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Molecular and morphological characteristics of
Apiosporina morbosa, the causal agent of black
knot in Prunus spp.

W.G.D. Fernando, J.X. Zhang, C.Q. Chen, W.R. Remphrey, A. Schurko,
and G.R. Klassen

Abstract: Thirty isolates of Apiosporina morbosa, which were isolated from wild chokecherry (Prunus virginiana), an
ornamental cultivar of chokecherry with purple foliage (P. virginiana ‘Shubert Select’), and domestic plum (Prunus
domestica), were compared for morphological and molecular characteristics, using culture techniques and data from
internal transcribed spacers (ITS) I and II, restriction fragment length polymorphisms (RFLP), and sequence-related
amplified polymorphism (SRAP) analyses. Strains of A. morbosa grew as olive-green colonies that changed in about
2 weeks to a dark-brown colour. Cultures produced single- or two-celled and cylindrical conidia with tapering ends.
Conidia had a mean size of 4.51 µm × 10.97 µm. The overall colony and conidial morphology in cultures of the
A. morbosa isolates was generally similar to that of an isolate of Cladosporium herbarum. Pseudothecia were globose
and produced clavate asci with unequally two-celled and club-shaped ascospores having mean sizes of 6.68–7.37 µm ×
16.42–16.78 µm. RFLP markers produced by endonucleases DdeI, Bst98I, and VspI in the ITS region differentiated the
pathogen isolates from other gall-associated fungi, but no difference was observed among the A. morbosa isolates,
using these markers. The sequences of the ITS region had >99% similarity among 30 isolates of A. morbosa, and a
total of eight unique genotypes were found, based on ITS sequence alignment. The most common genotype was
manifested in 21 of 30 A. morbosa isolates, based on the ITS sequences. Three A. morbosa isolates had an identical
sequence to that of an isolate of C. herbarum. A comparison with an isolate of Cladosporium cladosporioides showed
that A. morbosa differed from C. cladosporioides by 3%, based on ITS sequences. SRAP analysis detected 18 unique
genotypes and a high genetic diversity (H = 0.256) among 25 isolates of A. morbosa. The pathogen population isolated
from wild chokecherry produced more unique genotypes and higher genetic diversity (H = 0.283) than the population
from ‘Shubert Select’ (H = 0.165). However, an exact test indicated no differentiation between these two populations
(P = 0.334) with a gene flow rate of 4.28. Most of the isolates from ‘Shubert Select’ were clustered in a subgroup in a
phylogenetic dendrogram. Phylogenetic analysis of ITS sequences of the A. morbosa isolates in our study and related
taxa extracted from GenBank revealed that A. morbosa had the closest genetic distance with Cladosporium spp.

Key words: black knot, Apiosporina morbosa, Dibotryon morbosum, Cladosporium herbarum, Cladosporium
cladosporioides, genetic diversity, population structure, Prunus virginiana ‘Shubert Select’.

