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ABSTRACT

A MONOGRAPH OF THE FRESHWATER ASCOMYCETE FAMILY ANNULATASCACEAE: A
MORPHOLOGICAL AND MOLECULAR STUDY
Steven Edward Zelski, Ph.D.
Department of Plant Biology
University of lllinois at Urbana-Champaign, 2015
Carol A. Shearer and Andrew N. Miller, Co-advisors

Freshwater fungi are important agents decomposing submerged dead plant material. Roughly ten
percent of the known teleomorphic (sexually reproducing) freshwater ascomycetes have been referred to
or included in the family Annulatascaceae. Placement in this family is based on characters that include
perithecial ascomata, unitunicate cylindrical asci with relatively large J- (Melzer’s reagent negative)
apical rings, and the presence of long tapering septate paraphyses. However, the large refractive apical
apparati are the distinctive feature of the family. As sparse molecular data were available prior to the
beginning of this study, a broad survey of freshwater temperate and tropical areas was conducted to
collect these taxa for morphological examination, digital imagery, and extraction of DNA for
phylogenetic inference. Thirty-five of roughly 70 described species in 21 genera of Annulatascaceae were
assessed molecularly, and forty-five illustrated from holotypes and/or fresh collections. Twelve new taxa
with relatively large non-amyloid apical apparati were discovered, only one of which, Longicollum
biappendiculatum, belongs in Annulatascaceae. Material examined in this study was preserved as
permanent slides, dried specimens, and/or living cultures. Phylogenetic analyses of 4 genes alone and in
combination revealed a polyphyletic Annulatascaceae, with a sensu stricto clade consisting of the type,
Annulatascus velatisporus, and nine other species. The other twenty-five taxa assessed molecularly were
located in clades along the Sordariomycetes tree, basal to the Ophiostomatales, the nearest outgroup to
Annulatascaceae in these analyses. Annulatascaceae sensu stricto lacks likelihood support at its root node

in single and combined gene analyses, but is strongly supported by Bayesian posterior probability in



analyses of combined genes. This strongly suggests a familial if not an ordinal relationship of these ten
taxa. One limitation of this study was a constraint on the number of genes sequenced. Some taxa only had
GenBank sequence data and newly sequenced species did not all provide Mcm7 sequences as the primers
are highly degenerate and annealing temperatures were variable. Addition of other genes (e.g. RPB1,
TEF1a) to future analyses may increase confidence at both basal and distal nodes for this clade. A second
limitation of this study was taxonomic coverage using sequence data. Though great effort was given to
collecting, not all Annulatascaceae taxa were encountered. Collecting freshwater ascomycetes entails
randomly selecting submerged woody debris and incubating it in moist chambers with the hopes of
obtaining these microscopic organism. This is in contrast to collecting macroscopic organisms, which are
readily recognizable in the field. Much work remains to be done on taxa thus far known only from the
Eastern Hemisphere. Molecular data from these taxa would provide additional resolving power for

lineages with large apical rings.
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CHAPTER 1

INTRODUCTION

The Kingdom Fungi is estimated to consist of approximately 3.5-5.1 million species (O’Brien et
al. 2005). Kirk et al. (2008) reported 97,861 described species. Of the described species, approximately
64,000 belong to the phylum Ascomycota, fungi that reproduce asexually by producing conidia or
sexually by producing ascospores in sac-like structures called asci. Ascomycetes occupy nearly every
habitat on Earth. They are reported from such disparate locations as Ernest Shackleton’s camp in the
Antarctic (Blanchette et al. 2010) to the high temperature geothermal formations in Yellowstone National
Park (Redman et al. 1999). They can be found in frigid trenches and in high altitude streams (Le Calvez et
al. 2009, Shearer et al. 2015). Ascomycetes perform heterotrophic roles, though when lichenized, they

become part of a producer cooperative. They are plant and animal pathogens, saprobes, and symbionts.

Freshwater ascomycetes represent a relatively unstudied, taxonomically broad group of species.
The group consists of species that spend the majority of their life cycle in water (indwellers) and species
that may only spend part of their life cycle in freshwater (transients) (Park 1972). Freshwater ascomycetes
have been studied in depth only over the last 60 years (Ingold 1942, Shearer 1972, Dudka 1985, Shearer
1993, Jones 2014, Shearer and Raja 2015, Shearer et al. 2015). C.T. Ingold focused on freshwater
hyphomycetes whose spores accumulate in stream foam created by running water (Ingold 1942). His
studies opened up the realm of an ecological group of filamentous fungi which reproduce asexually, and
are typically associated with submerged substrates such as leaves and herbaceous material, as well as
woody debris (Ingold 1942, Shearer 1972, Barlocher 1985, Gulis et al. 2009). This work preceded DNA
sequencing, and thus it was not known that the majority of these new taxa were members of the

Ascomycota, though it was assumed due to the lack of hyphal clamp connections.



Freshwater ascomycetes are thought to play an important role in the decomposition of
allochthanous and autochthanous woody and herbaceous debris in lentic and lotic aquatic habitats
(Shearer 1992, Gessner and Chauvet 1994, Wong et al. 1998, Gessner and Van Ryckegem 2003). As
saprobic organisms, they break down dead plant material such as autumn shed leaves, aquatic
macrophytes, and woody debris (logs, branches, sticks, and roots) that are an important source of energy
and nutrients in stream and lake food webs (Harmon et al. 1986). Their functional importance lies in their
ability to break down complex plant compounds that invertebrates at the base of the food web cannot
digest. Recalcitrant substrates such as cellulose and lignin are thereby reduced to smaller molecules that
are then used as a food source for stream invertebrates (Zare-Maiven and Shearer 1988a, 1988b, Simonis

et al. 2008). Fungi themselves are also consumed as food by a host of organisms (Bérlocher 1985).

Prior to Shearer undertaking the study of freshwater ascomycetes, which occur on long lasting
lignocellulosic substrates, these organisms were poorly studied (Shearer 1972, 1993). Sexually
reproducing ascomycetes in aquatic habitats had been sparsely reported prior to that. For example, the
oldest species examined in this study, Submersisphaeria vasicola (Ellis and Everhart) Z. Wang, Aptroot
& K.D. Hyde was reported in 1884 (Ellis and Everhart 1884), followed by Pseudoproboscispora caudae-
suis (Ingold) J. Campb., Shearer, J.L. Crane & Fallah (Ingold 1951). All other taxa in this study were
described beginning in 1992 and later, starting with Annulatascus velatisporus K.D. Hyde (Hyde 1992)

the type species of the genus Annulatascus and family Annulatascaceae.

As an ecological assemblage of organisms, the freshwater ascomycetes do not themselves form a
monophyletic group. It has been hypothesized that the adaptation to the freshwater environment was
accomplished multiple times from various lineages within the classes Dothideomycetes, Orbiliomycetes,
and Sordariomycetes (Shearer 1989, Belliveau and Bérlocher 2005, Vijaykrishna et al. 2006). Within the
Sordariomycetes, the family Annulatascaceae, the focus of this study, accounts for nearly 10% of all

described freshwater ascomycetes. Its position was considered incertae sedis at the subclass and ordinal



levels (Huhndorf et al. 2004) until Maharachchikumbura et al. (2015) performed multi-gene analyses with
the purpose of assessing the Sordariomycetes backbone tree and delimiting higher level classifications. At
present, Annulatascaceae is placed in the order Annulatascales in the subclass Diaporthomycetidae

(Maharachchikumbura et al. 2015).

The Annulatascaceae (roughly translated as “the family with rings in the asci”’) was created for
freshwater ascomycetes which possessed the prominent feature of a relatively massive, Meltzer’s reagent
negative (J-) ring at the apex of the ascus (Wong et al. 1998) (Fig. 1). This morphological feature has
proven to be symplesiomorphic at the generic to family level (Raja et al. 2003, Boonyuen et al. 2011,
Ferrer et al. 2012, Raja et al. 2012, Jones et al. 2014). Though early molecular analyses warned of the
symplesiomorphic nature of the annulus as a unifying character for the family, more genera and species
were added to Annulatascaceae despite mounting evidence against the monophyly of the group (Ranghoo
et al. 1999, Raja et al. 2003). These additions to the family included many taxa with much smaller apical
rings, e.g. Aquaticola, than taxa originally included in the family. According to Kevin Hyde, one of the
authorities of the family, basing the family on a large J- apical ring may have been misguided (Hyde pers.
com. 2012). As a structural feature, ascus apical rings, whether staining with IKI or not, are common in
Orbiliomycetes, Sordariomycetes, and Xylariomycetes (Beckett and Crawford 1973, Zhang et al. 2006,
Kumar et al. 2012). As relatively inexpensive high throughput DNA sequencing was in its infancy at the
time the family was established, morphology was paramount in grouping taxa. The family
Annulatascaceae was initially placed in the Sordariales by Erikkson et al. (2001), but was moved to
Sordariomycetes incertae sedis by Huhndorf et al. (2004) based on 28S rRNA analysis, in keeping with
the opinions of Kirk et al. (2001). Thongkantha et al. (2009) showed that Ophiostomatales was closely
related to Annulatascaceae sensu stricto in combined 18S and 28S analyses. The majority of publications
formally describing members of the family have been based on morphology alone, with the relatively
massive ascus apical ring (not so massive in some taxa) as the unifying character. An early study using

molecular data by Ranghoo et al. (1999) showed that members of the genus Ascotaiwania Sivan. & H.S.
3



Fig. 1. Representative ascus apical rings of Annulatascaceae species. A. Ascus illustrating apical ring of
Annulatascus velatisporus. B. Ascus apical ring of Annulatascus biatriisporus stained with aqueous
nigrosin. C. Ascus apical ring of Torrentispora crassiparietis. D. Ascus apical ring of Annulatascus
velatisporus. E. Ascus apical ring of Torrentispora crassiparietis end on. F. Ascus apical ring of
Cataractispora viscosa. G. Ascus apical ring of Submersisphaeria aquatica. Bars: A = 40 um; B-F = 20

pm; G =10 pm.






