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Abstract The anthracnose epidemic caused by exotic
filamentous fungi of the genus Discula threatens the
future of the prized flowering (Cornus florida L.) and
Pacific (C. nuttalli Aud.) dogwoods in North America. A
cross-section of fungi that cause anthracnose in broad-
leaf temperate trees was characterized using DNA
amplification fingerprinting, sequence and secondary
structure analysis of the internal transcribed spacers
(ITS) of nuclear ribosomal DNA (rDNA), and com-
patibility of hyphal anastomosis. ITS-inferred phyloge-
nies rejected the null hypothesis of only one fungal
lineage, by defining four monophyletic and well differ-
entiated groups, corresponding to Discula sp., D. quer-
cina, D. umbrinella and D. destructiva, with the last two
species sharing a common and recent ancestor. In turn,
they showed that the dogwood pathogen, D. destructiva,
did not evolve directly from an indigenous population
related to Discula sp. In this study, rDNA spacers that
are generally considered important for protein synthesis
but are selectively neutral, appeared functionally con-
strained and subject to selective sequence diversification.
Results confirmed the high variability of D. umbrinella
and the remarkable homogeneity and exotic nature of
D. destructiva at the genetic level, clarified the taxonomy
and phylogeny of Discula, and provided clues as to the
origin and diversification of dogwood anthracnose-
causing fungi.
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Introduction

North American forest trees have been ravaged by a
number of diseases, with severe ecological and societal
impact, many of them caused by exotic fungal invaders
(Campbell and Schlarbaum 1994). One example is the
blight epidemic that decimated the American chestnut
[Castanea dentata (Marsh.) Borkh.] following the intro-
duction of the fungus Cryphonectria parasitica (Murrill)
Barr from Asia in the early 1900s (Newhouse 1990). The
recent anthracnose epidemic caused by filamentous
coelomycetous fungi of the genus Discula (Hibben and
Daughtrey 1988; Redlin 1991; Windham et al. 1994)
now threatens the prized flowering (Cornus florida L.)
and Pacific (C. nuttalli Aud.) dogwoods of North
America in much of their natural range (Daughtrey et al.
1996). The epidemic has already devastated native tree
populations in eastern and western deciduous forests.
The severity and rapid onset and spread of the disease,
the absence of conspecific fungi in herbarium specimens
and of records of disease symptoms prior to the 1970s
(Redlin 1991), together with the apparent lack of plant
resistance and the genetic homogeneity (clonality;
Trigiano et al. 1995) and fine population structure
(Caetano-Anollés et al. 1996) of the pathogen, support
the exotic invader hypothesis. Despite a proposal that
the pathogen was introduced in infected C. kousa
(Buerguer ex Miq.) from eastern Asia (Daughtrey 1993),
its origin remains unknown. To understand the origin
and progression of dogwood anthracnose in North
America, there is a need to characterize more rigorously
the species of Discula at the molecular phylogenetic
level.

Differences in morphology, physiology and host-
specificity have refuted the single species concept
of anthracnose fungi, uniting species under 11 Discula
epithets (reviewed by Redlin 1991). Within the genus,



D. destructiva Red. (Redlin 1991) and a low-incidence,
undescribed Discula sp. (present in 7-8% of lesions;
Windham et al. 1994) infect dogwoods, causing one of
the 54 described tree diseases collectively termed an-
thracnoses. These fungi are not conspecific with those
causing anthracnose in ash, oak and sycamore (Redlin
1991) and do not exhibit a sexual stage as do other
Discula species [with teleomorphs in the genera Apiog-
nomonia and Gnomoniella (Gnomoniaceae, Diaport-
hales)]. They are currently considered asexually
reproducing ascomycetes.

Eukaryotic ribosomal genes are arranged in tandem
repeats with the 5.8S coding region flanked by internal
transcribed spacers (ITS) important for the processing
and maturation of nuclear ribosomal RNA (rRNA) (van
der Sande et al. 1992; van Nues et al. 1994, 1995).
However, ITS are generally considered to be under low
evolutionary constraint and are therefore treated as non-
functional sequences (Furlong and Maden 1983). They
have been widely used in phylogenetic analysis (Hillis
and Dixon 1991) and are informative and diagnostic in
the molecular systematics of eukaryotes such as fungi
(Vilgalys and Sun 1994). The present study characterizes
a cross-section of fungi that cause anthracnose in
broadleaf temperate trees, using a combination of
sequence and secondary structure analysis of rDNA
spacers and DNA amplification fingerprinting (DAF;
Caetano-Anollés et al. 1991). The study clarifies the
taxonomy and phylogeny of Discula and provides clues
as to the origin and diversification of an exotic and
highly clonal fungal population.