375Résumé : Les caractéristiques morphologiques et moléculaires de 30 isolats d’Apiosporina morbosa, isolés du cerisier
à grappes (Prunus virginiana) sauvage, d’un cultivar de cerisier à grappes ornemental au feuillage pourpre
(P. virginiana ‘Shubert Select’) et du prunier cultivé (Prunus domestica), ont été comparées à l’aide de techniques de
culture et de données provenant de l’analyse des espaceurs internes transcrits (ITS) I et II, du polymorphisme de
longueur des fragments de restriction (RFLP) et du polymorphisme d’amplification lié à la séquence (SRAP). Des
souches de l’A. morbosa ont produit des colonies de couleur vert olive qui sont devenues brun foncé au bout d’environ
2 semaines. Les cultures ont produit des conidies cylindriques aux extrémités fuselées contenant une ou deux cellules.
Les dimensions moyennes des conidies étaient de 4,51 µm × 10,97 µm. En culture, la morphologie des colonies et
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celle des conidies des isolats d’A. morbosa étaient habituellement semblables à celles d’un isolat de Cladosporium
herbarum. Les pseudothèces étaient globuleux et produisaient des asques claviformes avec des ascospores en forme de
massue contenant deux cellules dissemblables et mesurant en moyenne 6,68–7,37 µm × 16,42–16,78 µm. Les
marqueurs RFLP produits par les endonucléases DdeI, Bst98I et VspI dans la région des ITS ont permis de distinguer
les isolats de l’agent pathogène des autres champignons associés aux galles, mais ils n’ont pas permis de trouver de
différence entre les isolats d’A. morbosa. Les séquences de la région des ITS des 30 isolats d’A. morbosa avaient une
homologie > 99% et huit génotypes uniques au total ont été trouvés par alignement des séquences des ITS. En se
basant sur les séquences des ITS, le génotype le plus fréquent a été trouvé dans 21 des 30 isolats d’A. morbosa. Trois
des isolats d’A. morbosa avaient une séquence identique à celle d’un isolat de C. herbarum. La comparaison des
séquences des ITS avec celles d’un isolat de Cladosporium cladosporioides a révélé que la différence entre l’A.
morbosa et le C. cladosporioides était de 3%. L’analyse SRAP a permis la détection de 18 génotypes uniques et d’une
diversité génétique élevée (H = 0,256) parmi 25 isolats d’A. morbosa. La population de l’agent pathogène isolée du
cerisier à grappes sauvage a fourni plus de génotypes uniques et de diversité génétique (H = 0,283) que la population
provenant de ‘Shubert Select’ (H = 0,165). Cependant, un test de Fisher-Yates n’a pas permis de différencier ces deux
populations (P = 0,334) avec un taux de flux génétique de 4,28. Dans un dendrogramme phylogénétique, la plupart des
isolats provenant de ‘Shubert Select’ étaient regroupés en un sous-groupe. L’analyse phylogénétique des séquences des
ITS des isolats d’A. morbosa de notre étude et de celles des taxons apparentés extraites de la GenBank a montré que
c’est avec les espèces du genre Cladosporium que l’A. morbosa était le plus génétiquement apparenté.

Mots clés : nodule noir, Apiosporina morbosa, Dibotryon morbosum, Cladosporium herbarum, Cladosporium
cladosporioides, diversité génétique, structure de population, Prunus virginiana ‘Shubert Select’.
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Introduction

Black knot, caused by the ascomycetous fungus Apio-
sporina morbosa (Schw.) Arx (syn. Dibotryon morbosum
(Schw.) Th. & Syd.), is a major disease of Prunus spp.
throughout North America (Smith et al. 1970; Wainwright
and Lewis 1970; Ritchie et al. 1975; McFadden-Smith et al.
2000). The disease infects woody parts of plants, primarily
young twigs or branches, but also main trunks, and may
eventually kill whole trees when most branches are in-
fected. Following infection, the pathogen stimulates the
host plant to form a black, corky outgrowth of woody tissue
that may eventually result in whole-branch death (Riffle and
Peterson 1986). Koch (1935a) reported that it takes about
2 years from the time of infection to form a mature knot.

The pathogen infects a variety of Prunus host species in-
cluding chokecherry (Prunus virginiana L.), domestic plum
(Prunus domestica L.), wild plum (Prunus americana
Marsh), sour cherry (Prunus cerasus L.), and pin cherry
(Prunus  pensylvanica L.)  in  Canada  (Koch  1933,  1935b;
Wall 1986; Northover and McFadden-Smith 1995). Previ-
ous studies have shown that various strains of the pathogen
may have some specificity to certain host plants. Gourley
(1962) reported that ascospores from plum knots readily in-
fected peach seedlings, but those from peach knots did not
infect peach or plum seedlings. Similarly, Smith et al.
(1970) were unable to induce the black knot disease in
P. domestica ‘Stanley’, using ascospores from Prunus
serotina Ehrh. (black cherry). Farlow (1876) and Gilbert
(1913) also showed pathogen specificity to different hosts.

Although A. morbosa is the causal agent of black knot,
there are several other fungi that can colonize mature knots,
primarily as saprophytes (Koch 1934a). Reported examples
of such fungi include species of Coniotherium, Fumago,
Fusarium, Trichothecium, Penicillium, Phomopsis, Alternaria,
Phoma, Cladosporium, and Hormodendrum (Koch 1934a;
Gourley 1962). Koch (1935b) reported that the genus

Hormodendrum, as the imperfect state of A. morbosa, was
able to induce the formation of knots from conidia.

