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a b s t r a c t

The two internal transcribed spacers (ITS) of the nuclear ribosomal (r) DNA tandem repeat were exam-
ined in ophiostomatoid fungi belonging to the genera Grosmannia and Leptographium and closely-related
taxa. Although the DNA sequence of the ITS region evolves rapidly, core features of the RNA secondary
structure of the ITS1 and ITS2 segments are conserved. The results demonstrate that structural conserva-
tion of GC-rich helical regions is facilitated primarily through compensatory base changes (CBCs), hemi-
CBCs, and compensating insertions/deletions (indels), although slippage of the RNA strand is potentially
an additional mechanism for maintaining basepairing interactions. The major conclusion of the structural
analysis of both ITS segments is that two factors appear to be involved in limiting the type of changes
observed: a high GC bias for both ITS1 and ITS2 and structural constraints at the RNA level.

� 2009 Elsevier Inc. All rights reserved.

1. Introduction

In the majority of eukaryotes the primary product of RNA poly-
merase I is a 35–45S rRNA precursor, composed of the 16–18S,
5.8S, and 23–28S rRNAs and the external (50 and 30 ETS) and inter-
nal (ITS1 and ITS2) transcribed spacer sequences (Good et al.,
1997). The ITS1 and ITS2 segments separate, respectively, the 18S
and 5.8S genes and the 5.8S and 28S genes. This precursor is pro-
cessed in the nucleolus to yield the small subunit (SSU), the 5.8S,
and the large subunit (LSU) rRNAs. Biochemical evidence suggests
that the ITS segments are important during rRNA processing by
promoting cleavage domains to be arranged in close proximity
and by providing binding sites for nucleolar proteins involved in
ribosome biogenesis (Nazar, 2003, 2004). Data have also shown
that there is an interdependence of the ETS and ITS regions during
maturation of the nucleolar rRNA precursor particle (Good et al.,
1997; Lalev and Nazar, 1998, 1999, 2001; Lalev et al., 2000;
Abeyrathne et al., 2002).

The ITS segments are thought to have independent origins, with
ITS1 being derived from an intergenic spacer (Clark, 1987) and ITS2
from an LSU expansion segment (Nazar, 1980; Hershkovitz et al.,
1999). However, in plants the two spacer regions appear to be con-
vergent in length and substitution patterns (reviewed in Won and
Renner, 2005). These observations support the suggestion that
these spacers co-evolve, which is possibly due to functional con-
straints that maintain the reciprocal biochemical interdependence
of the two ITS segments during rRNA processing.

It was previously shown that there is a positive correlation be-
tween the lengths of the ITS1 and ITS2 sequences amongst mem-
bers of the Ascomycota, which is also suggestive of co-evolution
of the two rDNA segments (Hausner and Wang, 2005). The latter
study also showed that for this broad group of fungal genera the
RNA secondary structure of the ITS segments was conserved, de-
spite variability in the DNA sequence. Due to its wide coverage of
fungal taxa and, consequently poor sequence conservation of the
ITS region, the previous study was unable to identify the extent
of compensatory substitutions and slippage events that may main-
tain the RNA secondary structure of the ITS region despite the high
degree of variability in the DNA sequences. To examine this rela-
tionship, the present study focused on a narrow selection of phylo-
genetically related fungal species and strains that share a recent
common ancestor. This reduces ambiguity in the sequence align-
ment and permits detailed comparative analyses for assessing
the mutational dynamics of the ITS region, such as potential biases
regarding GC content, expansion and contraction of the segments,
CBCs (G–C to A–U, and vice versa), hemi-CBCs (G–C to G–U, and
vice versa), and possible strand slippage events (Hancock and Do-
ver, 1990).

The strains in this study belong to the anamorphic (asexual)
fungal genus Leptographium Lagerb. & Melin and to species that
have a Leptographium conidial state but, due to the presence of a
meiotic state (telomorph), belong to the genus Grosmannia Goid.
(Jacobs et al., 2001; Zipfel et al., 2006). The genus Grosmannia be-
longs to the order Ophiostomatales (Ascomycota) (Hibbett et al.,
2007). Typically members of the genus Leptographium are phyloge-
netically allied to members of Grosmannia, and like many other
ophiostomatoid fungi they are associated with bark beetles that
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can vector these fungi to new plant hosts/sites. In many areas
Leptographium species are becoming increasingly problematic as
new species are introduced due to the arrival or introduction of
new bark beetle species that serve as potential vectors (Hausner
et al., 2005). These fungi are of particular interest to the forestry
industry, as they are blue-stain fungi that can reduce the value of
stored lumber and some species are serious plant pathogens
(Harrington, 1993).

In addition to their use as a marker for phylogenetic studies, ITS
sequences are utilized in the identification of fungal species, such
as in culture-independent, high-throughput automated ap-
proaches for the characterization of fungal communities from var-
ious habitats (Ranjard et al., 2001; Horton, 2002; Buchan et al.,
2002; Kennedy and Clipson, 2003; Druzhinina et al., 2005; Mitchell
and Zuccaro, 2006; Nilsson et al., 2009). In the case of pathogenic
organisms, sequence analysis of ITS regions may be useful in the
identification of native or exotic plant pathogens (Hausner et al.,
2005; Zhang et al., 2008).

The goals of the current study are twofold: firstly, to identify
mechanisms involved in conserving RNA secondary structure in
spite of the rapid evolution of the DNA sequence and secondly,
to assess both the level of branch support and the effects on tree
topology obtained from the phylogenetic analysis of each segment
individually and of the entire ITS1-5.8S-ITS2 region. To address the
first issue we used comparative sequence analysis to develop mod-
els of RNA secondary structure and to identify the potential effects
of CBCs, hemi-CBCs, and indels on secondary structure. This may
assist in generating improved structure-guided DNA sequence
alignments of rapidly evolving regions, including ITS. This ap-
proach takes advantage of conserved features of secondary struc-
tures to facilitate the alignment of ambiguous regions and as
such may be useful for analyses based on ITS sequences, especially
given the wide-spread application of this region as a marker in
phylogenetic and fungal barcoding studies. To examine the second
issue, we carried out phylogenetic analyses on the entire ITS-5.8S
rDNA region and each ITS segment individually.

2. Materials and methods

2.1. DNA extraction and the amplification and sequencing of ITS1-
5.8S-ITS2 nuclear rDNA

The maintenance of fungal cultures and DNA extraction proto-
cols employed in the present study are described in Hausner
et al. (1992). The strains used in this study are listed in Table 1.
The ITS1-5.8S-ITS2 region was amplified by PCR using the 1.5X
PCR Enhancer System (Invitrogen Canada Inc., Burlington, Canada),
containing (lL/reaction): 10X PCR� amplification buffer (5);
2.5 mM dNTP (4); 50 mM MgSO4 (1.5); 40 lM each of forward
and reverse primers (0.5 + 0.5); 10X PCR� enhancer solution
(7.5); Taq polymerase (0.25), sterile Milli-Q water (29.75); and
genomic DNA template (1). The oligonucleotide primers used for
amplification, SSZ, LS4, SS3, and LS2, have been described elsewhere
(Hausner et al., 1993a; Hausner and Wang, 2005). Amplification
was carried out using the following standard conditions: initial
denaturation (93 �C, 2 min), denaturation (93 �C, 1 min), primer
annealing (50 �C, 1 min), extension (72 �C, 1 min), 30 cycles. When
necessary, the temperature and length of the annealing and/or
extension steps, template concentration, and the number of cycles
were optimized to obtain single, sharp bands. PCR products were
purified using the Wizard� SV Gel and PCR Clean-Up System (Pro-
mega Corp., Madison, USA) and eluted in a final volume of 35–
50 lL of nuclease-free water.