Chang, which were originally thought to belong in the Annulatascaceae due to their large bipartite apical
rings, were distantly related to the type of the family, A. velatisporus. Ascotaiwania is currently placed in
the Savoryellales based on a five gene phylogeny, though it has not yet been placed in a family
(Boonyuen et al. 2011). Annulatascaceae, as currently circumscribed, is composed of 18 genera with
approximately 71 species. Initially, the family consisted of six genera: Annulatascus, Ascotaiwania,
Clohiesia K.D. Hyde, Frondicola K.D. Hyde, Proboscispora S.-W. Wong and K.D. Hyde, and
Submersisphaeria K.D. Hyde (Wong et al. 1998). As mentioned above, Ascotaiwania has been removed
and placed in the order Savoryellales based on molecular data (Boonyuen et al. 2011); Proboscispora was
renamed Pseudoproboscispora Punith. as the name had been previously given to an unrelated species
(Punithalingham 1999); and 21 new genera have been added while 3 were removed. Currently the
following genera are recognized or referred to Annulatascaceae: Annulatascus, Annulusmagnus J.
Campbell & Shearer, Aqualignicola Ranghoo, K.M. Tsui & K.D. Hyde, Aquaticola W.H. Ho, K.M. Tsui,
Hodgkiss & K.D. Hyde, Ascitendus J. Campbell & Shearer, Ascolacicola Ranghoo & K.D. Hyde, Ayria
Fryar & K.D. Hyde, Brunneosporella Ranghoo & K.D. Hyde, Cataractispora K.D. Hyde, S.W. Wong &
E.B.G. Jones, Chaetorostrum Zelski, Raja, A.N. Mill & Shearer, Clohiesia, Conlarium F. Liu & L. Cai,
Cyanoannulus Raja, J. Campbell & Shearer, Diluviocola K.D. Hyde, S.W. Wong & E.B.G. Jones,
Fluminicola S.W. Wong, K.D. Hyde & E.B.G. Jones, Frondicola, Fusoidispora Vijaykr., Jeewon & K.D.
Hyde, Longicollum Zelski, Raja, A.N. Mill & Shearer, Pseudoproboscispora, Rhamphoria Niessl,
Rivulicola K.D. Hyde, Submersisphaeria, Teracosphaeria M. Réblova & K.A. Seifert, Torrentispora
K.D. Hyde, W.H. Ho, E.B.G. Jones, K.M. Tsui & S.W. Wong, and Vertexicola K.D. Hyde, Ranghoo &

S.W. Wong.

Four genera in Annulatascaceae, Annulatascus, Aquaticola, Cataractispora, and
Submersisphaeria, account for 34 species, or approximately 50% of the family. These genera are
relatively easy to distinguish based on morphology. Preliminary molecular studies with a limited number

of taxa have shown the genera segregate with strong Maximum likelihood (ML) and Bayesian posterior
6



probability (PP) branch support from one another (Raja et al. 2003, Campbell and Shearer 2004, Abdel-
Wahab et al. 2011), but not as a monophyletic group. Furthermore, other molecular studies have shown
that terrestrial genera such as Ambrosiella Brader, Fragosphaeria Shear, and Ophiostoma Syd & P. Syd,
which differ morphologically from Annulatascaceae taxa, show phylogenetic affinities with this
predominantly freshwater ecological group (Vijaykrishna et al. 2005, Boonyuen et al. 2012, Ferrer et al.
2012). In fact, when representatives of the latter genera are included in phylogenetic analyses, they divide
the Annulatascaceae into sensu stricto and lato clades, and effectively insert whole non-related lineages

between them (Jones et al. 2014).

The family Annulatascaceae is essentially an assortment of species primarily based on the
presence of a J- apical ring that varies in size among genera. Additional characteristics of
Annulatascaceae include: dark or light colored perithecia with a cylindrical neck; long, tapering, septate
paraphyses; long cylindrical asci with relatively large apical rings which do not stain blue in the iodine
based Meltzer’s reagent, but do stain in agueous nigrosin; and ascospores that are aseptate or septate,
mostly hyaline, occasionally brown, and with or without gelatinous sheaths or appendages (Wong et al.
1998). Studies of the ascus apices of taxa currently included in the Annulatascaceae have revealed
variation in the size, shape, structure, and staining in various reagents (Wong et al. 1999, Ho et al. 1999,
Ranghoo et al. 2001, Raja et al. 2003). An apical ring may be an important structural element of the ascus
which leads to back door dehiscence of asci to release ascospores rather than forceful ejection from the
ascus tip. The backdoor release mechanism of ascospore discharge is a common feature of
Annulatascaceae taxa. Backdoor dehiscence occurs when the ascus wall splits open 1/3 to 2/3 of the
length of the ascus from the tip, typically breaking in half, and thus releasing the ascospores. Other
variable features used to delimit genera within Annulatascaceae include the size and morphology of
ascospores and the presence/absence of gelatinous sheaths and/or appendages. Gelatinous sheaths and
appendages are thought to be adaptations for ascospore adherence to substrates in an aquatic environment

(Shearer 1993).



In the case of Annulatascaceae, a natural classification based on morphology and backed by
molecular data is difficult as there are few morphological characters or suites of characters with which to
group taxa when molecular evidence is included. Suites of characters are problematic as they often
overlap in one or more categories. Molecular analyses are the gold standard in determining the

monophyly of particular groups and then morphology is evaluated in relation to those those hypotheses.

Morphology-based taxonomy of Annulatascaceae has resulted in a large and variable assemblage
which is only slowly being teased apart using molecular techniques (Ranghoo et al. 1999, Réblové and
Winka 2001, Campbell et al. 2003, Raja et al. 2003, Campbell and Shearer 2004). This recent molecular
work has suggested polyphyly of Annulatascaceae, with authors recently referring to a sensu stricto clade
clustering with A. velatisporus, and a series of sensu lato clades that are not phylogenetically related
(Abdel-Wahab et al. 2011, Jones et al. 2014). Predominantly due to studies using only genes that resolve
tip taxa (e.g. 28S nrRNA) and which are less effective in resolving deeper branches in phylogenetic
analyses, the family itself is currently considered incertae sedis at the subclass and ordinal levels. Thus
genes more reflective of deeper branches such as SSU and single-copy protein coding genes such as
Mcm?7 require investigation (Aguileta et al. 2008, Schmitt et al. 2009, Raja et al. 2011). Addition of such
gene sequences would also increase the characters available for comparisons. In addition, taxon sampling
for molecular studies of Annulatascaceae has been somewhat limited. Species of Annulatascaceae have
been reported from every continent except Antarctica and adding morphologically similar taxa from

additional biogeographic regions to molecular analyses would increase resolving power.

Taxa in the Annulatascaceae sensu stricto clade agree with one another in that they possess
relatively large J- ascus apical rings (Wong et al 1998, Ho and Hyde 2000) but have marked variation in
traits such as ascomatal structure and pigmentation and ascospore shape, pigmentation, septation,
guttulation, appendages, and sheaths. Therefore, to further understand phylogenetic relationships among

Annulatascaceae sensu lato, this study was comprised of three main goals. The first was to perform a



broad geographic survey of Annulatascaceae in order to isolate and extract DNA for molecular analyses
for as many taxa as possible. The second was to illustrate these taxa and compare them using a database
constructed of morphological characters. The third goal was to conduct molecular analyses using single
and multi-gene alignments with as many taxa as possible to assess the genetic relatedness of
Annulatascaceae-like taxa and determine which, if any morphological characters are phylogenetically

informative based on molecular results.

These efforts were made to address the following questions: 1) Which of the currently accepted
taxa in the Annulatascaceae form the monophyletic group with the type species of the family and
consequently are the Annulatascaceae sensu stricto? 2) Which morphological character or set of
characters are phylogenetically informative for the circumscription of the family and the genera therein?
3) Which species should be retained in Annulatascaceae, and which need taxonomic reassignment in light
of combined morphological and molecular evidence? and 4) What is the placement of the
Annulatascaceae sensu stricto at the subclass and ordinal levels, and what are the placements of those

taxa removed from that clade?

In addition to addressing these questions, the following hypotheses and predictions were tested:
1) If bipartite J- ascus apical rings are widespread throughout Sordariomycetes, then this character alone
will not be phylogenetically informative for the Annulatascaceae sensu stricto. 2) Since ascospore
morphology is under selective pressure in aquatic habitats, then ascospore characters such as shape,
pigmentation, and presence/absence of gelatinous appendages and/or sheaths will not be phylogenetically
informative for the Annulatascaceae sensu stricto. 3) If ascomal architecture given its complexity is a
more conserved trait it will therefore be more phylogenetically informative for Annulatascaceae than

ascospore characters.