Materials and methods

Fungi and vegetative compatibility tests

Anthracnose fungi examined included D. campestris (Pass.) Arx.,
D. fraxinea (Peck.) Redlin and Stack, D. platani (Peck.) Sacc.,
D. quercina (Westd.) Arx. and D. umbrinella (Berk. and Br.)
Morelet strains, and 23 D. destructiva, Discula sp. and unde-
scribed (LkM-A and LkM-B) isolates collected (1988-1995) from
lesions on flowering, Pacific and Chinese dogwoods and repre-
senting a cross-section of extant sub-populations (cf. Caetano-
Anollés et al. 1996; Table 1). Fungal isolates were grown and
maintained in potato dextrose V8 juice agar (Trigiano et al. 1995).
Compatibility of hyphal anastomosis was tested in 60-mm agar
plates. Groups of 9 and 12 isolates were paired in replicated bi-
factorial designs, by laying 7-mm plugs (from 1-week-old cultures)
20 mm apart from each other with the mycelium in contact with
the agar surface. Mycelial interfaces were examined for compati-
bility and hyphal lysis using 40x total magnification after 2 weeks
and 4 weeks.

rDNA amplification

Mycelial DNA was isolated from stationary liquid cultures
(Trigiano et al. 1995), using the Puregene kit (Gentra Systems,
Research Triangle Park, N.C.), and stocks were diluted to 0.5 ng/ul
and 5 ng/pl. ITS were amplified by PCR using 0.5 units AmpliTaq
Gold DNA polymerase/ul (Perkin-Elmer, Norwalk, Conn.), 0.5 ng
template DNA/ul, 200 pM of each deoxynucleoside triphosphate
(USB, Cleveland, Ohio), 1.5 mM MgCl,, buffer (50 mM KCl,
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10 mM Tris HCI, pH 8.3) and 0.3 uM of paired ITS1, ITS2, ITS3
and ITS4 primers (White et al. 1990). Reactions (10 pl) were sub-
jected to a pre-amplification enzyme activation step of 9 min at
94 °C, followed by 35 amplification cycles of 1 min at 96 °C, 1 min
at 57 °C, 1 min at 72 °C and a final extension step of 7 min at
72 °C, in a recirculating hot-air thermocycler. PCR products
(10 ng/ul) were purified with Quiagen PCR columns (Quiagen,
Chatsworth, Calif.) and sequenced using an ABI 373A DNA se-
quencer and the ABI Prism cycle sequencing kit with dye-termi-
nator chemistry (Applied Biosystems, Foster City, Calif.).

Phylogenetic reconstruction and secondary structure analysis

Sequences were consistently aligned using the ClustalX program
(ver. 1.64; Thompson et al. 1997), with gap and extension penalties
of 10 and 0.05, respectively. ITS boundaries were determined by
comparing the aligned sequences with previously published se-
quences from Ophiostoma ulmi (Buisman) Nannf. strain MH75
(U23424) and Rhizoctonia solani 521 (U19950). Phylogenetic rela-
tionships were estimated using PAUP* (Swofford 1999), PHYLIP
(Felsenstein 1995) and PUZZLE (ver. 3.1; Strimmer and von
Haeseler 1996). When using maximum parsimony as the optimality
criterion in PAUP*, the branch-and-bound algorithm was used to
find most parsimonious trees. Alternatively, the heuristic search
procedure was used when analyzing large numbers of taxa, with
tree bisection-reconnection branch swapping, random stepwise
addition sequence, collapse option and ACCTRAN character-op-
timization. A group of fungal isolates related to Discula (Table 1)
was sometimes defined as the outlying group. Phylogenetic reli-
ability was tested by the nonparametric bootstrap method (Fel-
senstein  1985), using 2,000 replications. The structure of the
phylogenetic signal in the data was evaluated using the skewness
(g1) of the length distribution of 10* random trees (Hillis and
Huelsenbeck 1992). Pairwise distances were computed from nu-
cleotide sequences, based on the two-parameter nucleotide substi-
tution model of Kimura (1980), and were used to assess differences
in substitution rates within spacer regions. Relative rate differences
were evaluated by linear regression analysis of paired values ob-
tained from each distance matrix. RNA secondary structure of
spacer regions was predicted by a free-energy minimization method
(Zuker 1989), using the Mfold program (ver. 3.0) with updated
thermodynamic parameters (Mathews et al. 1999). The ITS2 sec-
ondary structure was inferred from recurrent RNA-folding pat-
terns, 5.8S rRNA constraints (cf. Furlong and Maden 1983) and
the yeast spacer model (Yeh and Lee 1990).

