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SUMMARY

The taxonomic placement of freshwater and marine Savoryella species has been
widely debated and no their anamorphs have been reported. This study incorporates
individual phylogenetic datasets and a combined dataset, based on the small subunit
rDNA (SSU), large subunit rDNA (LSU), to determine the ordinal position of the genera
Ascotaiwania, Canalisporium and Savoryella, all based on strains isolated from Thai
substrata. Other genes sequenced include ITS region, the partial RPB1 (DNA dependent
RNA polymerase II largest subunit), the partial RPB2 (DNA dependent RNA polymerase
II largest subunit) and translation elongation factor (EF1-a) genes to further elucidate the
phylogeny of the genera Ascotaiwania, Canalisporium and Savoryella (ACS clade).
These data provide a comprehensive view of their phylogenies and reveal a new lineage
of aquatic Ascomycota.

In this study, the ascomycete Ascotaiwania which is morphologically similar to
Savoryella, was included in the study. Ascotaiwania is characterized by ascospores that
are generally more than 3-septate with hyaline end cells, asci with a relatively massive,
non-amyloid apical ring. The ordinal status of these two genera (Ascotaiwania &
Savoryella) is unknown and consequently classified as Ascomycota incertae sedis. We
‘;1150 describe Ascothailandia gen. nov. from submerged wood at Hala Bala Wildlife
Sanctuary, Thailand. The new genus (teleomorph) is characterized by perithecoid,
globose, dark-brown, ostiolate ascomata, paraphysate, asci cylindrical, unitunicate with a
J-refractive  apical ring and versicolourous, 3-euseptate ascospores. Ascospores
germinated producing a Canalisporium (C. grenadoidia sp. nov.) anamorph. This genus
is morphologically similar to Ascotaiwania and Savoryella species, but it differs in the
morphology of the acomata, asci with apical ring and spores (shape, dimension and
colour). Our phylogenetic results show that this taxon is well placed in the
Hypocreomycetidae and bears close phylogenetic affinities to the anamorphic genus
Canalisporium.

Phylogenetic analyses indicate that the genera Savoryella, Ascotaiwania,
Canalisporium and Ascothailandia share a common ancestor and are closely related. In
the SSU rDNA, LSU rDNA, RPBI1, RPB2 and EFl1-o dataset, Savoryella shows no

affinities with the Hypocreales, Halosphaeriales, Sordariales and Xylariales (subclass
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Hypocreomycetidae, Sordariomycetes). The finding presented here suggests a new

lineage of aquatic ascomycetes that have invaded both the marine and freshwater

environments. Although these genera are related, tree topologies between the different

datasets vary as they contain differenet taxa. However, they form a distinct group similar

to the unclassified group of marine ascomycetes comprising Swampomyces,

Torpedospora and Juncigera (The TMB clade).

A number of trends can be discerned:

1.

Savoryella species form a monophyletic clade, although the marine and
freshwater species are placed in different sister groups.

Savoryella species do not show any affinities with the Hypocreales,
Halosphaeriales, Sordariales and Xylariales as previously suggested by
other authors.

Ascotaiwania is not monophyletic with the different species grouping
with different anamorphs.

Canalisporium species form a monophyletic clade in all analyses, with
a new ascomycete (Ascothailandia gen. et sp. nov., C. grenadoidia sp.
nov.) and is well placed in Hypocreomycetidae. It shares phylogenetic
affinities with the genus Savoryella. They form a unique group (ACS
clade) with in the sub class Hypocreomycetidae.

Canalisporium species morphologically and phylogenetically form 2
groups: a) those with more than 1 row of cells, and b) those with only 1
row of cells.

Despite our original project title, Canalisporium is not the anamorph of

Savoryella.
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An investigation of the fungal diversity of Thailand known as “lignicolous

freshwater fungi” has been in progress for 8 years with over 400 species from various

locations and wood species documented (Sivichai, 1999; Sivichai et al., 2002;

Sivichai et al., 2003 a,b; Sivichai and Boonyene, 2004). The majority of the water-

dwelling fungi recorded in this study were mitosporic fungi, with few Ascomycota

and only one Basidiomycota (Sivichai, 1999; Sivichai and Jones, 2004).

Savoryella is one of the most commonly reported unitunicate ascomycete

genus from submerged wood in rivers or streams (Sivichai et al., 2002, 2003a). The

phylogenetic assignment of the genus is unresolved and it has been referred to a

number of orders and families in the Sordariomycetes, Sordariomycetidae (Zhang et

al., 2006) as shown in the following Table 1.

Table 1. Taxonomic assignment of the genus Savoryella

Authors & Order Family Comments

References

Jones & Eaton _ _ Authors did not

1969 assign to any family

Kohlmeyer & Sphaeriales _ _

Kohlmeyer,1979 incertae sedis

Kohlmeyer, 1986; | Ascomcyetes _ _

Eriksson & incertae sedis

Hawksworth, 1986

Eriksson & Xylariales Amphisphaeriaceae | _

Hawksworth, 1987

Barr, 1990 Halosphaeriales _ Presence of
catenophyses-like
paraphyeses

Jones & Hyde, Sordariales Tripterosporaceae, | Presence of brown
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1992 Lasiosphacriaceac | ascospores , asci

with a refractive

apical ring

Read et al. 1992 It is difficult to
assign Savoryella to
any existing group
and suggested it was
congeneric with
Ascotaiwania and

has shared features

with Aniptodera,
which belongs to the
Halosphaeriales

Ho et al., 1997 Sordariales _ -

Vijaykrishna, Hypocreales _ Based on molecular

2006 analysis (SSU data)

Jones and Eaton (1969) first described this genus with black perithecial
ascomata, cylindrical asci with a comparatively flattened apex and brown ascospores
with hyaline end-cells. It was collected on wooden slats in a water cooling tower run
with brackish water at Connah’s Quay, North Wales. Currently 11 species are
recognized of which three are marine, one occurs on wood associated with sand,

while the remainders are found in freshwater habitats (Table 2).

Table 2. Current name, author and year of the Savoryella species

No. | Fungal name Authors and (Year)

1. Savoryella appendiculata | K.D. Hyde & E.B.G. Johes (1992)

Savoryella aquatica K.D. Hyde (1993)

Savoryella curvispora W.H. Ho, K.D. Hyde & Hodgkiss (1997)

Savoryella fusiformis W.H. Ho, K.D. Hyde & Hodgkiss (1997)

Savoryella grandispora | K.D. Hyde (1994)

Savoryella lignicola E.B.G. Jones & R.A. Eaton (1969)

N S | A D

Savoryella limnetica H.S. Chang & S.Y. Hsieh (1998)
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8. Savoryella longispora E.B.G. Jones & K.D. Hyde (1992)

9. Savoryella melanospora | Abdel-Wahab & E.B.G. Jones (2000)
10. | Savoryella paucispora (Cribb & J.W. Cribb) J. Koch (1982)
11. | Savoryella verrucosa Minoura & T. Muroi (1978)

No anamorph has been reported for Savoryella (Tsui and Hyde, 2003). The

establishment of the anamorph-teleomorph link between taxa can be phylogenetically

informative. Of the 400 freshwater species, only 56 links have been established

between ascomycetes and their anamorphic fungi (Sivichai and Jones, 2003a). Of 22

anamorph/teleomorph connections reported by Sivichai (1999), most of these were

detected by observing the anamorph/teleomorphs growing together on the same

substratum and then verifying the connections by cultural studies.

The anamorphic genus Canalisporium is characterized by possession of a

dolipore-like septum at the transmission electron microscope level, but no teleomorph

is known for the genus (Ho, 1999; Goh et al., 1989; Nawawi and Kuthubutheen,

1989). Currently nine Canalisporium species have been described (Table 3).

Table 3. Current name, author and year of the Canalisporium species

No. | Fungal name Authors and (Year)
1. Canalisporium caribense | (Hol.-Jech. & Mercado) Nawawi & Kuthub.
(1989)
2. Canalisporium elegans | Nawawi & Kuthub. (1989)
3. Canalisporium exiguum | Goh & K.D. Hyde (1998)
4. Canalisporium L. Cai, K.D. Hyde & McKenzie (2003)
Jinghongensis
5. Canalisporium kenyense | Goh, W.H. Ho & K.D. Hyde (1998)
6. Canalisporium pallidum | Goh, W.H. Ho & K.D. Hyde (1998)
7. Canalisporium A. Ferrer & Shearer (2005)
panamense
8. Canalisporium pulchrum | (Hol.-Jech. & Mercado) Nawawi & Kuthub.
(1989)
9. Canalisporium variabile | Goh & K.D. Hyde (2000)




14

Ascotaiwania is a unitunicate ascomycete characterized by ascospores that are
generally more than 3-septate with hyaline end cells, asci with a relatively massive,
non-amyloid apical ring. The genus Ascotaiwania is reported from freshwater habitat

and from terrestrial palms with 12 species (Table 4).

Table 4. Current name, author and year of the Ascotaiwania species

No. | Fungal name Authors and (Year)

1. Ascotaiwania hsilio H.S. Chang & S.Y. Hsieh (1998)

2. Ascotaiwania hughesii Fallah, J.L. Crane & Shearer (1999)

3. Ascotaiwania licualae J. Frohl. & K.D. Hyde (2000)

4. Ascotaiwania lignicola Sivan. & H.S. Chang (1992)

5. Ascotaiwania mauritiana | Dulym., P.F. Cannon, K.D. Hyde & Peerally

(2001)

6. Ascotaiwania mitriformis | Ranghoo & K.D. Hyde (1998)

7. Ascotaiwania pallida K.D. Hyde & Goh (1999)

8. Ascotaiwania palmicola | K.D. Hyde (1995)

9. Ascotaiwania M.K.M. Wong & K.D. Hyde (2001)
pennisetorum

10. | Ascotaiwania persoonii | Fallah, J.L. Crane & Shearer (1999)

11. | Ascotaiwania sawadae H.S. Chang & S.Y. Hsieh (1998)

12. | Ascotaiwania wulai H.S. Chang & S.Y. Hsieh (1998)

Presently, a one gene approach has been used for studying the relationships
between fungi, but it may not infer the whole evolution of fungal taxa as different
genes evolve at different rates (Li and Graur, 1991; Geiser et al., 2000). Molecular
phylogeny techniques on nuclear ribosomal genes (LSU, SSU, 5.8S rDNA) offer the
chance to investigate the taxonomic placement and sexual/asexual relationships of a
wide range of fungal taxa. Other genes that can also enhance our knowledge of fungal
evolution include RNA polymerase 11 subunit (Kurtzman and Robnett, 2003), and
translation elongation factor EF1-1a (O’Donnell, 2000; Kurtzman and Robnett, 2003).
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OBJECTIVES

1. To determine the taxonomic placement of Savoryella by multiple gene

phylogeny

2 To elucidate the phylogeny of Savoryella with other phenotypically similar

genera

3. To examine the interrelationships of the genera Savoryella and Ascotawania
with the anamophic genus Canalisporium from different habitats (freshwater

and marine environments) based on morphological and molecular data

MATERIAL AND METHODS

1. Specimen collection and fungal growth

! Fungi were isolated from various substrata from freshwater and marine
locations in Thailand (Sivichai and Boonyene, 2004; Sakayaroj et al., 2005; Pinruan
et al., 2002) and maintained on Corn Meal Agar (CMA) or Potato Dextrose Agar
(PDA) media with seawater or freshwater (Table 5). All cultures were grown on PDA
at room temperature of 25°C for 4-16 weeks (depending on the growth rate of each

species).

2. Genomic DNA extraction

Actively growing mycelia were scraped off the surface of a culture and
transferred to micro-centrifuge tubes and the biomass lyophilized at -80°C for 2 days
before DNA extraction which followed a modified protocol of Tigano-Milani et al.
(1995). The lyophilized-mycelia were ground with a sterile pipette tip in 2 ml
microcentrifuge tube. The resulting powder was transferred to a 1.5-mL pre-warmed

(65°C) microcentrifuge tube with 700 pl extraction buffer (0.7 M NaCl; 50 mM Tris-
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HCI, pH 8; 10 mM EDTA, pH 8; 1% CTAB) and incubated at 65°C for 1 hour. In the
CTAB-based method, DNA was extracted once with 500 ul (24:1) chloroform-
isoamyl alcohol (CIAA) and centrifuged at 12.000 rpm for 20 minutes. The
supernatant was transferred to a 1.5-mL new microcentrifuge tube containing 1/10
Vblume of 10% CTAB, added with 700 pl CIAA and centrifuged for 20 minutes at
12.000 rpm. The 1000 pl precipitation buffer (50 mM Tris-HCI, pH 8.0; 10 mM
EDTA, pH 8.0; 1% CTAB) was added to the aqueous phase of supernatant for 30
minutes at room temperature. The 300 pl Tris-EDTA High Salt (1 M NaCl; 10 mM
EDTA, pH 8.0; 1 mM EDTA, pH 8) buffer was added to the pellet, washed with 400
ul ethanol 70%, and resuspended in 30 pL sterilized deionized water containing 5 p
RNase A (100 pg/mL). The DNA pellet after centrifugation (20 minutes, 12.000 rpm,
4°C) was washed in 400 pul 70% ethanol and air-dried. Finally, the DNA re-suspended
in 50 pl TE buffer (10 mM Tris-HCI, pH 8.0; 1 mM EDTA pH 8.0).