The cycle-sequencing of PCR products was done according to
the Big Dye (version 3.1) protocols supplied by the manufacturer

(Applied Biosystems, Foster City, USA). The resulting sequencing
products were purified and resolved on an automated fluorescent
DNA sequence analysis system using an Applied Biosystems
3730XL 96 capillary sequencer (Applied Biosystems).

Sequence data were obtained from GenBank and from strains
housed at the WIN(M) herbarium (University of Manitoba). Identi-
cal sequences were identified using DAMBE (Xia, 2000) and dis-
carded for this study, leaving datasets of 70 (ITS-5.8S region), 55
(ITS1), and 46 (ITS2) unique sequences.

2.2. Analyses of DNA sequence data

ITS sequences were aligned manually using GeneDoc V2.7.000
(Nicholas et al., 1997). Programs contained within PAUP* version
4.0b10 (Swofford, 2002), PHYLIP Version 3.68 (Felsenstein, 2008),
MrBayes v3.1.2 (Ronquist and Huelsenbeck, 2003), Tree-Puzzle
version 5.2 (Schmidt et al., 2002), and the Willi Hennig Society edi-
tion of TNT (Goloboff et al., 2008) were utilized for phylogenetic
analyses. Ceratocystis deltoideospora strain WIN(M)41 was selected
as the outgroup for all phylogenetic analyses, although Ceratocystiopsis
collifera strain CBS126.89 was included as a second outgroup
(Zipfel et al., 2006). For maximum parsimony phylogenetic esti-
mates were evaluated using the bootstrap procedure (SEQBOOT:
1000 replicates, jumble three times) and CONSENSE in PHYLIP.
For Bayesian analysis, Modeltest 3.7 (Posada and Crandall, 1998)
was used to select models of evolution. Based on the Akaike Infor-
mation Criterion (AIC), the TVM + I + G model was selected for
analysis of the ITS-5.8S region and ITS1, while ITS2 was analyzed
with the TVM + G model. In all cases we allowed the parameters
to be estimated by MrBayes. The analyses were run for 15 million
generations and the sampling frequency was set to 1000. To gener-
ate 50% majority rule consensus trees with posterior probability
values 50% of the trees were discarded. Analysis with the Tree-Puz-
zle program (maximum likelihood phylogenetic analysis using
quartets and parallel computing) used the following settings for
the quartet puzzling algorithms: 25,000 puzzling steps; transi-
tion/transversion parameter estimated from the datasets; and
HKY evolutionary model (Hasegawa et al., 1985). The topology of
the tree obtained from TNT confirmed the topology of the trees ob-
tained using PHYLIP and were not included in this study. The phy-
logenetic trees presented were drawn with the Tree View program
version 1.6.6 (Page, 1996) using the Bayesian consensus outfile and
annotations were added to the figure using CorelDRAW version 14
(Ottawa, Canada). Data relevant to the phylogenetic analysis were
deposited in TreeBase under the following accession numbers:
S2443 (Study accession number), M4645 (Matrix accession num-
ber), and M4646 (Matrix accession number).

2.3. Sequence and structural analyses

The Weblogo program (Crooks et al., 2004) was used to gener-
ate sequence logos (Schneider and Stephens, 1990) for assessing
both sequence conservation within ITS1 and ITS2 and the relative
frequency of the nucleotides at each position. To generate the se-
quence logos the sequences for the phylogenetic outgoups were re-
moved from the alignment.

Models of RNA secondary structure of ITS1 and ITS2 were devel-
oped using Mfold (Mathews et al., 1999; Zuker, 2003) and the
number of constraints (either forcing or prohibiting base pairing
interactions) was kept to a minimum. For ITS1, motifs common
to the majority of strains, such as the loops/helices near the 50

and 30 termini and features within the major helix, were identified.
Structural models for the remaining strains were determined based
on comparative sequence analysis using these features as a guide.
Proposed models for ITS2 were compared to those available in the
ITS2 Database II (Selig et al., 2008). Our proposed models
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conformed to those in the database. Structures were modeled
using conserved sequence/structural features in helices I–IV as a
template.

To generate RNA structure logos (Gorodkin et al., 1997) for each
ITS segment the two phylogenetic outgroups were removed from
the sequence alignment. Pesotum sp. strain WIN(M)481, a strain
that is distantly related to the remaining strains in the study,
was used as the reference in this alignment: RNA structural models
of each ITS segment for this strain were converted to Vienna nota-
tion (in which brackets indicate base pairing and dots represent
unpaired nucleotides) in Mfold (Mathews et al., 1999; Zuker,
2003; Meyer and Miklós, 2007) and the text file containing the
Vienna notation of Pesotum sp. strain WIN(M)481 and the DNA se-
quence of the remaining strains was uploaded to the RNA structure
logo site (http://www.cbs.dtu.dk/~gorodkin/appl/slogo.html). Lo-
gos were generated using the default parameters: type two logo,
a priori nucleotide distribution probability of 0.25 for each of the
four ribonucleotides and a base pair weight probability of 1.0 for
AU, CG, and GU base pairs. The logos were examined for ‘‘mutual
information” (Gorodkin et al., 1997), that is, sites where there is
base pairing in the absence of nucleotide conservation.

3. Results

3.1. Characteristics of the ITS region in Leptographium and related
taxa

The data set contained 70 sequences for the ITS region (Table 1).
Amongst these 70 sequences, 55 had unique ITS1 sequences and
only 46 had unique ITS2 sequences. The lengths and GC contents
of ITS1, ITS2, and the 5.8S gene for the strains used in this study
are described in Table 2. The size of the ITS1 and ITS2 segments
range, respectively, from 157 to 232 nt (mean, 202 nt) and 177 to
233 nt (mean, 197 nt). The ITS regions are GC-rich: mol% GC values
range from 54.4 to 69.6 (mean, 65.3) in the ITS1 segment and 63.5

to 77.9 (mean, 72.3) in ITS2. The GC content of the 5.8S gene is con-
siderably lower, ranging from 48.4% to 50.6% (mean 49.9%).

