus sequence data analysis, i.e. partial
142 they-actin (ACT) gene S-tubulin BT2), elongation factord (TEF1), the small ribosomal protein 60S
143  L10 (L1) (RP60S L10) and the ITS region. DNA froach isolate was amplified by PCR in 12.5 pL
144  reaction volumes using the primers and protocaeriged in Table 1 (Stielow et al. 2015). PCR
145  reactions (12.5L final vol) were performed in a mixture containib@5ulL 10x PCR buffer, 7.QL
146  ddHO, 1.25uL dNTP mix (1.0 mM), 0.2l of each primer (10 pmol), 044 Taq polymerase (0.4
147  U/ul), 1.0uL DMSO (Sigma), 0.uL MgCl, (50 mM), and 0.l template DNA (100 ngd). The

148  ABI Prism BigDye Terminator v. 3.1 (Thermo Fisheds applied in a quarter its suggested reaction
149  volume. Reaction products were purified with Se@xa@-50 fine (GE Healthcare Bio-Sciences,
150 Uppsala, Sweden) and sequencing was performed ABBB770XL capillary sequencer (Thermo
151  Fisher). Bidirectional reads were edited and adplisly Lasegene Segman (DSPAR, Madison, WI,
152  U.S.A)). The length and guanine-cytosine contertGGo) of each gene were analyzed BQEDIT v.
153  7.0.5.2 (Hall 1999) and EGA6.1 (Tamura et al. 2011).

154

155  Phylogenetic analyses

156  The sequences of ITS and th€T, BT2 TEF1andRP60Sgenetic loci were aligned using the server
157  version of the MFFT v. 7.0 (www.ebi.ac.uk/Tools/msa/mafft/), followbg manually adjustment of
158 5’ and 3’ primed ends inIBEDIT v. 7.0.5.2. Gene sequencedskudallescheria desertoru@BS

159  489.72 were used to root the tree. The best-fitahofisequence evolution was determined by

160 MODELTESTV. 2.3 (Nylander 2004). All sequences determimettis study were deposited in

161 GenBank and the accession numbers were listedgpl@uentary Table 1. After verifying the best
162  models, phylogenetic trees were inferred using mari likelihood with 1000 rounds of re-sampling
163  in MEGA6.1, and bootstrap branch support was regardedusive when exceeding 80 %.

164  Topological congruency was performed usingBAYES v. 3.1.2. on the BRESportal

165  (http://www.phylo.org/). Two parallel runs of foahains were run for 10,000,000 generations and
166  trees were sampled every 1,000 generatioRaCER version 1.5 was used to verify that the mean
167 likelihood value, effective sample size (ESS) atieeoparameters reached a plateau. For each run,
168 10 % of the trees were discarded as they werergataluring the burnin phase. Trees were viewed
169 and edited with ETREEV. 1.1.2 and MGA 6.1 software.

170

171  Inter-species distances, intra-species heterogeneity and barcoding gaps

172  Pairwise distances between species were calculated estimation of evolutionary divergence over
173  sequence pairs between species. Each geneticdataset analysis was conducted in MEGAG6.1 using
174  the best model of sequence evolution (Table 1)aRtgg inter-species distance calculation, the

175  evolutionary distances were derived from numbetsask substitutions per site. The average



176  barcoding gaps between species also were calcuigtbttGA6.1. As for the intra-species distances
177  (heterogeneity), each gene dataset was calculgtedtimation of average evolutionary divergence
178  over sequence pairs within species and conducti®tEen 6.1 using the best model. Average

179  distances resulted from number of base substiijpen site. Average intra-species heterogeneity of
180 each dataset was also calculated BGK6.1. The barcoding gap is defined as ‘the lowastr

181  species distance’ minus ‘the highest intra-spdugtsrogeneity’.

182

183  Sliding window analysis

184  Sliding windows for each genetic locus were infdivea the 8IDER (Species identity and evolution in
185  R; http://spider.r-forge.r-project.org/) packageRirstatistical software, employing the pairwise

186  distance (K2P as default) functions ‘slideAnalysa®d ‘slideBoxplots’ as implemented in the package;
187  with ‘library’ dependencies ‘ape’, ‘pegas’, ‘adeg¢rand ‘ade4’. The sliding window ‘walk’ was pre
188  defined with 100 bp over all five markers to retaeper window, per marker informativeness

189  representation (Brown 2011). Function ‘slide anedysnfers a comprehensive set of graphical

190 overviews to visualize the ‘barcode’ quality ofigem marker, e.g. topological tree consistency,mimea
191  K2P distances, zero-cell K2P distances and spew@®phyly per window. We extracted the plot
192  ‘species monophyly’ and presentation of intva-inter-species distances (= the barcoding gap; via
193  function ‘slide boxplots’) per 100 bp window foraamarker to determine/visualize the overall

194  ‘barcode’ quality for each gene.