3. PCR amplification

DNA was amplified with Taq DNA polymerase. Different regions of the
patial SSU, LSU ribosomal DNA, ITS region (Figure 1), partial RPB2 (Figure 2),
peirtial RPB1 (Figure 3) and translation elongation factor EF1-o (Figure 4) were
amplified using primers (Table 6) NS1, NS3, NS4, NS5, NS6, JS1, JS8, LROR, LRS,
LR7, ITS1, ITS4, ITSS, RPB2-5F2, RPB2-7CR, RPB2-5F1, RPB2-7R, 983F, 2218R,
CEFF2, CEFR2, CRPB1, CRPB1A and RPBICr (White et al., 1990; Bunyard et al.,
1994; Landvik, 1996; Liu et al., 1999; Rehner, 2001) using PCR Model MJ Research
DYAD ALD and PCR reaction (Table 7) were carried out in total volume of 50 pl
containing 10-50 ng DNA template. The 10X PCR buffer, 1.5 mM MgCl,, 2 mM
dNTPs, 0.2 pM each primer and 0.5 U of Taq Polymerase (DNA Polymerase Kit,
Vivantis Technologies). Amplification cycles were performed following the
procedure of Tang et al. (2007). composed of 95°C for 5 min, followed by
dépaturation step at 35 cycles, 52°C for 1 min (for SSU or LSU tDNA), 55°C for 1
minute (ITS region), 52°C for 1.5 minute (for RPB1, RPB2 & EF1-0) at annealing
step, 72°C for 1.5-2.5 minutes (elongation step) and the final step of 72°C for 10
minutes (Table 8). The size of each amplified fragment was verified by gel

electrophoresis with ethidium bromide staining of a 2 mL product sample and
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visualized over an ultraviolet transilluminator. PCR products were purified using
NucleoSpin® Extract Kit (Macherey-Nagel, Germany), following the manufacturer’s
instructions. Then checking for the quantity and quality in a 1% agarose gel
electrophoresis was applied. Finally, the purified PCR product was used directly for
DNA sequencing.
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Table 6. Primers used for PCR and DNA sequencing

Small subunit (18S) Sequence (5’ - 3’)
NS1 GTA GTC ATATGC TTG TCT C
NS3 GCA AGT CTG GTG CCA GCA GCC
NS4 CTT CCGTCA ATT CCT TTA AG
NS5 AACTTA AAG GAATTGACGGAAG
NS6 GCA TCA CAG ACC TGT TAT TGC CTC
Large subunit (28S) Sequence (5’ - 3’)
JS1 CGC TGA ACT TAA GCA TAT
JS8 CAT CCATTT TCA GGG CTA
LR7 TAC TAC CAC CAA GATCT
LROR ACC CGC TGA ACT TAAGC

Internal Transcribed

Spacers (ITS)

Sequence (5’ - 3°)

ITS1

TCC GTA GGT GAACCTGCG G

ITS4

TCC TCC GCT TAT TGA TAT GC

ITS5

GGA AGT AAA AGT CGT AACAAGG

Polymerase II second largest

subunit regions 5-7 (RPB2)

Sequence (5’ - 3’)

RPB2-5F1

GAY GAY MGW GAT CAY TTY GG

RPB2-5F2 GGG GWG AYC AGA AGAAGGC
RPB2-7¢cR CCC ATR GCT TGT YYR CCC AT
RPB2-7R CCC ATW GCY TGC TTM CCC AT

Translation elongation

factor EF1(alpha), TEF1-a

Sequence (5’ - 3’)

EF1-983F

GCY CCY GGH CAY CGT GAY TTY AT

EF1-2218R ATG ACA ACCRAC RC;C RACRGTYTG
EF1-CEFF2 GGC TTC AAC GTG AAG AACG
EF1-CEFR2 GRG GGT CGT TCT TGG WGT C

RNA polymerase II largest
subunit, RPB1

Sequence (5’ - 3?)

RPB1-CRPBI CCW GGY TTY ATC AAG AAR GT
RPB1-CRPBIA CAY CCW GGY TTY ATC AAG AA
RPB1-RPBICr CCN GCD ATN TCR TTR TCC ATR TA
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RPB2-7R, RPB2- 95 °C 5 minutes

5F2/RPB2-7CR, 52 °C 1.5 minutes
CRPBI/CRPBIA, 72 °C 1.5 minutes
RPBICr, EF1- 72 °C 10 minutes
983/EF1-2218R,

4. PCR product purification

The PCR product was purified directly following the manufacturer’s
instructions of NucleoSpin® Extract (MACHEREY-NAGEL). Then checking for the
quantity and quality in a 1% agarose gel electrophoresis was applied. Finally, the

purified PCR product was used directly for DNA sequencing.
S. DNA Sequencing

PCR products were directly sequenced by Macrogen., Inc in Korea using
primers NS1, NS3, NS4, NS5, NS6, JS1, JS8, LROR, LR5, LR7, ITS1, ITS4, ITSS,
RP?2—5F1, RPB2-5F2, RPB2-7cR, RPB2-7R, EF1-983F, EF1-2218R, EF1-CEFF2,
EF1-CEFR2, RPB1-CRPB1, RPB1-CRPB1A and RPB1-RPB1Cr (White et al., 1990;
Bunyard et al., 1994; Landvik, 1996; Liu et al., 1999; Rehner, 2001).

6. Phylogenetic analyses

Fungal lists with various taxa were analyzed along with other sequences
obtained from the GenBank Database, with a suitable outgroup taxa and aligned
initially with the computer program Bioedit (Hall, 2006) and-Clustal W (Thompson et
al., 1997) with default parameter settings, and alignments were manually edited by
inserting gaps for optimization using' Se-Al (Rambaut, 2002). Phylogenetic analyses
of .‘SSU rDNA, LSU rDNA, ITS region, RPB1, RPB2 and EFl1(alpha) gene were
perforrned with maximum parsimony employing a heuristic search (1000 random
replicates) in PAUP* v 4.0b10 (Swofford, 2002). Ambiguously aligned regions also
were excluded from the phylogenetic analyses. Maximum parsimony trees were found

using 1,000 heuristic searches and including parsimony-informative characters in
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stepwise (random) addition and tree bisection and reconstruction (TBR) as branch
swapping algorithm. Branch support for all parsimony analyses was estimated by
performing 1,000 bootstrap replicates (Felsenstein, 1985) with a heuristic search of 10
rar}dom-addition replicates for each bootstrap replicate. Descriptive tree statistics tree
length (TL), consistency index (CI), retention index (RI), rescaled consistency index
(RC) and homoplasy index (HI) were calculated for all trees generated under different

optimality criteria.

RESULTS
The phylogenetic relationship of the genera Ascotaiwania, Canalisporium,

Savoryella & Ascothailandia inferred by multiple gene data

In the nuclear small subunit ribosomal DNA (nSSU rDNA/18S rDNA),
nuclear large subunit ribosomal DNA (nLSU rDNA/28S rDNA) and Internal
Transcribed Spacer (ITS) datasets, the phylogenetic analyses indicate that the genera
Ascotaiwania (A), Canalisporium (C) and Savoryella (S) are closly related within the
subclass Hypocreomycetidae, Sordariomycetes, Ascomycota sharing a common
ancestor (Part 3, Page 54). The genus Savoryella shows no affinities with the
Hypocreales, Halosphaeriales, Sordariales and Xylariales (subclass
H);pocreomycetidae, Sordariomycetes, Ascomycota, Fungi). Our findings suggest a
new lineage (ACS clade = Ascotaiwania, Canalisporium, Savoryella) of aquatic
ascomycetes that have invaded both the marine and freshwater habitats. Although
these genera are related, they are not monophyletic. However, they form a distinct
group similar to the unclassified group of marine ascomycetes comprising the genera
Swampomyces, Torpedospora and Juncigera (TBM clade). In the second year of
work, we present the new datasets that includes an analysis of the partial RPB1 (DNA
dependent RNA polymerase II largest subunit), the partiat RPB2 (DNA dependent
RNA polymerase II largest subunit) and TEF-la (translation elongation factor 1 alpha)
genes to further elucidate the phylogeny of the genera Ascotaiwania, Canalisporium
anéi Savoryella (ACS clade). These data provide a comprehensive view of these
ph'ylogenies and define new lineages of these genera (Part 3, Page 54). The results of
separate analyses from RPB1, RPB2 and TEF-la are in agreement with their
combined analyses of that resolve a monophyletic Hypocreomycetidae,

Sordariomycetes comprising three well-supported clades {Draft Manuscript entitled:
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A new lineage of aquatic ascomycetes inferred by multiple gene phylogenies of the
genera Ascotaiwania, Ascothailandia, Canalisporium, and Savoryella}.We also
describe Ascothailandia gen. nov. (Canalisporium grenadoidia sp. nov.) from
submerged wood at Hala Bala Wildlife Sanctuary, Thailand (Part 2, Page 36). This
gel'ius is morphologically similar to the genera Ascotaiwania and Savoryella, but it
differs in the acomata, asci, apical ring and spores (shape, dimension and colour) from
these genera. Our phylogenetic results (18S rDNA+28S rDNA and ITS region) show
that Ascothailandia gen. nov. is well placed in the Hypocreomycetidae and bears
close phylogenetic affinities to Canalisporium species {Manucript entitled: Wood
inhabiting freshwater fungi from Thailand: Ascothailandia grenadoidia gen. sp. Nov
Canalisporium  grenadoidia sp. with a key to Canalisporium species

(Sordariomycetes, Ascomycota)}.
FUTURE WORK
Further work on publication in draft will be submitted to appropriate journals.
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Abstract Ascothailandia grenadoidia gen. et sp. nov. is described and illustrated
from submerged wood (Wrightia tomentosa) in a stream at Hala Bala Wildlife
Sanctuary, southern Thailand. The new genus (teleomorph) is characterized by
perithecoid, globose, dark-brown, ostiolate ascomata, paraphysate, asci cylindrical,
unitunicate with a prominent J-refractive apical ring and versicolourous, 3-euseptate
ascospores. Ascospores germinated producing a Canalisporium (C. grenadoidia sp.
nov.) anamorph. The morphological characterization of this new fungus is reported
and compared with the genera Ascotaiwania and Savoryella. Phylogenetic analyses of
the combined partial 18S, 28S ribosomal DNA and internal transcribed spacer (ITS),
iti'éluding 5.8S regions, of Ascothailandia grenadoidia and 10 Canalisporium species
were undertaken and analyzed with maximum parsimony and Bayesian methods. The
molecular data indicate that 4. gremadoidia is closely related to Canalisporium

elegans in the Sordariomycetes, Hypocreomycetidae, order incertae sedis. Both
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morphological and molecular characterization provides sufficient evidence to support

the description of a new genus. A key to Canalisporium species is provided.

