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Cypress canker is a serious diseass that has devastated Cupressus spp. in many parts of the
world. Iz Mediterranean Europe it bas caused the deaths of millions of irees. Three species of
Seiridium, S. cardinale, S. cupressi, and 8. unicorne, are associated with cypress canker. Con-
siderable debate smrounds the taxonomic status of these fimgl. They have been viewed as a
single marphologically variable species, three distinct taxa; or two species based oa the pres-
ence or ahsance of conidial appendages. Studies based on ribosomat DNA (ITS1, ITS2, and 5.83
gene) sequence failed to separate the cypress canker fungi. In an amempt to distinguish betwesn
the species zssociated with cypress canker we used histone and partial B-tubulin sequences of
fourtezn isolates of Seiridium spp. from cypress. Analysis of sequencs data showed Seiridium
isolates from Cupressus spp., residing in two major clades. One clade accommodated 8. uni-
corne isolates from Portugal and South Africa. The other major clade consisted of two sub-
clades containing non-appendaged S. cardinale isolates. We believe the larger second clade,

represents the cypress canker pathogens while the other clade contains the Jess pathogenic S
unicorne, which has 2 host range beyond Cupressus. This study thus provides stong evidence to

support previous morphologicai dam suggesting three distinct species are associated with cy-

press canker,
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Cypress canier is a serious disease, es-
pecially in the Mediterranean where it
threatens complete destruction of Cupres-
sus spp. (7). The cypress canker pathogens
are Coelomycetes belonging to the genus
Seiridium Nees ex Fr. Three species of
Seiridiiom are associated with eypress can-
ker 5. cardinale (Wagener) Sutton and
Gibson, was first reported in the United
States (18) and then New Zealand It is
now found in many parts of the world,
including Mediterranean Europe (7). 3.
cupressi (Guba) Beesewinket is believed to
have orginated in East Africa (1,4). S
unicorne has a wider host rapge and =
worldwide distribution {1).

The taxonemy of the cansal agents of
cypress canker hes been the subject of
considerable debate. Guba (8) and Boe-
sewinkel (1) differentiated between thres
species of Seiridiwm associated with cy-
press canker based on the presence or ab-
sence of comidial appendages, and the
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angle of these structures relative to the
main axis of the conidia. Although 5. car-
dinale is distinet in having conidia with ne,
or very short appendages, S. cupressi has
appendages that follow the curve of the
conidia. The appendages of S, unicorne are
at right angles to the main axis of the con-
idia. Other taxonomists believed that ap-
pendage angle was insufficient to warrant
separate species and, therefore, suggested
that §. cupressi and 5, unicorne Tepresent a
single species (2,13). It has also been sug-
gested that only one fungus, . cardinale,
with varisble morphology, is responsible
for cypress canker (14).

Molecular studies using DINA sequence
data from the ribosomal DNA (ITS1,
ITS2, and 5.85 gene) regions, have been
used in an atternpi to resolve the taxo-
nomic debate and infer phylogenetic re-
lationships  (11,17). The sequence
variation using these gemes, however,
failed 10 distingmish between the three
Seiridium spp. associated ‘with cypress
canker. Thus, Viljeen et al. (17) agreed
with Swart {14) in concluding that one
morphologically variable species causes
this disease. Based on toxins and patho-
genicity, Graniti (7) bas recently sup-
ported the views of Guba {8) and
Boesewinkel (1) that three Seiridium spp.
are associated with cypress canker.

Smdies invoiving protein-encoding genes
have successfully distinguished between
closely related species that proved difficult
to separate using merphological character-
istics {5,10). Two such genes, which are
highly conserved due to their structwal
functien and presence in all eukaryotes, are
the B-mabulin and histone gemes. The &-
tubulin gene has been used to distinguish
berween fungi at all levels (3,10,16). One
of the histone proteins, ¥3, is partculatly
well comserved, especially af the amizo
acid level, and the presence of introns
makes it a valuabie taxonomic and phyle-
genetic tool for smdying closely related
organisms (12). Glass and Denaidson (6)
constructed sets of primers to arplify the
B-tubwlin and the histone genes. These
primers were designed from regions that
have been shown to be highly consarved
among all eukaryotes. They have been
nsefal in amplifying DNA from filames-
taus ascomycetes and deuteromyceies with
ascomycete affiliations.