DAF analysis

DAF reactions (20 pl) were optimized with Taguchi methods
(Caetano-Anollés 1998) and contained 0.1 ng fungal DNA/ul,
8 uM primer, 200 uM of each deoxynucleoside triphosphate,
2.5 mM MgCl,, 0.7 units AmpliTaq Stoffel fragment DNA poly-
merase/pl (Perkin-Elmer) and Stoffel buffer (10 mM KCI, 10 mM
Tris HCL, pH 8.3) and were amplified for 35 cycles of 0.5 min at
96 °C, 1 min at 50 °C and 1 min at 74 °C, followed by an extension
step of 7 min at 72 °C. DAF primers had the following arbitrary
sequences (5-3"): GACGTAGG, GAAACGCC, CCGAGCTG
and CCTGGTGG. Amplification products were separated by
electrophoresis in polyester-backed 0.45-mm-thick 10%T:2%C
polyacrylamide/7 M urea/5% glycerol slab minigels. Silver-stained
bands (50-700 bp) were scored as unordered genetic characters
(loci) and analyzed using NTSYS-pc (Rohlf 1992). Phenetic rela-
tionships were evaluated using Jaccard similarity coefficients and
both cluster (UPGMA) and neighbor-joining algorithms and were
confirmed by principal coordinate analysis (PCO).

Analysis by arbitrary signatures of amplification products

Sequence divergence estimates were obtained from arbitrary sig-
natures of amplification products (ASAP; Caetano-Anollés and
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Table 1 Anthracnose fungi.

Pathogen hosts: As sugar maple Species Pathogenic  Strains (geographic origin) Hyphal .
(Acer saccharum Marsh.), Cf host anastomosis
flowering dogwood (Cornus group
Jgg'gli%;a)i CC I\}coculz‘zlils?,euerger Discula campestris  As PAT1 (Pennsylvania) C
ex Miq.) Haﬁce] Cn Pacific D. destructiva Cf AL151 (Alabama); GA1 (Georgia); NY322, . A
dogwoc;d (« nu;tallii NY329 (New York); SC101A (South Carolina);
Y E10, E10B, E10F, E61, E70, E99, E102,
Audubon), Cs Europegn _ E107 (Tennessee)
;::hes,tnut (Castaneg sc,ztrvaﬂMllll.), Cn Cornu3 (Idaho); M10B, M12e, M24¢ (Oregon) A
a tall fescue (Festuca arundin- Ck MAI11 (Massachusetts) A

acea Schreb.), Fr ash (Fraxinus . F NY! (New York D
sp.), Fs European beech (Fagus D.fi axined ! (New York)
sylvatica L.), Gm soybean D. p[atam Pl TN1,TN2,TN5 (Tennessee) E
(Glycine mav’c L.), Ms apple D. quercina Qg ORI, OR2, OR3, OR4, ORS5 (Oregon) F, G
(Malhs sylva;stri-s ’Mill) Pl cf* LkM-A, LkM-B (Tennessee) . A
American sycamore ().r,plane D. umbrinella Qr LTO068 (Great Britain), 5 15, 617 (Switzerland) B
tree (Platanus occidentalis L.) Fs P4 (Poland); LT135 (Switzerland) B

. . e Cs 416 (Switzerland) B
Pvbean (Phasc.olus vulgaris L.), Discula sp. Cf NC2 (North Carolina); NY326 (New York); G
Qg Oregon white oak (Quefrcus VAI17b (Virginia)
‘g zﬁigél?ﬁf%lg;lgi ?rgﬁls}] Outgroup Ua Ophiostoma ulmi MH75 nt

: . ” . Vi Botrytis cinerea FR (France) -
American elm (Ulmus ameri- Ms B. cinerea BV (Maryland)
iﬁngy{;gélzln%irs?g;gs/ilsm sp-)- Ms Glomerella cingulata (Tennessee)

SR Do~ - Colletotrichum gloeosporioides (Tennessee)
compatibility groups A-G are _ C. acutatum (Tennessee)
oiury and efred i e Gm  Gorcopord s (Tomsey

p ’ Fa Rhizoctonia solani TNKS (Tennessee)

Pv R. solani 521

# These D. quercina isolates were obtained from diseased flowering dogwoods that were surrounded by
white oak trees in Lookout Mountain (Chattanooga, Tenn.). Koch’s postulates have not yet been

fulfilled with these isolates

Gresshoff 1996), using formulae and assumptions previously
described (Caetano-Anollés 1999). Sequence divergence was
estimated from the number of ASAP polymorphisms and the total
number of ASAP products.