Key words anamorphic fungi, combined 18S and 28S rDNA, Hypocreomycetidae,
ITS

Introduction

A long term study (3 years) of the fungal colonization of nine tropical timbers
(Azadirachta indica A. Juss var. siamensis Valeton, Erythrophleum teysmannii Craib,
Melaleuca cajuputi Powell, Shorea obtusa Wall., Shorea roxburghii G. Don, Shorea
siamensis Miq., Wrightia tomentosa Roem. & Schult., Xylia xylocarpa (Roxb.) W.
Taub, Zollingeria dongnaiensis Pierre) submerged in a stream at Hala Bala Wildlife
Sanctuary, Narathiwat province, Thailand, has been in progress. During this study a
fungus with morphological features (especially the asci and ascospores) similar to
Ascotaiwania Sivan. & H.S. Chang and Savoryella E.B.G. Jones & R.A. Eaton was
found on the test blocks of Wrightia tomentosa. Ascotaiwania and Savoryella species
are frequently collected on trapped wood in streams and rivers, in both tropical and
temperate zones (Jones and Eaton 1969; Sivanesan and Chang 1992; Jones and Hyde
1992; Chang et al. 1998; Sivichai et al. 2000a, b). The taxonomic position of
Ascotaiwania and Savoryella has not been resolved, and are referred to the Sordariales
incertae sedis and Hypocreales incertae sedis, respectively (Cai et al. 2006). A
phylogenetic study of these two genera was undertaken with the view of resolving the
identification of the new ascomycete. Nine species of Canalisporium Nawawi &
Kuthub., saprobic on wood and plant debris, often in freshwater, have been described
but have no known teleomorph (Nawawi and Kuthubutheen 1989; Goh et al. 1998;
Goh and Hyde 2000; Cai et al. 2002; Ho and Hyde 2004). However, Cai et al. (2006)
suggested a connection with the Tubeufiaceae but this was not supported by a
molecular study. In this study, a' new genus and species of Ascothailandia
grepadoidea (anam. Canalisporium grenadoidia), is described and illustrated. In
addition, the partial small subunit (SSU), large subunit (LSU) of rDNA and the
internal transcribed spacer region (ITS) sequences of six Canalisporium species were

compared to resolve their phylogenetic relationships.
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Materials and methods

Morphological studies

§ubmerged wood test blocks (15 x 2.5 x 2.5 cm) of Wrightia tomentosa were
collected from a stream at Hala Bala Wildlife Sanctuary, Narathiwat province,
southern Thailand, washed of surface debris and incubated in a plastic box with damp
tissue paper, then returned to the laboratory. Samples were periodically examined for
two weeks. Single ascospore isolations were made on Corn Meal Agar (CMA) with
added antibiotics (penicillin G 0.5 g/l and streptomycin 0.5 g/l) and germinating
spores transferred to Potato Dextrose Agar (PDA). Axenic cultures were deposited at
BIOTEC Culture Collection (BCC). Collections of Canalisporium species were made
from various sites in Thailand, and deposited in BCC. Dried specimens were
deposited at BIOTEC Bangkok Herbarium (BBH).

Phylogenetic studies
The taxonomic placement of the selected freshwater lignicolous fungi was

undertaken by comparing the partial 18S, 285 ribosomal DNA and ITS regions.

Culfure selection

Selected fungal cultures used in this study are listed in Table 1 along with
collection and isolation data. Fungi were grown on PDA for 4-16 weeks at 25°C.
Actively growing mycelium was scraped off the surface of a culture and transferred to

2 ml of microcentrifuge tubes and the biomass lyophilized at -80°C for 24 hours.

DNA extraction

Extraction buffer (1% CTAB, 0.7 M NaCl, 50 mM Tris-HCl, 10 mM EDTA, pH
8) was added to fungal samples. The samples were ground in a 2 ml microcentrifuge
tul?e and the volume adjusted by adding 700 ul extraction buffer and mixed by
inli{erting the tubes and incubated at 65°C for 1 hour. Samples were centrifuged at
liiOOOXg for 10 min at 25°C. The aqueous supernatant was transferred into a new
microcentrifuge tube with phenol-chloroform-isoamyl alcohol by mixing gently and
by centrifugation at 12,000xg for 10 min at 25°C. The upper liquid phase was

transferred to a new microcentrifuge tube containing 7.5 M of ammonium acetate.
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The DNA was precipitated by ethanol (-20°C overnight) by centrifugation at
12,000xg for 10 min at 15°C. The DNA-pellet was washed with ice-cold 70% ethanol
and dried at 25°C. The pellet was redissolved in 50 pl of TE buffer (10 mM Tris-HCl,
pH 8.0; 1 mM EDTA pH 8.0).

PCR amplification

Primers used for PCR amplification and for sequencing of SSU, LSU rDNA and
ITS were NS1, NS3, NS4, NS6, JS1, JS8, ITS1, ITS4 and ITSS (White et al. 1990;
Bunyard et al. 1994; Landvik 1996). Amplification was performed in a 50 pl reaction
mix: 10 mM of each ANTP (1 pl), 10 uM of each primer (1 pl), 10% of dilution buffer
(5 pl), 25 mM of Mg (5 ul), 4 M of enhancer (5 pl) and 60-62% of sterile distilled
water (30.8 ul), 0.2 pl of Tag DNA polymerase kit from FERMENTAS and 10-50 ng
of genomic DNA template (1 pl) carried out using a PCR Model MJ Research DYAD
ALD in 200 ul reaction tubes. (95°C, 0.5 min; 52°C, 1 min; 72°C, 1.5 min; 35 cycles).
PCR products (7 pl aliquots) were checked by electrophoresis in 1% agarose gels with
0.003% ethidium bromide in 0.5xTBE buffer (0.044 M Boric acid, 1.1 mM EDTA,
0.045 M Tris, pH 8) for purity.

DI\gA purification and sequencing

"PCR products were purified using NucleoSpin® Extract Kit (Macherey-Nagel,
Germany). The PCR products were sequenced by Macrogen Inc. in Korea with the
same primers as in the PCR amplification. The sequences obtained were deposited in
the National Center for Biotechnology Information (NCBI) and the accession

numbers are listed in Table 1.

Phylogenetic analyses

Each sequence was checked for ambiguous bases and refined visually, assembled
using BioEdit 6.0.7 (Hall 1999). The consensus sequences for each DNA region were
multiple aligned by Clustal W 1.6 (Thompson et al. 1994) with all sequences derived
fr(%ﬁl the GenBank database and the accession numbers that are included in the
phylogenetic trees.

The alignment (P.I.N. 3801) included the most similar sequence identified through
BLAST search. Daldinia concentrica (Bolton) Ces. & De Not. and Xylaria hypoxylon

(L.) Grev. were chosen as the outgroup to root the phylogenetic tree for all analyses.
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The analyses of combined nuclear ribosomal DNA dataset (18S and 28S rDNA) and
ITS dataset were performed using PAUP*4.0b10 (Swofford 2002). Gaps were treated
as missing data. The most parsimonious trees (MPTs) were searched using maximum
pa§§imony (MP) in PAUP*4.0b10 with heuristic searches algorithm with tree
bisection-reconnection (TBR) branch swapping. One hundred replicates of random
stepwise sequence addition were performed and the shortest trees over all replicates
kept and assumed to be the most parsimonious reconstructions, to increase the chance
of finding the best tree(s). The tree length (TL), Consistency indices (CI), and
Retention indices (RI), Rescaled consistency index (RC) and homoplasy index (HI)
were calculated for each tree generated. Trees were visualized with TreeView (Page
1996).

Tree topologies from different parsimony analyses were tested with the Kishino-
Hasegawa (K-H) maximum likelihood test (Kishino and Hasegawa 1989) to find the
most likelihood tree. Bootstrap support (BS) for the branches was based on 1000
replicated with 10 replicates of random stepwise addition of sequence.

The model of substitution used for Bayesian analysis was chosen with
Mrmodeltest 2.2 (Nylander 2004). Independent Bayesian phylogenetic analysis was
performed in MrBayes3.0.b4 (Huelsenbeck and Ronquist 2001) using a uniform
GT§{+I+G (combined 18S+28S rDNA dataset) and HKY+G model (ITS dataset), with
general time reversible (GTR) model for DNA distribution and gamma distribution
rate variation across sites. The Metropolis-coupled Markov chain Monte Carlo
(MCMC) sampling approach was used to calculate posterior probabilities. Four
simultaneous Markov chains were run from a random starting tree for 2000000
generations and sampled every 100 generations. The first 2000 generations were
discarded as burn in of the chain. A 50% majority rule consensus tree of all remaining
trees, as well as the posterior probabilities (PP), was calculated. Parsimony bootstrap
value greater than 50% and Bayesian Posterior Probabilities greater than 0.95 are
given above and below each clade, respectively.

)
4

Re§ults
Species descriptions

Ascothailandia Sri-indrasutdhi, Boonyuen, Sivichai & E.B.G. Jones, gen. nov.
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Ascomata immersa, semi-immersa vel superficialia, perithecoidia, globosa vel
subglobosa, brunneus versus ater, solitarius, dispersus, longus collum, ostiolata.
Ostiolum maximam pariem centralis aut si ascomatis superjectus horizontalis versus
hospes pagina, nunc ad uni-extremum et curvisursum, longus vel brevis, prerumque
brunneus vel ater, periphyses. Paraphyses hypha similus, numerosus, contractus distal,
non in gelatina matricis inclusus. Asci 8-spora, longus collum, pedunculus, unitunica,
apicalis truncate, with a relative massive (ca. 4-8 um diam.), J-, refractivus, collum,
apicalis annulus, persistens. Ascospora uniseriatus vel imbricatus uniseriatus,
fusiformis rectus vel curvamen, 3-euseptenatus et versicolorus.

MycoBank no.: MB 515145

Type species: Ascothailandia grenadoidia Sri-indrasutdhi, Boonyuen, Sivichai &
E.B.G. Jones

Ascomata immersed, semi-immersed or superficial, perithecioid, globose or sub-
globose, dark-brown to black, solitary, scattered, ostiolate. Ostiole mostly central but
if ascomata are lying horizontal to the host surface, then at one end and curving
upwards, long or short, usually brown or black, periphysate. Paraphyses hypha-like,
numerous, tapering distally, not embedded in a gelatinous matrix. Asci 8 spored, long
cylindrical, pedunculate, unitunicate, apically truncate, with a relative massive (ca. 4—
8 ;?m diam.), with an apical ring J-, refractive, cylindrical, persistent. Ascospores
uniseriate or overlapping uniseriate, fusiform, straight or curved, 3-euseptate and
versicolourous.

Etymology: from asco in reference to Ascomycota and Thailandia in reference to

Thailand-country of origin.

Ascothailandia grenadoidia Sri-indrasutdhi, Boonyuen, Sivichai & E.B.G. Jones, sp.
nov. Figs. 1-9

Ascomata immersa vel semi-immersa, dispersa, pyriformia, brunnea versus ater,
110-200 pm ata (x =160, n=6), 100150 pm in diam ( x = 123, n = 6). coriacea,
ostiolata, papilata. Paraphyses sparsae, hyalinae, numerosae, contractus distal, non in
gefatina matricis inclusus. Asci 70-86 x 10-12 pm (x = 11.5x78.6 pm, n = 6), 8-
spora, collum, unitunica, brevis pedicellati, apicibus truncatus, apicalis annulus J-

refractivus, Ascospora 16-22 x 4-8 um (; =19.7x5.9, n = 25), uniseriatus, ovoideae
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vel fusiformes, rectae vel curvae, hyalinae, 3-euseptatae, leves, guttula in quoque
cellula, muco temri curcumcinato.

Holotypus: In lignum submerses emortuisque Wrightia tomentosa 26/08/2005 S.
Sivichai, BBH26383.

Ascomata immersed or semi-immersed, scattered, pyriform, dark-brown to black,
110-200 pm high (H;c~ = 160, n = 6), 100-150 pm in diam (; = 123, n = 6).
coriaceous, ostiolate, papilate. Paraphyses sparse, hyaline, numerous, tapering distally,
not embedded in a gelatinous matrix. Asci 10-12 x 70-86 um (; =11.5 x 78.6 um,
n = 6), 8-spored, cylindrical, unitunicate, short pedicellate, apically truncate, with a
refractive, J-apical ring. Ascospores 16-22 x 4-8 um (? = 19.7 x 5.9, n = 25),

uniseriated ovoid to fusoid, straight to curved, hyaline, 3-euseptate, smooth-walled,
with a large guttule in each cell, surrounded by a thin layer of mucilage (Figs. 1-9).

Holotype: Thailand, Narathiwat, Hala Bala Wildlife Sanctuary, on submerged
wood of Wrightia tomentosa Roem & Schult., August 26, 2005, collected and isolated
by S. Sivichai, BBH26383 (single ascospore isolate ex holotype SS03615 =
BCC20507).

MycoBank no.: MB 515146

Etymology: from grenade and —oidia, in reference to the similarity of the conidia
of tﬁe anamorph in culture to a grenade outline.

tDNA sequence ex holotype: GQ390252 (18S), GQ390267 (28S), GQ390282
(ITS)

Anamorph: Canalisporium grenadoidia.