195

196

197 Results

198

199  Profiles of each gene dataset

200 Using primers and PCR conditions according to Sett al. (2015), a vast majority of the five

201  genetic loci of all investigated strains could bepéified and sequenced, ranging from 98.0 % ki1
202  andBT2to 100 % in ITSACT andRP60STable 2). Multiple copies were detectedSinapiospermum
203  usingTEFland inP. angustausingBT2 AmongS. apiospermurand related species, the lengths of
204  the gene regions showed a significant variabitiyging from 328 bpACT) to 565 bp TEFJ).

205  G+C% of the gene regions varied significantly, iagdgrom approximately 50 ¥B(T2) to

206  approximately 58 %RP603. ACT showed the highest sequence variation (53/32&hblarsites /

207  gene length), followed bRP60541/393),BT2(20/425), TEF1(12/553) and ITS (9/512). Profiles of
208 these genetic loci are shown in detail in Table 1.

209
210  Inter-species distances
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The ITS region, an8T2andRP60Sgenes showed higher inter-specific values amoa&th
apiospermunspecies complex and related species &@handTEFL For the protein coding loci,
BT2had the highest inter-species distances (0.065Lt8), followed byRP6050.044 to 0.075)ACT
(0.021 to 0.060) andEF1(0.017 to 0.044). Inter-species distances werrdfgigntly lower amongp.
apiospermumS. boydiiandP. angustawithin theS. apiospermurapecies complex when sister taxa
were compared to members of the species compleeBTR, RP60&NndACT genetic loci had higher
inter-species distances in tBeapiospermurapecies complex than ITS af#F1, which is
concordant with their numbers of variable siteghiS. apiospermurapecies complex, the genetic
loci BT2(0.022-0.040),RP6050.025-0.037) andACT (0.0370.056) showed a higher inter-specific
value thanTEF1(0.006-0.007) and ITS (0.00®.010). Details are shown in Table 1.

I ntra-species heterogeneity and barcoding gaps
Intra-species heterogeneities and barcoding gaps eedculated in MEGAG.1 and are shown in Table
1. In theS. apiospermurapecies complex, ITS showed the highest averdgespecies heterogeneity
(0.034), whileACT had the lowest average value of 0.005. The high&stspecies variability was
found in ITS (0.034) ir. dehoogjiand the lowest intra-species variability was &smd in ITS
(0.000) inS. minutispora

All datasets were calculated for barcoding gapsranbe members of tH&. apiospermum
species complex and related species in the presehyt. The highest barcoding gap was with ITS
(0.042), followed byBT2(0.038),RP6050.019),ACT (0.009) andrEF1 (0.008).

Sliding window analysis

Five datasets were statistical analyzed using thpadRage 8IDER as shown in (Fig 3A, B). No
absolute separation between inter- and intraspeagigtances could be retrieved for any of the five
gene markers based on K2P pairwise distances. Howeaigh proportions of monophyletic species
even in the absence of perfect distance sepanatos retrieved for a number of genetic loci when
entities were merged prior analysis into tBeapiospermuraomplex’. If not merged, all taxa became
indistinguishable based on a standard K2P distaratex (data is available upon request). Bi&
dataset revealed the optimal ‘barcode’ charactesisinong all investigated genetic loci, as sonmg ve
short sections (between-40 and 135185 bp) indicated perfect inter- and intra-spedistance
separation, but not over the whole length of theegBT2 also ranked first with respect to rendering
taxa as monophyletic, even in the presence of éngiage intraspecific heterogeneity (see evaluation
above) ACTindicated a similar potential &7T2, since intra- and interspecific distances were
separated in one section (~1200 bp), but not as clearly as BF2, proportions for inferring taxa as
monophyletic ranged between 0.60 and OTEF-1indicated some local optima equaB®2in ITS

region performance to separate within and betwpeniss distances (between =58 and 150230



247  bp), but also the opposite, particularly for thggBmed end of the sequence. TRR60S L1QL1) 5
248  primed end (~2100 bp) had perfectly separated distances butithesestingly, did not coincide with
249  a high proportion of taxonomic entities being inéglr as monophyletic. In the ribosomal cluster, ITS
250 showed relatively poor performance with respecetwmlving all entities as monophyletic, but ability
251  to clearly separate inter- and intra-specific dis&s was observed, particularly in ITS. Barcoding
252 performance of genetic loci, ranked from optimaptor, wasBT2> ACT> TEF1> ITS = RP60S
253  All five genetic locus datasets had the abilityrtier the investigated taxa as monophyletic erstitie
254  with window proportions ranging from 0.00 to 0.8, each analyzed compartment as mentioned
255  above. Ranking for the largest proportions of mdrwygtic taxa is equal to barcoding performance.
256

257  Phylogenetic analyses

258  Single-locus analyses were performed for IB$2 ACT, RP60SandTEFL1in order to investigate the
259  phylogenetic relationships among members of®hapiospermurapecies complex and related

260  species. Similar to the selection of Lackner e2014a) P. desertorunwas defined as out-group
261  species. Th&. apiospermurapecies complex could be unambiguously segredaiedall related

262  species such &. dehoogibased on Bayesian and maximum likelihood inferersbeg separatBT2
263  ACT, RP60Sand the concatenatédenetic loci sequences (Fig 1; Supplementary Fig8hversely,
264  isolates of thes. apiospermurapecies complex were more distantly split in ppgleetic trees based
265 on ITS andTEF1 (Supplementary Fig 1). No major conflicts wereedétd among the single genetic
266  locus phylogenies, thus confirming lineage assigrnroéall Scedosporiumnspecies and th®.