Results
Cultural characteristics and somatic incompatibility

Except for Discula sp., none of the isolates could be
distinguished unequivocally by growth habit in agar
media (cf. Redlin 1991; Windham et al. 1994). Hyphal
anastomosis tests (Fig. 1) showed marked somatic in-
compatibility between isolates of the different species,
with the exception of selected strains of D. quercina
and Discula sp. (notably, strains OR1 and VAI17b;
Table 1). Within an individual species, however, iso-
lates were not always compatible with each other. In
one experiment, incompatibility occurred in 45% of
12 D. destructiva pairwise combinations. Antibiosis
occurred in 31% of isolate combinations tested; many
isolates (especially D. destructiva and D. fraxina)
showed strong antibiosis.

DAF analysis of genome-wide genetic diversity

The levels of genome-wide diversity within representa-
tive isolates of individual Discula spp were evaluated by

amplification with four octamer primers known to
generate high levels of polymorphic DNA in D. de-
structiva. DAF profiles contained an average of
37.3£9.7 (mean = SD) character loci/primer, within the
range 2546 (an example of a DAF profile is shown in
Fig. 2A). All primers produced polymorphic DNA,
with an overall average of 20.6 £ 13.4 polymorphisms/
primer. Although there were 8.0+ 1.7 polymorphisms/
primer within all D. destructiva, the mean number of
character differences between any two isolates was
44+1.3 per primer [compared to 1.0£0.2 (Trigiano
et al. 1995)]. Primer pre-selection therefore resulted in a
4-fold increase in strain discrimination. Diversity mea-
sured as a percentage of polymorphic characters within
individual species increased in the order: D. destructiva
(21.4%) <D. quercina (23.9%) < Discula sp. (56.2%)
<D. umbrinella (89.2%) <D. fraxinea/D. campestris/
D. platani (95.8%). This trend was also evident when
the data were subjected to phenetic analysis, confirming
the homogeneity of D. destructiva and D. quercina and
suggesting a close relationship between isolates from
Lookout Mountain in Tennessee (LkM) and D. quer-
cina (Fig. 2B). DAF of bulked fungal DNA samples
from the different species produced profiles with char-
acters that were all informative (averaging 54.2+
11.1 per primer). Numerical analysis (PCO) showed
that LkM isolates were clearly distantly related to
D. destructiva, being instead phenetically close to
D. quercina (Fig. 2C).



Fig. 1 A-D Hyphal anastomosis tests in Discula. Strains were
inoculated in plugs and grown on agar plates. Mycelial interfaces
were examined for hyphal lysis, barrage reactions and antibiosis.
The figure illustrates the compatible interaction between D. quercina
ORI and OR3 isolates (A), barrage reactions (arrow heads) between
D. quercina OR5 and Discula sp. VA17b (B) and between
D. fraxinea and Discula sp. VA17b (C) and an antibiosis ring
(arrow) between D. quercina OR1 and D. destructiva TN16 (D). The
barrage reaction between incompatible strains results from regen-
eration of hyphae after the death of mycelial cells

Sequence variation in rDNA spacers

PCR-amplified ITS sequences were obtained from
anthracnose-causing fungi and from an outlying group
of distantly related fungal pathogens (Table 1). All
sequences were easily aligned; and alignments showed
acceptable quality scores, even when outgroup se-
quences were included. An alignment of Discula 1TS
sequences can be retrieved from the TreeBASE re-
pository (http://herbaria.harvard.edu/treebase/) under
study and matrix accession numbers S574 and M867,
respectively. The length of ITS1 and ITS2 sequences
ranged over 148-213 bp and 149-225 bp, respectively.
Discula sequences ranged over 184-193 bp and 162—
169 bp, respectively. Nucleotide substitution in the
ITS1 and ITS2 spacers was calculated for a subset of
25 isolates that included all fungal groups. The esti-
mates of substitution rates were generally higher for
ITSI than for ITS2 sequences. Regression analysis of
pairwise ITS1 and ITS2 distances gave a positive lin-
ear relationship (y=0.54x, R*>=0.780, df=298,
P<0.0001) between the levels of sequence divergence
in each data set, showing that the frequency of
nucleotide substitution in ITS1 was approximately
double that of ITS2 on a per nucleotide basis. Similar
tendencies have been reported in other fungi (e.g.,
Boysen et al. 1996).

Phylogenetic analysis of spacer regions

Molecular phylogenies were inferred from the two ITS
regions, using distance and maximum parsimony meth-
ods. Inferred trees were fully resolved at the species level,
with most internal branches well supported by bootstrap
analysis. Figure 3 shows a phylogenetic tree generated
by maximum parsimony. Discula isolates were placed
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in four monophyletic groups that were well supported
(97-100%) and contained the dogwood pathogen
D. destructiva (group a), the tree pathogens D. umbri-
nella (hosts: European beech and English oak),
D. fraxinea (ash), D. platani (plane tree) and D. cam-
pestris (sugar maple; group b), the Oregon white oak
pathogen D. quercina and D. umbrinella 416 (isolated
from European chestnut; group ¢), and the dogwood
anthracnose-causing Discula sp. (group d), respectively.
The two undescribed strains isolated from dogwood
lesions (LkM isolates) that were found closely related to
D. quercina by DAF analysis, grouped together with
other D. quercina isolates. The shallow branching of the
D. destructiva and D. umbrinella groups suggests that
these species belong to sister clades that are of recent
origin. In contrast, D. quercina and Discula sp. consti-
tute distant and more ancestral groups. A phylogenetic
tree inferred from the ITS2 spacer obtained from a
larger number of isolates and rooted using an outlying
group of distantly related fungi (Fig. 4) showed the same
topology as the unrooted tree obtained from both ITS
spacers.