There are strOnEg AEWDEnts to support
the existence of a single morphologically
variable species of Seiridium causing cy-
press canker (14,17). Nevertheless, there
are equally good reasons to believe that
more than one species causss this disease
¢1,7,8). The aim of this stdy was to com-
pare isolates of Seiridium associated with
cypress canker, based on B-tubulin and
histone gene sequences.

MATERIALS AND METECDS

Fungal isolates, Fourteen isolates of
Seiridium from different hests and get-
graphic locations were used in this study
(Table 1), including authenticated isolates
of §. cardinale from Italy, New Zealand,
and Chile; §. wnicorne from New Zealand,
Portugal, and South Africa; and 5. cupressi
fiom Oreece and New Zealand, Isclate
CMW 5306, with appendaged conidia and
thus representing either S. unicorne or S
cupressi, was collected in South Africa
from & diseased C. sempervirens iree. 8.
papillatum Z. Q. Yuan and 5. eucalypt
Nag Raj, both isolated from Eucalyptus
delegatensis R. Baker in Australiz, were
included as outgroups in the phylogenetic
analyses (19,20).

Cultures were grown Ot potato dexiose
agar {PDA) (Biolab, Auckland, NZ) (39 g
per liter) and incubated at 21°C for 2
wesks. Mycelial strands of each isolate
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were mansferred to  Erlenmeyer ilasks
containing 50 ml of malt extract broth (2%,
Biolab), and incubated ar 25°C for 10 days
in a shaking incubator. The mycslivi was
harvested by Sltration (Whatman Ne. 1),
frozen (—~20°C) and lyophilised.

DNA extraction. Lyophilised mycelium
was ground to a fine powder in liquid ni-
wogen. Approximately 0.3 ml of the
sround mycelium was suspended in 800 wl
of extraction buffer (200 mM Tris-HCI pH
8.0, 250 mM NaCl, 25 mM EDTA pHS8.0,
0.5% SDS). Phenol:chloroform (3:3) was
added to the suspension and this was cen-
trifuged (13,000 rpm, 60 min). The aque-
ous phase was wansferred to clean
Eppendorf tbes and 2 chloroform extrac-
tion (400 wl} was performed unil a clear
interface was obtained. Nucleic acids wers
precipitaied with 0.1 vol 3M NaAc (pH
5.5) and 2 vol absoinze ethanol, coliected
by centrifugagion (13,000 rpm, 30 min),
and washed with 70% ethanal. The ethanol
was removed and the DINA pellets dried
under vacuum. The DNA was re-suspended
in 50 pi sterile warter. RNase (10 mg/ml,
Roche Molecular Biochemicals) was added
to digest the RNA and the.solution incu-
bated for 2 h at 25°C. A 1% agarose gel
was run to determine the presencs and
integrity of the DNA.

Polymerase chain reaction (PCR) am-
plification. The 8-tubulin gene was ampli-
fied using the forward prirner Bi2a and the
reverse primer Btlb (6). The histone gene
fragment was amplified with forward
primer H3-la and reverse primer H3-1b

(6). PCR was performed in 30 p reactions,
consisting of DNA template {1 ng), Expand
HF buffer containing 1.3 mM MgCl,
(supplied with the enzyme), Expand High
Fidelity PCR System enzyme mix {1.7 1)
{Roche Molecular Biochemicals, Alameda,
CA), 0.2 pM of each prisner and 0.2 mM of
each dNTP. An injtal denamuration step of
2 min at 96°C was performed and subse-
quent cycles included: 30 s at 94°C, 30 s at
55°C and 1 min at 72°C. These steps were
carried out for 45 cycles with an added 5 ¢
extension period after the first 10 cycles. A
final step of 10 min at 72°C was performed
to ensure complete elongation of the frag-
ments. DNA was visualized on 2% agarose
gels stained with ethidium bromide ander
UV lluminadon. Amplicons were purified
nsing the Magic PCR Preps Purificaton
System (Promega, Madisor, WI).

DNA sequencing and anpalysis. PCR
products were sequenced in both directions
using an ABI PRISM 377 Autoseguencer
{Perkin-Elmer Applied BioSystems, Foster
City, CA). DNA sequencing reactions were
carried out with a ABI PRISM Big Dye
Terminator Cycle Sequencing Ready Re-
action Kit (Perkin-Elmer Applied BioSys-
temns) according to the manufacturers
protocol. The B-tubulin PCR amplicon was
sequenced with the primers used for PCR
as well as two additional, internal primers,
Btla and Bt2b (6) The histope PCR ampli-
con was sequenced with primers H3-1a and
H3-1b (Fig. 1).