3.2. Characterizing the DNA sequence of ITS1 and ITS2 with DNA
sequence logos

DNA sequence logos (Figs. 1a and 2a) were constructed for both
ITS segments in order to easily visualize conserved regions and lo-
cal sequence biases, such as expansion or contraction segments
and mono and di-nucleotide repeats. Within ITS1 there are two
GC-rich regions within the hairpin that are potential hotspots for
compensatory changes, including nucleotide substitutions and in-
dels; the latter are responsible for the expansion or contraction
of the length of the hairpin (Fig. 1b). These basepairing interactions
may be formed between nucleotides that are separated by a great
distance: the segment near the 50 terminus, which is dominated by
GA repeats (positions 58–68, as numbered in Fig. 1a), forms an ex-
tended hairpin with a downstream C/CT rich sequence (positions
199–207). Near the terminus of the helix (Fig. 1b), the 50 CT stretch
(positions 100–117) forms a hairpin with a series of Gs on the 30

side (positions 123–142) of the stem. Comparing the sequence logo
with the original sequence alignment reveals sites of potential rep-
lication slippage, which we have defined as sites at which the se-
quence for one or two strains contains a stretch of the same base
or a repeat of a short nucleotide pattern that is not found in the
remaining strains. Putative replication slippage was identified in
G. piceaperda strain WIN(M)1380: within a GC-rich stretch there
is an insert of CGG (positions 188–190), followed by a stretch of
Gs (see Fig. 1a, positions 209–212). There are helical–loop regions
near the termini of ITS1 in which the nucleotides are highly con-
served. These regions are part of the central helix, which previous
biochemical studies have shown is involved in forming a complex
with soluble protein factors involved in rRNA maturation/ribosome
biogenesis (Lalev and Nazar, 1999).

Table 1
Strains of Grosmannia, Leptographium, and related taxa used in this study, along with GenBank accession numbers.

Straina Accession number Strain Accession number Strain Accession number

Ceratocystiopsis collifera CBS126.89 EU913721 Leptographium sp. J.R.88–194A AY935622 L. terebrantis UAMH9722 AY935605
Ceratocystis deltoideosporab WIN(M)41 EU879121 Leptographium sp. WIN(M)528 EU879138 L. truncatum CBS929.85 AY935626
Grosmannia aurea CBS438.69 AY935605 Leptographium sp. WIN(M)984 EU879122 L. truncatum NFRI1813/1 AY935591
G. cucullata C1216 AF198246 Leptographium sp. WIN(M)985 EU879123 L. truncatum TOM74.29 AY935581
G. davidsonii WIN(M)60B EU879127 Leptographium sp. WIN(M)1106 EU879147 L. truncatum TOM86.30 AY935582
G. davidsonii WIN(M)1132 EU879129 Leptographium sp. WIN(M)1247 EU879146 L. serpens WIN(M)1214 EU879144
G. davidsonii WIN(M)1494 EU879126 Leptographium sp. WIN(M)1269 EU879145 L. wingfieldii CBS645.89 AY935603
G. davidsonii WIN(M)1495 EU879134 L. americanum WIN(M)1456 EU879139 L. wingfieldii CBS648.89 AY935611
G. dryocoetis CBS376.66 AJ538340 L. lundbergii CBS352.29 AY935585 L. wingfieldii MCC125 AY935608
G. europhioides CBS229.83 EU879141 L. lundbergii DAOM64746 EU879151 L. wingfieldii MCC130 AY935612
G. europhioides MUCL18355 AJ538333 L. lundbergii DSMZ5010 AY935589 L. wingfieldii MCC349 AY935610
G. europhioides NFRI80-67/22 EU879140 L. lundbergii NFRI60-25 AY925584 L. wingfieldii TOM10.2 AY935599
G. francke-grosmanniae ATCC22061 EU879125 L. lundbergii NFRI69-148 AY935588 L. wingfieldii TOM11.5 AY935602
G. galeiformis C1101 DQ062679 L. lundbergii NFRI89-1040/1/3 AY935586 L. wingfieldii TOM59.21 AY935600
G. galeiformis CECT 20482 AJ538334 L. procerum DAOM33940 AY935613 L. wingfieldii WIN(M)1218 EU879152
G. huntii WIN(M)492 EU879148 L. procerum NFRI59-84/2 AY935618 L. wingfieldii WIN(M)1322 EU879154
G. laricis CBS636.94 AJ538332 L. procerum TOM73.12 AY935615 L. wingfieldii WIN(M)1382 EU879153
G. penicillata NFRI60-21 AY935623 L. procerum TOM76.8 AY935614 L. wingfieldii WIN(M)1482 EU879155
G. penicillata WIN(M)131 EU879137 L. procerum WIN(M)1264 EU879143 O. brevicolleb CBS150.78 EU879124
G. piceaperda WIN(M)980 EU978150 L. terebrantis CBS298.85 AY935598 Pesotum sp. WIN(M)478 EU879130
G. piceaperda WIN(M)1380 EU879149 L. terebrantis CBS337.70 AY935609 Pesotum sp. WIN(M)481 EU879133
G. pseudoeurophioides WIN(M)42 EU879136 L. terebrantis CBS408.61 AY935597 Pesotum sp. WIN(M)1423 EU879128
G. wageneri ATCC58579 AY935596 L. terebrantis UAMH9690 AY935607 Pesotum sp. WIN(M)1428 EU879131
Hyalopesotum pini WIN(M)82–89 EU879132

a J.R., J. Reid; CBS, Central Bureau voor Schimmelcultures, Utrecht, The Netherlands; WIN(M), University of Manitoba, Microbiology/Botany (J.R.’s personal collection);
UAMH, University of Alberta Microfungus Collection and Herbarium, Devonian Botanic Garden, Edmonton, AB, Canada, T 6G 2E1; ATCC, American Type Culture Collection,
Rockville, MD, USA; NFRI, Norwegian Forest Research Institute, AS, Norway; DAOM, Cereal and Oilseeds Research, Agriculture & Agri-Food Canada, Ottawa, Ont., Canada; MCC,
culture collection of H. Masuya; TOM, Isolation designation, Canadian Forest Service, Great Lakes Forestry Centre, 1219 Queen St., Sault Ste. Marie, ON, P6A 5M7.

b Ceratocystis deltoideospora is a species that should be transferred to Ophistoma (Hausner et al., 1993b); and Ophiostoma brevicolle is a species that should be transferred to
Grosmannia (Zipfel et al., 2006).
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Table 2
Nucleotide composition and GC content of nuclear ITS1 and ITS2 sequences in strains of Grosmannia, Leptographium, and related taxa.

Strain ITS1 ITS2 5.8S rDNA

Length (nt) %GC A T G C Length (nt) %GC A T G C Length (nt) %GC

Outgroupa

Ceratocystis deltoideospora
WIN(M)41

202 68.3 29 35 57 81 190 77.9 22 20 66 82 159 49.1

Ceratocystiopsis collifera
CBS126.89

160 54.4 40 33 32 55 181 71.3 23 29 54 75 159 49.1

Clade Ib

Hyalopesotum pini WIN(M)82–
89

158 69.6 26 22 45 65 185 76.8 22 21 61 81 159 50.3

Grosmannia galeiformis C1101 158 69.6 26 22 45 65 185 76.8 22 21 62 80 159 50.3
G. galeiformis CECT 20482 157 69.4 26 22 45 64 185 76.8 22 21 61 81 159 50.3
Minimum–maximum (mean) 157–158

(158)
69.4–69.6 (69.5)