Canalisporium grenadoidia Sri-indrasutdhi, Boonyuen, Sivichai & E.B.G. Jones, sp.
nov. Figs. 10-15

Colonia on CMA, crescens tardus, palus brunnea versus obscurus brunnea, effusio
vel punctiformis, densus, cum parvus aerius mycelia, hypha alba versus obscurus
bru{inea, 2-2.5 pum latus, septa, germino, conidia obscurus olea versus brunnea.
Conjdia solitarius, acrogena, globosa versus sub-globosa vel ovatus, holoeverto.
Densus paries, levis curvamen, 3—6 longitudinalis septa, et 46 transversa septa, atris,

crassis praedita, brunnea versus nigrobrunnea, subsidium ad palus brunnea parvus
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cellula basali, Conidiorum 17-26, apicalis series cum 3—4 cella, nigro lumen canalis
1-2 pm.

Holotypus: On CMA 18/10/2005 by S. Sivichai, BBH26384.

_ﬁColonies on CMA, slow growing, pale-brown to dark-brown, effuse or punctiform,
coﬁlpact, with little aerial mycelium; hyphae white to pale-brown, 2-2.5 pm wide,
septate, branched; conidia are pale-olive to brown. Conidia solitary, acrogenous,
globose to sub-globose or oval, holoblastic, thick-walled, slightly curved, with 3-6
longitudinal septa, and 4—6 transverse septa, some constricted at the septa, brown to
dark-brown at the septa, supported by a pale-brown small basal cell, the number of
cells per conidium varies from 17-26, apical row with 3—4 cells, cell lumen connected
by canals obscured by dark pigment, 1-2 pm.

Holotype: In culture of CMA, October 18, 2005 by S. Sivichai, BBH26384

Etymology: from grenade and —oidia, in reference to the similarity of the conidia
of the anamorph in culture to a grenade outline.

MycoBank no.: MB 515143

We also compare the Canalisporium grenadoidia with currently known species of

Canalisporium in shape and size of the conidia (Table 3).

Mogecular phylogeny of combined 18S and 28S rDNA dataset

The combined 18S rDNA and 28S rDNA dataset including the new genus (One
taxon) and Canalisporium strains (14 taxa) from the BIOTEC Culture Collection
(BCC) were aligned along with 37 representative taxa from the Class Sordariomycetes
and three Subclasses: Hypocreomycetidae (Microascales and Hypocreales),
Sordariomycetidaec (Diaporthales, Ophiostomatales and Sordariales) and the
Lulworthiales with their accession numbers (Fig. 16). Two representative taxa of the
order Xylariales (Daldinia concentrica and Xylaria hypoxylon) were used as an
outgroup. The maximum parsimony analysis, with gaps treated as missing data,
yielded eight trees (TL = 2316, CI = 0.506; RI = 0.494; RC = 0.422; HI = 0.494). The
final aligned dataset comprised 2301‘ characters, out of which 592 were parsimony
inf;qf)rmative, 233 parsimony uninformative and 1476 constant characters. The
difference between the eight trees is in the branch swapping pattern in the clade
Lulworthiales and Diaporthales (results not shown). Bootstrap values, greater than
50%, are shown on the upper nodes, whereas Bayesian posterior probabilities greater

than 0.95 are indicated on lower nodes. Based on Kishino-Hasegawa (K-H) maximum
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likelihood test, one of the eight trees (the best likelihood tree) is shown in Fig. 16.
Phylogenies based on the same dataset sequences calculated on K-H maximum
likelihood test under different loci of small ribosomal DNA and large ribosomal DNA
were almost identical to those obtained from individual datasets, except for the
pos'i(tion of the Lulworthiales in the 18S rDNA and 28S rDNA dataset with minor
branch swapping (results not shown).

The new ascomycete is well placed in the Canalisporium clade with strong
support (1.00 PP and 100% BS). This clade comprised two subclades: Subclade A
composed of Ascothailandia, C. elegans Nawawi & Kuthub., C. jinghongensis L. Cai,
K.D. Hyde & McKenzie and C. pulchrum (Hol.-Jech. & Mercado) A. Nawawi & A. J.
Kuthubutheen with strong support (1.00 PP and 99% BS), Subclade B consisted of C.
caribense (Hol.-Jech. & Mercado) A. Nawawi & A. J. Kuthubutheen (type species)
and C. pallidum T. K. Goh, W. H. Ho & K. D. Hyde with low support, while another
species, C. exiguum T. K. Goh & K. D. Hyde, grouped as a sister taxon to Subclade A
and Subclade B.

The relationship between 4. grenadoidia (teleomorph of C. grenadoidia) and the
other Canalisporium species showed that this new taxon has close phylogenetic
affinities with C. elegans (SS00523, SS00895) with a bootstrap support of 77% and
pos}erior probabilities of 1.00 while C. exiguum formed a basal clade to the other
Canalisporium species. Therefore, 4. grenadoidia is proposed as a new ascomycete
with its anamorph (C. grenadoidia) and supported by both morphological and

molecular data.

Molecular phylogeny of internal transcribed spacer (ITS) dataset

A dataset consisting of 17 taxa including the new ascomycete, Canalisporium
species and outgroup taxa (D. concentrica and X. hypoxylon) is presented in Fig. 17.
This dataset contained 748 characters, 218 parsimony-informative, 415 constant and
115 parsimony-uninformative. The maximum parsimony analysis yielded three most
parsimonious trees (MPTs) 443 stepsllong (with CI =0.905, RI = 0.915, RC = 0.828,
HIL{= 0.095). The overall topologies for all three MPTs are the same, and only differ in
the minor swapping position of C. caribense (SS003839). One of the three MPTs
inferred with the best topology from K-H test is shown in Fig. 17.

Maximum parsimonious phylogenies from the ITS dataset showed that the

branches leading to the Canalisporium species are reasonably stable with respect to
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the position of 4. grenadoidia (teleomorph of C. grenadoidia) and essentially similar
to those derived from the combined 18S+28S rDNA and each individual datasets (18S
and 28S rDNA). An exception was C. exiguum swapping position with the C.
pailidum and C. caribense subclade with low support (less than 50% BS and 0.95 PP).
The new taxon grouped with C. elegans with high statistical bootstrap support (92%)

and Bayesian values (1.00).
Discussion

The genera Ascotaiwania, Savoryella and Ascothailandia share many common
morphological features (Table 2), especially the nature of ascomata, paraphyses and
versicolourous ascospores. However morphologically they can be separated by two
characters: Ascotaiwania has a non-amyloid apical ring and ascospores with more
than 3 septa, Savoryella lacks an apical ring and ascospores are 3-septate, while
Ascothailandia has an apical ring and 3-septate ascospores. Further more, molecular
data show they are not monophyletic (Boonyuen et al., personal communication).

However this paper focuses on the new freshwater ascomycete (Ascothailandia)
and its Canalisporium anamorph, the first time the genus has been linked to a
teysomorph. Molecular sequences show that the Canalisporium spp. and the new
ascomycete form a well supported monophyletic clade in the Hypocreomycetidae,
with the Hypocreales and Microascales as sister clades. The long branches of the
Canalisporium clade and weak bootstrap support suggests little affinity with the
Hypocreales and Microascales. Ascothailandia and Canalisporium share few
morphological characters with the Microascales and Hypocreales, especially the
versicolorous 3-septate ascospores and multicellular, pigmented conidia.

Goh et al. (1998) emended the generic concept of Canalisporium from that of
Nawawi and Kuthubutheen (1989), both in the habitat of the taxa, conidial septation,
order and arrangement of septa in the conidial body and the presence of septal canals,
t{asal cells, conidial secession, conidiogenesis, morphology of the mycelium in pure
cylture and fossilized conidia features.

, Canalisporium grenadoidia differs from all other Canalisporium species in shape
and size of the conidia (Table 3). Currently there are nine Canalisporium: C.
caribense (type species), C. elegans, C. pulchrum (N awawi and Kuthubutheen 1989);
C. exiguum, C. kenyense T. K.Goh, W. H. Ho & K. D. Hyde, C. pallidum (Goh et al.
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1998); C. variabile T. K. Goh & K. D. Hyde (Goh and Hyde 2000); C. jinghongensis
(Cai et al. 2003) and C. panamense A. Ferrer & C. A. Shearer (Ferrer and Shearer
2005). Canalisporium grenadoidia is described by as the anamorph of Ascothailandia
grqnadoidia.

'?Within the Canalisporium clade, two subclades are observed: subclade A.
Canalisporium spp. with many rows of cells and subclade B. these forming only two
rows, whether these differences are sufficient to designate them as separate genera
remains to be resolved. No previous sequences have been available for
Canalisporium, although Cai et al. (2003) drew attention to the similarities of the
conidia to those of Dictyosporium Corda. Clearly, Canalisporium species are not the

anamorphs of members of the Tubeufiaceae as suggested by Cai et al. (2006).

Key to species of Canalisporium (after Goh et al. 1998)
la; Conidiophore @bsent.........ovueeuiinvenienieiiiii e C. panamense
1b. Conidiophore PIESENL. . ... ivuuiiinerii ittt 2
2a. Conidia with the three smaller cells at the base and have a single cell at the
5o, S T C. kenyense

2b. Conidia with a single cell at the base and one (rarely), two or more cells at the

3a. Conidia with a single column of longitudinal septa, scattered, pale olivaceous with
clearly visible septa and canals, septa thin and not banded................ C. pallidum
3b. Conidia with a single, double, or 4-5 column(s) of longitudinal septa, pale-brown

to dark-brown, septa usually thick and darkly banded, canals obscured or not

readily

Ty o) [T PR T TR 4
4a. Conidia with a single column of longitudinal septa.................oooeiiinene. 5
4b. Conidia with two or more columns of longitudinal septa............cc.....co. 6

5a. Conidia 24-51 x 15-29 x (8-)10—16 um, with 3-6(-7) rows of transverse

SEPIA. . iineii e i U T T PPN UURURRRPRPRR C. caribense
5b. Conidia 18-25 x 13—15 x 5-8 um, with 2-3(—4) rows of transverse
T o1 W LT R PRTREs C. exiguum
6a. Conidia regularly with 2 columns of longitudinal septa.................coeees 7

6b. Conidia irregularly with 4-5 columns of longitudinal septa........................ 8
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7a. Conidia with 24 rows, 1 cell at the apex, 22-35 x 15-23 x 10-10.5 pm, 2.5-5
WIAC. . C. variabile

7b. Conidia with 2-4 rows, 1-4 cells at the apex, 25-33 x 20-28 x 7.5-11.5 pm, up to

25 um long and 1.5-2 pm wide .........ccooceiiniiiiiniie C. jinghongenses
;18a. Conidia with 3-9 rows, 1-3 cells at the apex, 25-63 x (16-)20-32 x 12—17
BN Lot et e e et ree e C. pulchrum
8b. Conidia with 5-8 rows, 1-5 cells at the apex, 32—-58 x 25-38 x 10-13 um
....................................................................................... C. elegans
8c. Conidia with 4-6 rows, 3-4 cells at the apex, 27.5-37.5 x 24-27.5 x 17.5-22.5
BINL. Lottt e C. grenadoidia
Acknowledgments

This research was funded by the Biodiversity and Training Program (BRT R 252057
and R_251009) of Thailand. We would like to thank Prof. Morakot Tanticharoen, Dr.
Kanyawim Kirtikara, Dr. Lily Eurwilaichitr at BIOTEC for their continual interest
and support. We also thank Dr. Sayanh Somrithipol for providing the Latin diagnosis.

