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During a recent phylogenetic study, group I introns were noted that interrupt the nuclear
small subunit ribosomal RNA (SSU rDNA) gene in species of Ceratocystiopsis. Group I introns
were found to be inserted at the following rDNA positions: 5943, S989, and S1199. The
introns have been characterized and phylogenetic analysis of the host gene and the corre-
sponding intron data suggest that for S943 vertical transfer and frequent loss appear to be
the most parsimonious explanation for the distribution of nuclear SSU rDNA introns
among species of Ceratocystiopsis. The SSU rDNA data do suggest that a recent proposal
of segregating the genus Ophiostoma sensu lato into Ophiostoma sensu stricto, Grosmannia,
and Ceratocystiopsis has some merit but may need further amendments, as the SSU rDNA
suggests that Ophiostoma s. str. may now represent a paraphyletic grouping.

© 2011 British Mycological Society. Published by Elsevier Ltd. All rights reserved.

Introduction

Group lintrons are self-splicing elements that occur in bacteria,
bacteriophages and in the organelles of fungi, plants, protists,
and early branching metazoans (sea anemones, sponges, and
soft corals) (Belfort et al. 2002; Hausner 2003; Gissi et al. 2008).
Group I introns are also found in nuclear ribosomal genes
(rDNA) in a wide variety of fungi, algae, and protists with lichen
fungi being the richest source for group I introns (De Wachter
et al, 1992; Bhattacharya et al. 1996; Hibbett 1996;
Bhattacharya et al. 2002; Lickey et al. 2003; Haugen et al. 2005;
Feau et al. 2007; Gutiérrez et al. 2007; Hoshina & Imamura 2009).

Insertions within the nuclear rDNA usually occur at highly
conserved sequences and they are relatively common among
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the fungi and have been reported from several rDNA positions
(Gargas et al. 1995; Cannone et al. 2002); in addition spliceoso-
mal introns have also been discovered in the rDNA of ascomy-
cetes (Bhattacharya et al. 2000). Among the intron rich
members of the lichen fungi examples of vertical transmis-
sion and horizontal spread of introns have been documented;
introns also appear to move to new rDNA sites by reverse
splicing into novel rRNA sites (Dujon 1989; Woodson & Cech
1989; Grube et al. 1999; Bhattacharya et al. 2000; Martin et al.
2003; Bhattacharya et al. 2005; Haugen et al. 2005). In addition
rDNA introns can have a sporadic distribution among phylo-
genetically closely related fungi suggesting that introns can
be gained and lost relatively rapidly (Nikoh & Fukatsu 2001,
Haugen et al. 2005).

1878-6146/$ — see front matter © 2011 British Mycological Society. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.funbio.2011.10.005


mailto:hausnerg@cc.umanitoba.ca
http://www.elsevier.com/locate/funbio
http://dx.doi.org/10.1016/j.funbio.2011.10.005
http://dx.doi.org/10.1016/j.funbio.2011.10.005
http://dx.doi.org/10.1016/j.funbio.2011.10.005

Identification of group I introns in Ceratocystiopsis species

99

Group I introns show minimal primary sequence conserva-
tion, but they do have conserved secondary and tertiary struc-
tures and these elements are autocatalytic by catalyzing their
own excision from an RNA molecule; they can therefore be
viewed as ribozymes. Almost all group Iintrons contain pairing
regions referred to as P1 to P10, along with sequence segments
that connect these helical regions. The P4—P6 and P3—P9 paired
helical domains make up the catalytic core components and
the P1 and P10 helices are the substrate domain (includes the
internal guide sequence) wherein the 5’ and 3’ splice sites are
juxtaposed to each other (Cech et al. 1994; Lindstrom &
Pistolic 2005; Woodson 2005). The P3-P7-P9 helix contains the
GTP binding pocket; here the 3'OH of an exogenous GTP initi-
ates the splicing reaction that involves two transesterification
reactions resulting in the splicing of the exons and the release
of theintron RNA (Raghavan & Minnick 2009). Based on second-
ary structure characteristics, group Iintrons were classified ini-
tially into two subdivisions: I A and I B (Michel et al. 1982; Cech
et al. 1994). However, based on both nucleotide sequences
within the conserved core regions and variations within the
secondary structure, group Iintron classification has been fur-
ther refined. Currently atleast five classes are recognized (1A to
I E), and these can be subdivided further e.g. I A1, I C3 etc.
(Michel & Westhof 1990; Suh et al. 1999; Li & Zhang 2005).
Over 20 000 group I introns have been identified in a variety
of organisms, and the secondary structures of some group Iin-
trons and a list of rDNA intron insertions sites have been com-
piled in the Comparative RNA Web Site (R. Gutell; http://www.
rna.ccbb.utexas.edu/, Cannone et al. 2002) and the Group I in-
tron sequence and structure database (Zhou et al. 2008).

Nuclear group I introns usually lack potential open reading
frames (ORFs). However, some group [ introns belonging to the
IC1 and IE subgroups have been noted in some fungi to encode
homing endonucleases (HE) belonging to the HIS-CYS Box HE
family (Haugen et al. 2004). Nuclear rDNA group I introns range
in size from 250 to 600 nucleotides (nt), although there are ex-
amples that exceed 1000 nt (Haugen et al. 2004). There are also
highly compact group I introns at 62—78 nt and these introns
appear to be IC1 introns that only maintained the P1, P7, and
P10 paired regions, however they still have self-splicing capac-
ity (Harris & Rogers 2008).