Clade II
G. cucullata C1216 174 63.8 30 33 50 61 194 67.0 27 37 60 70 159 49.7
G. davidsonii WIN(M)60B 175 62.9 31 34 50 60 194 66.0 27 39 60 68 159 49.7
G. davidsonii WIN(M)1132 175 62.9 31 34 50 60 194 66.5 27 38 60 68 159 49.7
G. davidsonii WIN(M)1494 174 63.2 31 33 50 60 194 66.5 27 38 60 68 159 49.7
G. francke-grosmanniae

ATCC22061
173 63.6 32 31 47 63 192 66.7 26 38 66 62 159 49.7

Ophiostoma brevicolle
CBS150.78

171 59.1 33 37 47 54 192 63.5 30 40 58 64 159 50.3

Pesotum sp. WIN(M)478 174 62.6 31 34 50 59 194 66.5 27 38 60 69 159 49.7
Pesotum sp. WIN(M)1423 174 62.6 31 34 50 59 194 67.0 27 37 60 70 159 49.7
Pesotum sp. WIN(M)1428 174 63.2 30 34 51 59 194 66.5 27 38 60 70 159 49.7
Minimum–maximum (mean) 171–175

(174)
59.1–63.8 (62.7) 192–194

(194)
63.5–67.0 (66.2) 49.7–50.3 (49.8)

Clade III
G. dryocoetis CBS376.66 179 65.4 30 32 48 69 185 70.3 28 27 60 70 159 48.4
G. pseudoeurophioides

WIN(M)42
177 65.5 29 32 50 66 188 69.1 30 28 59 71 159 48.4

Leptographium sp. J.R.88–194A 177 63.8 31 33 49 64 201 75.1 23 27 64 87 159 50.3
Leptographium sp. WIN(M)528 177 66.1 29 31 50 67 187 65.8 34 30 68 55 159 48.4
L. americanum WIN(M)1456 177 66.7 29 30 50 68 188 66.5 33 30 56 69 159 48.4
G. penicillata NFRI60-21 178 63.5 31 33 48 65 187 68.4 31 28 58 70 159 48.4
G. penicillata WIN(M)131 177 63.8 31 33 49 64 187 67.4 31 30 57 69 159 48.4
Minimum–maximum (mean) 177–179

(177)
63.5–66.7 (65.0) 185–201

(189)
65.8–75.1 (68.9) 48.4–50.3 (48.7)

Clade IV
G. huntii WIN(M)492 216 65.7 30 44 63 79 199 74.4 23 28 63 85 159 50.3
G. piceaperda WIN(M)980 214 66.4 30 42 60 82 203 75.9 22 27 64 90 159 50.3
G. piceaperda WIN(M)1380 232 66.8 34 43 69 86 233 75.1 25 33 77 98 159 50.3
Minimum–maximum (mean) 214–232

(221)
65.7–66.8 (66.3) 199–233

(212)
74.4–75.9 (75.1)

Clade Va
G. aurea CBS438.68 221 65.2 32 45 65 79 200 74.0 24 28 64 84 159 50.3
L. terebrantis CBS298.85 227 65.2 34 45 66 82 200 74.0 24 28 64 84 159 50.3
L. terebrantis CBS337.70 226 65.5 33 45 66 82 200 74.0 24 28 64 84 159 50.3
L. terebrantis CBS408.61 220 64.5 32 46 64 78 200 74.0 24 28 64 84 159 50.3
L. terebrantis UAMH9690 222 65.3 33 44 64 81 200 74.5 24 27 64 85 159 50.3
L. terebrantis UAMH9722 221 65.2 32 45 65 79 200 73.5 25 28 64 83 159 50.3
L. wingfieldii CBS645.89 220 65.0 32 45 64 79 200 74.0 24 28 64 84 159 50.3
L. wingfieldii CBS648.89 220 65.0 32 45 64 79 201 74.1 24 28 64 85 160 50.6
L. wingfieldii MCC125 224 66.1 32 44 67 81 200 74.5 24 27 64 85 159 50.3
L. wingfieldii MCC130 223 65.5 33 44 64 82 200 74.0 24 28 64 84 159 48.4
L. wingfieldii MCC349 220 65.0 32 45 64 79 200 74.0 24 28 64 84 156 49.4
L. wingfieldii TOM10.2 217 64.5 32 45 61 79 200 74.0 24 28 64 84 159 50.3
L. wingfieldii TOM11.5 217 64.5 32 45 61 79 200 74.0 24 28 63 85 159 50.3
L. wingfieldii TOM59.21 217 64.5 32 45 61 79 200 73.5 25 28 63 84 159 50.3
L. wingfieldii WIN(M)1218 225 65.3 33 45 65 82 200 74.0 24 28 64 84 159 50.3
L. wingfieldii WIN(M)1322 223 65.9 32 44 66 81 200 73.5 24 29 64 83 159 50.3
L. wingfieldii WIN(M)1382 222 65.3 33 44 64 81 200 74.5 24 27 64 85 159 50.3
L. wingfieldii WIN(M)1482 222 65.3 32 45 66 79 200 74.0 24 28 64 84 159 50.3
Minimum–maximum (mean) 217–227

(221)
64.5–66.1 (65.2) 200–201

(200)
73.5–74.5 (74.0) 156–160

(159)
48.4–50.6 (50.2)

Clade Vb
L. lundbergii CBS352.29 218 67.9 33 37 63 85 199 74.9 23 27 63 86 159 50.3
L. lundbergii DAOM64746 223 64.1 36 44 63 80 200 74.0 23 29 63 85 159 50.3
L. lundbergii DSMZ5010 218 67.9 33 37 63 85 198 74.7 23 27 62 86 159 50.3
L. lundbergii NFRI60-25 217 68.2 33 36 63 85 199 74.9 23 27 63 86 159 50.3
L. lundbergii NFRI69-148 218 67.9 33 37 63 85 200 74.0 24 28 62 86 159 49.7
L. lundbergii NFRI89-1040/1/3 218 67.9 33 37 63 85 199 74.4 24 27 63 85 159 50.3
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In ITS2 the 50 terminus is invariant (Fig. 2a): the 30 terminus of
the 5.8S gene and the first three nucleotides of ITS2 form a hairpin
with the 50 terminus of the LSU (Fig. 2b). An earlier investigation of
the core secondary structure of ITS2 in green algae and flowering
plants found the sequence and length of helix I to be variable
(Mai and Coleman, 1997). In contrast, in strains of Leptographium
and Grosmannia the terminal loop was variable, while the stem re-
gion exhibited little variation in length or sequence. Further, in G.
piceaperda strain WIN(M)1380 there is evidence suggestive of rep-
lication slippage in helix I (Fig. 2a and b; positions 29–31). Helix II
is less conserved, particularly in the terminal loop. There are
numerous inserts as well as sites of putative replication slippage
in helix II: the stretch of Gs (positions 103–110) observed in G.
piceaperda strain WIN(M)1380 represents one such example. The
30 terminus at the base of helix III is hyper variable and is one of
the main sites of potential RNA strand slippage. Helix IV is variable
in length and sequence; this variation is potentially influenced by
RNA strand slippage events occurring in helix III and in the single-
stranded ‘‘palm” region between helices III and IV.