Although investigations in etiology (Gilbert 1913; Koch
1933, 1934a, 1934b, 1935b; Gourley 1962; Wainwright and
Lewis 1970), epidemiology (Smith et al. 1970; Ritchie et al.
1975; Wall 1986; McFadden-Smith et al. 2000), and disease
management (Gourley 1962; Northover and McFadden-
Smith 1995) for black knot disease on Prunus spp. have
been carried out, the pathogen’s biology is still poorly un-
derstood, and no information on its genetics has been re-
ported. Our objectives were to:
(1) characterize the black knot pathogen from knots of dif-

ferent Prunus spp. and compare them to an isolate of
A. morbosa deposited in the American Type Culture
Collection (ATCC15085), using several techniques in-
cluding morphology, sequence data of internal tran-
scribed spacer (ITS) regions, and molecular markers
derived from both restriction fragment length polymor-
phism (RFLP) analysis and sequence-related amplified
polymorphism (SRAP) analysis (Li and Quiros 2001);
and

(2) investigate genetic variation among isolates of A. morbosa
collected from wild P. virginiana and P. virginiana
‘Shubert Select’.

Materials and methods

Isolation of fungi
Black knot samples from various species of Prunus were

obtained from different regions in Canada (Table 1). Ac-
cording to the culture methods of Koch (1934a), knots were
washed and moistened under running tap water for 30 min.
Pieces (0.5 cm) from each knot were surface-sterilized by
immersion in 10% Clorox® bleach (0.5% NaHCl) for 4 min.
After rinsing with sterile water three times, five pieces were
placed on 1.5% water agar in Petri dishes. Fungal colonies
formed around diseased tissues on the water agar in 2–3 d
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at room temperature (22 °C). From the edge of each, colony
a piece of mycelium was transferred onto potato dextrose
agar (PDA) (Difco Laboratories, Sparks, Maryland, USA)
containing 100 ppm streptomycin sulfate (Sigma, Oakville,
Ontario, Canada) to reduce bacterial contamination. The
PDA dishes were incubated for 1 week, and a microscope
with 400× magnification was used to aid the transfer of sin-
gle conidia to new PDA dishes. Three single-conidia cul-
tures were obtained from black knots on plum and one from
wild chokecherry in 2002 (Table 1). In 2003, newly col-
lected black knots were surface-sterilized as described pre-
viously. Epidermal tissues with fungal stroma were
removed from knots, using a scalpel, and macerated in a
few drops of sterile water on a slide, using a round-ended
glass rod. The macerate was streaked on water agar, and the

cultures were incubated for 24 h at room temperature. Sin-
gle germinating ascospores were marked on plates, using a
microscope, and then transferred to PDA Petri dishes to ob-
tain single-ascospore isolates. A total of 25 single-
ascospore cultures were isolated from knots on wild choke-
cherry and P. virginiana ‘Shubert Select’ in 2003 (Table 1).
For long-term preservation, the isolates were stored on PDA
slants under sterile mineral oil (Smith et al. 1970).

General morphology of the fungus
Three A. morbosa isolates (PFC1A, SAB1B, and CWC2)

were selected for observation of colony morphology. A 0.5-cm
piece of mycelia agar plug was placed at the centre of a
PDA Petri dish. The dish was incubated for 20 d at room
temperature, and colony diameter was measured. Mean col-
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Isolate Hosta Origin
Year of
sampling