During a recent study to investigate phylogenetic relation-
ships among selected ophiostomatoid-like fungi, the SSU
rDNA gene sequences were examined for members of the fun-
gal genera Ceratocystiopsis H.P. Upadhyay & W.B. Kendr., Gros-
mannia Goid. and Ophiostoma Syd. & P. Syd. Among these
fungi are many economically important tree pathogens and
blue-stain fungi (see Wingfield et al. 1993; Hausner & Reid
2004; Hausner et al. 2005). Members of these genera lack forc-
ible ascospore discharge, have deliquescent asci and form
sticky ascospore droplets at the apex of their perithecial necks.
These fungi also tend to produce their slimy/sticky conidia on
long-stalked conidiophores. Many of these morphological fea-
tures are adaptations for arthropod dispersal, and therefore
these characters are under strong selection pressure for opti-
mizing dispersal and competition for insect vectors and sub-
strates (Harrington 1993; Farrell et al. 2001; Six & Wingfield
2011). Species assigned to Ceratocystiopsis in many ways resem-
ble species of Ophiostoma except they tend to have small dark
perithecia with short perithecial necks and falcate, sheathed

ascospores (Upadhyay 1981; Zipfel et al. 2006; Plattner et al.
2009) and a lower tolerance to cycloheximide than Ophiostoma
species (Harrington 1981; Hausner et al. 1993a, b). Species of
Grosmannia can be distinguished from members of Ophiostoma
and Ceratocystiopsis by the presence of a conidial state that can
be assigned to the genus Leptographium Lagerb. & Melin. This
SSU rDNA based study allowed as to investigate the evolution-
ary dynamics of nuclear SSU rDNA group I introns within the
SSU rDNA gene of the ophiostomatoid fungi. So far no introns
have been reported for this group of fungi thus this study is the
firstreport on the occurrence and distribution of introns within
this economically important group of fungi.

The objective of this study is to examine the group I intron
variability in the nuclear SSU rDNA gene in species of Ophios-
toma, Grosmannia, and Ceratocystiopsis and related taxa. This
study will try to assess the stability of the introns found within
this group of organisms and examine the evolutionary biology
of the encountered group I introns and potentially provide in-
sights into the mechanisms that are involved in their diversi-
fication and persistence within the SSU rDNA gene.

Materials and methods
PCR amplification and sequencing of the SSU rDNA gene

The fungal strains studied and their sources are listed in Table 1.
Culturing conditions and DNA extraction protocols have been
published previously (Hausner et al. 1992; Hausner & Reid 2004).
Oligonucleotide primers utilized for both PCR amplification and
DNA sequencing of the SSU rDNA gene were characterized in
Hausner et al. (1993b), Gibb & Hausner (2003), and Hausner &
Reid (2004). The primers SSU-J and SSU-T were initially used to
screen our collection for the potential of SSU rDNA insertions.
For some strains the sequences were extended across the ITS re-
gions to examine group I introns located near the 3’ end of the
SSU rDNA gene; here the SSU-Z and LSU-4 primers (described
in Hausner & Wang 2005) were utilized to obtain the appropriate
regions. PCR conditions for the primers above are described in
Hausner & Reid (2004) and Hausner & Wang (2005). The PCR prod-
ucts were purified with the Wizard SV Gel and PCR clean-up sys-
tem (Promega, 2800 Woods Hollow Road, Madison, WI 53711) in
order to obtain DNAs suitable for DNA sequence analysis. The
PCR products were sequenced using the cycle-sequencing proto-
cols performed according to the manufacturer’s recommenda-
tions (Applied Biosystems, 850 Lincoln Centre Drive, Foster City,
CA 94404). Automated fluorescent DNA sequence analysis was
performed using an ABI Prism 310 Genetic Analyzer (University
of Calgary Core DNA service, Faculty of Medicine, University of
Calgary, 3350 Hospital Drive NW, Calgary, AB, Canada T2 N
4N1). Initially the original forward and reverse primers utilized
for the PCR reactions were used to start the sequences for the
PCR products; from there primers were designed as needed to se-
quence both strands of the PCR amplicons.

Phylogenetic analysis

The individual sequences were assembled manually into con-
tigs using the GeneDoc program v2.5.010 (Nicholas et al. 1997).
The online resource BLASTn (Altschul et al. 1990) was used to
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Table 1 — List of species and strains and SSU rDNA sequence GenBank accession numbers