Phylogenetic relationships among the different Dis-
cula species were also resolved using neighbor-joining
and maximume-likelihood (using both the MLE crite-
rion in PAUP* and quartet puzzling; not shown). The
reconstructed trees had topologies that strongly sup-
ported the genetic relationships described in Figs. 3
and 4. Similarly, a subset of 15 ITS2 sequences was
analyzed by ASAP fingerprinting with six mini-hairpin
primers. Cluster (UPGMA) analysis of these data
produced dendrograms that were congruent with the
sequence-inferred trees (not shown).

RNA secondary structure modeling
of the ITS2 region

RNA-folding algorithms that search for the state of
minimal free energy (Zuker 1989; Mathews et al. 1999)
were used to predict a secondary structure for the
D. destructiva 1TS2 region (Fig. 5). The initial objective
was to determine whether sequence variability within
isolates occurred in functionally unconstrained regions.
Consensus substructural features were first used as
scaffolds for higher-order domains. A total of 17 RNA
foldings with 1-5 minimum free-energy states defined
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18 D. destructiva sequences examined, with minimum
free-energies (AG°) ranging from -20.9 kcal/mol to
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Fig. 2 A-C DNA amplification fingerprinting (DAF) analysis of
Discula isolates. DAF profiles were obtained with pre-selected
octamer primers. DNA fingerprints were generated using primer
GAAACGCC from representative isolates (A) of D umbrinella 617,
LT135, LT068, P4 and 416 (lanes 1-5), D. fraxinea, D. campestris
and D. platani TN1 (lanes 6-8), D. quercina OR2, OR3, OR4, ORS5
and LkM-B (lanes 9-13), D. destructiva Cornu3, NY322, M10B
and GALl (lanes 14—17) and Discula sp. NC2 and NY326 (lanes 18—
19). Molecular markers are indicated in kilobases. Data from
individual or bulked fungal isolates representing the different
species were subjected to cluster (B) or principal coordinate
analysis (C), respectively. Bulked fungal samples contained equal
amounts of DNA from the individual isolates. Dendrogram scales
indicate relative genetic similarity of isolates, based on correlation
coefficients of cluster groups. Note how Lookout Mountain (LkM)
isolates are clearly distantly related to D. destructiva but are
phenetically close to D. quercina

66 D. destructiva MA11
D. destructiva M12e
100|' D. destructiva M24e a
D. destructiva GA1
D. destructiva Cornu3 _
.umbrinella 617
. umbrinella P4
g2 D. umbrinella LT135
. platani TN1 b
100 97 D. umbrinella LT068
100 D. fraxinea
— L D. campestris
D. umbrinella 416
D. quercina OR3
D. quercina OR4 c
82 D. quercina OR5
D. quercina LkM-A
D. quercina LkM-B _
Discula sp. VA17b ]
—100| Discula sp. NY326 d
Discula sp. NC2

[on
8

lviwiwiw)

Fig. 3 Phylogenetic analysis of rDNA spacers in anthracnose-
causing fungi. Trees were inferred from internal transcribed spacer
(ITS) sequence data, using unconstrained maximum parsimony as
the optimality criterion in PAUP*. Monophyletic groups (a—d) are
indicated in representative phylograms. A branch-and-bound
search generated six equally most parsimonious ITS trees
of 137 steps [consistency index (CI)=0.869, retention index
(RI)=0.957, rescaled consistency index (RC)=0.831; g, =-0.876,
2>=0.972; permutation tail probability (PTP) test, P=0.001], that
differed in the length of two branches in group b. Bootstrapping
values (in %) are shown for those nodes with bootstraps of over
50%. The unrooted tree is rooted by the mid-point method.
Phylogenetic relationships were similarly resolved using neighbor-
joining algorithms, quartet puzzling, or the maximum-likelihood
criterion in PAUP*