Genotype
groupb

Apiosporina morbosa
AM1 Wild chokecherry Riding Mountain National Park, Man. 2003 1
AM2 Wild chokecherry Riding Mountain National Park, Man. 2003 1
AM3 Wild chokecherry Riding Mountain National Park, Man. 2003 2
AM4 Wild chokecherry Riding Mountain National Park, Man. 2003 1
AM5 Wild chokecherry Riding Mountain National Park, Man. 2003 1
AM6 Wild chokecherry Riding Mountain National Park, Man. 2003 1
AM7 Wild chokecherry Riding Mountain National Park, Man. 2003 1
AM8 ‘Shubert Select’ Jeffries Nurseries, Man. 2003 1
AM9 ‘Shubert Select’ Jeffries Nurseries, Man. 2003 1
AM10 ‘Shubert Select’ Jeffries Nurseries, Man. 2003 1
AM11 ‘Shubert Select’ Jeffries Nurseries, Man. 2003 1
AM12 ‘Shubert Select’ Jeffries Nurseries, Man. 2003 1
AM13 ‘Shubert Select’ Jeffries Nurseries, Man. 2003 1
AM14 ‘Shubert Select’ Jeffries Nurseries, Man. 2003 1
AM15 ‘Shubert Select’ John Forsyth Street, Winnipeg, Man. 2003 1
AM16 ‘Shubert Select’ John Forsyth Street, Winnipeg, Man. 2003 1
AM17 ‘Shubert Select’ Abbotsfield Street, Winnipeg, Man. 2003 1
AM18 ‘Shubert Select’ Abbotsfield Street, Winnipeg, Man. 2003 1
AM19 ‘Shubert Select’ Hochman Street, Winnipeg, Man. 2003 1
AM20 ‘Shubert Select’ Lanyon Street, Winnipeg, Man. 2003 1
AM21 ‘Shubert Select’ Lanyon Street, Winnipeg, Man. 2003 3
AM22 ‘Shubert Select’ Wales Avenue, Regina, Sask. 2003 1
AM23 ‘Shubert Select’ Wales Avenue, Regina, Sask. 2003 1
AM36 ‘Shubert Select’ Wales Avenue, Regina, Sask. 2003 4
AM40 ‘Shubert Select’ Wales Avenue, Regina, Sask. 2003 4
CWC2 Wild chokecherry Vancouver, B.C. 2002 5
SAB1A Plum Montréal, Que. 2002 6
SAB1B Plum Montréal, Que. 2002 7
PFC1A Plum Victoria, B.C. 2002 8
ATCC15085 — Virginia, United States 2002 1

Cladosporium herbarum
CH (DAOM196248) — Canadian culture collection in Ottawa, Ont. 2002 4

Cladosporium cladosporioides
CC (DAOM196948) — Canadian culture collection in Ottawa, Ont. 2002 9

Note: –, unknown host.
aWild chokecherry (Prunus virginia), an ornamental cultivar of chokecherry (Prunus virginia ‘Shubert Select’), and plum (Prunus domestica).
bBased on mutations of nucleotides in the ITS region.

Table 1. Apiosporina morbosa isolates collected from black knots on Prunus trees in Canada, and type cultures of A. morbosa,
Cladosporium herbarum, and Cladosporium cladosporioides from United States and Canada.



ony diameter was obtained from six colonies. The experi-
ment was repeated twice. Apiosporina morbosa isolates
AM1 and AM9 were used for measurement of diameter of
ascospores and conidia. The means of ascospores and
conidial spores were obtained by measuring length and
width of 100 ascospores and 100 conidia for each isolate.
The type cultures of A. morbosa (strain ATCC15085) from the
American Type Culture Collection, Virginia, United States,
and of Cladosporium herbarum (Persoon) Link Fries (strain
DAOM196248) and Cladosporium cladosporioides (Fres.)
de Vries (strain DAOM196948) from the Canadian culture
collection in Ottawa, Ontario, were used to compare colony
and conidial morphology with that of the A. morbosa iso-
lates from our knot samples.

DNA extraction
DNA from all A. morbosa isolates, C. cladosporioides,

various gall-associated fungi such as Fusarium spp. and
Phoma sp., and chokecherry leaves was extracted using the
method described by Lodhi et al. (1994). All DNA extracts
were quantified using a spectrophotometer and adjusted to a
final concentration of 5 ng/µL for polymerase chain reac-
tion (PCR) analysis.

Amplification of ITS region and sequencing
DNA samples of 29 A. morbosa isolates from our collec-