Species Strain number Accession
number
S516  S943
IE IC1
1 Ceratocystiopsis sp. WIN(M)1520% = MPB 1° HQ634836
2 Ceratocystiopsis sp. WIN(M)1521 = MPB 2 HQ634837
3 Ceratocystiopsis sp. WIN(M)1522 = MPB 3 HQ634838
4 Ceratocystiopsis brevicomi Hsiau & T.C. Harr. ~ WIN(M)1452 = CBS 333.97¢ HQ202311
5 Ceratocystiopsis collifera Marm. & Butin WIN(M)908 = CBS 129.89 HQ634832
6 Ceratocystiopsis concentrica (Olchow & WIN(M)53 = JR71-21¢ X HQ634849
J. Reid) H.P. Upadhyay
7 Ceratocystiopsis manitobensis (J. Reid & WIN(M)237 = UAMH 9813¢ X HQ634850
Georg Hausner) Zipfel, Z.W. de Beer &
M.J. Wingf.
8 Ceratocystiopsis minima (Olchow. & WIN(M)1501 X HQ202312
J. Reid) H.P. Upadhyay
9 Ceratocystiopsis minima WIN(M)1462 = CBS 182.86 X HQ634851
10  Ceratocystiopsis minima WIN(M)61 = JR69-37 X HQ634852
11 Ceratocystiopsis minima WIN(M)85 = JR71-03 X HQ634856
12 Ceratocystiopsis minuta (Siemaszko) WIN(M)1453 = CBS 441.94 X HQ634853
H.P. Upadhyay & W.B. Kendr.
13 Ceratocystiopsis minuta IN(M)1533 = RJ 5095°¢ HQ634826
14  Ceratocystiopsis minuta WIN( )1532; HQ634827
RJ7 5 = UAMH 11218f
15  Ceratocystiopsis minuta IN(M)1535 = Rj191 HQ634828
16  Ceratocystiopsis minuta WIN(M)1534 RJ689 HQ634829
17  Ceratocystiopsis minuta WIN(M)1537 = CBS 116963 X HQ634854
18  Ceratocystiopsis minuta WIN(M)1536 = CBS 116796 HQ634830
19  Ceratocystiopsis minuta WIN(M)15 23 = CBS 117042 X HQ634857
20  Ceratocystiopsis minuta-bicolor WIN(M)480 = JR87-6 X HQ634848
(R.W. Davidson) H.P. Upadhyay
21  Ceratocystiopsis pallidobrunnea WIN(M)51 = JR69-14 X HQ634842
(Olchowecki & J. Reid) H.P. Upadhyay
22 Ceratocystiopsis parva (Olchow. & WIN(M)59 = JR71-21 X HQ595735
J. Reid) Zipfel, Z.W. de Beer & M.J. Wingf.
23 Ceratocystiopsis ranaculosus J.R. Bridges & WIN(M)919 HQ634840
T.J. Perry
24 Ceratocystiopsis rollhanseniana (J. Reid, WIN(M)113 X HQ595736
Eyjolfsdottir & Georg Hausner) Zipfel,
Z.W. de Beer & M.J. Wingf.
25  Ceratocystiopsis rollhanseniana WIN(M)110 = UAMH 9797 HQ634834
26  As Ceratocystiopsis crassivaginata WIN(M)1458 = CBS 512.83 HQ595740
27  Exophiala calicioides (Fr.) G. Okada & Seifert ~ WIN(M)717 = JR87-16 X HQ202314
28  Graphium pseudormiticum M. Mouton & WIN(M)1569 = DAOM 2340268 HQ634858
M.J. Wingf.
29  Graphium pseudormiticum WIN(M)1571 = DAOM 234028 HQ634859
30  Graphium pseudormiticum WIN(M)1570 = DAOM 234027 HQ634860
31 Graphium sp. (novo) WIN(M)1490 = JR 87-3d HQ202315
32 Grosmannia crassivaginata (H.D. Griffin) WIN(M)918 = UAMH 7004 HQ634833
Zipfel, Z.W. de Beer & M.J. Wingf.
33  Grosmannia crassivaginata WIN(M)184 HQ634835
34  Grosmannia davidsonii (Olchow. & J. Reid) WIN(M)60 = JR71-30 HQ595732
Zipfel, Z.W. de Beer & M.J. Wingf.
35  Grosmannia davidsonii WIN(M)1495 = MCC 871" HQ634815
36  Grosmannia davidsonii WIN(M)1494 = MCC 870 HQ634816
37  Grosmannia davidsonii WIN(M)1132 HQ634819
38  Grosmannia penicillata (Grosmann) Goid. WIN(M)27 = NOR60-21 HQ634822
39  Grossmania piceaperda (Rumbold) Goid. WIN(M)980 = UAMH 9788 HQ595733
40  Leptographium sp. WIN(M)984 HQ595734
41  Leptographium sp. WIN(M)1429 HQ595737
42 Meria laricis Vuill. WIN(M)1525 = CBS 298.52 HQ634817
43 Meria laricis WIN(M)1526 = CBS 283.59 X HQ634844
44 Meria laricis WIN(M)1527 = CBS 281.59 X HQ634845
45  Meria laricis WIN(M)1528 = CBS 282.59 HQ634818
46  Ophiostoma brevicolle (R.-W. Davidson) WIN(M)811 = CBS 150.78 HQ634823

de Hoog & R.J. Scheff.



Identification of group I introns in Ceratocystiopsis species

101

Table 1 — (continued)

Species Strain number Introns Accession
number
S516 S943 S989 S1199 1512
IE IC1 IE E ?
47  Ophiostoma crenulatum (Olchow. & WIN(M)58 = JR 70-17 HQ634855
J. Reid) Georg Hausner & J. Reid
48  Ophiostoma longisporum (Olchow. & WIN(M)48 HQ634831
J. Reid) Georg Hausner,
J. Reid & Klassen
49  Ophiostoma minus (Hedgc.) WIN(M)861 = DAOM 29251 HQ634820
Syd. & P. Syd.
50 Ophiostoma minus WIN(M)871 = JR 23Rp3-367TA HQ634821
51  Ophiostoma retusum (R.W. Davidson & ATCC 22324 HQ634841
T.E. Hinds) Georg Hausner,
J. Reid & Klassen
52  Ophiostoma sp. WIN(M)1391 HQ634824
53  Pesotum fragrans (Math.-Kaarik) WIN(M)1396 = JR87-4H HQ634846
G. Okada & Seifert
54  Pesotum sp. WIN(M)1426 = JR87-4C HQ634847
55  Pesotum sp. WIN(M)1394 = JR87-10C HQ634839
56  Sarcotrochila macrospore Ziller & WIN(M)1538 = CBS 274.74 X X X HQ634843
A. Funk

a WIN(M) = University of Manitoba (Winnipeg) Collection.

b MPB = Mountain Pine Beetle collection, Department of Forestry, University of British Columbia, Canada.
¢ CBS = Centraal Bureau voor Schimmelcultures, Utrecht, The Netherlands.

d JR =]. Reid collection (in WIN(M) see above).

e RJ = R. Jankowiak collection (University of Agriculture in Cracow, Cracow, Poland).

f UAMH = University of Alberta Microfungus Collection & Herbarium, Devonian Botanic Garden, Edmonton, AB, Canada T6G 2E1.
g DAOM = Cereal and Oilseeds Research, Agriculture & Agri-Food Canada, Ottawa, Ont., Canada.

h MCC = Culture collection of H. Masuya, Forestry and Forest Products Research Institute, Ibaraki, Japan.

i NOR = NFRI, Norwegian Forest Research Institute, AS, Norway.

j ATCC = American Type Culture Collection, P.O. Box 1549, Manassas, VA 20108, USA.

retrieve sequences that were related to the SSU rDNA genes
sequenced during this study (see Fig 1). Nucleotide sequences
were aligned with Clustal-X (Thompson et al. 1997) and the
alignments were refined manually with the aid of the Gene-
Doc program.