3.3. Models of RNA secondary structure of ITS1 and ITS2

Models of RNA secondary structure were generated for ITS1 and
ITS2 (Figs. 1b and 2b). For the ITS1 region an extended hairpin
structure that lacked any side helices was identified, as well as
several conserved loops and shorter helices (Fig. 1b). This ‘‘core”

structure was subsequently used as a template to guide the folding
of ITS1 sequences for more distantly related taxa using compara-
tive sequence analysis, which involves the identification of CBCs
to support proposed base pairing interactions. One exception to
this model occurs in the RNA structure for L. procerum strain
NFRI59-84/2, which contains a small lateral helix on the 50 side
of the hairpin as a result of a large deletion on the 30 side of the
helix that disrupts base pairing with opposing nucleotides on the
50 side. Alternative structures containing small side helices, as
described by Nazar et al. (1987), were obtained, indicating that
in these GC-rich segments alternative interactions between bases
on opposing sides of the hairpin are possible. Flexibility in base
pairing is especially relevant in RNA due to GU ‘‘wobble” interac-
tions. RNA structural models of ITS2 (Fig. 2b) conform to the previ-
ously proposed ITS2 ‘‘core” secondary structural model: a model of
four helices radiating from a central loop, with helix III as the
longest hairpin (Coleman, 2007; Keller et al., 2009), as shown in
Fig. 2b. This model has been examined using functional genetic
assays (Côté et al., 2002).

3.4. Evolution of the ITS region

Phylogenetic analyses were carried out on the ITS1-5.8S-ITS2
region and on each segment individually for the purpose of: (1)
examining the evolution of DNA sequence and RNA secondary
structure amongst closely-related sequences; (2) determining if

Table 2 (continued)

Strain ITS1 ITS2 5.8S rDNA

Length (nt) %GC A T G C Length (nt) %GC A T G C Length (nt) %GC

Minimum–maximum (mean) 217–223
(219)

64.1–68.2 (67.3) 198–200
(199)

74.0–74.9 (74.5) 49.7–50.3 (50.2)

Clade Vc
Leptographium sp. WIN(M)1106 219 68.5 31 38 63 87 200 74.5 23 28 63 86 159 50.3
Leptographium sp. WIN(M)1247 215 67.4 31 39 63 82 200 74.5 23 28 63 86 159 50.3
Leptographium sp. WIN(M)1269 219 68.5 30 39 65 85 200 74.5 23 28 63 86 159 50.3
L. truncatum CBS929.85 214 68.7 30 37 63 84 200 75.5 23 26 64 87 159 50.3
L. truncatum NFRI18-13/1 215 68.8 30 37 63 85 200 75.5 23 26 64 87 159 50.3
L. truncatum TOM74.29 215 68.8 30 37 63 85 200 75.5 23 26 64 87 159 50.3
L. truncatum TOM86.30 215 67.9 31 38 63 83 200 74.5 23 28 63 86 159 50.3
Minimum–maximum (mean) 214–219

(216)
67.4–68.8 (68.4) 74.5–75.5 (74.9)

Clade VI
Leptographium sp. WIN(M)984 196 64.8 35 34 56 71 209 68.4 31 35 63 80 159 49.7
Leptographium sp. WIN(M)985 196 64.8 35 34 56 71 210 68.1 31 36 63 80 159 49.7

Clade VII
G. europhioides CBS229.83 224 61.2 40 47 61 76 200 69.5 23 38 62 77 159 50.3
G. europhioides MUCL18355 222 59.9 41 48 58 75 200 70.5 23 36 62 79 159 50.3
G. europhioides NFRI80-67/22 224 61.2 40 47 61 76 199 69.8 23 37 62 77 159 50.3
G. laricis CBS636.94 223 60.5 40 48 60 75 200 70.0 23 37 62 78 159 50.3
Minimum–maximum (mean) 222–224

(223)
59.9–61.2 (60.7) 199–200

(200)
69.5–70.5 (69.9)

Clade VIII
G. wageneri ATCC58579 202 67.3 31 35 56 80 198 73.7 25 27 64 82 159 50.3
L. serpens DAOM173660 206 68.4 28 37 59 82 198 73.2 26 27 64 81 159 49.7

Clade IX
L. procerum DAOM33940 174 64.4 28 34 44 68 203 71.9 26 31 63 83 159 50.3
L. procerum NFRI59-84/2 184 63.6 30 37 49 68 203 71.9 26 31 63 83 159 50.3
L. procerum TOM73.12 207 67.1 30 38 60 79 203 71.9 26 31 63 83 159 50.3
L. procerum TOM76.8 207 67.1 30 38 60 79 203 71.9 26 31 63 83 159 50.3
L. procerum WIN(M)1264 207 67.1 30 38 61 78 203 71.9 26 31 63 83 159 50.3
Minimum–maximum (mean) 174–207

(196)
63.6–67.1 (65.9)

Clade X
G. davidsonii WIN(M)1495 171 66.1 27 31 49 64 177 75.7 25 18 59 75 159 49.1
Pesotum sp. WIN(M)481 171 66.1 27 31 49 64 177 75.7 25 18 60 74 159 49.1

a The strains used as the phylogenetic outgroups as shown in Fig. 3.
b Clades are described in Fig. 3.
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observed sequence and structural features are conserved across
taxa or are unique to a particular clade; and (3) assessing branch
support and tree topology obtained from the entire region versus
the ITS1 or ITS2 segments (Fig. 3, Supplementary Figs. 1 and 2).
The analysis revealed taxonomic novelties with respect to G.
davidsonii that will be addressed in a future study. Amongst the

fungi treated in this study ITS1 sequences are noted to be less con-
served than ITS2 sequences. This has been observed in other fungal
taxa (Goertzen et al., 2003; Schultz et al., 2005; Wolf et al., 2005;
Piercey-Normore et al., 2006), but it has been noted recently that
there are many examples within the fungi in which the ITS2 seg-
ment is more variable (Nilsson et al., 2008). Overall, within our

Fig. 1. DNA weblogo of the ITS1 segment in strains of Grosmannia, Leptographium, and related taxa. (a) Regions representing potential tandem repeats or expansion/
contraction segments are enclosed in boxes. Model of the RNA secondary structure of the ITS1 segment of L. truncatum strain TOM86.30. (b) The RNA structure logo is mapped
onto the model. The proposed model suggests that nucleotides found in the series of loops and short hairpins near the 50 and 30 termini are highly conserved.
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data set we observed a greater variability in the size of the ITS1
segment compared to that of ITS2. The ITS1 segment was also more
variable in sequence than ITS2: of the 70 strains in the data set,
there were 55 unique ITS1 sequences and only 46 unique ITS2 se-
quences. Furthermore, amongst closely-related strains of ophiosto-
matoid fungi the ITS region is less variable, but between more
distantly related taxa there was increased sequence ambiguity in
the variable regions of the ITS segments.