267  apiospermunspecies complex.

268 Midpoint-rooted phylogenies were explored to analye diversity within th&. apiospermum
269  species complex. The supported clades in ITS campype or authentic strains®f apiospermuns.
270  boydiiandP. angustarespectively (Supplementary Fig 2). Strains dlsieP. ellipsoideawhich were
271  listed as such because of affiliation to group AEL#érmed clusters with bootstrap support below 80
272 % for most of the genetic loci and were therefaredifferentiated from th&. boydiiclusters. In the
273  RP60Sop-ranked tree (Fig 2%. apiospermurandP. angustaclades were subdivided into 4 and 2
274  clusters, respectively. In tHeCT top-ranked treeS. boydiihad 4 clusters, arfd. apiospermurandP.
275  angustahad 2 clusters and 1 cluster, respectively. IrBihi2top-ranked treeS. boydiiandS.

276  apiospermuntontained 4 and 2 clusters, respectivBlyangustacontained 2 clusters. Thus tBe

277  boydiiclusters had the largest degree of heterogerieityywed byS. apiospermurandP. angusta
278 Additionally, taking the three main clad8sapiospermun®. boydiiandP. angustaas reference,
279  group members were mostly identical, except foe Btrains (CBS 115829, CBS 987.73, CBS

280 101719, CBS 117432 and CBS 117436) which weredhserged betweeB. apiospermurandS.

281  boydii (Table 3) and thus could be regardethaslico recombinants.

282

283
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Discussion

The indication ‘species complex’ is frequently usedhedical mycology, with rather diverse
connotations. In the present paper, ‘species comaplare defined as aggregated taxonomic entities
(cryptic siblings), i.e. species that cannot coerfilly be distinguished by standard diagnostic tools
forming a clear monophyletic group. In our exangdgaset the standard barcoding genetic locus ITS
functions well for most species, except ®rapiospermum, S. boydindP. angustaThus, secondary
barcodes other than those investigated would bessacy for routine diagnostic application. Species
complexes under a stringent barcoding concept raattbbuted to the following: (1) Groups of
individuals which appear as a single monophyldade when the primary barcoding gene is applied,
and where application of a secondary barcode ggddrrelevant for practical reasons depending on
the area of interest; (2) Groups of individualsrwihconfirmed species delimitation, even when
secondary barcodes are applied. As outlined by @i et al. (2015), species complexes of type (1)
are found inFusarium where classical phenotypic species have beenugpinto smaller molecular
entities. There is no need to illustrate ‘compléxeg. inSporothrix where species can be
distinguished phenotypically and clearly differclinical behavior, i.e. virulence, antifungal
susceptibility and distribution (Zhang et al. 201=)r these reasons it is less appropriate to
amalgamaté&porothrixspecies in a ‘complex’, as it is frequently doagy( Tellez et al. 2014).
Complexes of type (1) and (2) thus refer to clisstdrspecies were distinction is either (1)
judged irrelevant, or (2) are as yet impossiblengdet al. (2005) listed aiSpergillus viridinutans
complex’ for a variable cluster of unnamed strafhsapiospermuns another example of the second
type (2) of species complexes, i.e. a monophytgticip showing diversity with undefined species
delimitation. The diversity o%. apiospermurand all its relatives known to date, are affilthte the
same clade defining the gerfeisedosporiurhere investigated with five genetic markers, ngries,
ACT, BT2 TEF1, andRP60S and data were compared with previously publishEdP patterns of
the same strains (Lackner et al. 2014a). In outystwe found a barcoding gap in ITS region between
the ‘'S. apiospermuroomplex’ and remaining species. A recent barcogagger (Irinyi et al. 2015)
reported the absence of barcoding gap in ITS wlBltedosporiurspecies that we here treat as
‘complex’. The barcoding gap of Irinyi and colleaguvas calculated usii®y apiospermuns.
boydii, S. aurantiacumS. dehoogjiand more remote species. In contrast, we comyred
apiospermumS. boydij andP. angustaon the one hand with remaining species on therothe
Although the highest barcoding gap was found in (@.842), a continuous region (approximately
ranging from 130 to 160 bp) BT2 (barcoding gap = 0.038) showed a high proportof.8) of
species that are monophyletic (Fig 3) and this alsashowed a distinct barcoding gap between the
closest species. Thus, we thiBk2is the best barcoding gene among the genetiddstad in the
present study, the region 13®0 being sufficient for unambiguous distinctioraasarcode identifier