For phylogenetic analyses, only those segments of the
alignment where all sequences could be aligned unambigu-
ously were retained for the SSU rDNA data set, and intron se-
quences were deleted. Phylogenetic estimates were generated
using Parsimony, likelihood-based and Bayesian approaches,
by using components contained within the PHYLIP package
(Felsenstein 2006, version 3.55c), PHYML (online web server,
http://www hiv.lanl.gov/content/sequence/PHYML/interface.
html; Guindon et al. 2010), and the MrBayes program v3.1
(Ronquist & Huelsenbeck 2003; Ronquist 2004) respectively.
In PHYLIP, phylogenetic trees were obtained by the DNAPARS
programs in combination with bootstrap (BS) analysis (SEQ-
BOOT) and CONSENSE. SEQBOOT was used to generate 1000
pseudoreplicates which were then analyzed with DNAPARS,
the resulting treefile was submitted to CONSENSE. The latter
program generates a majority rule consensus tree, which pro-
vides an estimate of the confidence levels for the major nodes
present within the phylogenetic trees (Felsenstein 1985).

The models applied for Likelihood approaches were based
on evaluating the nucleotide sequence alignments with
the FindModel program (http://www.hiv.lanl.gov/content/se-
quence/findmodel/findmodel.html), which identified the GTR
with gamma distribution as the best model. The SSU rDNA

data set was analyzed with PHYML (Guindon & Gascuel 2003;
Guindon et al. 2010) selecting the GTR option as implemented
at  http//www.hiv.lanl.gov/content/sequence/PHYML/inter-
facehtml and at http//www.atgc-montpellier.fr/phyml/
(Guindon et al. 2010). Branch support for ML trees was evalu-
ated by applying the approximate likelihood-ratio test (aLRT;
Anisimova & Gascuel 2006) and by BS analysis (1000 replicates).

The MrBayes program was used for Bayesian analysis ap-
plying the GTR model with gamma distribution to the SSU
DNA data set; four chains were run simultaneously for
1 000 000 generation with sample frequency of 100 and
a ‘burn-in’ corresponding to the first 25 % of sampled trees.
Phylogenetic trees were drawn with the TreeView program
(Page 1996) using PHYLIP tree outfiles or PHYML and MrBayes
tree files, and annotated with Corel Draw™ (Corel Corporation
and Corel Corporation Limited, Ottawa, Canada).

Reverse transcriptase (RT)-PCR analysis

RNA was isolated from Ceratocystiopsis pallidobrunnea WIN(M)
51, a strain that contained representatives of all three types
of introns (S943, S989, & S1199) encountered within the
Ophiostoma/Grosmannia/Ceratocystiopsis clade of fungi. About
50—100 mg of mycelium was used as the starting material
for total RNA isolation using the RNeasy kit (Qiagen Sciences,
19300 Germantown Rd., Germantown, MD 20874). Initially the
mycelium was ground in liquid nitrogen and then the RNA
was purified following the yeast protocol of the RNeasy kit.
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The RNA was treated with Ambion Inc. TURBO™ DNase (Invi-
trogen Life Technologies, 5250 Mainway, Burlington, ON, Can-
ada L7L 5Z1) following the manufacturer's recommendation
and about 1 pg of RNA was used as template for RT-PCR using
the ThermoScript RT-PCR system (Invitrogen) according to
manufacture’s recommendations.

For investigating in vivo splicing of SSU rDNA introns the
SSU-T primer (Hausner et al. 1993a), at a final concentration
of 40 pmol/reaction, was used for first strand synthesis and
subsequent PCR amplification was carried out with primers
SSU-U and SSU-T (Hausner et al. 1993a). The PCR products gen-
erated by the RT-PCR reaction were cloned into the TOPO® TA
cloning kit (Invitrogen) and sequenced.

RNA folding

The secondary structure model of the putative group I introns
was generated with the online program mfold (http://mfold.
rna.albany.edu/?q=mfold/RNA-Folding-Form; Zuker 2003).
However, constraints were applied to the folds based on RNA
secondary models of group I introns previously published by
Cech (1990), Michel & Westhof (1990), Cech et al. (1994),
Cannone et al. (2002), and Li & Zhang (2005). The flanking
exon sequences were included in all models in order to identify
the P1and P10 helices (containing the internal guide sequence)
for group I introns. The final structures were drawn with Corel
Draw™. Designation of intron insertion sites is based on the in-
sertion position with respect to the Escherichia coli SSU rDNA
gene (accession number AB035922), and introns are named
according to the proposed nomenclature by Johansen &
Haugen (2001).

Ancestral state reconstruction

Estimation of the ancestral character states for the presence
and absence of the S943, S989, and S1199 introns within the
Ceratocystiopsis clade were done with the MESQUITE program
version 2.73 (Maddison & Maddison 2010). A 50 % majority
rule tree generated by MrBayes program based on SSU rDNA
sequences was used as the base for the reconstruction of the
ancestral states. The phylogenetic tree included 30 different
strains or species of Ceratocystiopsis and was rooted with
Ophiostoma ips. The evolutionary history of each character
was traced over the 50 % majority rule Bayesian tree using
the Parsimony reconstruction method. The Mk1 setting was
employed (Markov k-state 1 parameter model) which gives
equal probability (or rate) for changes between any two char-
acter states that were used. In the analysis, each taxon was
scored for presence (1) or absence (0) of each intron.

Results
SSU rDNA introns

Although we assayed for the presence or absence of introns us-
ing a PCR approach (see Fig 1) we have to admit that a ‘minus’
result does not unambiguously identify taxa that lack introns.
PCR potentially amplifies smaller DNA fragments; thus, if there
is heterogeneity within the rDNA tandem repeats rare intron-
plus alleles could be missed (Simon et al. 20053, b). So we are
reporting the intron distribution for the ‘dominant’ version of
the SSU rDNA gene for the taxa examined during this study.