We have identified 10 major clades in the Bayesian tree ob-
tained from analysis of the ITS-5.8S region (Fig. 3). Clade V has
been further subdivided into three subclades, comprised of strains
of L. wingfieldii-L. terebrantis-G. aurea species complex (clade Va), L.
lundbergii (clade Vb), and L. truncatum (clade Vc). As suggested by
the topology of the tree and its branch lengths ITS variability is
more pronounced between the clades rather than within the
species examined in this study. The ITS1 segment exhibits the
greatest variability in length and GC content in the L. wingfieldii-
L. terebrantis-G. aurea species complex compared to the other subc-
lades. Two strains of L. terebrantis CBS298.85 and L. terebrantis
CBS337.70 are remarkable for having numerous insertions in the
ITS1 region, yet their ITS2 sequence is identical to each other and
to L. wingfieldii strain WIN(M)1218 (Supplementary Figs. 1 and
2). Diversity in the ITS region amongst strains belonging to clade
IV is the result of numerous insertions and potential replication
slippage events observed in G. piceaperda strain WIN(M)1380
(Fig. 1a). Members of clade IX exhibit the greatest variation in
the ITS1 segment. Leptographium procerum strains NFRI59-84/2
and DAOM33940 have unusually short ITS1 sequences of 184

and 174 nt, respectively, as a result of large deletions in GC-rich
regions on the 30 side of the hairpin.

In contrast to the variability observed in the size of ITS1 seg-
ment, there is little variation in the size of the ITS2 region, even
in those strains with reduced ITS1 segments (Table 2, Fig. 3). In
Pesotum sp. strain WIN(M)481 and G. davidsonii strain
WIN(M)1495 the ITS segments are similar in size: ITS1 and ITS2
are, respectively, 171 nt and 177 nt in length. In strain G. pice-
aperda strain WIN(M)1380 both segments are greater in length
(232 nt and 233 nt for ITS1 and ITS2, respectively) than the average
size for the other two members of clade IV (average is 221 nt and
212 nt for ITS1 and ITS2, respectively); the increase in size is due to
possible replication slippage (Figs. 1 and 2).

Polytomies in the phylogenetic tree were reduced when the
phylogenetic analysis incorporated the entire ITS-5.8S region
rather than either segment on its own (compare Fig. 3 with Supple-
mentary Figs. 1 and 2). When ITS2 in particular is used as the phy-
logenetic marker species distinction and branch support are
significantly reduced and several clades are reduced to polytomies
(Fig. 3, Supplementary Figs. 1 and 2). This is especially evident with
members of clade IX: all five strains of L. procerum share identical
ITS2 segments but are differentiated from each other based on the
sequence of ITS1. Thus, the ability to differentiate amongst these
strains of L. procerum is lost when ITS2 is used as the sole molecu-
lar marker. Sequence comparison of ITS1 would recover thirteen of
the eighteen unique strains within the L. wingfieldii-L. terebrantis-G.
aurea species complex, where as only eight strains would be iden-
tified based on sequence identity of ITS2. In addition, G. aurea

Fig. 2. DNA weblogo of the ITS2 region in strains of Grosmannia, Leptographium, and related taxa. (a) Helices I–IV are enclosed in boxes. Model of the RNA secondary structure
of the ITS2 segment of L. truncatum strain TOM86.30. (b) The RNA structure logo is mapped onto the model. The model conforms to the pan-eukaryotic ‘‘four-fingered hand
model” proposed by Coleman (2007). Nucleotides at the 50 terminus are conserved and base pair with the 50 terminus of the LSU.
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strain CBS438.89, a strain with a known teleomorphic (sexual)
state would be indistinguishable from the anamorphic (asexual)
Leptographium strains based on its ITS2 sequence. These results
indicate that the distinction between strains and species of
Leptographium/Grosmannia is better represented by sequence
analyses that incorporate the entire ITS-5.8S region. Moreover the
ITS phylogenetic analysis does confirm that Leptographium species rep-
resent mitotic derivatives of Grosmannia species (Zipfel et al., 2006).

An extreme example of distinct strains sharing identical ITS seg-
ments is represented by the Leptographium strain J.R. 88-194A
[=WIN(M)1376, Hausner et al., 2005]: sequence identity of ITS1 be-
tween Leptographium strain J.R. 88-194A and G. penicillata strain

WIN(M)131 is 100%, while the sequence identity of ITS2 between
Leptographium strain J.R. 88-194A and L. truncatum strains
NFRI18-13/1, TOM74.29 [=WIN(M)1246; AY935181; see Fig. 3],
and CBS929.85 is 99%. Unlike the examples described in the previ-
ous section, phylogenetic analysis of the ITS-5.8S region indicates
that these strains do not share a recent common ancestor
(Fig. 3). Consequently, the phylogenetic position of Leptographium
strain J.R. 88-194A (identified by the black arrow in Fig. 3 and Sup-
plementary Figs. 1 and 2) appears to be unstable, as it depends on
the particular segment within the ITS region that is subjected to
phylogenetic analysis. When ITS1 alone, or the entire ITS region
is analyzed, Leptographium strain J.R. 88-194A and G. penicillata

Fig. 3. Phylogenetic analysis of nuclear ITS1-5.8SrDNA-ITS2 DNA sequences in strains of Grosmannia, Leptographium, and related fungal taxa. Branch lengths were determined
using the Bayesian consensus outfile. For Bayesian analysis, the TVM + I + G model (based on AIC) was selected. Values at the nodes were determined using algorithms in DNA
PARS/Tree Puzzle/Mr. Bayes programs. ‘‘�” indicates the node is absent or the posterior probability or bootstrap value is not well supported (a posterior probability value of
less than 0.95 for Bayesian analysis and bootstrap values less than 70% for parsimony and maximum likelihood analyses). The parsimony analysis combined with bootstrap
analysis as performed by the TNT program (Tree analysis using New Technology; http://www.zmuc.dk/public/Phylogeny/TNT/) generated a tree topology essentially
identically that that obtained from DNAPARS analysis. The major clades are indicated in roman numerals. Based on morphological criteria and molecular data Ophiostoma
brevicolle should be included within the genus Grosmannia Goid. (Hausner et al., 1993b; Zipfel et al., 2006). Leptographium sp. strain J.R. 88-194A is marked by the black arrow;
its position varies depending of which segment of the ITS region is used as the phylogenetic marker.

862 T. Mullineux, G. Hausner / Fungal Genetics and Biology 46 (2009) 855–867



Author's personal copy

strain WIN(M)131 are grouped in the same clade (clade III in
Fig. 3). However, analysis based on just the ITS2 segment places
Leptographium strain J.R. 88-194A in clade Vc, with strains of L.
truncatum. A similar phenomenon has been recently observed
between fungal isolates of Ceratobasidium oryzae-sativae and
Thanatephorus cucumeris (Xie et al., 2008). In the study the authors
suggest the possibility of a rare intergeneric hybridization event
that may have allowed for a mitotic genetic recombination event
that generated biological chimeric ITS forms, but the mechanism
behind this phenomenon was not described. One could assume it
involved rare hyphal fusion between two different fungal species
that allowed for the transfer of nuclei. This could have eventually
led to the fusion of nuclei between two different species and
mitotic recombination, a situation analogous to a parasexual cycle
(Tinline and MacNeill, 1969; Croll et al., 2009).