This study has merit in that it tackles the longstanding problem of the phylogenetic systematics of

Annulatascaceae. It also provides distributional information, new illustrations, a compilation of
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morphological data, and phylogenetic inference. Vouchered herbarium specimens are deposited at the
University of Illinois Herbarium, allowing U.S. and foreign institutions to access the material via
herbarium-to-herbarium loans. Gene sequences are deposited through NCBI into GenBank and contribute
to the information available to the scientific community. This dissertation will be made widely available
for future research on this topic and the electronic morphological database constructed for the study will

be disseminated upon request.
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CHAPTER 2

MATERIALS AND METHODS

Collecting sites:

Sample collecting for this research was conducted in primarily tropical freshwater habitats in
Asia and in North, Central, and South America, with permission to collect and export from the countries
in which the collecting was performed. Collections were also made in the temperate U.S. From these
collections, many Annulatascaceae taxa described from the Eastern Hemisphere and for which prior
molecular data did not exist were recovered. See Table 1 for a complete list of collection sites and
environmental factors. Of special note are the Los Amigos Biological Field Station/Centro de
Investigacién y Capacitacion Rio Los Amigos (CICRA) and the Great Smoky Mountains National Park

(GSMNP), that are abbreviated for the remainder of the text.

Habitat characterization:

Sites were characterized by geographic location, and with GPS coordinates (including altitude
(m) above sea level) (Table 1). Environmental conditions were also recorded, e.g., pH, temperature (°C),
dissolved oxygen content (DOC), and electroconductivity (US). When possible, surrounding vegetation
was included in site descriptions. These observations were used to characterize the abiotic and biotic

factors influencing species distributions. Original descriptions served as historical site characterization.

Field Collection and Herbarium Requests:

One of the main goals of this study was to collect fresh specimens of Annulatascaceae for
morphological and molecular characterization. These organisms are microscopic, in the order of 1 mm or
smaller, and cannot be readily identified in the field. Therefore, random sampling of submerged woody

debris followed by microscopic examination in the laboratory was the chosen method for recovering the
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highest diversity of freshwater ascomycetes, and in turn the most taxa of Annulatascaceae. Submerged
woody debris was collected randomly from various lentic and lotic freshwater habitats according to
procedures outlined by Shearer et al. (2004). Particular care was given to selecting submerged plant
material that had been submerged for an extended period of time, i.e., long enough to permit colonization
of the substrates by freshwater ascomycetes and the exclusion of terrestrial species. To ensure substrate
suitability, debris was subjected to three tests. The first was a visual inspection of the substrate to
determine if the material was of recent deposition; in which case it was discarded. The second test was to
perform a “fingernail test” to determine if the material was easily penetrated and thus decomposing.
Finally, suitable substrate was subjected to a quick snap to determine if it was breakable or still green, as
recently senesced woody debris has not had time to be colonized. Satisfactory substrates were put in
sealable plastic bags along with sheets of moist paper towels and shipped to the University of Illinois at

Urbana-Champaign.

It was anticipated from the outset that not all taxa would be encountered, and thus type
descriptions and herbarium specimens were used when fresh material was not available. Herbarium
requests were made for all type specimens. Table 2 documents the herbarium location, collection details,
and collector(s) for each holotype, as well as whether the holotype was available. Many of the holotypes
requested could not be found by the curators of HKU or IFRD and one from IMI, and this is noted in the

rest of the text. Some may have been misplaced in the move of the Hyde Collection from HKU to IFRD.

Examination of Substrates:

Fresh samples of woody debris were incubated in moist chambers and examined for reproductive
structures within one week of arrival and periodically thereafter for 12 months. All available holotypes
were examined and additional dried herbarium specimens were examined as time allowed. Reproductive
structures were located with an AO Spencer Zoom Stereomicroscope (American Optical Co.,

Southbridge, MA). Ascomata or conidiophores were removed from the substrate with a sterilized
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dissecting needle, gently placed (conidiophores) or teased apart (ascomata) in a drop of distilled water on
a 25 x 25 mm cover slip and covered with an 18 x 18 mm cover slip (Corning Inc., Corning, NY; VWR
International, LLC, Radnor, PA) on a 25 x 75 x 1mm, plain, pre-cleaned microscope slides (Corning Inc.,
Corning, NY;; Fisher Scientific, Pittsburg, PA). Freshly made slides were preserved according to the
methods of Volkmann-Kohlmeyer and Kohlmeyer (1996). In cases where material was unavailable,

protologues were used to study the fungi.

Isolation:

Isolation in pure culture was performed according to procedures modified from Fallah and
Shearer (2001) and Shearer et al. (2004). For single spore isolation, sterile dissecting needles were used to
gently tease apart the contents of ascomata on antibiotic water agar [AWA, 20 g agar (Difco), 0.5 g
streptomycin sulfate (Sigma), 0.5 g penicillin G (Sigma) and 1000 mL deionized H,Q]. Single germinated
ascospores were transferred to sterile Petri dishes containing peptone yeast glucose agar with antibiotics
[PYG + Ab, 1.25 g peptone, 1.25 g yeast extract, 18 g agar, 5 g D-glucose (Acros), 0.5 g streptomycin
sulfate, 0.5 g penicillin G, and 1000 mL deionized H,O] and grown at ambient temperature with ~ 12/12
hr light/dark conditions. Antibiotics were added to media after autoclaving with a brief cool down period
(5 min). For taxa that did not germinate, either ~30 ascomata or a mass of ascospores were harvested and

put in AP1 buffer from the DNeasy Plant Mini Kit (Qiagen Sciences Inc., Valencia CA).

Imaging:

Macroscopic digital images of herbarium packets and their contents were taken with an iPhone 5s
(Apple Inc., CA). Macroscopic digital images of fruiting structures were taken using an Olympus SZX7
stereomicroscope (Olympus Optical Co. Ltd., Tokyo, Japan) fitted with a SPOT RT color camera using
SPOT Advanced software (Diagnostics instruments Inc., Sterling Hts., MI). Light microscopic

examination of ascomal architecture was performed on an Olympus BHS microscope equipped with
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Nomarski interference and phase optics (Olympus Optical Co. Ltd., Tokyo, Japan). Digital micrographs
were obtained with a SPOT Insight 12 Mp color camera and Spot Advanced software. Images were

processed with Adobe Photoshop v. 9.0.2 and assembled with Adobe InDesign v. 4.0.5.

Specimen preservation:

Permanent slides were prepared using the protocol of Volkmann-Kohlmeyer and Kohlmeyer

(1996). Field material, when available, was also dried and deposited with permanent slides in ILL.

Molecular Methods

DNA extraction:

DNA was extracted using different methods depending on whether pure cultures were obtainable.
In cases where cultures were obtained, DNA was extracted from mycelium scraped with a sterile spatula
from agar plates. Mycelium was ground into a fine powder in liquid nitrogen with a mortar and pestle and
DNA was extracted using the DNeasy Plant Mini Kit (Qiagen Sciences Inc., Valencia CA) according to
the manufacturer’s instructions. In cases where spores did not germinate, fruit bodies or spores were
pooled in AP1 buffer (Qiagen Sciences Inc., Valencia CA) and subjected to three freeze/thaw cycles in
liquid nitrogen (-196 °C) with micropestle pulverization before extraction with the DNeasy Plant Mini

Kit.

PCR:

PCR amplification of extracted DNA was performed using Illustra Ready-To-Go™ PCR Beads
(GE Healthcare) on an MJ Research PTC-200 thermocycler. PCR was performed using appropriate
primer pairs (Table 3) for the 28S nrDNA, 18S nrDNA, ITS nrDNA, and the nuclear single copy protein
Mcm?7 genes. The following parameters were used for ribosomal genes: initial denaturation at 95 °C for 5

min, followed by 40 cycles at 95 °C for 30 s, 50 °C for 15 s, 72 °C for 10 s with a final extension step of
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72 °C for 10 min. The following parameters were used for Mcm?7: initial denaturing at 94 °C for 5 min;
30 cycles of denaturing at 94 °C for 45 s, annealing at 50-60 °C (empirically determined) for 50 s;
extension at 72 °C for 1 min; and a final extension step of 72 °C for 5 min. PCR products were purified
using a QIAquick PCR Purification Kit (Qiagen Sciences Inc., Valencia CA) according to the

manufacturer’s instructions.

Sequencing:

Sequencing reactions were carried out using the BigDye® Sequence Terminator Kit ver. 3.1
(Applied Biosystems, Foster City, CA) using appropriate primers (Table 3). Sanger DNA sequencing was
performed on an AB 3730xI DNA Analyzer at the W. M. Keck Center for Comparative and Functional

Genomics at the University of Illinois at Urbana-Champaign.

Taxon sampling:

As many Annulatascaceae or Annulatascaceae-like species as possible were examined and
sequenced. Additional representatives of the major orders of Sordariomycetes were added to alignments
of Annulatascaceae taxa. The majority of these taxa were drawn from the Sordariomycetes study of
Zhang et al. (2006) and the recent molecular phylogenetic study of freshwater fungi, specifically Chapter
3, by Jones et al. (2014). In addition, Sordariomycetes taxa with Mcm7sequences from Raja et al. (2011)
were included to provide taxonomic coverage for that gene. A complete list of taxa and sequence

information can be found in Table 6.