Among the ophiostomatoid fungi studied we noted three nu-
clear SSU rDNA group I introns (Fig 1) inserted at positions 943,
989, and 1199 (Fig 2A and B). Based on structural features the
S943intron (Fig 3B)is an IC1 type and the S989 and S1199 introns
(Fig 3C and D respectively) can be categorized as IE type group I
introns. Among the ophiostomatoid fungi the SSU rDNA gene of
Ceratocystiopsis pallidobrunnea WIN(M)51 had all three introns
present. The same three introns were also found in the very dis-
tantly related species Sarcotrochila macrospora Ziller & A. Funk,
belonging to the Helotiales. The S943 intron was the most fre-
quently encountered intron, 13 times among our tested 25 Cera-
tocystiopsis strains, this compares to one instance of the S989
intron (in Cop. pallidobrunnea) and three examples of the $S1199
intron [Cop. pallidobrunnea, Ceratocystiopsis minuta (WIN(M)
1537), and Ceratocystiopsis rollhanseniana (WIN(M)113)]. RT-PCR
was performed on Cop. pallidobrunnea rRNA (Fig4), as this offered
an opportunity to examine representatives for all three introns
with regards to their ability to splice in vivo and to define the in-
tron/exon junctions. The latter confirmed the intron/exon junc-
tions as defined by comparing SSU rDNA sequences that lacked
introns with those that do (Figs 2B and 4).

The S943 intron has been described from a wide variety of
fungi (Gargas et al. 1995; Perotto et al. 2000; Feau et al. 2007).
Additional examples of the S943 intron were noted among
members of the Eurotiomycetes, two members of the Microas-
cales, and three strains belonging to the Coniochaetales (Sordar-
iomycetes); however, none were noted among the tested
members of Grosmannia and Ophiostoma. The S989 intron
was only encountered three times during this study with ex-
amples in Cop. pallidobrunnea, Leptographium sp. WIN(M)984
(Grosmannia clade) and S. macrospora. The S1199 intron also
has a spotty distribution but it was observed in three Cerato-
cystiopsis species, three members of the Grosmannia clade, in
Ophiostoma crenulatum, in Papulosa amerospora, three members
of the Microascales, two members of the Chaetothyriales
(Eurotiomycetes) and this intron is also present in S. macrospora.
Finally the S516 group IE (Fig 3A) and S1512 introns were only

Fig 1 — Phylogenetic tree based on the SSU rDNA data set for Ceratocystiopsis and related ascomycete taxa. The tree topology
is based on Bayesian analysis, solid circles, squares, and triangles represents Posterior Probability (PP) supportive values
(90—100 %), (80—89 %), and (70—79 %) respectively as obtained from a 50 % majority Bayesian consensus tree. Open circles,
squares, and triangles represent BS support (90—100 %), (80—89 %), and (70—79 %) respectively based on ML analysis. Nodes
supported with BS > 86 % based on Parsimony analysis are marked with asterisks. Nodes that received less than 70 %
support (BS or PP) were collapsed. The branch lengths are based on Bayesian analysis and are proportional to the number of
substitutions per site. Strain numbers (underlined) and Genbank accession numbers are listed next to species names. The
tree is rooted with SSU rDNA sequences from the Basidiomycetes fungi Fomes fomentarius (L.) Fr. and Phlebia radiata Fr.


http://mfold.rna.albany.edu/%3Fq%3Dmfold/RNA-Folding-Form
http://mfold.rna.albany.edu/%3Fq%3Dmfold/RNA-Folding-Form
http://mfold.rna.albany.edu/%3Fq%3Dmfold/RNA-Folding-Form

104

M. Hafez et al.

A
850+ SSUT
57
Insertion position: §i{§ M Hil] §ife
Intron class: IE 10l IE IE

- Exon Sequence

mm [nitron Sequence

g T
(i

Fig 2 — (A) A schematic representation of the SSU rDNA showing the initial primers (SSU-J and SSU-T) used to amplify the
gene and the various types of group I introns found during this study. The introns are located at positions $516, $943, S989,
$1199, and S1512 with reference to the E. coli SSU rDNA sequence. (B) Nucleotide sequence logos are shown for the exon
sequences that flank the intron insertion sites (15 upstream and 15 downstream nucleotides). The double headed arrow
indicates the insertion position for the following introns: S516, S943, S989, and S1199. The logos were generated by the
online program WebLogo version 2.8.2 (Crooks et al. 2004; http://weblogo.berkeley.edu/logo.cgi).

encountered within S. macrospore and two strains of Meria lari-
cis respectively. The S1512 intron did not appear to follow any
of the conventional group I intron folds so we could not assign
it to any category of group I intron. Typically group I introns
inserted into the S1512 position belong to the IC1 category
(http://www.rna.ccbb.utexas.edu/). The S1512 intron had
been previously noted by Gutiérrez et al. (2007) in members
of the lichen family Parmeliaceae.

Intron versus host gene phylogenies

We focused on the evolutionary dynamics of the $S943 and
S$1199 group I introns, as several examples were found in the
SSU rDNA in some members of the ophiostomatoid fungi.
The other introns were only noted in a few instances, thus,
not providing enough of a data set to warrant further analysis.
Phylogenetic trees for the host SSU rDNA sequences when
mirrored with the phylogeny based on the 5943 intron data
set (Fig 5A & B) had similar topologies. For the S943 intron
we focussed on those found within Ceratocystiopsis species,
as we could not generate unambiguous alignments for the in-
tron core sequences when nonophiostomatoid sequences
were included. The S943 intron has an extremely wide distri-
bution (Nikoh & Fukatsu 2001; Haugen et al. 2005) and that
would suggest that it is an ancient intron. The presence of
the S943 intron in the basal branching member of Ceratocys-
tiopsis (Ceratocystiopsis pallidobrunnea) combined with the SSU
rDNA tree being similar to the 5943 intron tree suggests that
this intron most likely is vertically transferred among species
of Ceratocystiopsis and the random distribution noted (Fig 1) is
most likely due to frequent loss.