References

Bu?yard BA, Nicholson MS, Royse DJ (1994) A systematic assessment of Morchella
‘using RFLP analysis of the 28S ribosomal RNA gene. Mycologia 86:762-772

Cai L, Tsui CKM, Zhang KQ, Hyde KD (2002) Aquatic fungi from Lake Fuxian,
Yunnan, China. Fung Divers 9:57-70

Cai L, Zhang KQ, McKenzie EHC, Lumyong S, Hyde KD (2003) New species of
Canalisporium and Dictyosporium from China and a note on the differences
between these genera. Crypt Mycolog 24:3-11

Cai L, Hyde KD, Tsui CKM (2006) Genera of freshwater fungi. Fung Divers Res Ser
18:1-261

Chang HS, Hsieh SY, Jones EBG, Read SJ, Moss ST (1998) New freshwater species
.of Ascotaiwania and Savoryella from Taiwan. Mycol Res 102:709-718

Fe;}:er A, Shearer CA (2005) New records and a new species of Canalisporium from
-aquatic habitats in Panama. Mycotaxon 93:179-188

Goh TK, Ho WH, Hyde KD, Whitton SR, Umali TE (1998) New records and species
of Canalisporium (Hyphomycetes), with a revision of the genus. Can J Bot
76:142-152



51

Goh TK, Hyde KD (2000) A new species of Canalisporium from Australia.
Mycologia 92:589-592
Hall T (1999) Bioedit a user-friendly biological sequence alignment editor and
“analysis program for Windows 95/98/NT. Nucleic Acids Symposium Series
;? 41:95-98
Ho WH, Hyde KD (2004) A new type of conidial septal pore in fungi. Fung Divers
15:171-186
Huelsenbeck JP, Ronquist F (2001) MRBAYES: Bayesian inference of phylogeny.
Bioinformatics 17:754-755
Jones EBG, Eaton RA (1969) Savoryellablignicola gen et sp. nov. from water cooling
towers. Trans Br Mycol Soc 52:161-174
Jones EBG, Hyde KD (1992) Taxonomic studies on Savoryella Jones et Eaton
(Ascomycotina). Bot Mar 35:83-91
Kishino H, Hasegawa M (1989) Evaluation of the maximum likelihood estimate of
the evolutionary tree topologies from DNA sequence data, and the branching
order in Hominoidea. J Mol Evol 29:170-179
Landvik S (1996) Neolecta, a fruit-body-producing genus of the basal ascomycetes, as
shown by SSU and LSU rDNA sequence. Mycol Res 100: 199-202
N’awawi A, Kuthubutheen AJ (1989) Cahalisporium, a new genus of lignicolous
" hyphomycetes from Malaysia. Mycotaxon 34: 475-487
Nylander JAA (2004) Bayesian phylogenetics and the evolution of gall wasps.
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science
and Technology, Sweden
Page RD (1996) TreeView: an application to display phylogenetic trees on personal
computers. Computer Applic Biosc 12:357-358
Sivanesan A, Chang HS (1992) Ascotaiwania, a new amphisphaeriaceous
ascomycetes genus on wood from Taiwan. Mycol Res 96:481-484
Sivichai S, Hywel-Jones NL, Somrithipol S (2000a) Lignicolous freshwater
~ascomycota from Thailand: Melanochaeta and Sporoschisma anamorphs. Mycol
. Res 104:478—485

4

't

Sivichai S, Jones EBG, Hywel-Jones NL (2000b) Fungal colonization of wood in a
freshwater stream at Khao Yai National Park, Thailand. Fung Divers 5:71-88

Swofford DL (2002) PAUP*4.0b10: Phylogenetic analysis using parsimony (*and

other methods). Sinauer, Sunderland, Massachusetts, USA



32

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improving the

sensitivity of progressive multiple sequence alignment through sequence

weighting, position specific gap penalties and weight matrix choice. Nucleic Acid
Res 22:4673-4680
White TJ, Bruns T, Lee S, Taylor J (1990) Amplification and direct sequencing of
fungal ribosomal RNA genes for phylogenetics. In: Innis MA, Gelfand DH,
Sininsky JJ, White TJ (eds) PCR protocols. San Diego, California, Academic
Press, 315-322

Legends

Figs. 1-9 Morphological characteristics of Ascothailandia grenadoidia. 1, 2 Light
microscope micrographs of ascomata with long neck on the test blocks. 3 Ascus and
hyaline paraphyses. 4 Apical ring (4R). S Hyaline paraphyses. 6-9 Ascospores
uniseriate to overlapped biseriate squeezed from ascus. Bars 1,2 100 pm; 3-5 20 pm;
6-9 5 pm
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Figs. 10-15. Canalisporium grenadoidia on Corn Meal Agar. 10-12 Squash mount of
a portion of the sporodochium conidia. 1315 Pale-olive to brown and globose to sub-
globose conidia. Bars 11, 12 20 pm; 13-15 10 pm
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Fig. 16. Most parsimonious tree obtained from combined (18S+28S) rDNA dataset.
The tree rooted with Xylaria hypoxylon and Daldinia concentrica from the Order
Xylariales. Bootstrap values higher than 50% from maximum parsimony analysis are

given above nodes and Bayesian posterior probabilities more than 0.95 are indicated

as below nodes.
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ABSTRACT

"[f'he taxonomic placement of freshwater and marine Savoryella species has been
widely debated, and the genus has been tentatively assigned to various orders in the
Sordariomycetes. We performed phylogenetic analyses of the partial small subunit
rRNA (SSU), large subunit rRNA (LSU), internal transcribed spacer rDNA (ITS),
DNA-dependent RNA polymerase 11 Jargest subunit (partial RPB1), DNA-dependent
RNA polymerase II largest subunit (partial RPB2), translation elongation factor 1-
alpha (TEF-l) and combined SSU and LSU sequences. Our results indicate that
Savoryella species form a monophyletic group. Furthermore, Savoryella,
Ascotaiwania, Ascothailandia and its anamorphic relatives (Canalisporium) form a
clade, indicating that these genera share a common ancestor and are closely related.
'Savoryella shows no affinity with the Hypocreales, Halosphaeriales, Sordariales and
Xylarlales despite earlier assignments to those orders. Because the genus shows no
clear relationship with any named order or family, it is best referred to the subclass

Hypocreomycetidae incertae sedis within Sordariomycetes. Our findings support the
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recognition of a new lineage (ACS clade = Ascotaiwania, Canalisporium, Savoryella)

of aquatic ascomycetes that have invaded both marine and freshwater habitats.

iy

Keywords: Ascomycota incertae sedis, Hypocreomycetidae, Fungal systematics,

unitunicate ascomycetes.

Introduction

Savoryella is one of the most commonly reported unitunicate ascomycete
genera from submerged wood in rivers and streams (Sivichai et al., 2002, 2003) and in
the marine environment (Jones and Hyde, 1992). The species S. appendiculata and S.
melanospora have been recovered from wood in contact with sand (Jones and Hyde,
1992; Abdel-Wahab and Jones, 2000). The phylogenetic position of the genus is
unresolved, and it has been referred to a number of orders and families in the
Sordariomycetes, Sordariomycetidae (Zhang et al., 2006). Eleven species have been
recognized: Savoryella appendiculata, S. aquatica, S. curvispora, S. fusiformis, S.
grandispora, S. lignicola, S. limnetica, S. longispora, S. melanospora, S. paucispora
and S. verrucosa. Of these species, five are found in marine habitats, and six are found

in? freshwater (Cai et al., 2006).

Jones and Eaton (1969) established the genus Savoryella with S. lignicola,
which was isolated from wooden slats in a water-cooling tower run on brackish water,
as the type species. Savoryella species are characterized by dark brown to black
ascomata, clavate to cylindrical asci with a comparatively flattened apical ring and
versicolorous septate ascospores, brown central cells and hyaline end cells. No
anamorph has been reported for Savoryella (Tsui and Hyde, 2003). The establishment
of the anamorph-teleomorph link between taxa can be phylogenetically informative.
The genus has been variously referred to Sphaeriales incertae sedis (Kohlmeyer and
Kohlmeyer, 1979), Ascomycetes inceriae sedis (Kohlmeyer, 1986; Eriksson and
"Hawksworth, 1986), Amphisphaeriaceae (Eriksson and Hawksworth, 1987) and
Téordariales (Jones and Hyde, 1992). Barr (1990) and Read et al. (1993) considered
Savoryella to be best referred to Halosphaeriales based on morphological features
(catenophyses-like paraphyses) and ultrastructural observations, respectively. Based

on large subunit (LSU) rDNA data, Vijaykrishna (2006) and Cai et al. (2006) recently



placed two Savoryella species (S. elongata and S. longispora) in the order
Hypocreales within the subclass Hypocreomycetidae, but the relationship of
Hypocreales to other orders could not be elucidated with good statistical support.

The genus Ascotaiwania has been isolated from freshwater habitats and from
te;restrial palms and includes 12 species: Ascotaiwania hsilio, A. hughesii, A.
licualae, A. lignicola, A. mauritiana, A. mitriformis, A. pallida, A. palmicola, A.
pennisetorum, A. persoonii, A. sawadae and A. wulai (Sivanesan and Chang, 1992).

Ascotaiwania (Sivanesan and Chang, 1992; Chang et al., 1997; Ho et al.,
1998) morphologically resembles Savoryella in having asci with versicolorous
ascospores and long necks that are mostly lighter in color. However, Ascotaiwania
differs in having cylindrical asci with a relatively massive, non-amyloid apical ring
and ascospores that are three- to seven-septate. Additionally, Ascotaiwania anamorphs
have been reported in Monotosporella (A. sawadae, A. mitriformis) and Helicoon
farinosum (A. hughesii) (Sivichai et al., 1998; Cai et al., 2006).

Previous molecular studies have failed to resolve the taxonomic position of
Ascotaiwania (Ranghoo et al., 1999; Campbell and Shearer, 2004). Cai et al. (2006)
refer Ascotaiwania to Sordariales incertae sedis.

In our ongoing research on Thai freshwater fungi (Sivichai et al., 2002, 2003;
P’ang et al., 2002; Pinruan et al., 2002, 2004a, 2004b; Pinoi et al., 2003), we have
fecovered several Canalisporium species from submerged or trapped wood (Sivichai
and Boonyene, 2004). Recently, a new species of Canalisporium has been reported in
association with a newly described teleomorph genus, Ascothailandida, which
morphologically resembles Savoryella and Ascotaiwania (Sri-indrasutdhi et al., in
press). However, phylogenetic and morphological data indicate that the new
Canalisporium  species ~ shows affinity with the Hypocreales (subclass
Hypocreomycetidae Sordariomycetes). Consequently, the new species and genus have
been classified as Ascomycota incertae sedis.

To better understand the relationships and ordmal placements of Savoryella,
Ascotaiwania, Ascothailandia and Canalisporium species, we conducted phylogenetic
analyses using multiple genes. The objectives of this study were 1) to determine the
-!taxonomlc placement of Savoryella using a multiple-gene approach, 2) to elucidate
the phylogeny of Savoryella and morphologically similar genera, including

Ascotaiwania and Ascothailandia and 3) to use molecular data to examine the
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interrelationships of Savoryella and Ascotaiwania with the anamorphic genus

Canalisporium from various habitats (freshwater and marine environments).

w

Materials and methods

Specimen collection

Fungi were isolated from various substrata collected from freshwater and marine
locations in Thailand (Sivichai and Boonyene, 2004; Sakayaroj et al., 2004; Pinruan et
al., 2002). Isolates were maintained on cornmeal agar (CMA) or potato dextrose agar

(PDA) media prepared with seawater or freshwater.

Fungal isolates and growth

Fungal cultures were deposited and maintained in the BIOTEC Culture Collection
(BCC). Taxa used in this study are listed in Table 1. All cultures were grown on PDA
at 25°C for 4-16 weeks, depending on the growth rate of each species.

Genomic extraction and PCR amplification

‘?ctively growing mycelia were scraped off from the surface of a culture and
transferred to micro-centrifuge tubes. The biomass was lyophilized at -80°C for two
days before DNA extraction, which followed a protocol modified from Tigano-Milani
et al. (1995). The lyophilized mycelia were ground with a sterile pipette tip in a 2-ml
microcentrifuge tube. The resulting powder was transferred to a 1.5-ml pre-warmed
(65°C) microcentrifuge tube containing 700 ul of extraction buffer (0.7 M NaCl; 50
mM Tris-HC], pH 8; and 10 mM EDTA, pH 8; 1% CTAB) and incubated at 65°C for
one hour. In the CTAB-based method, DNA was extracted once with 500 ul of 24:1
chloroform-isoamyl alcohol (CIAA) and centrifuged at 12000 rpm for 20 minutes.
The supernatant was transferred to a new 1.5-mL microcentrifuge tube containing
1/10 volume of 10% CTAB and 700 pl of CIAA. This mixture was then centrifuged
,for 20 minutes at 12000 rpm. Next, 1000 ul of precipitation buffer (50 mM Tris-HCl,
pH 8.0; 10 mM EDTA, pH 8.0; 1% CTAB) was added to the aqueous phase of the
supernatant, and the mixture was incubated for 30 minutes at room temperature. To

purify the precipitated DNA, 300 pl of high-salt Tris-EDTA buffer (1 M NaCl; 10



mM EDTA, pH 8.0; and 1 mM EDTA, pH 8) was added, and the pellet was washed
with 400 pl of 70% ethanol and resuspended in 30 uL of sterile deionized water
containing 5 U RNase A (100 pg/mL). After centrifugation (20 minutes, 12000 rpm,
4°C) the DNA pellet was washed in 400 pl of 70% ethanol and air-dried. Finally, the
DNA was resuspended in 50 pl of TE buffer (10 mM Tris-HCI, pH 8.0; and 1 mM
EDTA, pH 8.0).