3.5. Possible constraints involved in conservation of RNA structure

For detailed structural analyses of the major helix of ITS1 and
helices I-IV of ITS2, we selected ten strains to highlight unusual se-
quence/structural features: one of these strains was Pesotum sp.
strain WIN(M)481, which of the ingroup sequences is the most dis-
tantly related to the remaining sequences in the data set, was se-
lected as the reference strain from which structural comparisons
were made.

Based on the RNA modeling the following observations were
made: (1) Variability in the length of the major helix of ITS1 can
be the result of insertions, deletions, and possible RNA strand slip-
page events (Figs. 1 and 4a). (2) CBCs and hemi-CBCs maintain heli-
cal structure in ITS segments and also support our proposed
models for the major hairpin stem in ITS1. (3) Insertions and dele-
tions are accommodated via compensating indels on the opposite
site of the helix and/or by potential slippage of the RNA strand to
reform the helix (Fig. 4). The terminal hairpin loop of ITS1 is a
hotspot for slippage events: its size contracts and expands, and
nucleotides from the 30 side of the helix may potentially slide over
the top loop and position themselves on the 50 side to base pair
with neighbouring nucleotides (Fig. 4a). Moreover, strand slippage
appears to be more common on the 30 side of the major helix. Near
the base of the helix, deletions are typically compensatory on both
sides of the hairpin, whereas at the top insertions and deletions (as
well as substitutions in some sequences) may also be accommo-
dated by potential RNA strand slippage.

A noteworthy exception to the observation of compensatory/
slippage events balancing indels was found in the unusually short
ITS1 sequence of L. procerum strain NFRI59-84/2. As described
above, there is a deletion of 22 nt on the 30 side of the major helix
near its midpoint but there is no compensating deletion on the 50

side; these unpaired nucleotides may interact with each other to
form a short lateral helix (Fig. 4a).

The extended hairpin in ITS1 contains a plethora of so-called
mutually informative sites; that is, sites which are involved in base
pairing in the absence of nucleotide conservation. As shown in
Fig. 1b, mutually informative sites are found at the base of the ma-
jor helix in the GA/CT stretch, near the midpoint where there are
polyGCs on both sides of the helix, and in the G-rich region on
the 30 side of the hairpin, near the tip. The proximal region of the
helix also contains numerous sites with CBCs and hemi-CBCs.

In ITS2, mutually informative sites were identified in all four
helices (Fig. 2b). The final two nucleotides (positions 118–119) of
helix II are dynamic sites; G–T transversion of the penultimate
nucleotide in the stem is potentially accompanied by slippage of
the RNA strand in the central loop into helix II to base pair with
the first G (position 39). In helix III, the nucleotides on the 50 side
of the stem are more conserved than those on the opposing side
of the stem. The 30 terminal is the most variable region of the stem

and is one of the main sites of possible strand slippage events that
result in expansion or contraction of both helix IV and the unpaired
nucleotides in the loop between helices III and IV.

4. Discussion

4.1. Mechanisms involved in the conservation of the RNA secondary
structures of ITS segments

One goal of this study was to identify the potential effects on
RNA secondary structure of CBCs, hemi-CBCs, and indels. For the
purpose of identifying potential RNA structural constraints that
may influence the evolution of ITS sequences, we posed the follow-
ing questions: (1) What are the effects on the RNA secondary struc-
ture of nucleotide substitutions and indels at the DNA level? (2) Do
sequence changes disrupt base pairing (and to what extent) or are
there compensatory changes to maintain the overall structure
(compensating indels, CBCs, hemi-CBCs, or possible RNA strand
slippage that restore hairpin structures)? Analysis of variations in
the DNA sequence and RNA secondary structure may be useful
for elucidating the evolutionary pressures on ITS segments.

Mono and di-nucleotide repeats are viewed as potential mark-
ers for replication slippage (Levinson and Gutman, 1987), particu-
larly if the duplication or deletion events occurred 50 to the existing
repeat. Analysis of the sequence alignment for each ITS sequence
(excluding the phylogenetic outgroups) with the Weblogo program
(Crooks et al., 2004) revealed conserved motifs of several long G
and C mononucleotide repeats, suggesting that replication slippage
may be an important mechanism for generating ITS sequence
diversity. It has been shown that in variable regions of the SSU
gene replication slippage occurs frequently (Hancock and Dover,
1990; Hancock and Vogler, 2000). It was noted that within the
SSU rDNA indels generated by slippage frequently result in com-
pensatory events (compensatory slippage or point mutations) that
allow RNA secondary structures to be maintained. It appears that
we observed similar consequences for slippage-derived sequences
within ITS1 and ITS2. This raises an important issue, as it has been
suggested that slippage-derived sequences tend to be self-comple-
mentary and, thus, at the RNA level stem-loop structures could be
self-organizing as a consequence of random replication slippage
events and point mutations (Hancock and Vogler, 2000). There is
the potential risk that similar ITS RNA structures are observed in
a wide range of organisms due to convergent evolution; that is,
the structures are the result of the underlying mutational mecha-
nisms outlined above and not necessarily due to functional
constraints.

4.2. GC balance between ITS1 and ITS2

Previously, Hausner and Wang (2005) suggested that molecular
co-evolution exists between ITS1 and ITS2 with respect to the
length of these sequence elements, although no strong functional
basis for this observation was proposed. Intraspecific ITS variability
within the fungi was recently assessed by Nilsson et al. (2008) and
they noted that variation in the ITS1 and ITS2 regions were highly
correlated, suggesting the two regions do not evolve indepen-
dently. Torres et al. (1990) observed that amongst many eukary-
otes a GC balance appears to exist between ITS1 and ITS2 such
that the GC content of ITS1 is nearly identical to that of ITS2, irre-
spective of the GC content of the corresponding 5.8S gene. This
phenomenon has been observed in many plants (Jobst et al.,
1998) and we also observed in our fungal ITS sequences a GC bal-
ance and GC bias in the rDNA ITS sequences compared to the 5.8S
gene sequence. The ITS2 sequences in our fungal strains were
unusually GC-rich compared to green algal strains belonging to
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Fig. 4. Variability in the length of the major helix of ITS1 is caused by insertions, deletions, and putative RNA strand slippage (a). Helical regions may be maintained by
compensating indels, CBCs, hemi-CBCs, and possible slippage of the RNA strand. The 50 and 30 sides of the hairpin at the proximal and distal sections are potential hotspots for
expansion/contraction of sequence motifs. Substitution, insertion, and deletion events in helices I–IV of ITS2 may be accommodated by compensatory and slippage events
that maintain RNA secondary structure (b). The 30 terminus at the base of helix III is hypervariable and is one of the main sites of potential RNA strand slippage. Helix IV is
variable in length and sequence and variation is influenced by RNA strand slippage events occurring in helix III and in the single-stranded junction between helices III and IV.
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the Volvocales, whose mol% GC ranges from 35.7 for Pleodorina
japonica to 58.6 for Chlamydomonas callosa (Mai and Coleman,
1997). The size and GC contents of both ITS regions in our strains
are comparable to those described by Nazar et al. (1987) for the
thermophilic fungus Thermomyces lanuginosus. In this species, the
length of ITS1 is 208 nt and its G + C content is 65.4%, and the size
of ITS2 is 170 nt, with a G + C value of 68.2%. The authors attributed
the unusually high GC content as an adaptation to the elevated
temperature of the environment. Within the ITS region of the pow-
dery mildews (Ascomycota, Erysiphaceae) a GC balance was ob-
served between the two ITS regions and a positive correlation
was noted between G + C content and ITS length, however, no
explanations could be provided (Takamatsu et al., 1998). A GC bal-
ance between ITS1 and ITS2 (71.84% and 73.25%, respectively) was
also documented in species of cacti belonging to the genus
Mammillaria, family Cactaceae (Harpke and Peterson, 2006). The
fungal strains examined in this work originate from the Northern
Hemisphere and temperate zones and are mesophilic, growing
poorly at temperatures above 25 �C (Upadhyay, 1981). Thus, it is
likely that the high GC content is not an adaptation to environmen-
tal temperature in the fungal strains examined here, and there may
be an alternative or additional evolutionary pressure behind the
high GC content.