(I and V; Fig. 5) which were used to constrain recur-
rent folding resubmissions that forced canonical base-
pairing of the 3’ end of the 5.8S rRNA with the 5" end
of the 28 S rRNA. The resulting secondary structure
resembled the experimentally deduced eukaryotic ITS2
model described for Saccharomyces cerevisiae (Yeh and
Lee 1990). D. destructiva 1TS2 structures had AG°
values averaging —42.5(=£1.5) kcal/mol. These struc-
tures contained all S. cerevisiae domains, except for
domain VI, which was absent. A number of features
were common with the yeast model: (1) non-canonical
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Fig. 4 Phylogenetic analysis of rDNA ITS2 spacers in anthrac-
nose-causing fungi. Trees were inferred from ITS2 sequence data
using unconstrained maximum parsimony as the optimality
criterion in PAUP*. Using 100 heuristic searches with random
addition sequence produced five trees of 276 steps [CI=0.736,
RI=0.868, RC=0.638; g, =-1.280, g,=2.447; PTP test, P=0.001]
differing in the topologies of group a taxa. Unrooted trees were
rooted with the outgroup method. Bootstrapping values (in %) of
2,000 replications using fast heuristic searches are shown for those
nodes with bootstraps of over 50%

base pair at the foot of domain II with conserved
sequence tracts, (2) comparable stability of the stem
and hairpin loop of domain II (AG°=-6.2 kcal/mol),
(3) four interior loops and comparable length (19 bp)
and stability of domain III (AG°=-16.6 kcal/mol), (4)
comparable stability (AG®°=-13.2 kcal/mol) of domain
V, despite it being shorter, (5) existence of three inte-
rior loops in the stem of domain V, perhaps important
for C2 cleavage, and (6) a similar sequence of the
hairpin loop in domain V, a feature known to be im-
portant for rRNA processing (van der Sande et al.
1992; van Nues et al. 1995). An important difference
was a shift of the C1, C2 and C3 processing sites to-
wards domain I. Variable nucleotides and indels were
located outside conserved elements crucial for rRNA
processing and ribosome biogenesis (Fig. 5). The vari-
ability observed within these elements were compen-
sating base pair changes that did not alter stem length
or stability.
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Fig. 5 Secondary structure model for the ITS2 rDNA region of
D. destructiva M24e. Regions of primary structure conservation are
in upper case with outlined nucleotides being those conserved across
all fungal species examined. Nucleotides in lower case are variable
within dogwood anthracnose-causing isolates, with those outlined
or in italics being variable within the D. destructiva group or within
other Discula spp, respectively. Insertions points and a deletion (A)
are also shown. Structural domains analogous to those of the
Saccharomyces cerevisiae 1TS2 structure (Yeh and Lee 1990) are
indicated in roman numerals (note domain VI missing). Putative
cleavage sites (CI-C3) for rRNA processing are indicated with
arrowheads. Regions homologous to those in S. cerevisiae in which
structural alterations were found to interfere strongly with rRNA
processing (van Nues et al. 1995) are shaded

Genome-wide and spacer rRNA nucleotide
substitution levels in D. destructiva

Nucleotide genome-wide substitution levels in D. de-
structiva were obtained from published ASAP data
(Caetano-Anollés et al. 1996), using a method that es-
timates the divergence in the sequence of invariant DAF
loci (Caetano-Anollés 1999). ASAP is a cascade ampli-
fication strategy (Caetano-Anollés and Gresshoff 1996)
that can fingerprint individual PCR products or complex
DAF profiles, produce allelic signatures from
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monomorphic DAF products and provide a measure of
their sequence divergence. ASAP polymorphisms were
linearly correlated with the divergence in the sequence of
amplification products (cf. Caetano-Anollés 1999), pro-
viding reliable estimates of genetic distance. ASAP
analysis with eight mini-hairpin primers of heptamer-
amplified templates (16-24 kb/fingerprint) produced
267 character loci (Caetano-Anollés et al. 1996). Out of
these, an average of 37.2+6.8 loci was polymorphic in
the pairwise comparison of nine D. destructiva isolates.
This gave a genome-wide substitution estimate per nu-
cleotide of 0.013 £0.002 (mean +SD). Note that ASAP
primers were not pre-selected and therefore they tar-
geted sites in the DAF profiles at random.

Nucleotide substitution levels in rDNA spacers were
obtained directly from the DNA sequence, following
Kimura’s two-parameter model. When a collection of
18 D. destructiva isolates was examined, pairwise nu-
cleotide substitution levels in the ITS2 spacer ranging
over 0-0.066 and averaging 0.009 £0.001 (mean £ SD).
Only half of the isolates showed nucleotide variation;
and these were strains isolated in the last 10 years,
mostly from populations in recently colonized areas
[South Appalachian mountains, SA-1 and SA-B; North
West, NW-2 (cf. Caetano-Anollés et al. 1996)]. In par-
ticular, an isolate obtained from a disjunct population of
C. nuttallii in Idaho (Cornu3) was particularly divergent,
exhibiting seven uniquely characteristic nucleotide
changes (out of 12) in the ITS2 sequence. In contrast, all
D. destructiva 1ITS1 sequences examined were invariant.