Sequence assembly:

Sequences were assembled and initially aligned using Sequencher 4.9 (Gene Codes Corporation,
Ann Arbor, MI). Further alignment was performed using MUSCLE 3.6 (Edgar 2004) in SeaView 4

(Gouy et al. 2010) followed by refinement by eye.

15



Phylogenetic analyses:

Maximum likelihood analyses were performed using RAXML-HCP2 v.7.0.4 on XSEDE
(Stamatakis 2006, Stamatakis et al. 2008) on the CIPRES Portal v.2.0 (Miller et al. 2010) under default
settings and GTRCAT model to increase inference time with 1000 rapid bootstrap searches. Most likely
trees from likelihood analyses were initially viewed using Dendroscope v.3 (Huson and Scornavacca
2012) and then illustrated in Adobe Illustrator CS2. Bayesian analyses were conducted using MrBayes
v.3.2.3 on XSEDE (Huelsenbeck et al. 2001, Ronquist and Huelsenbeck 2003) on the CIPRES Portal
v.2.0 (Miller et al. 2010) using parameters obtained with jModelTest (Posada 2008, Darriba et al. 2012)
with two runs and four chains. A total of 10,000,000 generations were run with trees sampled every
1000th generation, resulting in a total of 10,000 trees. The first 1,000 trees were discarded as burn in. All
analyses had reached stationarity by that point, and the remaining 9,000 trees were used to establish
posterior probabilities (PP). The consensus tree was viewed in Dendroscope 3 (Huson and Scornavacca

2012).
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CHAPTER 3

RESULTS

PHYLOGENETIC ANALYSES

Thirty-five species, or approximately half of the taxa referred to Annulatascaceae, were evaluated
molecularly in this study. Twenty of these species were evaluated using molecular data for the first time
or with greater gene coverage. After ends were trimmed due to missing data and one 19 bp ambiguous
region was removed, the final 28S alignment consisted of 203 sequences from 148 taxa, and had a length
of 632 bp. Only the D1-D2 (LROR-LR3) region was used due to its variability and to reduce sequencing
costs. After ends were trimmed due to missing data the final 18S alignment (NS1-NS4) consisted of 113
sequences from 90 taxa, and had a length of 1132 bp. After ends were trimmed due to missing data and
ambiguous regions excluded, the final ITS alignment (ITS1F-1TS4) consisted of 73 sequences from 49
taxa, and had a length of 763 bp. After ends were trimmed due to missing data the final Mcm?7 alignment
(709for-1348rev) consisted of 43 sequences from 35 taxa, and had a length of 645 bp. The combined
alignment of 18S and 28S consisted of 201 sequences from 148 taxa, and had a length of 1764 bp. The
combined alignment of 18S, 28S, and Mcm7 consisted of 203 sequences from 148 taxa and had a length
of 2409 bp (see Table 4). ITS sequences were not included in combined gene analyses as it is difficult to

align beyond the familial level.

For Maximum likelihood and Bayesian analyses, jModelTest2 (Darriba et al. 2012) was used to
determine the best fit models of nucleotide evolution for each gene. Parameters for each gene and

combined datasets are listed in Table 5.

Tree results constructed from maximum likelihood analyses performed with RAXML are

presented below first on a gene by gene basis (Figs. 2-5), followed by combinatorial variations (Figs. 6-
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8). Bayesian PP values > 95 and Maximum Likelihood bootstrap values > 70 are used to indicate

supported branches on all trees.

Maximum-likelihood RAXML analysis of the 28S dataset produced a single most likely tree (Fig.
2). Annulatascaceae sensu stricto is a monophyletic group with Ophiostomatales as the nearest basal
order. Included in the sensu stricto clade along with the type of the family, Annulatascus velatisporus, are
A. aquatorba, A. hongkongensis, A. nilensis, Annulusmagnus triseptatus, Ascitendus austriacus,
Longicollum biappendiculatum, Paoayensis lignicola, Pseudoproboscispora caudae-suis, and
Submersisphaeria aquatica. Additionally, and in contrast to combined gene analyses, Annulatascus
citriosporus is placed as a sister taxon to A. aquatorba, although without support and on a long branch.
Other Annulatascaceae taxa with 28S data are scattered throughout the Sordariomycetes in the three gene

analysis results below.

Maximum-likelihood RAXML analysis of the 18S dataset produced a single most likely tree (Fig.
3). Annulatascaceae sensu stricto as inferred from 28S analysis is paraphyletic in 18S analyses. Rather,
what would constitute the sensu stricto clade inferred from 18S analyses includes two members of the
Diaporthales, Ophioceras tenuisporum and Ceratosphaeria lampadophora, though the branch leading to
them is unsupported. Aside from these two species, the Annulatascaceae sensu stricto clade contains the
same taxa as that produced in the 28S analyses except for A. citriosporus, for which 18S data was not
obtained (see below and Fig. 2). Other Annulatascaceae taxa with 18S data included in this study are

scattered throughout the Sordariomycetes in the three gene analysis results below.

Maximum-likelihood RAXML analysis of the ITS dataset produced a single most likely tree (Fig.
4). Annulatascaceae sensu stricto is paraphyletic group compared to the group in 28S analyses (see below
and Fig. 2) with the exception that Annulatascus hongkongensis, A. nilensis, and Paoayensis lignicola are
not included as ITS data are currently unavailable for these taxa as these taxa were not collected in this

study. Annulatascus citriosporus, which was on a long branch in 28S analyses, is placed sister to
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Submersisphaeria aquatica on a short branch in ITS analyses. Other Annulatascaceae taxa with ITS data
included in this study are scattered throughout the Sordariomycetes in the three gene analysis results
below. Exceptions to this are Aquaticola tropicalis and the informally described Ag. hongkongensis
(nomen invalidum with sequence) which are only represented in GenBank with ITS sequences.
Aquaticola tropicalis belongs in a clade with the new Aquaticola-like species PE0316 and Ag.
miniguttulata, while Ag. hongkongensis is placed in a polytomy sister to Conlarium duplumascospora on

a relatively long branch with no statistical support.

Maximum-likelihood RAXML analysis of the Mcm7 dataset produced a single most likely tree
(Fig. 5). Annulatascaceae sensu stricto, compared to 28S analysis, is not a monophyletic group in this
analysis as it consists of two clades. Inclusion of Aquaticola miniguttulata, two new Aquaticola-like
species (AK1838, PE0316), Chaetorostrum quincemilense, Fluminicola bipolaris, and Vertexicola

triseptata would be required for monophyly..

Maximum-likelihood RAXML analysis of the combined 18S and 28S datasets produced a single
most likely tree (Fig. 6). Annulatascaceae sensu stricto is a monophyletic group with Ophiostomatales as
its sister group. This clade is taxonomically congruent to that produced in 28S analysis, with the
exception that Annulatascus citriosporus is not a member, but rather is placed sister to members of
Melanosporales and Coronophorales. Other Annulatascaceae taxa with 28S and/or 18S data included in
this study are scattered throughout the Sordariomycetes and are broken into clades in the three gene

analyses.

Maximum-likelihood RAXML analysis of the combined 18S, 28S and Mcm7 datasets (the most
robust analysis with the most data in this study, and that which is used for morphological/molecular
synthesis) produced a single most likely tree (Fig. 7). Annulatascaceae sensu stricto forms a ten species
clade within Clade 1 in three gene analyses and is taxonomically congruent to the same genera and

species as in the 28S analysis above, with the exception of A. citriosporus, which is rather distantly
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related. The clade is divided into 4 subclades. The nearest sister group consists of members of the
Ophiostomatales and Xylomelasma sordida. Currently accepted or referred Annulatascaceae species with
molecular data not in the Annulatascaceae sensu stricto clade are scattered throughout the
Sordariomycetes in eight Annulatascaceae sensu lato clades as follows (referred to in Fig. 7 as Clades for

simplicity).

Clade 1 (treated as a clade here to facilitate the results and discussion) consisting of numerous
Annulatascaceae sensu lato members is a large group of predominantly freshwater taxa (exceptions are
Lentomitella spp. (although Lentomitella pallibrunnea has been recovered from freshwater (Shearer et al.
2015)) and Rhamphoria delicatula) and is placed sister to Ophiostomatales and Annulatascaceae sensu
stricto (shaded taxa in Fig. 7, Clade 1). Inclusion of Ophiostomatales and Annulatascaceae sensu stricto
causes Clade 1 to become monophyletic. Clade 1 is further subdivided into Clades 1a-1k. This large
lineage does not have statistical support (< 70 ML, < 95 PP) at its basal node. Other Annulatasceae sensu

lato species examined in this study are dispersed among Clades 2-8 (Fig. 7).

Annulatascaceae sensu lato Clade 1a is composed of a group of freshwater fungi statistically
supported by high Bayesian posterior probability values but not by Maximum-likelihood bootstrap
support values. The clade is composed of Brunneosporella aquatica, Chaetorostrum quincemilense,

Fluminicola bipolaris, and Papulosa amerospora (Fig. 7, Clade 1a).