The partial SSU and LSU ribosomal DNA, ITS, partial RPB1 and RPB2
and TEF1-a regions were amplified using primers NS1, NS3, NS4, NS5, NS6, JS1,
JS8, LROR, LRS, LR7, ITS1, ITS4, ITSS, RPB2-5F1, RPB2-5F2, RPB2-7CR, RPB2-
7R, RPB1-CRPB1, RPBI1-CR, EF1-983F, EF1-2218R, EF1-CEFF2 and EF 1-CEFR2
(White et al. 1990; Bunyard et al., 1994; Landvik, 1996; Liu et al., 1999; Carbone et
al., 1999; Rehner, 2001). PCR reactions were carried out in a total volume of 50 pl
containing 10-50 ng of DNA template, 5 pl of 10X PCR buffer, 1.5 mM MgCl,, 2
mM dNTPs, 0.2 pM each primer and 0.5 U of Taq Polymerase (DNA Polymerase Kit,
Vivantis Technologies). Amplification cycles were performed according to the
procedure of Tang et al. (2007) and consisted of an initial denaturation step at 95°C
for 5 minutes followed by 35 cycles of denaturation (95°C), annealing (52°C for 1
min for SSU and LSU rDNA or 55°C for 1.5 minute for ITS, RPB1, RPB2 and TEF-])

d elongation (72°C for 1.5 minutes) and a final elongation step at 72°C for 10
minutes. In order to verify the size of each fragment, a 2-ul sample of the product was
run on an agarose gel and visualized with ethidium bromide via an ultraviolet
transilluminator. PCR products were purified using the NucleoSpinR Extract Kit
(Macherey-Nagel, Germany), following the manufacturer’s instructions. The quantity
and quality of each purified product was verified by electrophoresis on a 1% agarose

gel. Finally, purified PCR products were used directly for DNA sequencing.

DNA sequencing )

PCR products were sequenced by Macrogen, Inc. (Korea) using the same forward and
reverse primers used for amplification (White et al., 1990; Bunyard et al., 1994;
Landv1k 1996; Liu et al., 1999; Carbone et al., 1999; Rehner, 2001). Each sequence
was checked for ambiguous bases and assembled using Bioedit 7.5.03 (Hall, 2006).

Sequence alignment and phylogenetic analyses
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A BLAST search was employed to obtain the closest-matching sequences in the
GenBank database (Altschul et al., 1990). The SSU rDNA, LSU rDNA, ITS rDNA,
RPB2, RPBI and TEF-1 sequences were aligned with related sequences obtained from
GenBank (Zhang et al., 2006; Tang et al., 2007; Schoch et al., 2007; Spatafora et al.,
2006; Hibbett et al., 2007) using ClustalW 1.6 (Thompson et al., 1994). Alignments
further adjusted manually using BioEdit 7.5.0.3 (Hall, 2006). Gaps were coded as
missing data. Regions in which the alignment was ambiguous due to a large number
of gaps were deleted from the analysis. Representatives of the order Pezizales were
chosen as the outgroup taxa for all analyses.

Aligned datasets were subsequently analyzed using maximum parsimony
(MP) in PAUP 4.0b10 (Swofford, 2002). To obtain the most parsimonious trees
(MPTs), we performed heuristic searches with tree bisection—reconnection (TBR)
branch swapping and 1000 replicates of random stepwise sequence addition. Gaps
were treated as missing data and were given equal weight. The Kishino—Hasegawa
(K-H) test was used to estimate the best tree topology (Kishino and Hasegawa, 1989).

Bootstrapping analyses (Felsenstein 1985) were performed with 1000
replicates of a full heuristic search (each consisting of 10 replicates of the random-
swapping algorithm). The tree length (TL), consistency index (CI), rescaled
c?nsistency index (RC), retention index (RI) and homoplasy index (HI) were
calculated for each tree. Representative sequences for each order within the class

Sordariomycetes were retrieved from Genbank and added to the alignment.

Results

SSU phylogeny

To investigate the monophyly of the genera Ascotaiwania, Canalisporium and
Savoryella and determine their phylogenetic position at the ordinal level, we included
the type species of Savoryella (S. lignicola) and Canalisporium (C. caribense) in the
18S rDNA dataset. Sequences from 33 taxa of Ascotaiwania, Canalisporium and
Savoryella obtained from the BIOTEC Culture Collection (BCC) were aligned with
séquences from representatives of the two main subclasses of Sordariomycetes,
Hypocreomycetidae and Sordariomycetidae. Representatives of  subclass
Hypocreomycetidae included various taxa from three orders (Microascales,

Hypocreales and Melanosporales) and Hypocreomycetidae incertae sedis. These taxa
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formed the TMB clade (see below). Representatives of six major orders within
subclass Sordariomycetidae (Diaporthales, Coniochaetales, Chaetosphaeriales,
Ophiostomatales, ~Sordariales and Boliniales) and five representatives of
Lu!worthiales (Spathulosporomycetidae) were also included. Members of the orders
Xylariales and Pezizales were chosen as outgroup taxa.

The aligned SSU dataset comprised a total of 1189 characters, of which 532
were parsimony informative, 497 were constant, and 160 were variable but parsimony
uninformative. Maximum parsimony analysis resulted in 18 most parsimonious trees
(MPTs) with a tree length (TL) of 2309 steps (CI=0.472, RI=0.846, RC= 0.400,
HI=0.528) is shown in Figure 1.

The genera Savoryella (S), Canalisporium (C) and Ascotaiwania (A) formed a
well-supported clade [100% bootstrap percentage (BP)]. This clade, hereafter referred
to as the ACS clade, was clearly distinct from Halosphaeriales, Hypocreales,
Melanosporales, Microascales (Hypocreomycetidae) and Sordariales
(Sordariomycetidae) within Sordariomycetes. The seven Canalisporium species (C.
caribense, C. elegans, C. exigum, C. grenadoidia, C. jinghongensis, C. pallidum and
C. pulchrum) that composed subclade C and the six Savoryella species (S. aquatica, S.
fusiformis, S. lignicola, S. longispora, S. paucispora & S. verrucosa) that composed
s?bclade S together formed a moderately Well-supported monophyletic clade (85%
BP), while Ascotaiwania sawadae (SS00051) was grouped as a sister taxon to

Subclade A plus Subclade B.

LSU phylogeny
This 28S tDNA dataset was used to investigate the phylogenetic relationships of
Savoryella (five Thai marine isolates and eight Thai aquatic isolates), Canalisporium
(eighteen strains) and Ascotaiwania sawadae (one strain, SS00051). The aligned
dataset comprised a total of 1241 characters, of which 289 were parsimony
informative and 812 were constant. The number of most parsimonious trees (MPT),
tree length (TL), consistency index (CI), retention index (RI), rescaled consistency
mdex (RC) and homoplasy index (HI) are listed in Figure 2.

The Kishino—Hasegawa (K-H) test was used to identify the best tree topology
shown in Figure 2. The tree obtained from unweighted parsimony analysis yielded the
best KH-likelihood scores, as shown in Figure 2. All topologies were similar to the

phylogeny generated from the SSU dataset (data not shown). According to our



analyses, the LSU tDNA sequences were divided into at least three major clades.
Clades with bootstrap support values (BP) greater than 50% are described below.

Clade S (the Savoryella clade) consisted of S. lignicola (SAT00908), S.
longzspora (SAT00320 and SAT00322), S. paucispora (SAT00866 and SAT00867), S.
veruscosa (SS00042, SS00052, SS00582 and SS03331), S. aquatica (SS00096,
$S00359, SS03801 and SS00583) and S. fusiformis (SS00783). This clade included
two distinct groups of species characterized by their habitat of origin (marine or
freshwater). Most internal nodes within each clade had moderate to high bootstrap
support (data not shown). Within clade S, the first sub-group comprised three marine
species, S. lignicola (Alai), S. longispora (SAT00320 and SAT00322) and S.
paucispora (SAT00866 & SAT00867), while the second sub-group comprised three
species (S. aquatica, S. fusiformis and S. verrucosa) that were isolated from
submerged wood collected ina freshwater environment.

Clade C (the Canalisporium clade) consisted of C. grenadoidia (SS03615), C.
elegans (SS00523, SS00877 and SS00895), C. pulchrum (SS00170, SS03773,
$S03788, SS03819, SS03823 and SS03982), Canalisporium sp. (SS03732), C.
exiguum (SS00809), C. caribense (SS03839 and SS03683), C. jinghongensis (SS3483
and $S03491) and C. palladium (SS00091 and SS00498).

f Clade A (the Ascotaiwania clade) comprised 4. sawadae (SS00051) and
several sequences derived from GenBank. A. sawadae (AF132323) plus 4.
mitriformis (AF132324) formed a subclade that was sister to clade C. M. setosa
(AF132334) plus A. hughesii (AY316357) formed a sister subclade to all other ACS
taxa except A. persoonii (AY590295), which was basal to all other ACS taxa.
However, this relationship lacked support. The two 4. sawadae sequences (SS00051
and AF132323) were grouped with 100% BP, while A. mitriformis (AF132324)
formed a basal sister group with M. sefosa (AF132334) and 4. hughesii (AY316357)
with weak support (data not shown). M. setosa (AEl32334) and A. hughesii
(AY316357) were closely related with high bootstrap support (data not shown).

Canalisporium and Savoryella appeared to be monophyletic, but the
‘Ascotazwama species did not form a monophyletic clade. 4. hughesii and its
anamorph (M. sefosa) formed a sister group to clade S plus clade C, while 4. sawadae
(SS00051) and A. mitriformis formed a clade separate from the Savoryella plus

Canalisporium clade.



Combined SSU and LSU phylogeny
We compared tree topologies obtained by combining the SSU and LSU datasets to
those obtained by separately analyzing the LSU dataset, the ITS dataset, the RPB2
dataset the combined ITS+RPB2 dataset and the ITS+LSU rDNA dataset.

The combined SSU and LSU dataset consisted of 3369 characters, of which
1053 were parsimony informative, 390 were variable but parsimony uninformative
and 1926 were constant. An initial analysis of this dataset yielded eight trees with a
tree length of 3528 (CI= 0.613, RI= 0.803, RC=0.492, HI=0.387), shown in Figure 3.

The results of the combined SSU+LSU analysis were consistent with those of
the separate SSU and LSU analyses. The MP trees resolved a monophyletic
Hypocreomycetidae comprising three well-supported clades (A, C and S).

Ascotaiwania was polyphyletic, with 4. sawadae (SS00051 and AF132323)
and A. mitriformis (AF132324) forming a weakly supported sister group to the
Canalisporium plus Savoryella clade and A. hughesii (AY316357), A. persoonii
(AY590295) and M. setosa (AF132334) forming clades separate from Canalisporium
plus Savoryella. Canalisporium formed a monophyletic group with 4. sawadae as its
sister clade. Five Savoryella species (S. aquatica, S. lignicola, S. longispora, S.
paucispora and S. verrucosa) formed a monophyletic subclade with high bootstrap

s?pport (data not shown).

RPB2 phylogeny
To further elucidate ordinal relationships of 4scotaiwania (A), Canalisporium (C) and
Savoryella (S), we sequenced part of the RPB2 gene (DNA-dependent RNA
polymerase II largest subunit) for comparison with the SSU, LSU and combined
SSU+LSU datasets.

The partial RPB2 dataset contained 32 taxa (14 Savoryella, 17 Canalisporium,
1 Ascotaiwania) from the BIOTEC Culture Collection (BCC). We also included the
type species of Savoryella (S. lignicola AlaiPang) and Canalisporium (C. carebense
$S03683 and SS03839). Eighty-eight representative taxa from the two subclasses of
Sordarlomycetes Hypocreomycetidae and Sordariomycetidae (Zhang et al., 2006),
were aligned with the Ascotaiwania (A), Canalisporium (C) and Savoryella (S)
sequences. From subclass Hypocreomycetidae, various representative taxa from two
orders and one new clade consisting of Microascales, Hypocreales and the TMB clade

(Hypocreomycetidae incertae sedis) were included in the analysis. From subclass



Sordariomycetidae, representatives of six major orders (Diaporthales, Coniochaetales,
Chaetosphaeriales, Ophiostomatales, Sordariales and Boliniales) were included in the
RPB2 dataset. Members of the order Xylariales (Daldinia concentrica DQ368651 and
X. _hypoxylon DQ470878) were chosen as outgroup taxa. The aligned dataset
comprised 940 characters, of which 626 were parsimony informative, 261 were
constant, and 53 were variable but parsimony uninformative. Figure 4 shows the strict
consensus of six MPTs with a tree length of 2309 (CI=0.140, RI=0.607, RC= 0.085,
HI=0.860).