Discussion

Nucleic acid-scanning can resolve taxa efficiently at the
subspecies level (Caetano-Anollés 1996); and, as such, it
has been applied successfully to the study of Discula
populations (Haemmerli et al. 1992; Trigiano et al. 1995;
Caetano-Anollés et al. 1996). DAF analysis with arbi-
trary primers known to generate high levels of poly-
morphic DNA in D. destructiva confirmed both the high
genome-wide diversity of Discula sp. (Trigiano et al.
1995; Caetano-Anollés et al. 1996) and D. umbrinella
(Haemmerli et al. 1992) and the remarkable genetic
homogeneity of D. destructiva (Trigiano et al. 1995;
Caetano-Anollés et al. 1996; Fig. 2). Again, the genetic
homogeneity of D. destructiva is consistent with the
existence of a founder effect (i.e., a genetic bottleneck
that has limited the genetic diversity in this species to a
restricted number of founder genotypes) and of a
restricted gene flow from native to introduced popula-
tions proposed earlier (Trigiano et al. 1995; Caetano-
Anollés et al. 1996).

Phylogenies were here reconstructed from rRNA ITS
spacers, nuclear regions that are often sufficient to de-
limit species at the molecular level. Phylogenies inferred
from the two ITS spacers using distance and character
state methods, showed trees fully resolved at the species
level, with most internal branches well supported by

bootstrap analysis (Figs. 3, 4). Discula spp clustered in
four monophyletic groups (a—d), which corresponded to
Discula sp., D. quercina, D. umbrinella and D. destruc-
tiva, in relative order of divergence. These observations
reject the null hypothesis of only one evolutionary lin-
eage and support a species concept based on lineages
with monophyletic groups representing phylogenetically
derived species groups. Generally, these groupings were
consistent with host-specificity and somatic compatibil-
ity, sometimes fulfilling a cohesion species concept
defined by reproductive, ecological and molecular
attributes (Harrison 1991; Templeton 1998). The
marked divergence of the D. destructiva and Discula sp.
ribosomal lineages rejects the hypothesis that the dog-
wood pathogen evolved directly from an indigenous
fungal population related to Discula sp. Instead,
D. destructiva appears to be an exotic fungus with a
recent ancestor somehow related to the diverse D. um-
brinella group.

Molecular phylogenies also showed conflicting pat-
terns. These were nevertheless expected, as individual
loci may not accurately reflect the phylogenetic history
of closely related species. Within the diverse D. umbri-
nella lineage (b), three other species (D. platani,
D. fraxinea, D. campestris), representing pathogens of
American origin (ash, plane tree and sugar maple),
grouped with the other fungi originally isolated from
European trees (Figs. 3, 4). Of these species, D. platani
could not be resolved from D. umbrinella. Similarly, one
D. umbrinella isolate from European chestnut (iso-
late 416) was not resolved from the Oregon white oak
pathogen D. quercina (Fig. 3). However, this isolate was
distantly related to D. quercina by DAF analysis (e.g.,
Fig. 2). Overall, these results are not surprising, since
many broadly distributed fungal species are often not
resolved by ITS sequence data. For example, ITS se-
quence analysis in the oyster mushroom (Pleurotus)
showed that several intersterility groups that defined
biological species and were confined to different conti-
nents were clustered together (Vilgalys and Sun 1994). In
our study, ITS sequences were unable to clearly delimit
Discula spp defined into lineage groups by host-speci-
ficity, when these represented recent divergences [except
for the D. destructiva lineage (a)]. In this case, DAF
profiles, host specificity and vegetative compatibility
attributes were better tools for species identification than
the ribosomal gene spacers.

Convergent evolutionary mechanisms and non-sexual
transfer of genetic elements between separate evolu-
tionary lineages, such as pathogenicity determinants
(e.g., islands; Syvanen 1994), can complicate a species
phylogeny of the organisms in question and violate a
species concept primarily defined by host-specificity. A
clear example is that of D. destructiva and Discula sp.,
species that are phylogenetically distant (¢ and d lin-
eages), yet express the same host-specificity. Similarly,
strains LkM-A and LkM-B, that were isolated from
dogwood anthracnose lesions, shared a common ribos-
omal origin (Figs. 3, 4) and were related by DAF



analysis (Fig. 2) to D. quercina. These two undescribed
isolates, originally presumed to be D. destructiva, are
here tentatively named D. quercina, pending confirma-
tion of their pathogenicity in dogwood. Since Koch’s
postulates have not yet been satisfactorily proven with
LkM isolates, convergent evolution or nonsexual hori-
zontal transfer of dogwood anthracnose determinants
cannot be invoked at this time to explain their putative
host-specificity. In contrast, the low incidence of dog-
wood anthracnose disease associated with Discula sp.
could be the result of genetic exchange across phyloge-
netic species.