Annulatascaceae sensu lato Clade 1b is composed of the Cataractispora species C.
appendiculata, C. receptaculorum, and C. viscosa, as well as Aquaticola hyalomura, although without
Bayesian posterior probability or Maximum-likelihood bootstrap support (Fig. 7, Clade 1b).
Annulatascaceae sensu lato Clade 1c is composed of the Aquaticola-like species PE0157 and PE0264 as
well as Ayria nubispora. The Aquaticola-like species are well supported sister taxa, but Ayria nubispora
does not have Bayesian posterior probability or Maximum-likelihood bootstrap support (Fig. 7, Clade

lc).
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Annulatascaceae sensu lato Clade 1d is composed of the freshwater fungi Conlarium
duplumascospora, Hydromelitis pulchella, and Riomyces rotundus. Conlarium duplumascospora and R.
rotundus are statistically well supported sister taxa, while H. pulchella is sister to the two species without

Bayesian posterior probability or Maximum-likelihood bootstrap support (Fig. 7, Clade 1d).

Annulatascaceae sensu lato Clade 1e is composed of Vertexicola caudatus and the new species
V. triseptata from Peru. This clade is strongly supported by Bayesian posterior probability and
Maximum-likelihood bootstrap support values (Fig. 7, Clade 1e). These species agree well
morphologically but differ in measurements of characters, the lack of a spike-like ascus tail in V.
triseptata. The ascospores of V. triseptata are consistently 3-septate rather than 5-septate as in V.

caudatus.

Annulatascaceae sensu lato Clade 1f is well supported as a sister to Clade 1g by Bayesian
posterior probability but not by Maximum-likelihood bootstrap values. Clade 1f is composed of
Annulatascus biatriisporus, a new Annulatascus-like species (PE0035), Aquaticola-like species (AK-
1838, PE0316), Ag. miniguttulata, and Fusoidispora aquatica. Within Clade 1f, PE0316, Aqg.

miniguttulata, and F. aquatica are strongly united by both statistical metrics (Fig. 7, Clade 1f).

Annulatascaceae sensu lato Clade 1g is a monotypic clade with Torrentispora fibrosa as its sole
member. It is separated from Clade 1f by a clade comprised of Lentomitella species, which possess large
J- apical rings, but have thick ascomal walls and ill-defined necks. The latter two clades are sister to one
another, supported by Bayesian posterior probability. The relationship of T. fibrosa to those clades lacks
statistical support with either metric used in this study (Fig. 7, Clade 1g). Torrentispora fibrosa has black
ascomata with well-defined necks, but differs from taxa in Clade 1f in that its ascospores are aseptate,
ellipsoidal and have thick walls. The only taxon in Clade 1g with thick-walled ascospores is

Annulatascus biatriisporus, but they are fusiform and have a thin sheath.
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Annulatascaceae sensu lato Clade 1h is a monotypic clade with Cyanoannulus petersenii as its
sole member (Fig. 7, Clade 1h). A feature that sets C. petersenii apart from other taxa is that the

ascomata are reddish-brown as opposed to brown, black, or hyaline.

Annulatascaceae sensu lato Clade 1i is a monotypic clade, with Hyalorostratum brunneisporum
as its sole member, sister to Clade 1h without Bayesian posterior probability or Maximum-likelihood

bootstrap support values (Fig. 7, Clade 1i).

Annulatascaceae sensu lato Clade 1j consists of three species of freshwater ascomycetes not

referred to Annulatascaceae per se and placed in the genus Bullimyces (Fig. 7, Clade 1j).

Annulatascaceae sensu lato Clade 1k is a monotypic clade with Teracosphaeria petroica as its

sole member (Fig. 7, 1K).

Annulatascaceae sensu lato Clade 2 is a monotypic clade with Annulatascus citriosporus
(represented by two sequences generated in this study) as its sole member. It is on a relatively long branch

sister to Chaetosphaeriales, although without any statistical support (Fig. 7, Clade 2).

Annulatascaceae sensu lato Clade 3 is a polytomy that is divided into 3 subclades. Clade 3a is
comprised of Aquaticola triseptata and the new Aquaticola-like species PE0159 (Fig. 7, Clade 3a).
Clade 3b is monotypic with Submersisphaeria rattanicola as its sole member (Fig. 7, Clade 3b). Clade

3c is monotypic with Clohiesia corticola as its sole member (Fig. 7, Clade 3c

Annulatascaceae sensu lato Clade 4 is a strongly statistically supported clade composed of two

Agquaticola species, Ag. ellipsoidea and the informally describe Ag. hongkongensis (Fig. 7, Clade 4).

Annulatascaceae sensu lato Clade 5 is a monotypic clade with Torrentispora crassiparietis as its

sole member (Fig. 7, Clade 5).
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Annulatascaceae sensu lato Clade 6 is a monotypic clade with Rivulicola incrustata as its sole

member (Fig. 7, Clade 6).

Annulatascaceae sensu lato Clade 7 is composed of a new Annulatascus-like species (PE0324)
and a new Ayria-like species (PE0323) which are strongly supported sister taxa Although PE0323 is on a

longer branch. (Fig. 7, Clade 7).

Annulatascaceae sensu lato Clade 8 monotypic with the new Annulatascus-like species A612 as

its sole member (Fig. 7, Clade 8).
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Fig. 2. Phylogram of the most likely tree from 28S nrRNA gene analysis obtained with RAXML
(-In =-17440.773436). Numbers ascribed to branches indicate ML bootstrap support values
>70%, posterior probability values >95% are indicated by thickened branches. Taxa referred to

but not members of Annulatascaceae sensu stricto are indicated by shaded rectangles.
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Diaporthe eres AF408350
— Mazzantia napelli AF408389
9 90y Valsella salicis AF408389
Leucostoma niveum AF362558
Valsa ambiens AF362564
Pleurostoma ootheca AY61079 | Coronophorales
Ascotaiwania mitriformis AF 132324
’_|_‘— Ascotaiwania sp PE0238-1a
100 Ascotaiwania hughesii AY316357 Savoryellales
— _9°| L Ascotaiwania sp PEC059
Ascotaiwania persoonii AY590295
100 Bertia moriformis AY695261
Bertia moriformis AY695260
Chaetospt lla phaeostroma AY 346274
Nitchkia grevillei AY346294 Coronophorales
100 ;— Scortechinia acanthostroma FJ968991
1 - Scortechinia acanthostroma FJ968990
100— Melanospora tiffanii AY015630
_L Melanospora zamiae AY046579 I Melanosporales
4 100~ Togninia fraxinopennsylvanica AY761083 I | baerial
L Togninia minima AY761082 Calosphaeriales

Fig. 2 continued.
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100

Hypocrea citrina AY544649

Hypocrea lutea AF543791

Nectria cinnabarina U00748

Stachybotrys chartarum AY489712

Elaphocordyceps capitata AY489721

Elaphocordyceps ophioglossoides AY489723

Annulatascus-like PE0035

Claviceps purpurea AF543789

Balansia henningsiana AY489715

Rivulicola incrustata PE0031-2

100 Microascus trigonosporus DQ470958
Microascus longirostris AF400865
Doratomyces stemonitis DQ836907
Petriella setifera DQ470969

83

Halosphaeria appendiculata U46885
_100‘_: Nohea umiumi U46893

Hypocreales

Microascales

I Halosphaeriales

Aniptodera ch

Ceratocystis fimbriata U17401
Graphium penicillioides AF027384
Mirannulata samuelsii AY578353
78~ Aquaticola-like PE0316
33 Fusoidispora aquatica AY780365
Aquaticola miniguttulata PE0120-1d
1003 Aquaticola-like AK-1838a
Aquaticola-like AK-1838b
Annulatascus biatriisporus AY316352
Annulatascus biatriisporus PE0330-1
Lentomitella cirrhosa AY761085
Lentomitella crinigera AY761086
Torrentispora fibrosa PE0038
Chaetorostrum quincemilense PE0105-1c
100 Chaetorostrum quincemilense PE0105-1b
Ch um quinc PE0105-1a
Rhamphoria delicatula AF261068

Fig. 2 continued.
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Annulusmagnus triseptatus AY590289
Annulusmagnus triseptatus AY590287
Annulusmagnus triseptatus Z231-1824a
72 Annulusmagnus triseptatus AY094186
Annulusmagnus triseptatus AY316353
Annulusmagnus triseptatus AY590285
Annulusmagnus triseptatus AY780049
Annulusmagnus triseptatus GQ996540
Annulusmagnus triseptatus AY 346257
Annulusmagnus triseptatus AY590286
i Annulusmagnus triseptatus AY590288
Ascitendus austriacus AY590294
Ascitendus austriacus GQ996539
Ascitendus austriacus AY590293
Ascitendus austriacus AY590292
Submersisphaeria aquatica AY094194
Submersisphaeria aquatica AY094193
Submersisphaeria aquatica Z43-2e
Submersisphaeria aquatica Z43-1824
Longicollum biappendiculatum PE0017-2a
Longicollum biappendiculatum PE0017-2b
96| Longicollum biappendiculatum PE0017-1a
77" Longicollum biappendiculatum PE0017-1b
Pseudoproboscispora caudae-suis AY094191
Pseudoproboscispora caudae-suis AY094192
Pseudoproboscispora caudae-suis A40-39b
Pseudoproboscispora caudae-suis A40-39a
Pseudoproboscispora caudae-suis Z32-1822a
Paoayensis lignicola EF622535
Annulatascus nilensis HQ616536
Annulatascus velatisporus TH0011-1a
Annulatascus velatisporus PE0160-9
| Annulatascus velatisporus PE0011-9b
82 | Annulatascus velatisporus PE0011-9¢
Annulatascus velatisporus PE0011-9a
I Annulatascus velatisporus TH0011-1b
| [—— Annulatascus velatisporus AY312320
98] I Annulatascus velatisporus AF316355
Annulatascus velatisporus AF316354
Annulatascus hongkongensis AF132319
100 | Annulatascus aquatorba PE0255-1a
_‘-Annulatascus aquatorba PE0255-1b