tion, along with type cultures of A. morbosa (ATCC15085),
C. herbarum (DAOM196248), and C. cladosporioides
(DAOM196948) were used for the PCR amplification of
ITS regions (Table 1). The universal primers ITS1 (5′-
TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCC-
GCTTATTGATATGC-3′) (White et al. 1990), were used to
amplify the region spanning the 3′ end of the 18S rRNA
gene, internal transcribed spacer 1 (ITS1), the 5.8S rRNA
gene, internal transcribed spacer 2 (ITS2), and the 5′ end of
the 28S rRNA gene. PCR was conducted in a 25-µL reac-
tion volume. Each reaction contained, approximately: tem-
plate DNA, 25 ng; 10× PCR buffer, 2.5 µL (Tris–HCl,
100 mmol/L (pH 8.0), and KCl, 500 mmol/L); Taq poly-
merase, 1 U (1 U is the amount of Taq polymerase that cat-
alyzes the incorporation of 10 nmol of total nucleotides into
acid-insoluble product in 30 min at 70 °C, using M13mp18
DNA as template; Invitrogen Life Technologies, Burlington,
Ontario, Canada); Tris–HCl, 100 mmol/L (pH 8.0); KCl,
500 mmol/L; ITS1 and ITS4 primers, 0.5 µmol/L each;
MgCl2, 1.5 mmol/L; and dNTPs, 0.2 mmol/L each
(Invitrogen Life Technologies). The temperature regime of
the PCR was 40 cycles consisting of denaturing at 94 °C for
2 min, annealing at 55 °C for 1 min, and extension at 72 °C
for 2 min. A final extension at 72 °C for 10 min was fol-
lowed. Amplified products were electrophoresed on 1.4%
agarose gels containing ethidium bromide, 0.5 µg/mL, with
1× TBE running buffer (Tris base, 89 mmol/L; boric acid,
89 mmol/L, and EDTA, 2 mmol/L). A 100-bp DNA ladder
(Invitrogen Life Technologies) was included in each gel as
a molecular size standard. All PCR products amplified with
the ITS1 and ITS4 primers were purified using the High
Pure PCR product purification kit (Roche Applied Science,
Penzberg, Germany) and were sent to the University Core

DNA and Protein Services, University of Calgary, Alberta,
Canada, for sequencing.

RFLP analysis of ITS regions
Representative isolates of A. morbosa (CWC2, SAB1A,

SAB1B, PFC1A, and ATCC15085), Fusarium sp., and
Phoma sp. were used to analyze molecular variation of
RFLP at the ITS regions. The selection strategies for re-
striction endonucleases were based on the minimum num-
ber of enzymes required to produce a specific restriction
fragment pattern in the pathogen ITS region. The enzyme
sites would be located in the ITS regions and not in the
5.8S region. Three enzymes, DdeI, Bst98I, and VspI
(Promega, Madison, Wisconsin, USA), were selected that
recognize the sequences 5′-CTNAG-3′, 5′-CTTAAG-3′, and
5′-ATTAAT-3′, respectively. Approximately 0.5 µg of PCR
amplified ITS fragments was digested with these three en-
zymes in buffer D (Tris–HCl, 6 mmol/L (pH 7.9); NaCl,
150 mmol/L; MgCl2, 6 mmol/L; and DL-dithiothreitol,
1 mmol/L). The solution was centrifuged at 15 800 g for
10 s and digested at 37 °C for 16 h in a water bath. The re-
action was stopped by adding EDTA (500 mmol/L), and a
final concentration of 10 mmol/L was obtained. The di-
gested products were separated in a 2% agarose gel in TBE
buffer running at 60 V for 50 min. The gels were stained
with ethidium bromide (500 ng/mL gel) and viewed under
UV light.

Amplification of SRAPs
The SRAP technique was used as the main tool to ana-

lyze genetic diversity and population differentiation among
25 single-ascospore isolates collected in 2003. The thermal
cycling protocol of the SRAP technique applies two anneal-
ing temperatures in a PCR reaction. A lower annealing tem-
perature (35 °C) is needed in the first five cycles, which
ensures the binding of two primers to sites with a partial
match in the target DNA. A higher annealing temperature
(50 °C) in the next 35 cycles ensures that the DNA products
amplified in the first five cycles are effectively and consis-
tently amplified.

Five combinations of the SRAP primers were tested
against 25 isolates, and one pair of primers that generated
the best band profile was chosen for generating SRAP data:
DC1 (5′-TAAACAATGGCTACTCAAG-3′) and ODD30 (5′-
GCGATCACAGAAGGAAGGT-3′). PCR amplification re-
action was performed in a 15-µL reaction volume contain-
ing: template DNA, 15 ng; two primers, 0.4 µmol/L each;
Taq polymerase, 0.75 U (Invitrogen Life Technologies);
Tris–HCl, 100 mmol/L (pH 8.0); KCl, 500 mmol/L; MgCl2,
1.5 mmol/L; and dNTPs, 0.1 mmol/L each. The fragments
were amplified in a programmable thermal cycler (Genius,
TECHNE Ltd., Cambridge, UK). The first five cycles were
run at 94 °C for 1 min, 35 °C for 50 s, and 72 °C for 1 min,
for denaturing, annealing, and extension, respectively. The
remainder of the amplification was 35 cycles at 94 °C for
50 s, 50 °C for 50 s, and 72 °C for 1 min. The amplified
PCR products were separated by capillary gel electrophore-
sis, using an ABI 3100 automated capillary DNA sequencer
(Applied Biosystems Hitachi, Tokyo, Japan). PCR reactions
were repeated using the same set of primers and the same
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isolates with different DNA preparations to check the re-
peatability of results. The presence and absence of all frag-
ments between molecular sizes of 50 and 500 bp was
scored for each isolate.