It is not apparent what types of mechanisms would promote the
molecular co-evolution that has been noted within the fungal ITS1
and ITS2 segments in terms of length and GC balance, however,
structural constraints might set the limits on how ITS sequences
evolve. Data from both biochemical studies and comparative se-
quence analyses of the ITS regions indicate that ITS RNA transcripts
form extended helical structures, which is essential to their biolog-
ical function (Lalev and Nazar, 1999; Côté and Peculis, 2001; Mai
and Coleman, 1997; Schultz et al., 2005; Wolf et al., 2005; Keller
et al., 2009). The ITS1 region appears to act as a ‘‘biological spring”
to bring into close proximity the appropriate termini of 18S, 5.8S,
and ITS segments during processing of the pre-RNA precursor
(Nazar et al., 1987; Lalev and Nazar, 1998), and this functional con-
straint may provide sufficient evolutionary pressure to conserve
base pairing interactions. GC-rich segments may have a role in
forming and/or stabilizing the extensive base pairing of helical re-
gions in the RNA secondary structure such as the central extended
hairpin of ITS1 and the 3–4 helices radiating from the ‘‘palm” struc-
tural model for ITS2 (Mai and Coleman, 1997; Schultz et al., 2005;
Wolf et al., 2005) and the base pairing between the 50 terminus of
ITS2 and the 30 terminus of the LSU (Lalev and Nazar, 1999). These
observations suggest that the preservation of RNA secondary and/
or tertiary structure, and, ultimately biological function, is a major
constraint acting on the evolution of ITS sequences.

Future efforts in elucidating the mechanisms that allow for evo-
lutionary changes and constraints that limit change and possible
interdependence of ITS1 and ITS2 sequences amongst the fungi
would benefit from comparative sequence analysis of ITS regions
from other fungal groups such as the well characterized members
of the genus Saccharomyes.

4.3. The use of the ITS region as a phylogenetic marker

A second objective of this study was to assess both the level of
branch support and effects on tree topology obtained from the
phylogenetic analysis of each segment individually and of the
entire region, including the highly-conserved 5.8S region that is
situated between ITS1 and ITS2. The latter goal stems from the
wide-spread application of the ITS region as a marker in phyloge-
netic and taxonomic studies. It was observed that the number of
strains that could be distinguished using ITS1 sequences was great-
er than when ITS2 sequences were used (compare Supplementary
Figs. 1 and 2) and analysis of just the latter region (i.e. excluding

ITS1 and 5.8S sequences) resulted in phylogenetic trees with
numerous unresolved polytomies. Within the Hypocreales, specifi-
cally the Gibberella fujikuroi complex, the ITS regions, when ana-
lyzed individually, performed poorly and again the ITS2 segment
was noted to be less informative when compared to the ITS1 region
(Lieckfeldt and Seifert, 2000).

Amongst the eukaryotes, ITS regions vary greatly in size and se-
quence (reviewed in Hausner and Wang, 2005). The analysis of ITS
sequences, including the use of RNA secondary structural features
to guide the alignment of ambiguous regions, has become an
important tool in phylogenetic analyses (Coleman, 2003, 2007,
2009; Goertzen et al., 2003; Young and Coleman, 2004; Won and
Renner, 2005; Schultz et al., 2006; Aguilar and Sánchez, 2007; Müller
et al., 2007; Krüger and Gargas, 2008; Ryberg et al., 2008; Seibel
et al., 2008;Wolf et al., 2008; Schultz and Wolf, 2009). One caveat
to the wide-spread application of ITS segments in phylogenetic
and taxonomic studies is the potential influence on the rate and
types of nucleotide changes arising from the possible co-evolution
of the two spacer regions and compensatory slippage (interdepen-
dence of sites). These are problematic, as phylogenetic algorithms
assume that every nucleotide position evolves independently. Pre-
vious studies show that the ITS RNA structures might be more con-
served than the actual nucleotide sequences (Joseph et al., 1999;
Gottschling and Plötner, 2004; Schultz et al., 2005; Hausner and
Wang, 2005), suggesting a functional constraint, connected with
the RNA fold, is influencing the evolution of these sequences. While
convergence and other factors do not strictly affect the use of ITS se-
quences in barcoding studies, the utility of the ITS region for devel-
oping probes to rapidly identify organisms (El Karkouri et al., 2007;
Landis and Gargas, 2007) may be affected by our observation that
the ITS2 segment is more conserved than ITS1 in this group of
ophiostomatoid fungi. Taxonomically distinct organisms may share
identical ITS2 sequences, and the use of ITS2 alone could lead to
erroneous identification of unknown strains.

The observation that replication slippage may promote com-
pensatory events that maintain thermodynamically favorable
RNA folds (either due to convergent evolution or functional con-
straints) may pose difficulties regarding the use of secondary struc-
ture in improving ITS sequence alignments. Positional homology of
a nucleotide within the primary sequence may not correspond to
the placement of this base within an RNA fold. Slippage of the
RNA strand to compensate for an event at the primary sequence le-
vel (due to indels, for example) could move a base into a different
structural location from its original position in the RNA fold. Align-
ments guided by structural criteria may essentially align non-
homologous positions (positions that happen to occupy the same
‘‘site” within a fold but do not share a common ancestral se-
quence). It might be more beneficial to analyze alignments for evi-
dence of positions that are prone to or the result of replication
slippage events. Compensatory mutations may then be more read-
ily recognized and down-weighted in phylogenetic analyses.
Although other genes, such as COI (Seifert et al., 2007) or ND6
(Santamaria et al., 2009) along with rRNA-coding genes may be
used in the future for DNA barcoding studies, the utility of the
multicopy rDNA sequences, with regards to PCR primer design
and amplification, will ensure the continued use of ITS sequences
for phylogenetic studies. This in particular applies to situations in
which only limited amounts of DNA can be recovered, such as
studies with herbarium specimens or environmental samples.
Gaining a better understanding of the mode of fungal ITS sequence
evolution, the nature of the GC bias, and the constraints on the ITS
sequences may assist in developing improved evolutionary models
for phylogenetic analysis using ITS sequences. Finally, this work
highlights the mechanisms that maintain the pan-eukaryotic ITS2
structure (Coleman, 2007) and the hairpin type structures com-
monly observed the fungal ITS1 region.
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