Sequenceas were aligned manually by in-
serting gaps and transiared into amino acid

‘T'able 1. Seiridium isoiztes for whick B-nsbulin and histore H3 sequence data were generated

sequences using Sequence Navigator ver-
sion 1.0.1 {(Peridn-Elmer Applied BioSys-
tems). DNA sequences were mnalysed
using Phylogenetic Analysis Using Parsi-
mony (PAUP) 4.0 and other methads (13).
Missing data were meated as a fifth char-
acter (new state). All characters were given
equal weight. The heuristic search oprion
(based oa parsimony) with random step-
wise addition aad iree bisection recomnec-
Hom (TBR) as the swapping algorithm, was
used to construct the phylogram. The sav-
ing of all multiple equally parsimonion
treas (MULPAR]) effect was incorporated
and branches collapsed if they equalled
zero. Tres length dismibuton of 100 ran-
domly generated wees for analysis was
evaluated to assess signal (9). Confdence
levels of the branching points were deter-
mined using 1,000 bootstrap replicates. S.
papillatum was used as the cutgroup and
was treated as a monophyletic sister group
to the ingroup. A maximum lkelihood
search was included to determine the tran-
siton-transversion rato for the data set.

RESULTS

Using primers Btla and Btlb, ap-
proximately 440 bp was sequenced. This
region contained an exom of 141 bp, an
inron of 56 bp, followed by an exom of
276 bp (Fig. 1). A towl of 357 to 399 bp
was sequenced uvsing primers Bt2a and
Be2b. This region consisted of an intron
of between 110 and 112 by, an exon of 42
bp, &n intron of 64 bp and finally an exen

of 181 bp (Fig. 1).

Species Isolates® Host Origin Callector Betubulin® Histone®
. cardinale CMW 3444 Cupressus sempervirens New Zzaland H. Boesewinkel AF320459 AF273964
(CBS 522.82) AF320500
S. cardinale CMW 1644 Cupressus sp. . Traly A, Grunit AF320497 AF275963
AF320498

§. cardinale CMW 1645 Cupressus sp. Ttaly A. Graniti AF320301 AF273963
AF320502

S. eardinale CMW 2133 Cupressus sp. Chile M. WingSeld AF320503 AF275966
AF320504

S. unicorne CMW 5443 Cryptomeria japonica New Zealand H. Boesewinkal AF320493 AF2735961
{CBS 538.82) AF320494

S, unicorne CMW 1643 Cupressus sp. Portugal A. Gramiti AF320483 AF275956
AF320434

. unicorne CMW 1649 Cupressus sp. Portugal A. Graniti AF320481 AF2T5955
. AF320482

S. unicorne CMW 420 Cupressus macrocarpa New Zealand §. Chou AF320487 AF275958
AF320433

S. unicorne CHW 803 Cupressus lusitanica South Africa M. Wingfield AF320483 AF275957
AFIZ0486

S, cupressi MW 5282 Cupressocyparts leylandii New Zealand H. Boesewinkel AF32048% AF275539
(ATCC 48158) AF320400

5. cupressi CMW 1646 Cupressus sp. Greece A. Granid AF320491 AF275960
AF320492

S. cupressi CMW 5596 Cupressus sempervirens South Airica L. Bames AF3204935 AF275962
AF320496

5. papillanm CMW 5302 Eucalyptus delegatensis Australia Z. Q. Yuan AF320507 AF275968
(CBS 340.97} AF320508

S, eucalypti CMW 5303 Eucalyptus delegatensis Australia Z.Q. Yuaa AF320505 AF275967
(CBS 343.57) AF320506

2 ATCC = American Type Culre Collection; CBS = Centraalbureas voor Schimmelcultures; CMW = Culture collection of the Forestry and Agricultural
Biotechnology Instdtute (FABI), University of Pretoria, Soutk Africa.

* Sequences are deposited in GenBank.
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All 14 of the Seiridium B-tubulin genes
. were missing an intron (E) that is present
in V. crassa and other eukaryoctes (6) (Fig.
1). The two separate regions of the se-
quenced B-tubulin gene were combined in
the analysis. A total of 883 aligeed char-
acters with 734 constant; 87 parsiznony-
uninformative, and 62  parsimony-
informative, were obtained. Two most
parsimonious trees were generated after a
heuristic search based on parsimony. These
trees had similar topologies, but differed in
branch lengths and one was chosen for
presentation (Fig. 2). The tree length was
176 steps, consistency index (CI) ang re-
tenton index (RI} was 0.909 and 0.907
respectively with a gl valee of —1.035. The
trasition-transversion ratio for the B-tubulin
data set was 2.32.