Statistical analysis
Pathogen populations were defined according to their

host genotypes to analyze genetic variation within and
among isolates. Amplified fragments were scored manually
as putative loci with two alleles, one allele indicating the
presence of a fragment (designated as 1) and the other the
absence (0) of bands, to create a binary matrix of isolates
and molecular fragments of the different SRAP phenotypes.
Population Genetic Analysis (POPGENE, version 1.32;
Molecular Biology and Biotechnology Center, University of
Alberta, Edmonton, Alberta, Canada) and Tools for Popula-

tion Genetic Analyses (TFPGA, version 1.3; Northern Ari-
zona University, Flagstaff, Arizona, USA) were used for
statistical analysis. Frequency of alleles was estimated by
the Taylor expansion estimator (Lynch and Milligan 1994).
Genetic diversity analysis was measured among all 25 iso-
lates as a whole population as well as two populations: wild
chokecherry and ‘Shubert Select’ (Table 1). The mean ge-
netic diversity, H, was calculated as H = (1 – �Pi

2), where
Pi is the frequency of allele i at the locus (Nei 1973). Per-
cent polymorphic loci (99% criterion) was estimated for
two populations. Differentiation between populations was
also estimated using an exact test (Raymond and Rousset
1995) and by indirect estimation of gene flow, using Gst,
with Nm = ¼(1 – Gst)/Gst (Nei 1973; Slatkin 1987), where
N is the effective population size, m is the migration rate of
gene flow, and Nm is the average number of migrants

368 Can. J. Plant Pathol. Vol. 27, 2005

Morphological characteristics

Isolate
Substrate
colour Colony colour Conidial spores

Mean colony
diameter (mm)a

Apiosporina morbosa
ATCC15085 Black Olive green in about 2 weeks,

then turning into dark brown
Single or double cells, ovoid to

cylindrical
61.9±1.58

PFC1A Black Olive green, then dark brown Single or double cells, ovoid to
cylindrical

12.6±0.92

SAB1B Black with
light purple

Olive green, then dark brown Single or double cells, ovoid to
cylindrical

45.8±1.34

CWC2 Black Olive green, then dark brown Single or double cells, ovoid to
cylindrical

6.8±0.06

Cladosporium herbarum
CH (DAOM196248) Black Olive green, then dark brown Single or double cells, ovoid to

cylindrical
17.8±1.22

Cladosporium cladosporioides
CC (DAOM196948) Black Olive green, then dark brown Single spore, globoid to ovoid 19.4±0.30

aMean colony diameter (±SE) based on six replicate plates (n = 6) and two replicates. The colony diameter was measured on PDA 20 d after
inoculation with a 5-mm plug of the culture.

Table 2. Morphological comparison of isolates of Apiosporina morbosa, Cladosporium herbarum, and Cladosporium cladosporioides.

Isolate Spore Hosta
Range of spore
length (µm)

Mean length
(µm)b

Range of spore
width (µm)

Mean width
(µm)b

Apiosporina morbosa
AM9 Conidium ‘Shubert Select’ 2.27–18.10 9.53±0.086 2.27–5.68 4.27±0.018
ATCC15085 Conidium — 2.27–19.60 10.13±0.023 2.27–5.21 4.45±0.009
AM1) Conidium Wild chokecherry 2.27–18.87 9.98±0.097 2.27–5.45 4.53±0.021

Cladosporium herbarum
CH (DAOM196248) Conidium — 4.54–20.46 10.97±0.027 2.27–6.02 4.51±0.051

Cladosporium cladosporioides
CC (DAOM196948) Conidium — 2.27–12.32 6.51±0.047 2.27–5.68 3.29±0.042

Apiosporina morbosa
AM9 Ascospore ‘Shubert Select’ 13.03–18.18 16.42±0.011 6.25–9.09 7.37±0.007
AM1 Ascospore Wild chokecherry 13.89–18.44 16.78±0.024 5.54–8.78 6.68±0.003

Note: –, unknown host.
aWild chokecherry (Prunus virginia) and an ornamental cultivar of chokecherry (Prunus virginia ‘Shubert Select’).
bMean (±SE) based on n = 100.