(Heinrichs et al. 2012). All entities Bcedosporiunfat the ‘complex’ level) can be distinguished by
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other the remaining four genetic markers, and ohioly primary barcoding ITS. In addition, a high
phylogenetic resolution between entities was addawsingBT2 P60SandACT, thus partially
coinciding with results from a puristic K2P distanoatrix.Scedosporium dehoogs. minutisporum
andS. aurantiacunare phenotypically distinguishable and differ fimical relevance (Kaltseis et
al.2009) and antifungal susceptibility (Lackner et2fl14a) and therefore it is not useful to include
these in a complex; these are simply closely rélapecies. The complex under consideration
comprisesScedosporiunfPseudallescherjgboydiiandS. apiospermurwith the inclusion oP.
ellipsoideaandP. fusoideaas synonyms, and with. angustaas a doubtful intermediate taxon
(Gilgado et al. 2005). A debate concerning thardiibn of these species has been ongoing evee sinc
(Lackner et al. 2014b).

The barcode ITS, as well a&F1just allow approximate distinction &. apiospermurand
S. boydij with in our dataset 5 strains deviating, i.e hvétpredictive power of about 78 %. Higher
degrees of resolution with-I2 well-supported clades are found with secondargdesACT, RP60S
andBT2 The type strain dP. ellipsoideavas member of a cluster which was not inferrefediht
from S. boydiiand thus should not be recognized as sBchysoideavas earlier proven to be a
synonym ofS. boydii(Lackner et al2014a). In contrasE. angustacomprised a cluster with high
bootstrap branch support that was recognized ilocill eventually being composed of two supported
sub-clusters (Fig. 2) and taking an intermediatgtiom betweers. apiospermurandS. boydii
(Lackner et al. 2014a).

Although differences in re-sampling support wenenid between clusters united®s
apiospermunandS. boydij five putativein silico recombinants were detected. Whether these
recombinants form fertile offspring or are hybridsnains to be verified witm vitro crossing
experiments. Gilgado et al. (2005) noted a diffeesibetween homothallism (observedinboydi
and heterothallism (observed$n apiospermujmbut given the limited number of strains tested i
likely that these sexual traits were not followitigar species limits; the molecular mechanism tekhin
this has as yet not been revealed. No recombinatient was observed with any of the clustefB.in
angusta but this may be due to the limited number ofisgavailable. We conclude that the three
species cluster$s( apiospermuni. angustaandS. boydij are genetically different, but given the
occurrence of recombination in on average 13.5 %hebtrains 08. apiospermurandS. boydii
analyzed, these taxa are probably better recogmizéek level of populations rather than at the
species level. Increased efforts in genome sequgndil likely shed more light on these lineages.

All three entities could be further subdivided isttb-populations, with the help of secondary
barcoding markers used here. Higher diversity vieeved irS. boydiithan inS. apiospermurand
P. angustathis was particularly the case T2 When antifungal susceptibility patterns were telot
on any of the clusters, no significant differenasviound in frequency of azole-, echinocandin- or
polyene-resistance (Lackner et al. 2014a). Alsdifference was found in severity or location of

infection linked to any of the clusters. Discrintioa of S. apiospermun®. angustaandS. boydii
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does not imply a changed therapeutically manageoranformation on the severity of infection or
the potential to disseminate, the delimitation wirent species within th®. apiospermurapecies
complex does not play a significant role in mediogtology and routine laboratory diagnostics.

In conclusion, the term ‘species complex’ shoulgbmarily used to indicate some closely
related strains with uncertain taxonomic or spesiasis in medical mycology. We may state that for
reasons of absence of genetic separation, as svabhsence of clinical relevance of individual liges,
the specie§. apiospermunk. angustaandS. boydiishould be referred to as tHgcedosporium
apiospermunspecies complex’. Their distinction in clinicabptice is redundant, and use of ITS
region is sufficient. Highest resolution is achig¢weith BT2 where a small region of 30 bp is

sufficient for distinction of all relevant entitiesd is particularly suited for probe development.
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Legends

Table 1 Phylogenetic distance analysis of$hedosporium apiospermugpecies complex§.
dehoogij S. minutisporuS. aurantiacunandPseudallescheria desertorumased on ITSBT2 ACT,
RP60SandTEFL

Table 2 Success rates of sequencing for each geoets.

Table 3 Number of clades and recombinants (spesigsciation) per gene marker compared with
AFLP clusters.

SA, Scedosporium apiospermu®B, S. boydij nd, no data; *AFLP results from Lackner et al.
(2014a).

Table S1 Isolates of tH&. apiospermurapecies complex and related species includeckisttidy.

Fig. 1 Phylogenetic tree inferred from maximum litkeod (ML) and bayesian (BI) statistics based on
separatdCT, BT2andRP60Ssequences of thiecedosporium apiospermispecies compless.
dehoogij S. minutisporunS. aurantiacunandPseudallescheria desertorumy the outgroup method.
TheS. apiospermurapecies complex was marked using broken line. $@qt and posterior
probabilities values were added to respective tr@sm¢ML/BI). Branches with bootstrap support
values higher than 80% and/or 0.95 are indicatdubid.