Annulatascus aquatorba JN226107

86

94

78
80

Annulatascaceae sensu stricto

| 1% Annulatascus citriosporus PEQ086-2b
Annulatascus citriosporus PE0086-2a

Hydromelitis pulchella JF775588
Ophiostoma piliferum DQ470955
Ophiostoma stenoceras DQ836904
Fragosphaeria purpurea AF096191
Xylomelasma sordida AY761087

71 Cyanoannulus petersenii AY316359
4 Cyanoannulus petersenii AY316358

Cyanoannulus petersenii Z60

Agquaticola triseptata PEO164-1b
Hyalorostratum brunnneisporum HM191720

Ophiostomatales

v

Fig. 2 continued.
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Fluminicola bipolaris PE0020-3b
73 3!1? Fluminicola bipolaris PE0020-1a
\ Fluminicola bipolaris PE0020-1b
74 Fluminicola bipolaris AF132332
Brunneosporella aquatica AF132326

Papulosa amerospora DQ470950
Poroconiochaeta discoidea AY 346297
Coniochaeta sp JN673041
Coniochaeta ostrea DQ470959 Coniochaetales
Coniochaeta leucoplaca FJ167399
Coniochaetidium savoryi AY346276
Conlarium duplumascospora JN936993
925 Conlarium duplumascospora JN936991

Conlarium duplumascospora JN936992
Riomyces rotundus JF775589
100; Aquaticola-like PE0264
Aquaticola-like PEQ157
Ayria nubispora F99-1

100, Aquaticola-like PE0324
39 Ayria-like PE0323-1a
Bullimyces commmunis JF775686
Bullimyces aurisporus JF775590
Bullimyces costaricensis JF775592
100 Catataractispora appendiculata PEO066-1b
Catataractispora appendiculata PE0066-1a
Catataractispora receptacularum AF 132327
Aquaticola hyalomura AY580281
— ] Aquaticola ellipsoidea AY590290
1 100 I:quatir.ula ellipsoidea AY316356
Aquaticola hongkongensis AF 132321
Cataractispora viscosa PE0165-8b
100; Vertexicola triseptata PE0104-1b
s00ft Vertexicola triseptata PE0104-1a
Vertexicola caudatus AF132331
Teracosphaeria petroica EF063576
Hyponectria buxi AY083834
t Eutypa lata DQ836303
Creosphaeria sassafras JN673042 :
Xylariales

Fig. 2 continued.

Clypeosphaeria uniseptata DQ810219

Xylaria hypoxylon AY544648
Xylaria acuta AY544676
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Fig. 3. Phylogram of the most likely tree from 18S nrRNA gene analysis obtained with RAXML
(-InL = 10160.534721). Numbers ascribed to branches indicate ML bootstrap support values
>70%, posterior probability support values >95% are indicated by thickened branches. Taxa
referred to but not members of Annulatascaceae sensu stricto are indicated by shaded rounded

rectangles.
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75

100

Conlarium duplumascospora JN936989
Conlarium duplumascospora JN936987

Riomyces rotundus JF758612

Aquaticola-like PE0316

Lentomitella cirrhosa AY761089
95— Aquaticola-like PE0157

Conlarium duplumascospora JN936988

PE0066-1a

L C:
100, Vertexicola triseptata PE0104-1b
Vertexicola triseptata PE0104-1a
Rhamphoria delicatula AF242267
Hyd litis pulchella JF758613
99, Papulosa amerospora DQ470998
Fluminicola bipolaris PE0020-1a
Ch il PE0105-1a
Fragosphaeria purpurea AF096176
Ophiostoma piliferum AJ243295

Ophiostoma stenoceras M85054
C 1S ii Z60-1824

um qu

Hy im brunneisp HM191721
99 Lasiosphaeria ovina DQ836894
Lasiosphaeria ovina EU940082

Sordaria fimicola AY545724
Camarops ustulinoides DQ4

Chaetomium globosum JN546130
Neurospora crassa KF312458

Camarops microspora DQ471036

| Ophiostomatales

Sordariales

70989
Boliniales

Menispora tortuosa AY544723 | Chaetosphaeriales

1007 Aquaticola-like PE0159
Aquaticola triseptata PEQ

Sub

Coniochaeta ostrea DQ471007 | Coniochaetales
Bullimyces costaricensis JF758616

# Bullimyces communis JF758617

Bullimyces aurisporus JF758614
86~ Melanconis alni DQ862052

G 871 | Melanconis marginalis DQ862053
92
Chromendothia citrina DQ862046
Chrysoporthe cubensis DQ862047
Endothia gyrosa DQ471023

Valsella salicis DQ862057

Leucostoma niveum DQ862050

Valsa ambiens DQ862056
Cryphonectria parasitica DQ862048
80; Diaporthe eres DQ471015

Mazzantia napelli DQ862051

84 Diaporthe phaseolorum L36985

Togninia minima AY761068

Togninia fraxinopennsylvanica AY761070

Annulatascus velatisporus PE0011-54

Annulatascus velatisporus PE0011-9a

100 [ Annulatascus velatisporus PE0011-9¢c
Annulatascus velatisporus PE0160-9

Annulatascus velatisporus PE0011-9b

I Diapor!

Melanconis stilbostoma DQ862054

100— Gnomonia gnomon DQ471019
Apiognomonia errabunda DQ862045

164-1b
PE0292-1a

Diaporthales

Pleurostoma ootheca AY761074 I Calosphaeriales

thales

Annulatascaceae sensu stricto

tenuisporum AF050475

l 0
Ceratosphaeria lampadophora AY761088

Submersisphaeria aquatica A95-1b

Submersisphaeria aquatica Z43-2e

Submersisphaeria aquatica Z43-1824

Longicollum biappendiculatum PE0017-1a
Pseudoproboscispora caudae-suis Z32-1822a

84 Pseudoproboscispora caudae-suis A336-2d

99| Pseudoproboscispora caudae-suis Z32-1822b

Annulatascus aquatorba PE0255-1a
4— Annulatascus aquatorba JN226106
Annulatascus aquatorba PE0255-1b

97 i

91

77

1P D pora caud is A40-39a
87| - Pseudoproboscispora caudae-suis A40-39b

Pseudoproboscispora caudae-suis A40-1b
Annulusmagnus triseptatus Z31-1824b
Ascitendus austriacus A44-28a

91

Annulusmagnus triseptatus Z31-1824a

I' Annulusmagnus triseptatus JQ429242

86

Ascitendus austriacus GQ996542
" Annulusmagnus triseptatus A413-6

Paoayesis lignicola EF622536

I Diaporthales

Annulatascaceae sensu stricto

A is-like PEO035

Fig. 3.
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Stachybotrys chartarum AY489680

Balansia henningsiana AY489683

Elaphocordyceps capitata AY489689

Claviceps purpurea AF543765

Elaphocordyceps ophioglossoides AY489691

100 — Melanospora tiffanii AY015619
= Melanospora zamiae AY046578

Hypocreales

Rivulicola incrustata PE0031-2

Nectria cinnabarina U32412 1 Hypocreales
— Annulatascus-like PE0324
88

Microascus longirostris DQ471026
Microascus trigonosporus DQ471006
Doratomyces stemonitis DQ836901
Petriella setifera DQ471020

89

Nohea umiumi U46878
Halosphaeria appendiculata U46872
Aniptodera chesapeakensis U46870
Graphium penicillioides DQ471038

Ceratocystis fimbriata U32418
— Ascotaiwania sp PE0059

98 |
Torrentispora crassiparietis PEO068

99

93

ﬁ“oo—_Hypocrea lutea AF543768
Hypocrea citrina AY 544693

A Annulatascus-like A612-3b

Annulatascus-like A612-3a

I Hypocreales

Fig. 3 continued.