We favor the possibility of transfer of genetic ele-
ments by cytoplasmically replicating double-stranded
RNA (dsRNA) viruses common in fungi, present in
D. destructiva (McElreath et al. 1994) and usually
transmitted through hyphal anastomosis. The presence
of these viruses has been causally linked to the hypovi-
rulence of Cryphonectria parasitica (Choi and Nuss
1992) and could also constitute important disease fac-
tors in Discula. The possibility of horizontal transfer of
virulence determinants is of great concern for the future
control of the dogwood disease in North America and
warrants rigorous experimental challenge. In D. de-
structiva, dSRINA can be present in different segments of
up to 12 kb in length (McElreath et al. 1994) and short
segments may be of different origin in western and
eastern isolates (Yao et al. 1997). Unfortunately, a
causal relationship between dsRNA and pathogenicity
in dogwoods has not yet been established. The possi-
bility of horizontal transfer or hybridization and intro-
gression events leading to changes in host-specificity
implicated by the existence of dogwood anthracnose-
causing Discula sp., D. quercina and D. destructiva fungi
is supported by their compatibility in anastomosis ex-
periments. In this context, natural compatibility barriers
could determine which Discula lineages could overcome
host-specificity.

Phylogenetic analysis disclosed diversity in the
sequence of the ITS2 rDNA region of D. destructiva,
a feature conspicuously absent in ITS1. The diversity
encountered in isolates spanning the entire range
of dogwood anthracnose on average exceeded that
observed in D. umbrinella and was mostly restricted to
strains recently isolated and from epidemic boundary
areas (Fig. 4). ITS2 variants could represent the exis-
tence of different alleles from founder events resulting
from the separate introduction of the pathogen on the
east and west coasts of North America. This possibil-
ity, intimated from unique alleles in the western
Cornu3 ITS2 sequence, is consistent with a recent
ASAP-based study of fine population structure in
D. destructiva (Caetano-Anollés et al. 1996) and
dsRNA fragment analysis (Yao et al. 1997). Alterna-
tively, I'TS2 sequence diversity could arise from: (1) the
existence of paralogous sequences in the rRNA array,
resulting from either natural interspecific hybridization
(Brasier et al. 1999) or an escape from concerted evo-
lution (O’Donnell and Cigelnik 1997), (2) extraordinary
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mutation events such as the rise of mutator strains
(Sniegowski et al. 1997) or rapid co-evolutionary pro-
cesses in the bottlenecked population (Thompson
1998), or (3) deterministically biased selection processes
(Sniegowski and Lenski 1995). A wider and more
detailed analysis of the rTDNA spacers in D. destructiva
is therefore needed to accurately trace the origin and
diversification of these variant molecules.

Maximum nucleotide substitution levels in the ITS2
region of D. destructiva were five times higher than a
genome-wide substitution value obtained from pub-
lished ASAP data, using a procedure that estimates the
divergence in arbitrarily amplified loci (Caetano-Anollés
1999). ITS2 is therefore changing at a rate that is com-
parable (within an order of magnitude) to the rest of the
genome. It was therefore of interest to explore how
constrained was the evolution of this rDNA spacer.
Spacer sequences act as important ‘“‘scaffolds” in the
formation of functional ribosomal subunits (Theissen
et al. 1993). In yeast, both sequence and structure of
ITS2 are crucial for pre-RNA processing, the formation
of fully functional 60S ribosomal units and the regula-
tion of cellular growth (van der Sande et al. 1992; van
Nues et al. 1995). We modeled the secondary structure
of the I'TS2 region in D. destructiva (Fig. 5) and found it
closely resembled the structure unambiguously resolved
in S. cerevisiae (Yeh and Lee 1990). Regions of sequence
conservation in Discula coincided with those in which
structural alterations by in vivo mutational analysis
interfered strongly with yeast rRNA processing and
ribosome biogenesis (van der Sande et al. 1992; van
Nues et al. 1995). Conversely, entire domains (VI and
most of IV) that play no role of consequence in yeast
rRNA processing (van Nues et al. 1995) were either
missing (domain VI) or were highly variable in Discula
(Fig. 5). Generally, mutations were restricted to ITS2
regions homologous to those functionally uncon-
strained, with only a few substitutions in regions known
to be important for cellular growth [e.g., VA25 in do-
main V (van Nues et al. 1995)]. This suggests that neu-
tral or advantageous mutations drifted to fixation, while
those that were deleterious were selectively eliminated
from this rDNA spacer.
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