Fig. 2 Midpoint-rooted phylogenetic analysis inégffrom ML and Bl statistics based on separate
ACT, BT2andRP60Ssequences @cedosporium apiospermus boydiiandPseudallescheria
angusta Bootstrap and posterior probabilities values vagtéed to respective branches (ML/BI). The

strains considered as in silico recombinants wexeked using coloured geometric figure.

Fig. 3 Pairwise distance sliding window analysisiwé genetic loci alignments (analyzed
individually) showing closest inter-specific (oraghiskers) and intra-specific (blue whiskers)
distances (Column A) and proportion of monophylspecies over a 100 bp sliding window (Column
B).

Hypervariable alignment sections were automaticligluded, as indicated by ‘gaps’ for the plot
‘proportion of species that are monophyletic’ peng (section ~140-200 bpBT2and ~150-230 bp

in ITS region).

Fig. S1 Phylogenetic relationship inferred from imaxm likelihood (ML) and bayesian (BI) statistics

based on separate ITS andF1 sequences of tHecedosporiumapiospermunspecies complexs.
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dehoogij S. minutisporumandS. aurantiacumwith Pseudallescheria desertoruas outgroup.
Bootstrap and posterior probabilities values welded to respective branches (ML/BI). Branches

with bootstrap support values higher than 80% ar@l@b are indicated in bold.

Fig. S2 Midpoint-rooted phylogenetic analysis inéef from ML and Bl statistics based on separate
ITS andTEF1sequences @cedosporium apiospermug boydiiandPseudallescheria angusta

Bootstrap and posterior probabilities values welded to respective branches (ML/BI).

Fig. S3 Phylogenetic tree inferred from maximuneliitkood (ML) and bayesian (BI) statistics based
on concatenatedCT, BT2 RP60STEF1and ITS sequences of tBeedosporium apiospermum
species comple)s. dehoogijiS. minutisporumandS. aurantiacumwith Pseudallescheria desertorum
as outgroup. Bootstrap and posterior probabilitedaes were added to respective branches (ML/BI).
The species complex was marked using broken liremdhes with bootstrap support values higher
than 80% and/or 0.95 are indicated in bold.



Table 1. Phylogenetic distance analysis of the S. apiospermum species complex, S. dehoogii, S.
minutisporum, S. aurantiacumand P. desertorum based on ITS, BT2, ACT, RP60S and TEF1.

Gene ITS BT2 ACT TEF1 RP60S
Length (bp) 521 487-495  326-328 565 383-392
Aligned sites 521 495 328 565 393
Best model K2 K2+G K2+G T92+G T92
Conserved sites 512 425 275 553 352
Variable sites 9 20 53 12 41
Parsimony-informative sites 9 20 45 11 34
Singleton sites 1 20 8 1 9
G+C%
S. apiosper mumspecies complex 53.2-56.1%  49.7-51.6% 514-53.0% 56.7-57.5%  56.8-58.3%
S. dehoogii 53.4-55.6%  48.8-49.5% 525535% 56.5-57.3%  57.0-58.0%
S. minutisporum 54.8% 49.3-49.4% 519-521% 57.2-57.3%  57.1-57.4%
S aurantiacum 51.4-52.2%  48.0-482% 52.853.4% 57.4-57.6% 57.4-57.7%

Intra-specific heterogeneity

S. apiospermumspecies complex 0.034 0.024 0.005 0.006 0.025
S dehoogii 0.042 0.027 0.007 0.009 0.002
Sminutisporum 0.000 0.016 0.003 0.001 0.013
S aurantiacum 0.002 0.003 0.012 0.001 0.002

Distancesin S. apiospermumspeci es complex

S apiospermumvs. S, boydii 0.007 0.040 0.055 0.007 0.028
S apiospermumvs. P. angusta 0.010 0.036 0.056 0.006 0.037
S boydii vs. P. angusta 0.003 0.022 0.037 0.007 0.025

Inter-specific distances

S. apiospermum species complex vs. S. dehoogii 0.084 0.065 0.024 0.017 0.044
S. apiospermum species complex vs. S minutisporum 0.108 0.076 0.021 0.017 0.065
S. apiospermum species complex vs. S. aurantiacum 0.125 0.107 0.034 0.040 0.066

Barcoding gap 0.042 0.038 0.009 0.008 0.019




Table 2. Success rates of sequencing for each genetic locus.

Contigs (%) S. apiospermum (n=19) S boydii (n=23) P. angusta (n=7) S dehoogii (n=9) S minutisporum(n=3) S aurantiacum(n=3)  P. desertorum (n=1)
ITS (%) 100% (19/19) 100% (23/23) 100% (7/7) 100% (9/9) 100% (3/3) 100% (3/3) 100% (1/1)
BT2 (%) 100% (19/19) 100% (23/23) 85.7% (6/7) 100% (9/9) 100% (3/3) 100% (3/3) 100% (1/1)
ACT (%) 100% (19/19) 100% (23/23) 100% (7/7) 100% (9/9) 100% (3/3) 100% (3/3) 100% (1/1)

RP60S (%) 100% (19/19) 100% (23/23) 100% (7/7) 100% (9/9) 100% (3/3) 100% (3/3) 100% (/1)

TEF1 (%) 94.7% (18/19) 100% (23/23) 100% (7/7) 100% (9/9) 100% (3/3) 100% (3/3) 100% (/1)




Table 3. Number of clades and recombinants (species association) per gene marker compared

with AFLP clusters.