The histone gene sequences for the
Seiridium isolates consisted of an intron of
hetwaen 120 to 145 bases flanked by exons
of 120 and 130 bases (Fig. 1). A total of
430 characters were used in the phyloge-
petic analysis with 51 informative, 68 un-
informative, and 311 constant. Two most
parsimonious trees were generated after a
heuristic szarch based on parsimony. The
trae ‘chosen for presentation (Fig. 2) had a
length of 161, CI of 0.894, RI of 0.399,
and a gl value of —0.730. The trasition-
transversiont rado for the histone data set
was 1.31. Coding regions of both the
Seiridium -mebulin and histone genes were
highiy conserved and no deletions or in-
serdons wers observed.

The phylogram generated from the par-
tial B-tubulin sequences of the representa-
tive Seiridium isolates showed two major

A) Seiridium B-tubulin gene

clades (A and B}, Major clade A contained
one S. unicome isolate from South Africa
and two from Portugal,.stzongly associat-
ing with §, excalypti from Australia with a
160% bootstrap value. Clade B was di-
vided into two sub-clades (B; and B,).
Sub-clade B, was made up of both §. uni-
corne and S. cupressi isoiates with a 97%
unity, Sub-clade B,, incorporated all the
isolates of S cardinale that were se-
quenced. They were resolved imto their
own ciade with a 100% bootstrap value.
The phylogenetic tree generated from the
histone gene sequences (Fig, 2) resulted in
a similar topology to that gemerated from
B-mbulin gens sequences.

DISCUSSION

Using sequence data from two different
protein coding genes, we bave shown that
three distinct species of Seiridium are re-
sponsible for the serous tree disease
known as cypress canker. These results are

in contrast to the view that only one mor-

phologically variable species of Seiridium
causes the disease (14,17). The results do,
however, support morphological (8,1) and
biochemical (7) investigations based on
appendage angle and toxin production, that
S. cardinale, §. unicorne, and S. cupressi
represent distinct taxa,

S. unicorne and §. cupressi were thought
to be synonyms of each other (2,13), due to
the fact both have been found associated
with cankers on Cupressaceae and both
have appendaged conidia that are difficult
to distinguish from each other. Other crite-
ria such as pathopenicity and host range,
however, show clear differences. §. cu-

Inlﬁn E, missing

presst is considered an aggressive patho-
gen, causing major pardemics especially in
Europe on Cupressus spp. (7). Unlike 5.
cardingle and §. cupressi, the host range of
8. umicorne is bt resticted to Cupres-
saceae, but includes various hosis belong-
ing o eight families (1,7). S. wmicorne is
only mildly pathogenic and lacks the pro-
duction of the toxins associated with S.
cupressi and S. cardinale (7). This is con-
sistent with the fact that it is a minor com-
ponent of cypress czmker disease. Results
of our study, -including cultures identified
in Europe as typical of 5. wnicorne, show
that this fungus represents a distinct taxon
{Clade A, Fig. 2). It is very different from
the other two species btelieved to be the
major causal agents of cypress canker.
S. eucalypii has a similar pathology but
is ouly slightly morphologically different
from 5. unicorne and was initially included
in this study as an outgroup. This fongus,
however, grouped extremely closely with
S. unicorne {Clade A, Fig. 2), and probably
represents a synonym of the latter fungus.
This would be consistent with the fact that
S. eucalypsi is 2 mild pathogen (20) and S.
unicorne has a wide host rangs (1), Our
results thus support the view that 5. umi-
corpe is a fumgus with a wide host range
that extends beyond the Cupressaceae.
Because §. cupressi and S, unicorne are
virtually indistinguishable based on mor-
phology, the twxonomic treatment of these
species has been very complex. Boesew-
inkel’s suggestion (1) that the orientation
of appendages is a characteristc that can
be used to differentiate betwesn the two
fangi, was not widely accepted (2). Indeed,

120 145 bp

Fig. 1. A, Partial B.bulin. B, histone gene for Seiridium spp. incladed in this study. Black boxes indicate the exons and meshed boxes indicate the in-

trons. The lestaths of the introns are indicated in the diagram as well as the position of the primers used.
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many isolaes in culture collections, origi-
nating from caokers on Cupressus spp.
have been labeled as S. unmicorne, but
probably represent S. cupressi. This is also
true of two isolates used in the present
spady, which were isbeled as 5. unicorne,
but probably represent S. cupressi. 5. uni-
corne isolate CMW 420 was collected by
Chou (2), who did not distinguish between
S. unicorne and 8. cupressi. Ionically, the

other isolate of S. wnicorne, (CMW 3443),
also from New Zealand, was collected by
Boesewinkel who believed he could disdn-
guish between the species based on orien-
tation of comidial sppendages.