The genera Savoryella (S), Canalisporium (C) and Ascotaiwania (A) formed a
well-supported clade (ACS clade) with 97% bootstrap support. The ACS clade was
clearly distinct from Hypocreales, Microascales (subclass Hypocreomycetidae) and
Sordariales (Subclass Sordariomycetidae).

The ACS clade comprised three subclades. The Savoryella clade (S),
composed of five species (S. aquatica, S. lignicola, S. longispora, S. paucispora and S.
verrucosa), formed a monophyletic subclade with 98% bootstrap support. The
Canalisporium clade (C), consisting of seven Canalisporium species (C. caribense, C.
elegans, C. pallidum, C. pulchrum, C. exiguum, C. jinghongensis and C.
grenadoidia/Ascothailandia gen. et sp. nov.) formed a well-supported monophyletic
s’ubclade (100% BP). Ascotaiwania (A) was the sister group of the Canalisporium
clade; however, this relationship was unsupported. These results are consistent with
those of the SSU and LSU rDNA analyses and the combined SSU plus LSU analysis
with respect to the phylogenetic placement of taxa within Hypocreomycetidae
incertae sedis, although some of the members of each clade or subclade (ie., the

species identity of sequences obtained from GenBank) differed among datasets.

RPBI phylogeny

We further investigated the phylogeny of the ACS clade using DNA sequences from
the largest subunit of RNA polymerase II (RPB1). We compared the results of this
&,analysis to those of the previous analyses of the SSU, LSU, SSU+LSU and RPB2
_‘B‘datasets for the same set of taxa within the ACS genera. The RPB1 dataset comprised
.69 taxa, including selected species and reference species from GenBank representing
the class Sordariomycetes (Spatafora et al,, 2006). Xylaria hypoxylon and X. acuta

(order Xylariales) were selected as outgroup taxa. Taxa were selected based on the

current ordinal classification of the Hypocreomycetidae incertae sedis group,
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consisting of Microascales, Hypocreales, the TMB clade (Hypocreomycetidae
incertae sedis), Diaporthales, Ophiostomatales and Sordariales. Two equally
parsimonious trees (TL=5246, CI=0.261, RC=0.154, RI =0.590 and HI=0.734) were
obtained, and the consensus tree is shown in Figure 5. Clades with bootstrap support
vaiues (BS) above 50% were designated as follows.

Clade A (the Ascotaiwania clade) consisted of 4. sawadae (SS00051). Clade
C (the Canalisporium clade) included C. elegans (SS00877, SS00523 and SS00895),
C. pulchrum (SS03819, SS03823, $S03982, SS00170, SS03788 and SS03773), C.
jinghomgensis (SS03491 and $S03483), C. exiguum (SS00809), C. palladium
(SS00498 and SS00091), Canalisporium sp. (8503732) and C. caribense (SS03839
and SS03683). Clade S (the Savoryella clade) consisted of S. aquatica (SS00096,
$S00583, $SS00359 and SS03801), S. veruscosa (SS00042, SS03331, SS00582 and
$S00052), S. lignicola (LaiPang), S. longispora (SAT00320 and SAT00322), S.
paucispora (SAT00866) and S. paucispora (SAT00867).

Maximum parsimony analysis of RPB1 produced the same topology as that
obtained from the LSU, SSU, combined SSU+LSU and RPB2 analyses. The
individual RPB2 and RPBI1 datasets, though not significantly incongruent, conflicted
in the placement of some taxa that exhibited long branches in the RPB1 data set (data

ot shown). In contrast, the RPB2 terminal branch lengths were rather uniform.
Bootstrap support was greater for clades recovered in the RPB1 analysis (data not
shown). Combining the two datasets (RPB2+RPB1) increased the degree of
confidence for several relationships (data not shown). Overall, the RPB1 data did not
yield a robust phylogeny when RPB1 sequences were used alone. This multi-gene
study indicates that the ACS clade is a monophyletic group composed of three distinct
lineages: part of Ascotaiwania, Canalisporium and Savoryella. Within the Savoryella
lineage, two subclades were recovered in the RPB1 and combined datasets: one
composed of species originating from marine habitats and one composed of species
from freshwater habitats. .
’T ranslation elongation factor 1-alpha (TEF1-0) phylogeny
,The genera Savoryella and Canalisporium have traditionally been differentiated by the
morphologies of their ascospores, asci and conidiogenous cells. We assessed their
phylogenetic relationships using protein sequences from a portion of the tefl gene

region. Sixteen isolates from the three genera were closely related within subclass
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Hypocreomycetidae, Sordariomycetes. Maximum parsimony analysis (with gaps
treated as missing data) yielded a single tree (TL=2214, CI=0.293, RI=0.520,
RC=0.152, HI=0.707). The final aligned dataset comprised 919 characters, of which
339 were parsimony informative, 75 were parsimony uninformative and 505 were
constant (Figure 4). When GenBank sequences for related species were excluded,
maximum parsimony analysis yielded 15 most parsimonious trees (MPTs) that were
919 steps long (CI=0.729, RI1=0.841, RC=0.613, HI=0.271). The overall topologies
for all 15 MPTs were similar, differing only in the position of C. grenadoidia
(SS003615). Most species were placed in one of two well-supported basal clades
(Savoryella clade, 94% BP; Canalisporium clade, 98% BP) (Figure 6). However, no
representative of Ascotaiwania was included in this phylogenetic tree. The ten
isolates of Savoryella formed multiple well-supported lineages within a monophyletic
clade. The Canalisporium species also appeared in a single clade. Most clades that

were supported by sequence data appeared to be predictive of generic relationships.

ITS phylogeny

The ribosomal (ITS1, 5.8S, ITS2) sequence dataset was analyzed using maximum
parsimony. The aligned dataset comprised 35 sequences, with Xylaria hypoxylon
(§J205468) and Daldinia concentrica as outgroup taxa. There were a total of 758
characters, of which 491 were parsimony informative and 196 were constant. An
initial analysis of this dataset yielded 46 MPTs with a tree length (TL) of 1693 (CI=
0.615, RI= 0.808, RC=0.497, HI=0.385), shown in Figure 7.

In the ITS analysis, the two 4. sawadae strains were monophyletic with 85%
bootstrap support. Canalisporium and Savoryella formed a clade with 67% bootstrap
support. Fifteen Canalisporium taxa formed a well-supported monophyletic clade
(100% BP). Twelve Savoryella species constituted a well-supported monophyletic
clade (97% BP) and appeared to be phylogenetically distinct from other genera, such
as Canalisporium, Monotosporella, Ascotaiwania and Helicoon. Within the
§avoryella clade, most internal subclades did not have reliable branch support. The
'ghai marine strains Savoryella cf. longispora (SAT00320) and S. paucispora
(SAT00866 and SAT00866) were grouped together with weak statistical confidence.
However, S. lignicola (SAT00908), the type species and a marine isolate, did not
cluster with other Savoryella derived from marine habitats. Instead, S. lignicola was

sister to a group of Thai freshwater Savoryella species. In the Thai freshwater
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Savoryella subclade, four S. aquatica isolates grouped consistently with 85%
bootstrap support, while S. verrucosa isolates formed a separate cluster with 86%
bootstrap support. The Monotosporella strains and the two Helicoon strains did not
group with the Ascotaiwania strains.

The congruence of the ITS- and LSU-derived phylogenies was tested by
analyzing the respective datasets independently with both Bayesian (data not shown)
and parsimony analyses. Separate parsimony analyses of the ITS and LSU datasets

resulted in similar topologies, and both provided better resolution of the deeper nodes.

DISCUSSION

The ACS clade, a newly inferred lineage

Hibbett et al. (2007) recognized three subclasses within Sordariomycetes:
Hypocreomycetidae  (including the  orders Coronophorales, Hypocreales,
Melanosporales, and Microascales), Sordariomycetidae (including the orders
Boliniales, Chaetosphaeriales, Coniochaetales, Diaporthales, Ophiostomatales, and
Sordariales) and Xylariomycetidae (including the order Xylariales). The orders
Lulworthiales, Meliolales, Phyllachorales and Trichosphaeriales were represented as
Sordariomycetes incertae sedis.

f The genera studied here (4scotaiwania, Canalisporium and Savoryella) form a
clade (referred to as the ACS clade) within the Hypocreomycetidae. Members of the
Coronophorales and the TBM clade form sister clades to the ACS clade. The ACS
clade is distinct from the orders Halosphaeriales, Microacales and Hypocreales, and
genera grouped in the TBM clade are morphologically diverse compared to those in
the ACS clade. Members of the ACS clade have a number of shared features,
including ascomata that are generally swan-like in shape (rarely with a central neck);
unitunicate asci that are persistent, clavate to cylindrical, short pedunculate, with or
without paraphyses and generally with an apical pore; ascospores, asci cells, hyphae-
like cells, and brown central cells. Most ascospore appendages are lacking, except in
the marine species S. appendiculata.

f All ACS species are saprobes; most are aquatic and grow well on
lignocellulosic materials, such as decayed wood (Sivichai et al., 2002, 2003).
However, few ACS species actively degrade lignocellulose (Jones & Eaton 1969).

The ACS clade represents a newly inferred lineage of the Hypocreomycetidae. It is
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interesting to note that both the TMB and ACS clades occur in aquatic habitats that
are transitional from terrestrial to freshwater to brackish and fully saline habitats.
Although the ACS clade represents a newly recognized lineage of
ascomycetes, it is premature to erect a new order to accommodate this group of taxa.
No anamorphs have been reported for Savoryella, but several dematiaceous
hyphomycetes have been reported in the genus Ascotaiwania, including
Monotosporella sp. (A. sawadae; Sivichai et al., 1998), M. setosa (A. sawadae;
Ranghoo et al., 1999) and Helicoon (A. hughesii, Fallah et al., 1999; Tsui and Berbee,
2006). Our analyses suggest that Ascotaiwania is not monophyletic, although these
species form a distinct group (Ranghoo et al., 1999; Cambell and Shearer, 2004).

Ordinal placement of Savoryella and Canalisporium species

This study expands the dataset of Vijaykrishna et al. (2006) with additional
sequences representing a broader taxonomic and phylogenetic sampling of
Sordariomycetes. Therefore, we use the tree derived from the 18S rDNA dataset as a
basis for discussing the ordinal position of the genera.

The phylogenetic positions of Savoryella and Canalisporium inferred by MP
mfthods are similar for different genes (LSU, RPB2 and combined gene datasets), and
the branching patterns with respect to the placement of ingroup taxa are similar to
those obtained from a phylogenetic analysis of SSU nu-rDNA (Zhang et al., 2006;
Schoch et al., 2007; Tang et al., 2007). However, some of the clades and subclades
differed in composition, with different taxa obtained from GenBank for each gene.

Our results clearly show that Savoryella, which is morphologically similar to
Ascotaiwania (Sordariales incertae sedis, Sordariomycetidae), is not closely related to
the order Hypocreales within Hypocreomycetidae (Vijaykrishna, 2005; Cai et al.,
2006). Therefore, Savoryella and its relatives should be assigned to another order. The
ACS clade is best referred to Hypocreomycetidae incertae sedis, Sordariomycetes.
These findings suggest that a newly recognized lineage of aquatic ascomycetes has
in!vaded both marine and freshwater habitats. Although Savoryella, Ascotaiwania and
Canalisporium are closely related, the exact topologies of the different datasets vary
because they contain different taxa. The three genera form a distinctive group similar
to the unclassified group of marine ascomycetes comprising Swampomyces,

Torpedospora and Juncigera (Sakayaroj et al., 2005; Schoch et al., 2007).
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The monophyly of the genera Savoryella and Canalisporium

All of our analyses support the monophyly of Savoryella and Canalisporium,
but the taxonomic assignment of these genera is unresolved because they have been

referred to several orders and families within Sordariomycetes, Sordariomycetidae.

Morphologically, the genus Savoryella resembles Ascotaiwania Sivan. & H. S.
Chang. Savoryella shares several traits in common with Ascotaiwania, such as
versicolorous ascospores, but differs in having cylindrical asci with a relatively
massive, non-amyloid apical ring and four- to eight-septate ascospores (Chang et al.,
1998). No anamorph is known for any of the described species of Savoryelia.
However, our analyses show that Savoryella and the anamorphic genus
Canalisporium are related to Ascotaiwania. In our results, Ascotaiwania is
polyphyletic, with different species grouping with different anamorphs
(Monotosporella, Helicoon and Canalisporium) and is more distantly related to

Savoryella and Canalisporium species than the latter groups are to each other.