Gene marker: number of clades

Strain ID

TEF1:3 ITS: 3 RP60S: 7 ACT: 9 BT2: 12 AFLP*: 7

CBS 115829 SA
CBS987.73 SA
CBS 101719 SA
CBS17432 SA
CBS 117436 deviating SA

SA, Scedosporium apiospermum; SB, Scedosporium boydii; nd, no data; * AFLP results from

Lackner et al. (2014a).
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Table S1. Isolates of the S. apiospermum complex and related species included in the study.

Strains Species Insilico AFLP genotype Genbank accession no.
recombinant (Lackner et al. 2014a)
ITS BT2 ACT TEF1 RP60S

CBS117388 S apiospermum No AFLP9 KT008498 KT008479 KT072637 KT069564 KT070568
CBS 117432 S apiospermum Yes AFLP9 KT008516 KT008456 KTO072660 KT069586 KT070585
CBS116403 S apiospermum No AFLP9 KT008508 KT008469 KT072648 ND KT070580
CBS987.73 S apiospermum Yes AFLP9 KT008499 KT008478 KT072652 KT069572 KT070586
CBS 117405 S apiospermum No AFLP9 KT008514 KT008483 KT072638 KT069565 KT070581
CBS116779 S apiospermum No AFLP9 KT008500 KT008480 KT072639 KT069566 KT070582
CBS116410 S apiospermum No AFLP9 KT008501 KT008481 KTO072649 KT069573 KTO070571
CBS117425 S apiospermum No AFLP9 KT008502 KT008475 KT072644 KT069574 KT070572
CBS 117436 S apiospermum Yes AFLP9 KT008517 KT008487 KTO072636 KT069567 KTO070578
CBS 116899 S apiospermum No AFLP9 KT008509 KT008473 KT072640 KT069575 KTO070583
CBS117399 S apiospermum No AFLP9 KT008503 KT008485 KT072645 KT069568 KT070569