The S1199 intron is widely distributed among the ascomy-
cetes fungi (Gibb & Hausner 2003) and we noted several examples
of this intron among the sequences examined (Fig 1). When the
host gene tree was mirrored with the intron-based tree (Fig 5C
and D), the topologies were essentially similar, failing to support
strong arguments for horizontal movement of this intron among
the taxa examined in this study. Ancestral state analysis (Fig 6)
appears to confirm the above results for the S943 intron, however

it fails to support the notion that the presence of 51199 can be
explained solely by vertical transmission and frequent loss.

SSU rDNA phylogenetic analysis

The phylogenetic analysis showed some well-supported clades
with regards to fungi that are commonly referred to as ophios-
tomatoid fungi (i.e. members of Ophiostoma, Ceratocystiopsis, and
Grosmannia) (Fig 1, node 1). Species that can be assigned to Gros-
mannia based on the presence of a Leptographium anamorph and
Leptographium species can be included within one clade (Fig 1,
node 2), although this grouping also includes Pesotum sp.
(WIN(M) 1426 and 1394), Pesotum erubescens (Math.-Kaarik) G.
Okada, and Pesotum fragrans (Math.-Kaarik) M. Morelet.
Species that can be assigned to Ceratocystiopsis (Fig 1,
node 3) formed a monophyletic group that received strong
node support. The SSU rDNA sequence of Ophiostoma longispo-
rum was placed outside of the node that joins all Ceratocystiop-
sis species. Another well-supported clade (Fig 1, node 4),
referred to from now on as the ‘Ophiostoma group’, includes
representatives of Ophiostoma minus, Ophiostoma ips, (Rum-
bold) Nannf., Ophiostoma piliferum (Fr.) Syd. & P. Syd., Ophios-
toma retusum, Ophiostoma bicolor R.W. Davidson & D.E. Wells.
The SSU rDNA sequences of Ophiostoma stenoceras (Robak)
Melin & Nannf. and Ophiostoma crenulatum and an undescribed
species of Ophiostoma (WIN(M)1391; James Reid and Georg
Hausner.,_unpubl. data) do not appear to have a close link to
the ‘Ophiostoma group’ (Fig 1). A strain of Endomyces scopularum
Helfer, a yeast-like fungus, appears to be monophyletic with O.
stenoceras (Fig 1, node 5); however, it should be noted thatE. sco-
pularum should be viewed as a Sporothrix sp. (see Suh et al. 2001).

Discussion

SSU rDNA intron distribution among the ophiostomatoid
fungi

As less is known about the occurrence of rDNA group I introns
in nonlichenized fungi we focussed on the ophiostomatoid


http://www.rna.ccbb.utexas.edu/
http://weblogo.berkeley.edu/logo.cgi

105

ITATAGUEYGY G aAgee
P9.3 GAdJ "

UGAUAGUCUG!
AAAGUAUCCGAC.

o]
A
A

AAGGUAC=G

Identification of group I introns in Ceratocystiopsis species

@
o
LEEDLLLUGY
eflecyp il
=ls slci=lslslCldlo]
-
<
<
R
o <
CPGGGM
syel
LRIy
3 <<y
o
o
D
o] jalq8le)
AR
1$.4] GUGCG
<l
]
2 2
<0 0D OoLmMETLULLUSD Y
AR A S S A
oot S Sboodddses P
< Do
< _ _ P
(&)
< )
<
GUI
2=
2
o=
oe
B
&
2
Pt e
R 4=T
2
S
&
=3
3
=]
< S8t
o @ [E13]

Sych

IAAGGUAC=-G

$943 intron (GI-C1)

GCU
5

USUCUCAA

%54
P9.3

Ay au

3
E
Puvuuoy m
O i -@
Folcilol]
o
& B -
<0 DY=IEEDEOT =
e L1 =i '-n@-
P =g SUBD0G0Y a2
md -
g
< 83 -
w Q=g o
09, [
D ey
nmnvu- S UGU VODDD,
\ﬁG@ = -
S a =
GIC a E-
-
<00=0 m
= '
o ULUZR
o 8 H
=)
B G=0 “
- 5
oo, - -
=]
mmmr_jﬁw_ 3] o
800, 005005, S o
© -
L -
w

P2.1

®
-9

VUDILY VY

g 2080

< [CHE

2 ]

3 =]

]

< 0QQ

< = 18
=y el
=
>

P2
§516 intron (GI-E1)

GACA-U-CCUA==GUUG 4 CAGUACA

$989 intron (GI-E1)

i

based on

1S

ted. The sol

ica

intron types

ion of

(P1—-P10) are ind
t

tes). Designa

iring regions

1Cing s

5 and 3’ spli

ive

(putat

lower-case letters. The ten pa
ts by Michel & Westhof (1990) and Suh et al. (1999).

in
tions

cuch
—exon junc

-case letters and exon sequences are

Fig 3 — Secondary structures for the following group I introns: [A] S516, [B] S943, [C] S989, and [D] S1199. Intron sequences are
previous repor

red arrowheads indicate the intron

in upper



106

M. Hafez et al.

Fig 4 — RT-PCR analysis of the SSU rDNA for Cop. pallido-
brunnea WIN(M)51 to demonstrate in vivo splicing of the
S$943, S989, and S1199 introns and to confirm the exon/in-
tron junctions (see Fig 2B). Lanes 1 and 5 contain the 1 kb
plus DNA ladder (Invitrogen), lane 2 represents a standard
PCR reaction using primers SSU-U and SSU-T with whole
DNA as a template, while lane 4 contains amplicons derived
from the RT generated cDNA template. The negative control
in lane 3 (standard PCR using whole cell RNA as a template)
yielded no bands confirming that the RNA samples were
DNA-free. The genomic DNA generated a 2.7 kb PCR frag-
ment indicating the presence of the S943, S989, and S1199
introns, while the cDNA template generated a 1.2 kb PCR
fragment indicating that all introns were spliced out.

fungi, and based on the taxon sampling represented in this
study, we can conclude that species of Ceratocystiopsis appear
to have more group [ introns within their SSU rDNA gene com-
pared to species of Ophiostoma and Grosmannia.