Table 3. Comparison of conidial and ascospore size of isolates of Apiosporina morbosa, Cladosporium herbarum, and Cladosporium
cladosporioides.



among populations per generation (Slatkin 1987). Cluster
analysis of multilocus SRAP genotypes was based on allele
frequencies observed for each population. A phenogram
was constructed using the unweighted pair-group method
with arithmetic average (UPGMA) from a Rogers’ modified
genetic distance matrix (Weir and Cockerham 1984; Slatkin
and Barton 1989) in the TFPGA 1.3 software package.
Bootstrap sampling (1000 replicates) was performed for sta-
tistical support of branches of the constructed phenogram
(Felsenstein 1985).

Phylogenetic analysis was also performed using the ITS
sequence data of A. morbosa isolates from this study and
those of Cladosporium spp. mined from NCBI nucleotide
databases with BLASTn (Altschul et al. 1997) by using
A. morbosa ITS sequences obtained from our isolates as
queries. The ITS sequences of Mycosphaerella graminicola
and Septoria tritici, extracted from NCBI nucleotide data-
bases, were used as outgroups. Sequences were aligned us-
ing CLUSTAL-X 1.81 (Thompson et al. 1997) and then
edited manually using MacClade 4.03 (Maddison and
Maddison 2003). The data were analyzed using a Bayesian
maximum likelihood approach with MrBAYES 3.0B4
(Ronquist and Huelsenbeck 2003), using a general time-
reversible model of DNA substitution (Rodriguez et al.
1990) with gamma-distributed substitution rates. Four
Markov chains were used (one heated and three cold), and
the analysis was run for 1 × 106 generations, with trees
sampled every 1 × 103 generations. From a plot of likeli-
hood scores versus generation, the point of inflection was
determined, the first 137 trees were discarded, and the re-
maining trees from that point on with the best posterior
probabilities were retained for construction of the consensus
tree that was visualized using TREETOOL.

Results

General morphology of the fungus
Twenty-nine single-spore isolates of A. morbosa were

isolated from black knots (Table 1). In addition, other gall-
associated fungi that included Fusarium, Phoma, Phomopsis,
Brachysporium, and Epicoccum spp. were isolated from
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Fig. 1. Spore morphology of Cladosporium herbarum,
Apiosporina morbosa, and Cladosporium cladosporioides.
Conidia of (A) C. herbarum, (B) A. morbosa, and
(C) C. cladosporioides. Scale bar = 22 µm (Figs. 1A, 1B, and
1C). (D) Pseudothecia of A. morbosa (scale bar = 55 µm),
(E) an ascus (scale bar = 21 µm), and (F) ascospores (scale
bar = 10 µm).

Fig. 2. RFLP profiles of the ITS region. PCR products
amplified from black knot fungal strains digested with enzymes:
(A) DdeI and (B) Bst98I and VspI. M, DNA marker (bp); A,
Fusarium sp.; B, Apiosporina morbosa ATCC15085; C, Phoma
sp.; D, Apiosporina morbosa SAB1A; E, A. morbosa PFC1A; F,
A. morbosa CWC2; G, A. morbosa SAB1B; H, undigested ITS
(control).