CBS 115829

CBS 117395

CBS 101719

CBS330.93

CBS 117411

CBS 117394

CBS329.93

CBS 117407

CBS101.22

CBS 116898

CBS115.59

CBS 116897

CBS 120157

CBS 117404

S apiospermum

S. apiospermum

S apiospermum

S. apiospermum

S. apiospermum

S apiospermum

S. apiospermum

S apiospermum

S boydii

S boydii

S boydii

S boydii

S boydii

S boydii

Yes

No

Yes

No

No

No

No

No

No

No

No

No

No

No

AFLP9

AFLP9

AFLP9

AFLP9

AFLP9

AFLPO

AFLP9

AFLP9

AFLP6

AFLP6

AFLP6

AFLP6

AFLP6

AFLP6

KT008510

KT008515

KT008504

KT008505

KT008513

KT008506

KT008511

KT008512

KT008518

KT008520

KT008522

KT008524

KT008519

KT008521

KTO008474

KT008476

KT008486

KT008482

KT008484

KTO008472

KT008477

KTO008471

KT008455

KTO008458

KT008454

KT008459

KT008460

KT008453

KTO072669

KT072641

KTO072668

KTO072651

KTO072647

KTO072642

KT072643

KT072650

KTO072664

KTO072666

KT072661

KTO072663

KTO072665

KTO072667

KTO069576

KT069577

KT069587

KT069569

KT069570

KT069571

KT069578

KTO069579

KT069589

KTO069590

KT069591

KT069593

KTO069588

KT069600

KTO070579

KT070573

KTO070587

KT070570

KT070574

KTO70577

KTO70584

KTO070575

KT070590

KTO070593

KT070592

KTO70589

KT070588

KT070591




CBS 116892

CBS 117408

CBS375.77

CBS 117392

CBS 32251

CBS 117417

CBS 117390

CBS 116421

CBS 117403

CBS 119458

CBS418.73

CBS 116913

CBS219.85

CBS332.75

S boydii

S boydii

S boydii

S boydii

S boydii

S boydii

S boydii

S boydii

S boydii

S boydii

S boydii

S boydii

S boydii

S boydii

No

No

No

No

No

No

No

No

No

No

No

No

No

No

AFLP6 unassigned

AFLP5 unassigned

AFLP5

AFLP5

AFLP5

AFLP5

AFLP5

AFLPA

AFLP4

AFLP unnamed

AFLP1

AFLP1

AFLP1

AFLP1

KT008523

KT008527

KT008525

KT008530

KT008529

KT008526

KT008528

KTO008531

KT008532

KT008507

KT008540

KT008541

KT008542

KT008543

KTO008457

KT008462

KTO008463

KT008466

KT008461

KTO008464

KT008465

KTO008488

KT008489

KTO008470

KT008449

KT008446

KTO008450

KT008451

KT072662

KT072670

KTO072675

KTO072671

KT072673

KTO072674

KTO072672

KTO072683

KTO072684

KTO072646

KTO072676

KTO72677

KTO072678

KTO072679

KT069592

KT069596

KT069594

KT069599

KT069598

KTO069595

KT069597

KT069582

KT069583

KT069580

KT069601

KT069602

KTO069603

KT069604

KT070594

KT070606

KTO070604

KT070609

KT070608

KTO070605

KT070607

KT070602

KT070603

KTO070576

KTO070595

KT070599

KTO070596

KT070600




CBS 116912

CBS301.79

CBS 119694

CBS108.54

CBS 116894

CBS254.72

CBS593.73

CBS 119709

CBS 116914

CBS106.53

CBS 117415

CBS 101720

CBS499.90

CBS 117406

S boydii

S boydii

S boydii

P. angusta

P. angusta

P. angusta

P. angusta

P. angusta

P. angusta

P. angusta

S dehoogii

S. dehoogii

S dehoogii

S. dehoogii

No

No

No

No

No

No

No

No

No

No

No

No

No

No

AFLP1

AFLP1

AFLP1

AFLP3

AFLP3

AFLP3

AFLP3

AFLP3

AFLP3

AFLP3

AFLP2 unnamed

AFLP2

AFLP2

AFLP2

KT008544

KT008545

KT008546

KT008533

KT008536

KT008538

KT008534

KTO008537

KT008539

KT008535

KT008547

KT008554

KT008548

KT163400

KT008447

KT008452

KT008448

KT008442

KT008444

KTO008467

KT008445

ND

KT008468

KT008443

KTO008490

KT008496

KT008497

KT163401

KT072682

KT072680

KT072681

KT072653

KT072654

KTO072657

KT072659

KTO072655

KTO072658

KTO072656

KTO072687

KT072686

KTO072685

KT072689

KTO069605

KT069606

KT069607

KT069581

KT069584

KT069619

KT069620

KT069585

KT069621

KT069622

KT069623

KT069611

KTO069608

KT069615

KTO070597

KT070601

KTO070598

KT070610

KT070611

KT070613

KT070615

KT070612

KT070614

KT070616

KT070620

KT070623

KT070621

KT070625




CBS101721

CBS 101723

CBS 117393

CBS 117387

CBS 101724

CBS 100396

CBS 116911

CBS 116595

CBS 117414

CBS103.44

CBS 117426

CBS489.72

S dehoogii

S. dehoogii

S dehoogii

S. dehoogii

S. dehoogii

S minutisporum

S minutisporum

S minutisporum

S aurantiacum

S aurantiacum

S aurantiacum

S. desertorum

No

No

No

No

No

No

No

No

No

No

No

No

AFLP2

AFLP2

AFLP2

AFLP2

AFLP2

AFLP7

AFLP7

AFLP7

AFLP10

AFLP10

AFLP10

Outgroup

KTO008550

KT008551

KT008553

KT008552

KT008549

KT008555

KT008556

KTO008557

KT008558

KT008559

KT008560

KT008561

KT008492

KT008491

KTO008495

KT008494

KT008493

KT008440

KT008441

KT008439

KT008436

KT008437

KT008435

KT008438

KT072692

KT072690

KTO072688

KT072691

KT072693

KT072694

KT072695

KT072696

KT072697

KTO072698

KT072699

KT072700

KTO069613

KT069612

KT069610

KT069609

KT069614

KT069616

KT069617

KT069618

KT069624

KT069625

KT069626

KT069627

KTO070627

KT070626

KTO070624

KT070622

KT070628

KTO070617

KT070618

KTO070619

KT070629

KTO070630

KT070631

KT070632




TEF1 genetic locus ITS region
Model : T92+G Model : K2+G S. boydii AFLP1/AFLP4/AFLP5/AFLP6
0.01 S. apiospermum AFLP9a 0.02 P. angusta AFLP3
S. apiospermum AFLP9a
8210984 5. hoydii AFLP4
P. angusta AFLP3
P. angusta AFLP3
81/1 ]
{S' boydii AFLP1 S. apiospermum AFLP9a
81/1
S. boydii AFLP5/6
S. apiospermum AFLP9a
88/0/92
4 P angusta AFLP3
94/0.99
3 23/14p minutispora AFLP7
S. dehoogii AFLP2

S. aurantiacum AFLP10

- -

9/0.99

S. dehoogii AFLP2

97/0.954 P. minutispora AFLP7

100/1 .
—‘S. aurantiacum AFLP10

CBS 489.72 P. desertorum Outgroup

CBS 489.72 P. desertorum Outgroup



ITs
Model: K2

57

CBS 301.79 5. boydii AFLP1
CBS 119694 S. boydii AFLP1
CBS 116912 S. boydii AFLP1
CBS 332.75 5. boydii AFLP1
CBS 219.85 5. boydii AFLP1
CBS 116913 S. boydii AFLP1