99 Hyponectria buxi AF130976
W_— Clypeosphaeria uniseptata DQ810255
Eutypa lata DQ836896

— Xylaria hypoxylon AY544692
— Xylaria acuta AY544719

Ayria-like PE0323-1a

Xylariales
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Fig. 4. Phylogram of the most likely tree from ITS nrRNA gene analysis obtained with RAXML
(-InL =-13882.173909). Numbers ascribed to branches indicate ML bootstrap support values
>70%, posterior probability support values >95% are indicated by thickened branches. Taxa
referred to but not members of Annulatascaceae sensu stricto are indicated by shaded rounded

rectangles.
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100 Fluminicola bipolaris PE0020-1a
190! Fluminicola bipolaris PE0020-1b
Cataractispora viscosa PE0165-8b
Fluminicola bipolaris
Brunneosporella aquatica

Chaetorostrum quincemilense c
4 Chaetorostrum quincemilense a
Chaetorostrum quincemilense b

Cataractispora appendiculata a

Cataractispora receptaculorum
100 Vertexicola triseptata PE0104-1b

100 Vertexicola triseptata PE0104-1a
Vertexicola caudatus AF177151
Ayria-like PE0323-1a
Aguaticola-like PE0157

85 Conlarium duplumascospora ¢
4 Conlarium duplumascospora b
Conlarium duplumascospora a

Aquaticola hongkongensis
85 Valsa ambiens
Diaporthe eres Diaporthales
Apiognomonia errabunda
Cataractispora-like sp PE0266
Cyanoannulus petersenii Z60-1824
100~ Aquaticola miniguttulata PE0120-1d
Agquaticola miniguttulata PE0120-1a
Aquaticola-like PE0316
Annulatascus tropicalis
Coniochaetasp | Coniochaetales
] 71 Rivulicola incrustata PE0031-2
Annlatascus-like PE0324
Torrentispora crassiparietis PE0068
Chaetosphaeria lateriphiala B Chaetosphaeriales
Lasiosphaeria ovina
Lasiosphaeria languinosa
Chaetomium globosum
Cercophora sp
1007 Aquaticola-like PE0159
Aquaticola triseptata PE0164-1b
Submersisphaeria rattanicola PE0292-1a
Torrentispora fibrosa PE0038
Annulatascus citriosporus PE0086-2a
Submersisphaeria aquatica Z43-2e
96 Submersisphaeria aquatica A95-1b
Submersisphaeria aquatica Z43-1824
- Longicollum biappendiculatum PE0017-1a
Annulatascus velatisporus PE0011-54
96[ Annulatascus velatisporus PE0011-35b
Annulatascus velatisporus PE0011-35a
Annulatascus velatisporus PE0011-9a
Annulatascus velatisporus
Annulatascus velatisporus PE0O160
100; Annulat, aquatorba PE0255-1b
Annulatascus aquatorba PE0255-1a
100; Annulusmagnus triseptatus Z31-1824a
Annulusmagnus triseptatus Z31-1824b
261 - Annulusmagnus triseptatus
Ascitendus austriacus
100* Ascitendus austriacus Z57-1688
Pseudoprobiscispora caudae-suis A40-39b
Pseudoprobiscispora caudae-suis A40-39a
Pseudoprobiscispora caudae-suis A40-1b
Pseudoprobiscispora caudae-suis Z32-1822a
Pseudoprobiscispora caudae-suis Z32-1824
Cercophora arenicola | Sordariales

- 89 Ophiostoma stenoceras
E Ophiostoma piliferum Ophiostomatales
Fragosphaeria purpurea
100 Ascotaiwania sp PE0059

_| L———— Aquaticola ellipsoidea A411-3 I Savoryellales
Annulatascus-like PE0035

89

05

Sordariales

83
100

Annulatascaceae sensu stricto

Annulatascus-like A612-3b
Annulatascus-like A812-3a

Fig. 4.
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Fig. 5. Phylogram of the most likely tree from Mcm7 gene analysis obtained with RAXML (-InL
=-10190.729590). Numbers ascribed to branches indicate ML bootstrap support values >70%,

posterior probability support values >95% are indicated by thickened branches. Taxa referred to

but not members of Annulatascaceae sensu stricto are indicated by shaded rounded rectangles.
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e 0.1

Pseudoproboscispora caudae-suis A40-39a
100/ Pseudoproboscispora caudae-suis A40-1b
Pseudoproboscispora caudae-suis A336-2d
Pseudoproboscispora caudae-suis Z32-1822
100 Longicollum biappendiculatum PE0017-1a
Longicollum biappendiculatum PE0017-1b
100] Submersisphaeria aquatica Z43-1824
Submersisphaeria aquatica A95-1b
1007 Annulusmagnus triseptatus Z31-1824a
Annulusmagnus triseptatus A413-6
Annulatascus aquatorba PE0255-1a
Vertexicola triseptata PE0104-1a
Fluminicola bipolaris PE0020-1a
Chaetorostrum quincemilense PE0105-1a
Aquaticola-like PE0316
Aquaticola miniguttulata PE0120-1c
Aquaticola-like AK-1838a
100j Annulatascus velatisporus PE0011-9a Annulatascaceae
Annulatascus velatisporus PE0160-9 sensu stricto
— 99 Camarops scleroderma JN672976
84 Camarops sp JN672977
94/L100 Camarops lutea JN672974 Boliniales
Camarops plana JN672975
Camarops polysperma JN672973
Chaetosphaeria lateriphiala JN672984 | Chaetosphaeriales
Annulatascus citriosporus PE0086-2a
Annulatascus-like A612-3b
100 Lasiosphaeria languinosa JN673006
Lasiosphaeria languinosa JN673007
Lasiosphaeria ovina JN673008

74 Cercophora sp JN672980
| Chaetomium globosum XM_001220296 | Sordariales
100} Cercophora arenicola JN672979
78 Lasiosphaeria hirsuta JN673009
o Cercophora aquatica

Neurospora crassa XM_958785
Submersisphaeria rattanicola PE0292-1a
100 — Hyalorostratum brunneisporum JN672996

Coniochaeta sp JN672986 | Coniochaetales
Ascotaiwania sp PE0059 I Savoryellales
Annulatascus-like PE0324

Creosphaeria sassafras JN672987 I .
Xylaria hypoxylon JX000190 | *Yariales

Annulatascaceae
sensu stricto

100

Fig. 5.
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Fig. 6. Phylogram of the most likely tree from combined 28S and 18S nrRNA gene analysis
obtained with RAXML (-InL = -40317.731427). Numbers ascribed to branches indicate ML
bootstrap support values >70%, posterior probability support values >95% are indicated by

thickened branches. Taxa referred to but not members of Annulatascaceae sensu stricto are

indicated by shaded rounded rectangles.
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Annulusmagnus triseptatus R059
- Annulusmagnus triseptatus A413-13a
Annulusmagnus triseptatus A353-1f
Annulusmagnus triseptatus A54-10e
Annulusmagnus triseptatus Z31-1824b
Annulusmagnus triseptatus Z31-1824a
\ Annulusmagnus triseptatus A413-6
Annulusmagnus triseptatus MR 2948
{Annulusmagnus triseptatus SMH4832
Annulusmagnus triseptatus SMH2359
Annulusmagnus triseptatus A325-1d
Annulusmagnus triseptatus A54-10a
Ascitendus austriacus A324-1b
Ascitendus austriacus A324-1f
Ascitendus austriacus MR 2936
Ascitendus austriacus A44-28aa
Paoayensis lignicola HKU 17516
Pseudoproboscispora caudae-suis A40-1b
Pseudoproboscispora caudae-suis A336-2d
Pseudoproboscispora caudae-suis Z32-1822b
39 Pseudoproboscispora caudae-suis Z32-1822a
Pseudoproboscispora caudae-suis A40-39b
80! pseudoproboscispora caudae-suis A40-39a
Submersisphaeria aquatica A95-1b
Submersisphaeria aquatica A354-1c
Submersisphaeria aquatica Z43-2e
gg| ' Submersisphaeria aquatica Z43-1824
_|| Longicollum biappendiculatum PE0017-2b
- 'L Longicollum biappendiculatum PEQ017-2a
96) Longicollum biappendiculatum PE0017-1a
Longicollum biappendiculatum PE0Q017-1b
Annulatascus nilensis IMI 397966
Annulatascus velatisporus R047
— Annulatascus velatisporus HKU 3701
Annulatascus velatisporus A70-18
Annulatascus velatisporus PE0011-9¢
— Annulatascus velatisporus PE0160-9
Annulatascus velatisporus PE0011-9a
Annulatascus velatisporus TH0011-1a
Annulatascus velatisporus PE0011-9b
Annulatascus velatisporus TH0011-1b
Annulatascus velatisporus PE0011-54
Annulatascus hongkongensis HKUCC 3702
701 Annulatascus aquatorba PE0255-1a
Annulatascus aquatorba SS02424.01
L Annulatascus aquatorba PE0255-1b
Ophiostoma stenoceras
Ophiostoma piliferum
Fragosphaeria purpurea
Xylomelasma sordida
99 Cyanoannulus petersenii R044b
A‘ Cyanoannulus petersenii RO44a

Cyanocannulus petersenii Z60-1824

38

Annulatascaceae sensu stricto

Ophiostomatales



0.1

Fig. 6 continued.