Boesewinkel ¢(1) published a schematic
diagram-of the appendage types of thres
cypress capker species. This diagram
(redrawn in Fig. 3) shows that our isolates,
CMW 35443 snd CMW 420, identified

based om appendage morphology, couid
easily have besn misidentified. It is highly
likely that these isolates from New Zea-
iand, represent the fungus kmown as §.
cupressi. Sub-clade B, could, therefore,
represent the important appendaged, cy-
press canker pathogen known as S cx-
pressi. The Seuth African isolate coilected
from an infected cypress tree aiso fails
within this clade. Although it-hag not been

7
8 S. aucalypii (5303) —
A) B-tubulin B) Histone H3
15 ,
cTili) S, ynicorne (1648)
A ¢
4 S. unicorne {1643) \0C
100
55
.1 S, unicorne (805}
4 2
8. unicorne (420)
§ 3
a8 9 | 77 3
@ﬂ S. cupressi (8282) B 4
2 19
87 _ g
S. cupressi (1648)
S. unicornie (5443) 5
3 8. cupressi (S5586) B
100
S. cardinale {1644)
S. cardinale {5444}
8 é 10
100
iy ! S. cardinale (2133) B
8o 2
61
3. cardinaie {1645)
35
42 S. papifiatum (5302}

sequences. The ree was produced using the Beuristic search option in PAUP 4 with Tree
h lengths are shown above branches and the boolstp

Fig. 2. Phylogenetic tree of A, B-wbulin; and B, histone H3
CMW 5443 are believed to be 5. cupressi.

Bisection Reconnection. The wree is rooted with Seiridium papillarum (5302) as the outgroup. Branc
confidence values below the branches. Isolate numbers are thase indicated in Tabie 1. Isolates CMW 420 and
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Fig. 3. Conidia of the thres spacies causing cypress canker in New Zealand (redrawn from Boesewinkel 1983), A, Seiridium unicorne; B, 5. cardinale; and

C, 5. cupressi.

classified morphologically, the orientation
of its conidial appendages closely rasem-
bles that of other S. cupressi isolates,

S, eardinale has conidia without ap-

pendages. Therefore, it differs markedly

from §. cupressi. The fact that these two
fungi reside in a single, well-resolved ciade
is contrary to expectations based on mor-
phology. Specific pathogenicity to Cupres-
sus and upt the presence or absence of
conmidial appendages ‘appesrs to be the
dominant factor unifying this group. Dis-
tinguishing between these two important
pathogens will now be simple, although
weakly pathogenic isolates with append-
ages might represent those of §. unicorne.
Molecular techniques represent the best
route to identify them.

S. papillatum was ultimately chosen as
the outgroup for this study. This fungus
differs markedly from the other species in
the genus by its very short, papiliate con-
idial appendages on large, ellipsoid to sub-
cylindrical, striate conidia (19). Molecular
data confirmed its unique nature. It is,
therefore, & suitable outgroup to use for
comparison of relatedness among the dif-
ferent cypress canker species.

Seiridium canker is one of the most im-
portant and damaging diseases of trees in
the world (7). As Granitti {7) has sug-
gested, two disdoct pathogens are respon-
sible for this disease. It is important to be
able to ideptify these pathogens with con-
fidence. Previons swudies using sequence
data based on the ribosomal DNA (ITS1,
ITS2, and 5.85 gene) regions (11,17) have
not made this possible. In this study, we
have shown that sequence data from either
the B-tubulin or Hisinne H3 gene has a
high resoluton. It mot only allows us 10
distinguish between the thres Seiridium

species associated with cypress canker, but
also between those that are highly patho-
genic (5. cardinale and 8. cupressi) and the
weakly pathogenic S, unicorne. Using the
sequence data presented in this stody, it
should be possible to develop more tools
such as those using restriction enzytne
digests and RFLP's for the rapid identifi-
cation of the cyprass canker pathogens.
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