The genus Savoryella clusters with Canalisporium (18S rDNA phylogenies);
however, Ascotaiwania occupies a basal position relative to other members of both
geyera. Due to the limited availability of sequences from public databases, the
phylogenetic relationships among Savoryella, Canalisporium and Ascotaiwania
species cannot be ascertained. Additionally, we lacked the type species of
Ascotaiwania for comparison in this study.

In the ITS data, most internal nodes were supported by the bootstrap analysis.
Both freshwater and marine Savoryella species formed reciprocally monophyletic
groups based on their habitats of origin. In the parsimony analysis, most taxa of
Savoryella, including S. lignicola (the type species of the genus), S. aquatica, S.
lignicola, S. longispora, S. paucispora and S. verrucosa,- were sorted into a large
cluster, forming a monophyletic clade. S. aquatica and S. verrucosa formed a branch
that was strongly supported by statistics and concordance. S, lignicola, S. longispora
ar}}d S. paucispora formed a well-supported lineage of marine origin, and this group
was well supported as the sister group of Savoryella aquatica plus S. verrucosa,
which were collected from freshwater streams.

The topology derived from this analysis is consistent with independent

analyses based on the position of the Savoryella and Canalisporium clades, showing
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non-polyphyletic genera. In contrast to the independent RPB2 dataset and the
combined RPB2 dataset, the ITS dataset produced ambiguous results for the
placement of Ascotaiwania spp.

The ITS dataset supported the monophyly and phylogenetic distinctiveness of
Savoryella. Other genera (Canalisporium, Ascotaiwania, Monotosporella and
Helicoon) were split across subclades in this analysis. Savoryella aquatica and
Savoryella verrucosa were grouped together with high bootstrap and Bayesian
support values, consistent with their shared freshwater habitat.

Our data shows that ITS sequence data can be used confidently to distinguish
Canalisporium species. Further phylogenetic analyses of ITS sequences should
include a greater number of species having a broader representation of the
morphological variation in the genus. Likewise, additional species that are more
restricted in their ecological habitats should be included. To confidently infer the
phylogenetic relationships among members of Canalisporium and related genera,
some species groupings that we have observed on the ITS tree will need to be verified
by including more type strains in the dataset. Taxon sampling can have a strong effect

on phylogenetic inference.
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numbers and names of taxonomic orders are provided to the right of the species names.
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Fig 4 Strict consensus phylogram of the six most parsimonious trees inferred from RPB2 gene sequences, showing
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Bootstrap values greater than 50% (1,000 replicates) are given above the corresponding branches. The phylogram

is rooted with members of the order Xylariales as outgroups.
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with Xylaria and Daldinia. Bootstrap values greater than 50% (1,000 replicates), are given above the
corresponding branches.
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Relationship of the genus Savoryella (teleomorph
ascomycete) and its anamarph Canalisporium as inferred
by multiple gene phylogenies

Nattawnt Boouyuen®, Charuwan Chuaseeharonnachai, Somsak Sivichai
and E.B. Garetl Jones

National Center for Genetic Engineering and Biotechnology,

Patium Thani, Thailand, *e-mail: nattawuti biotec.or.th

The taxonomic placement of selected freshwater Savoryella species and
some marine Savoryella species as well as putative Canalisporium
species that originated from submerged woods in aquatic habitats have
not been classified into any family or order with certainty. Results
based on individual melecular data analyses of the partial small
sequence (SSU data), indicate that Savorvella form a monophyletic
clade amd group within the subclass Hypocreomycetidae,
Sordariomyycetes. The genus Savoryvella shows no affinities with the
Hypocreales despite earlier assignment to that order. In addition, we
can confirm using the large subunit rfRNA gene (285 rDNA) the
taxononmuc position within Hypocreomycetidae, which is in good
agreement with the 185 tDNA gene. Further analyses will be conducted
including more strains of these taxa, and combining molecular
analyses, such as ITS, RPB1, RPB2 and EFl-a, for determining the
precise taxonomic placement of these genera.
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A new lineage of the genera Ascotaiwania, Canalisporium and Savoryella
inferred by multiple gene and a new lignicolous taxon: Ascothailandia

grenadoidia gen. et sp. nov., reported from Thailand

Nattawut Boonyuen, Veera Sri-indrasutdhi, Charuwan Chuaseeharonnachai, Satinee

Suetrong, Somsak Sivichai and E. B. Gareth Jones

Bioresources Technology Unit, National Centre for Genetic Engineering and Biotechnology,

Pathumthani, Thailand, e-mail: nattawut@biotec.or.th

The taxonomic placement of freshwater and marine Savoryella species has been widely
debated and assigned to various orders. This study incorporates individual phylogenetic
datasets and a combined datasets, based on the small subunit rDNA (SSU), large subunit
tDNA (LSU) and RNA polymerase II the second largest subunit (RPB2) and ITS region to
determine the ordinal position of the genera Ascotaiwania (A), Canalisporium (C) and
Savoryella (S), all based on strains isolated from Thai substrata and including their type
species. The ordinal status of (A) and (S) is unknown and consequently classified as
Ascomycota incertae sedis. The anamorphic genera: Monotosporella, Helicoon (anamorphs
of A. sawadae, A. mitriformis and A. hughesii), and Canalisporium species have also been
sjudied. Phylogenetic analyses indicate that the genera (S), (A), and (C) share a common
ancestor and are closely related. In the SSU, LSU, RPB2 and ITS dataset, Savoryella shows
no affinities with the Hypocreales, Halosphaeriales, Sordariales and Xylariales despite earlier
assignment to the orders Sordariales and Hyprocreles. Our findings suggest a new lineage
(ACS clade= Ascotaiwania, Canalisporium, Savoryella) of aquatic ascomycetes that have
invaded both the marine and freshwater habitats. We also describe Ascothailandia gen. nov.
from submerged wood at Hala Bala Wildlife Sanctuary, Thailand. This genus is
morphologically similar to the genera (A) and (S), but it differs in the acomata, asci, apical
ring and spores (shape, dimension and colour) from these genera. Our phylogenetic results
show that this taxon is well placed in the Hypocreomycetidae "and bears close phylogenetic

affinities to Canalisporium species.
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. Wood inhabiting freshwater fungi from Thailand: Ascothailandia
gen. et sp. nov., Canalisporium grenadoidia sp. nov.

Charuwan Chuaseeharonnachal?, Veera Sri-indrasutdhi?, Nattawut Boonyuen?, Satinee Suetrong
12, somsak Sivichai* and E.B. Gareth Jones!
1Bioresources Technology Center, Mycology Laboratory, National Center for Genetic Engineering and Biotechnology, 113
Paholyothin Road, Khiong Luang, Khlong 1, Pathum Thani 12120, Thailand,
S u a ry pepartment of Microbiology, Faculty of Science, Prince of Songkla University, Hat Yal, Songkhla, 90112, Thailand

Ascothailandia grenadoidia gen. et sp. nov. is described an illustrated from submerged wood (Wrightia tomentosa) in a
stream at Hala Bala Wildlife Sanctuary, southern Thailand. Phylogenetic analysis of the combined partial 185, 28S
ribosomal DNA and internal transcribed spacer (ITS), including 5.8 regions, of A. grenadoidia and ten Canalisporium
species was undertaken and analyzed with maximum parsimony and Bayesian methods. The molecular data indicate that
A. grenadoidia is closely related to C. elegans in the Sordariomycetes, Hypocreomycetidae, order incertae sedis. Therefore,

A. grenadoidia is proposed as a new genus with its anamorph (C. grenadoidia) and supported by both morphological and
molecular data.

Objectives

1. To describe a new genus and species of Ascothailandia
analisporium grenadoidia) based on morphological data
To determine the taxonomic placement and relationship !

of a new fungus and its anamorph by molecular data (ITS
ata, the combined 185 and 28S ribosomal DNA)

by
| globose, dark-brown,
| ascomata, paraphysate,
cylindrical, unitunicate with
refractive apical ring and
E versicolourous, 3 euseptate
| ascospores. Ascospores germinate
producing a

s grenadoidia
species (C. grenadoidia sp.

nov.) characterized by conidia

1 . i ) solit é wus, sub-globose or
Wrightia tomentosa were collected from a stream at Hala 88 0V holablastic, Thick-walled,

Bala Wildlife Sanctuary, Narathiwat province to examine longitudinal septa, and 4-6 trz
fungal presence. : septa, s constricted at th

. A new taxon was examined Under microscope and [ brown to dark-brown at the septa,
described based on morpholog supported by a pale-brown basal cell,
3, Phylogenetic trees of combined rDNA {18S and 28S) and (h"" number of ¢ per conidium 17-
ITS dataset by using primer N1, NS3, NS4, NS6, 151, IS8, 26, apical row with 34 cells, ell lufmien
[TS1, ITS4 and ITS5 (White et al. 1990 and Bunyard et al. § “l':;'*:ttdl ij‘v ;«H«il‘—' obscured by dark

5 b DIgIM ’ L n.
1994) with statistical values were generated by Maximum %" el b
Parsimony (MP) in PAUP*4.,0b10 (Swofford )

i

8 ing Program
ould like to thank Pro

t f | i |
r. Lily Eurwilaichitr @l m
‘ ¥ -
¢
- W

1 3. The new ascomycete is well placed in t analisporium clade with strong
support in Subclass Hypocreomycetidae (subclade A). This new taxon of A
grenadoidia (teleomorph of C. grenadoidia) has close phylogenetic affinities with
C. elegons based on combined 18S and 285 rDNA dataset.

4, The new taxon grouped with C. elegans with high statistical bootstrap support
| (92%) and Bayesian values (1.00) calculated on ITS da
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inferred by multiple gene phylogenies of the genera Ascotaiwania,
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A new lineage of aquatic ascomycetes inferred by multiple gene
phylogenies of the genera Ascotaiwania, Canalisporium and

Savoryella

Nattawut Boonyuen, Charuwan Chuaseeharonnachai, Satinee Suetrong, Somsak
Sivichai and E. B. Gareth Jones

Mycology Laboratory, BIOTEC Central Research Unit, National Centre for Genetic
Engineering and Biotechnology, Thailand Science Park, Pathumthani

The taxonomic placement of freshwater and marine Savoryella species has been
widely debated and assigned to various orders: e.g. Hypocreales, Sordariales. The genus
is characterized as processing paraphyses that deliquesce early, elongate, clavate to
cylindrical asci with a poorly developed apical ring and versicoloured, 3-septate
ascospores. This study incorporates individual phylogenetic datasets and a combined
datasets, based on the small subunit rDNA (SSU), large subunit rDNA (LSU), to
determine the ordinal position of the genera Ascotaiwania, Canalisporium and
Savoryella, all based on strains isolated from Thai substrata and including their type
species. Other genes sequenced include ITS region and RNA polymerase II the second
largest subunit (RPB2). Ascotaiwania is characterized by ascospores that are generally
more than 3-septate with hyaline end cells, asci with a relatively massive, and a non-
a’nyloid apical ring. The ordinal status of Ascotaiwania and Savoryella is unknown and
consequently classified as Ascomycota incertae sedis. The anamorphic genera:
Monotosporella, Helicoon (anamorphs of Ascotaiwania sawadae, A. mitriformis and A.
hughesii), and Canalisporium species have also been studied. Phylogenetic analyses
indicate that the genera Savoryella, Ascotaiwania and Canalisporium share a common
ancestor and are closely related. In the SSU rDNA, LSU rDNA and RPB2 dataset,
Savoryella shows no affinities with the Hypocreales, Halosphaeriales, Sordariales and
Xylariales (subclass Hypocreomycetidae, Sordariomycetes) despite earlier assignment to
the orders Sordariales and Hyprocreles. Our findings suggest a new lineage (ACS clade=
Ascotaiwania, Canalisporium, Savoryella) of aquatic ascomycetes that have invaded both
the marine and freshwater habitats. Although these genera are related, they are not
monophyletic. However, they form 5 distinct group similar to the unclassified group of
nlarine ascomycetes comprising the genera Swampomyces, Torpedospora and Juncigera
('f‘BM clade).

Keywords: Ascotaiwania, Canalisporium, Monotosporella, Savoryella, phylogeny, systematics
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