100y Cataractispora appendiculata PE0066-1b
Cataractispora appendiculata PE0066-1a
Cataractispora receptaculorum HKUCC 3710
Cataractispora viscosa PE0165-8b
Aquaticola hyalomura R038
100, Aquaticola-like PE0264
Aquaticola-like PE0157
Ayria nubispora F99-1
100 Vertexicola triseptata PE0104-1b
1 OOH Vertexicola triseptata PE0104-1a
Vertexicola caudatus HKUCC 3715
91 Fusoidispora aquatica HKU 17484
98I Aquaticola-like PE0316
Aquaticola miniguttulata PE0120-1c
100 Aquaticola-like AK-1838b
Aquaticola-like AK-1838a
Annulatascus biatriisporus PE0330-1
Annulatascus biatriisporus A464-3
Lentomitella crinigera CBS 113655
Lentomitella cirrhosa ICMP 15131
Torrentispora fibrosa PE0038
Rhamphoria delicatula
99r Conlarium duplumascospora ¢
Conlarium duplumascospora b
Conlarium duplumascospora a
Riomyces rotundus

99

100
100

Hydromelitis pulchella
Hyalorostratum brunneisporum

721~ Bullimyces communis
ir'_ Bullimyces aurisporus

Bullimyces costaricensis

_QQL— Ophioceras tenuisporum
v

Ceratosphaeria lampadophora
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Apiognomonia errabunda
Gnomonia gnomon
Gnomeonia borealis
Gnomonia peticlorum

86 Melanconis alni

Melanconis stilbostoma

i 100 Melanconis marginalis
\ Endothia gyrosa
Chromendothia citrina q
Chrysoporthe cubensis Dlaporthales
100 Cryphonectria parasitica

Diaporthe passiflorae
Diaporthe phaseolorum
Diaporthe eres
Mazzantia napelli
97 Leucostoma niveum
Valsella salicis
Valsa ambiens
Pleurostoma ootheca

100r Togninia minima

Togninia fraxinopennsylvanica

Fluminicola bipolaris PE0020-3b

I gg Fluminicola bipolaris PE0020-1b

Fluminicola bipolaris PE0020-1a
Fluminicola bipolaris
Brunneosporella aquatica
Papulosa amerospora
93| Chaetorostrum quincemilense PE0105-1b
Chaetorostrum quincemilense PE0105-1¢c
1001 chaetorostrum quincemilense PE0105-1a
79— Camarops sp
Camarops scleroderma
Camarops ustulinoides
Camarops polysperma
98" Camarops tubulina Boliniales
Camarops lutea
Camarops plana
Camarops amorpha
Camarops microspora

97

100

100; Menispora tortuosa
Chaetosphaeria ovoidea
Chaetosphaeria innumera Chaetosphaeriales
Chaetosphaeria fuegiana
Chaetosphaeria lateriphiala
Aquaticola triseptatus PE0164-1b
Aquaticola-like PE0159
Clohiesia corticola HKUCC 3712
Submersisphaeria rattanicola PE0292-1a
991 Lasiosphaeria languinosa
90 Lasiosphaeria languinosa
80! X X ;
Lasiosphaeria ovina

Lasiosphaeria ovina
Podospora fibrinocaudata

100y Lasiosphaeria hirsuta
! Cercophora arenicola Sordariales
Cercophora aquatica
Neurospora crassa
Sordaria fimicola
Chaetomium globosum
Cercophora sp
Podospora decipiens
Coniochaeta sp
Poroconiochaeta discoidea
Coniochaeta leucoplaca Coniochaetales
Coniochaeta ostrea
Coniochaetidium savoryi

_l— Teracosphaeria petroica ICPM 151111
y Annulatascus-like PE0035

Fig. 6 continued.
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Ascotaiwania mitriformis

Ascotaiwania hughesii
Ascotaiwania sp PE0238-1a Savoryellales
L Ascotaiwania sp PE0059

g2 [ Aquaticola ellipsoidea R0008
| _Fquaticola hongkongensis HKUCC 3703
100! Aquaticola ellipsoidea A411-3
Torrentispora crassiparietis PE0068
100 — Microascus trigonosporus
Microascus longirostris .
Doratomyces stemonitis Microascales
Petriella setifera
Halosphaeria appendiculata
Nohea umiumi Halosphaeriales
Aniptodera chesapeakensis
Graphium penicillioides
Ceratocystis fimbriata

Elaphocordyceps capitata
&aphocordyceps ophioglossoides
Stachybotrys chartarum
— Claviceps purpurea
Balansia henningsiana Hypocreales
100 — Hypocrea citrina
Hypocrea lutea
Nectria cinnabarina
Rivulicola incrustata PE0031-2
100 — Melanospora tiffanii
_|B1 E Melanospora zamiae I Melanosporales

88 Scortechinia acanthostroma

] 79 Bertia moriformis I C h |
—|B[3 Chaetosphaerella phaeostroma oronophorales
N

itschkia grevillei
1004 Annulatascus citriosporus PE0086-2a
! Annulatascus citriosporus PE0086-2b

86
2 100

Ascotaiwania persoonii

— 92| Annulatascus-like PE0324
Ayria-like PE0323-1a
Mirannulata samuelsii
_ggli Jobellisia guangdongensis
Jobellisia lutecla
J| Annulatascus-like A612-3a
Annulatascus-like A612-3b
Clypeosphaeria uniseptata
Hyponectria buxi
Creosphaeria sassafras .
— Xylaria hypoxylon
— Xylaria acuta

Fig. 6 continued.
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Fig. 7. Phylogram of the most likely tree from combined 28S nrRNA, 18S nrRNA, and Mcm7
gene analysis obtained with RAXML (-InL = -39137.212976). Numbers ascribed to branches
indicate ML bootstrap support values >70%, posterior probability support values >95% are
indicated by thickened branches. Taxa referred to but not members of Annulatascaceae sensu

stricto are indicated by shaded rounded rectangles.
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8\ Annulusmagnus triseptatus A54-10e
Annulusmagnus triseptatus MR 2948

9 4 Annulusmagnus triseptatus SMH4832
Annulusmagnus triseptatus SMH2359

93

Annulusmagnus triseptatus Z31-1b
Annulusmagnus triseptatus A413-6

I Annulusmagnus triseptatus A413-13a
Annulusmagnus triseptatus Z31-1824a
Annulusmagnus triseptatus R059
Annulusmagnus triseptatus A353-1f

Annulusmagnus triseptatus A54-10a
97|' Annulusmagnus triseptatus A325-1d
Ascitendus austriacus A324-1f
}‘ Ascitendus austriacus A324-1b
Ascitendus austriacus MR 2936
Ascitendus austriacus A44-28a
Annulusmagnus triseptatus Z31-1824b
Paoayensis lignicola HKU 17516

Submersisphaeria aquatica A95-1b
Submersisphaeria aquatica A354-1c
Submersisphaeria aquatica Z43-1824
99 Submersisphaeria aquatica Z43-2e

99 Longicollum biappendiculatum PE0017-1a
Longicollum biappendiculatum PEQ017-1b
Longicollum biappendiculatum PE0017-2b

83

Fig. 7.

100

89 Longicollum biappendiculatum PE0017-2a
Pseudoproboscispora caudae-suis A336-2d
Pseudoproboscispora caudae-suis A40-1b
Pseudoproboscispora caudae-suis Z32-1822b
Pseudoproboscispora caudae-suis A40-39a
100| Pseudoproboscispora caudae-suis A40-39b
Pseudoproboscispora caudae-suis Z32-1822a

Annulatascus aquatorba PE0255-1b
Annulatascus velatisporus HKU 3701
|:nnulatascu5 velatisporus R047
Annulatascus velatisporus A70-18
Annulatascus velatisporus TH0011-1b
Annulatascus hongkongensis HKUCC 3702
Annulatascus velatisporus PE0011-Sb
Annulatascus velatisporus TH0011-1a
Annulatascus velatisporus PEQ160-9
Annulatascus velatisporus PE0011-9a
Annulatascus velatisporus PE0011-Sc
Annulatascus velatisporus PE0011-54
Annulatascus nilensis IMI 397966
Ophiostoma piliferum
Fragosphaeria purpurea
Ophiostoma stenoceras
Xylomelasma sordida
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Subclade 1

Subclade 2

70 Annulatascus aquatorba $S02424.01 bclad
ﬂl;mulatascus aquatorba PE0255-1a Subclade 3

Subclade 4

Ophiostomatales

Annulatascaceae
sensu stricto

Clade 1
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Fluminicola bipolaris PEO020-1b
Fluminicola bipolaris PE0020-1a
Fluminicola bipolaris PE0020-3b
Fluminicola bipolaris
Brunneosporella aquatica Clade 1a
Papulosa amerospora
Chaetorostrum quincemilense PE0105-1a
_100‘ Chaetorostrum quincemilense PE0105-1b
Chaetorostrum quincemilense PE0105-1¢c
r 100, Cataractispora appendiculata PE0086-1a
98 Cataractispora appendiculata PE0066-1b

Aquaticola hyalomura R038
Cataractispora viscosa PE0165-8b

Aquaticola-like PE0O157

Aquaticola-like PE0264 Clade 1c

Ayria nubispora F99-1

98r Conlarium duplumascospora ¢

99 Conlarium duplumascospora b
Conlarium duplumascospora a Clade 1d
Riomyces rotundus

Hydromelitis pulchella

100 Vertexicola triseptata PE0104-1a

J&eﬂexiw\a triseptata PE0104-1b Clade 1e
Vertexicola caudatus

Annulatascus biatriisporus A464-3

Annulatascus biatriisporus PE0330_1
Annulatascus-like PE0035

I 96

97— Aquaticola-like PE0316
25 Fusoidispora aquatica HKU 17484 Clade 1f
Aquaticola miniguttulata PE0120-1c
100 Aquaticola-like AK-1838b
Aquaticola-like AK-1838a
Lentomitella crinigera
Lentomitella cirrhosa
Torrentispora fibrosa PEQ038 Clade 1 g
Rhamphoria delicatula
g7] Cya