In general the introns are not stable markers that could be
used in taxonomic applications, for example, among eight
strains identified as Ceratocystiopsis minuta three stains
[WIN(M)1453, 1537, 1523] had the S943 introns but five strains
lacked introns (WIN(M) 1532, 1533, 1534, 1535, 1536) and one
strain of Cop. minuta (Win(M) 1537), in addition to the S943 in-
tron, had the S1199 intron. However, as reported previously
Cop. minuta could represent a species complex (Plattner et al.
2009). All Cop. minima strains had the S943 intron but one
strain of Ceratocystiopsis rollhanseniana (WIN(M)113) had both
the S943 and S1199 introns whereas the second strain of this
species WIN(110) had no introns.

The presence of multiple introns (5943, S989, S1199) within
Ceratocystiopsis pallidobrunnea is of interest as: (1) it is the only
examined member of the Ceratocystiopsis clade that has three
introns including the S989 intron; and (2) it appears to be a basal
member of the genus Ceratocystiopis (this paper Fig 1 and
Plattner et al. 2009). In this study the only other fungus allied
with the ophiostomatoid fungi that has the S989 intron is
a strain of Leptographium (WIN(M) 984). This rather spotty distri-
bution of some group I introns does raise questions with
regards to lateral transfers but at this stage we need to examine
more members with Grosmannia to get a better understanding
of the evolutionary dynamics of this particular group I intron.

For both comparisons between the SSU rDNA tree and S943
or 51199 trees the topologies between the host tree and the in-
tron trees were somewhat discrepant (Fig 5). Considering how

closely related species of Ceratocystiopsis are (see Plattner et al.
2009) and the weak statistical support obtained for many nodes
within the intron trees we feel the discrepancies noted were
more likely the result of the limited resolution within the intron
sequence phylogenetic analysis than evidence for lateral trans-
fer of group I introns among species of Ceratocystiopsis. However,
we cannot rule out the possibility of these introns moving later-
ally among members of this genus. Using the S943 and $1199in-
trons as discreet characters in ancestral state analysis provides
support that S943 is an ancestral character for the members of
the Ceratocystiopsis clade, however for the S1199 intron this anal-
ysis failed to provide any support for the hypothesis that this in-
tronis ancestral to this group. The latter therefore suggests that
the S1199 intron could have been gained independently by hor-
izontal transfers by members of this genus.

Overall, our data appear to be similar to what have been ob-
served in some other systems (Nikoh & Fukatsu 2001;
Bhattacharya et al. 2002), which is, that the evolutionary his-
tory of group I introns within the SSU rDNA gene among
ophiostomatoid fungi is driven by rare gains (such as lateral
transfers) followed by rapid loss(es) in descendant lineages,
thus resulting in what appears to be sporadic intron distribu-
tions (Fig 1). However, it appears that for some introns (S1199)
frequent gain cannot be excluded as a possibility of the spotty
distribution of some introns.

The distribution of nuclear group I introns can be the result of
a variety of processes such as intron gain by horizontal and/or
vertical transmission and intron loss due to precise excision. Re-
verse splicing allows a free group I intron RNA to insert into a ho-
mologous or heterologous RNA; this mode of mobility requires
complementary base pairing between the intron and the exon
RNA sequences. This model of transposition would explain
how group I introns, as encountered in this study, that lack
intron-encoded proteins can persist in populations. This mecha-
nism requires the additional steps of reverse transcription of the
RNA and the integration of the cDNA into the rtDNA locus by a re-
combination step that replaces the intron-less copy with the
intron-plus cDNA. Although reverse splicing has not yet been
demonstrated in genetic crosses, circumstantial evidence would
suggest that nuclear tDNA group I introns can move by this
mechanism (Bhattacharya et al. 2002, 2005). As reverse splicing re-
quires less homology (4—6 nucleotides), this mechanism allows
introns to spread more easily into heterologous sites, although
in this study we did not see any examples of ectopic integration.

A possible scenario for precise intron loss can be envi-
sioned by the reverse transcription of a processed (i.e. spliced)
version of the SSU rRNA followed by a recombination event
whereby the intron-minus cDNA replaces the intron-plus ge-
nomic version of the SSU rDNA. This mechanism could
remove introns from one rDNA unit, but the subsequent
mechanism(s) whereby the now rDNA-intron-minus unit
replaces the other intron hosting rDNA units within the repet-
itive IDNA gene family are unknown. One would assume that
genetic processes that drive concerted evolution would be
involved in this transition.

Group I introns in nuclear rDNA

Ribosomal RNA genes are under functional constraints and
thus are expected to evolve slowly, ideal for ribozyme
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elements that need to maintain their core sequences to
maintain auto-splicing abilities or potentially face extinc-
tion, as they might become toxic to the host gene
(Goddard et al. 2006; Lynch et al. 2006; Hausner 2012). Also
repetitive DNA is ideal for mobile introns as intron-minus
and intron-plus alleles could exist within the same space;
thus rDNA offers the presence of multiple targets for group
I introns to invade.

In fungi, like most eukaryotes, ribosomal RNA genes are or-
ganized in tandem repeats with copy numbers for the repeats
varying from 45 (Aspergillus nidulans) to 180 (Saccharomyces para-
doxus) in taxa examined so far (Gerbi 1985; Ganley & Kobayashi
2007). A recent study showed that among members of the Sac-
charomycetaceae, A. nidulans and Cryptococcus neoformans rDNA
repeats showed remarkably low levels of sequence variation,
strongly suggesting that concerted evolution operates within
this repetitive gene family, leading to rapid homogenization
among its individual repeats (Ganley & Kobayashi 2007).
Homogenizationin partis thoughttobe accomplishedbyacon-
tinual turnover of repeat copies by unequal recombination
(reviewed in Elder & Turner 1995; Liao 1999; Eickbush &
Eickbush 2007). The spread or loss of rDNA introns within the
rDNA tandem repeats may be accelerated because of concerted
evolution. An intron may gain a foothold within rDNA not be-
causeit has a highly efficient way to rapidly invade all available
sites but because by chance one rDNA copy that gained an in-
tron eventually becomes the dominant version. Conversely,

an intron might be lost as an intron-less version over time re-
places rDNA repeats with introns.