CBS 418.73T 5. boydii AFLP1
CBS 106.53T P. angusta AFLP3
CBS 593.73 P. angusta AFLP3
CBS 108.54 P. angusta AFLP3
CBS 117403 5. boydii AFLP4

CBS 116421 S. boydii AFLP4

CBS 117392 S. boydii AFLPS

CBS 322.51 . boydii AFLPS

CBS 117390 5. boydii
CBS 117408 5. boydii
CBS 117417 S. boydii AFLPS
CBS 375.77 S. boydii AFLPS
CBS 116897
CBS 116892
CBS 115.59
cBS 117404
CBS 116898
CBS 120157
CBS 101.22T 5. boydii AFLP6

AFLPS
AFLPS

s. boydii AFLP6
s. boydii
s. boydii
s. boydii
S. boydii AFLP6
S. boydii AFLP6

=
1791 cBs 116914

cBS 329.93 .

cBS 117388

CBS 116779
CBS 116410
cBS 117425
cBS 117399
cBS 101719

cBS 117394
CBS 119458

CBS 117436 S. apiospermum AFLP9a
CBS 117432 S. apiospermum AFLP9a
a2 CBS 116894 P. angusta AFLP3
CBS 119709 P. angusta AFLP3
CBS 254.72T P. angusta AFLP3

P.angusta AFLP3

CBS 117405 S. apiospermum AFLP9a
CBS 117395 5. apiospermum AFLP9a

apiospermum AFLP9a

CBS 117407 S. apiospermum AFLP9a

CBS 116899T . apiospermum AFLP9a
CBS 116403 S. apiospermum AFLP9a
CBS 117411 S. apiospermum AFLP9a

s. apiospermum AFLP9a

CBS 987.73 5. apiospermum AFLP9a

s. apiospermum AFLP9a
s. apiospermum AFLP9a
S. apiospermum AFLP9a
S. apiospermum AFLP9a
S. apiospermum AFLP9a

CBS 330.93 S. apiospermum AFLP9a

S. apiospermum AFLP9a
S. apiospermum AFLP9a

TEF1
Model: T92

o0.79/68

°

\

24/

/7

CBS 117407 S. apiospermum AFLP9a
CBS 119458 S. apiospermum AFLP9a
CBS 329.93 5. apiospermum AFLP9a
CBS 117395 S. apiospermum AFLP9a
CBS 115829 S. apiospermum AFLP9a

116899T S. apiospermum AFLP9a

CBS 117425 S. apiospermum AFLP9a
CBS 116410 5. apiospermum AFLP9a
CBS 987.73 5. apiospermum AFLP9a

cBs
73l ces

117388
117405
116779
117436
117399

. apiospermum AFLP9a
S. apiospermum AFLP9a
S. apiospermum AFLP9a
S. apiospermum AFLP9a
S. apiospermum AFLP9a

330.93 . apiospermum AFLP9a

117411
117394
116421
117403
116894

5. apiospermum AFLP9a
S. apiospermum AFLP9a
s. boydii AFLP4

S. boydii AFLP4
P.angusta AFLP3

119709 P. angusta AFLP3
CBS 108.54 P. angusta AFLP3
0.95/§7 CBS 254.72T P. angusta AFLP3
CBS 593.73 P. angusta AFLP3
CBS 116914 P. angusta AFLP3
CBS 106.53 P. angusta AFLP3
CBS 101719 S. apiospermum AFLP9a

f2[cBs 120157 s. boydii AFLPE
CBS 117432 S. apiospermum AFLP9a
[ CBS 117404 s. boydii AFLP6

CBS 301.79 5. boydii AFLP1
CBS 119694 5. boydii AFLP1
CBS 116912 . boydii AFLP1
CBS 332.75 5. boydii AFLP1
CBS 219.85 S. boydii AFLP1
CBS 116913 5. boydii AFLP1
CBS 418.73T 5. boydii AFLP1

CBS 101.22T 5. boydii AFLP6

CBS 116898 . boydii AFLP&

CBS 115.59 S. boydii AFLP6

CBS 116892 . boydii AFLP6

CBS 116897 S. boydii AFLP6

CBS 375.77 S. boydii AFLPS

CBS 117417 S. boydii AFLPS

CBS 117408 S. boydii AFLPS

CBS 117390 S. boydii AFLPS

CBS 322.51 5. boydii AFLPS

CBS 117392 . boydii AFLPS



66/1

96/1

98
S. boydii AFLP 5

S. boydii AFLP 6/S. apiospermum AFLP 9

— S boydii AFLP 4

S. apiospermum AFLP 9

P.angusta AFLP 3

S. boydii AFLP 1

The S. apiospermum species complex

8211

d P. minutispora AFLP 7

10011

99/1

~d S. aurantiacton AFLP 10

S. dehoogii AFLP 2

CBS 489.72 P. desertorwm Outgroup