The presence of nuclear rDNA group I introns raises some
interesting questions as to why they are found in fungi, proto-
zoans, and algae but so far have not been noted in plant and
metazoan nuclear rDNA. Fungi are organisms that represent
an ‘open system’ (no true cell walls separating cells) with lim-
ited separation between somatic and germ line tissue, thus,
there are few barriers separating somatic compartments
from those involved in generating meiotic or mitotic spores
(Goddard & Burt 1999). Such a system may allow for transmit-
ting mobile genetic agents by transient hyphal contacts or via
intermediates such as viruses or genetic transfer systems sim-
ilar to those within Agrobacterium tumefaciens (Andersson 2009;
reviewed in Hausner 2012). Also as discussed previously con-
certed evolution may be a mechanism that allows introns to
spread through the rDNA repeats. One can also speculate
that rDNA tolerates group I introns, as rDNA is transcribed
by RNA polymerase I, which must be tolerant to transcribing
structural RNAs (such as rRNAs). Finally, in fungi repeat-
induced point mutations (RIP) is a mechanism that guards
against mobile elements spreading within the genome; how-
ever, RIP does not appear to operate in the nucleolus (specifi-
cally the nuclear organizer regions; reviewed in Hane & Oliver
2010). The rDNA tandem repeats are therefore not affected by
this mechanism and mobile elements such as group I introns
have a refuge within this genomic niche. In other regions of
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the genome RIP mutates duplicated DNA sequences during
sexual reproduction, potentially inactivating copies of re-
peated sequences and thus limiting the spread of mobile ele-
ments (Selker 2002; Diguistini et al. 2011). All the above factors
probably contribute towards the evolutionary dynamics of nu-
clear rtDNA group I introns within the fungi.

SSU rDNA and taxonomic implications for Ophiostoma
sensu lato

The taxonomy of the Ophiostomatales and the family Ophiosto-
mataceae is very complex (Hausner et al. 2000; Hausner & Reid
2004; Zipfel et al. 2006) and historically has been subject of
vigorous debates (Upadhyay 1981; Hausner et al. 1993a, b;
Spatafora & Blackwell 1994). Recently Zipfel et al. (2006), based
on partial LSU rDNA and B-tubulin sequences, provided some
justification to subdivide the genus Ophiostoma by resurrecting
the genus Grosmannia for ‘Ophiostoma species’ with Leptog-
raphium anamorphs and for maintaining the genus Ceratocys-
tiopsis for ophiostomatoid species with short perithecial
necks and falcate ascospores. What now remains in Ophios-
toma sensu Zipfel et al. (2006) could broadly be defined as mem-
bers of the ‘ips’ and ‘pilifera’ spore groups, as defined by
Olchowecki & Reid (1974).

Our study showed that some Pesotum species are allied with
members of Grosmannia. Okada et al. (2000), based on SSU rDNA
data, placed Pesotum fragrans next to Ophiostoma penicillatum
(Grosmann) Siemaszko (now Grosmannia penicillata (Gros-
mann) Goid.). Zipfel et al. (2006) showed that Grosmannia galei-
formis (B.K. Bakshi) Zipfel, ZW. de Beer & M.J. Wingf,,
a species with both synnematous and mononematous ana-
morphs (i.e. Pesotum-like and Leptographium-like conidial
states), belongs to the Grosmannia clade, so in the future more
species with Pesotum conidial states might be assigned to this
genus. Previous studies that included SSU rDNA sequences
representing different Raffaelea Arx & Hennebert emend. T.C.
Harr. species (Gebhardt et al. 2005; Kolafik & Hulcr 2008;
Harrington et al. 2010) suggest, that these asexual species are
also phylogenetically linked to species of Grosmannia.

Ceratocystiopsis, a genus that includes species with falcate
ascospores, short perithecial necks and, if present, ana-
morphs assignable to Hyalorhinocladiella, formed a monophy-
letic clade. It has to be stated that the taxonomy of Cop.
minuta, the type species for Ceratocystiopsis, is rather complex
and, as currently circumscribed, probably includes several
cryptic species (Plattner et al. 2009). To help resolve this situa-
tions strain WIN(M) 1532 [=UAMH 11218, =R. Jankowiak 705]
was grown and dried on wood chips and has then been desig-
nated as the epitype (Reid & Hausner 2010). Ophiostoma longis-
porum, based on ITS, partial B-tubulin, and LSU rDNA
sequences, was excluded from Ceratocystiopsis by Plattner
et al. (2009) but in that study this species did group basally to
other members of this genus. This study, albeit based on
SSU rDNA sequences only, again confirms a basal position
for Ophiostoma longisporum next to the Ceratocystiopsis clade.

The SSU rDNA data suggest that there is a problem with
Ophiostoma sensu Zipfel et al. (2006). Although our analysis
shows strains centred around Ophiostoma ips and Ophiostoma
piceae (Munch) Syd. & P. Syd., including Ophiostoma minus
and Ophiostoma piliferum (referred to as the Ophiostoma group),

form a monophyletic grouping but several Ophiostoma species
failed to group with the three currently accepted genera that
comprise what used to be Ophiostoma sensu lato. Kolafik &
Huler (2008) also showed in their SSU rDNA analysis that
Ophiostoma stenoceras groups apart from both Grosmannia spe-
cies and Ophiostoma species, forming a monophyletic group
with Sporothrix schenckii Hektoen & C.F. Perkins and Endomyces
scopularum. The SSU rDNA data do suggest that the proposal
by Zipfel et al. (2006) has some merit but it also shows that
the status of Ophiostoma s.s. may need more consideration
and additional genera may have to be proposed to accommo-
date those species not allied to the ips/pilifera/piceae group.
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