black knot tissues (data not shown). These gall-associated
fungi were morphologically distinct from all A. morbosa
isolates. Three A. morbosa isolates (SAB1A, SAB1B,
PFC1A) from P. domestica and one (CWC2) from P. vir-
giniana were compared to the type culture ATCC15085
(Table 2). Morphologically, they were similar to the type
culture (ATCC15085) and to each other, as the colonies
were generally slow-growing and initially olive green, ma-
turing in about 2 weeks to a dark-brown colour. However,
there was variation in growth rate, as indicated by the final
colony diameter. The ATCC15085 culture exhibited the
fastest growth rate, and the isolate from wild chokecherry
(CWC2) had the slowest growth rate. The colony morphol-
ogy of the three A. morbosa isolates was similar to that of
type cultures of C. herbarum (DAOM196248) and
C. cladosporioides (DAOM196948) (Table 2). A compari-
son of the asexual reproductive structures revealed that the
sizes of A. morbosa and C. herbarum conidia were gener-
ally similar (Table 3). The conidia of both species tended to
be cylindrical with tapering ends (Figs. 1A and 1B),
whereas the spores of C. cladosporioides were smaller and
more spherical (Fig. 1C and Table 3). Apiosporina morbosa
produced globose pseudothecia (Fig. 1D) and clavate to cy-
lindrical asci (Fig. 1E) with eight ascospores. The asco-
spores were clavate and unequally two celled, measuring
6.68–7.37 µm × 16.42–16.78 µm (Fig. 1F, Table 3).

RFLP analysis at the ITS region
Four diagnostic fragments of 144, 261, 66, and 63 bp

were produced with the endonuclease DdeI (Figs. 2A and
3), and three fragments of 24, 158, and 352 bp were pro-
duced with Bst98I and VspI, in the ITS region (Figs. 2B and
3). Although these profiles clearly differentiated the patho-
gen isolates from the gall-associated fungi (Figs. 2A and
2B), no difference was observed among the A. morbosa iso-
lates.

Sequencing of the ITS region
The ITS regions of the 30 A. morbosa isolates (Table 1)

were sequenced, and the ITS sequences for five representative
isolates (PFC1A, CWC2, SAB1A, SAB1B, and ATCC15085
(type culture)) were deposited in GenBank (accession num-
bers AF493982, AF493983, AF493984, AY165751, and
AY166451, respectively). The sequences of the ITS region
of the 30 A. morbosa isolates were aligned with each other,
and a total of eight unique genotypes was found, compared

with isolate ATCC15085 (Table 1 and Fig. 4). The most
common genotype (genotype 1) included 21 isolates that
had identical sequences to that of isolate ATCC15085. An
alignment analysis of sequences revealed that the number of
nucleotide differences among the A. morbosa isolates
ranged from zero to three, with >99% similarity (Fig. 4).
Cladosporium herbarum had similar sequences to genotype
4 represented by the two A. morbosa isolates AM36 and
AM40 (Fig. 4, Table 1). Cladosporium cladosporioides was
approximately 3% dissimilar from ATCC15085. A
GenBank search was performed with the A. morbosa ITS
sequence of the most common genotype, ATCC15085. The
result showed that the A. morbosa sequence had 98%–100%
similarity to most of the deposited ITS sequences of
Cladosporium spp. (data not shown). To investigate this
further, we constructed a phylogenetic tree that included the
ITS sequences of 23 Cladosporium spp. currently available
from GenBank and the 29 sequences of A. morbosa isolates
from our study (Fig. 5). Most Cladosporium spp. and all 30
A. morbosa isolates (including the ATCC15085 isolate) fell
within a large subgroup that was supported by a high poste-
rior probability (0.99), but a few Cladosporium spp. were
divergent from the large Cladosporium and A. morbosa
clade (Fig. 5). Twenty-two A. morbosa isolates with an
identical ITS sequence were all clustered together in one
subgroup with the C. herbarum (AJ300333) and C. mag-
nusianum (AF393712) strains obtained from GenBank
(Fig. 5).

SRAP variation
The SRAP primer that was used in this study consistently

generated nine polymorphic fragments from the 25
A. morbosa isolates (Fig. 6). High percentages of polymor-
phic loci (p, Table 4) were observed in the populations from
wild and ‘Shubert Select’ chokecherry. Eighteen of the 25
isolates represented unique genotypes, with a high genetic
diversity (H = 0.256) (Table 4). The ‘Shubert Select’ iso-
lates were composed of 12 genotypes. The seven isolates
from the wild chokecherry population each represented
unique genotypes, with higher genetic diversity (H = 0.283)
than that of the population from ‘Shubert Select’ (H =
0.165) (Table 4). However, an exact test showed that no dif-
ference was detected between the two populations (P =
0.334), and the gene flow rate (Nm) tested by POPGENE
was 4.28. UPGMA cluster analysis, using Roger’s modified
genetic distances between A. morbosa isolates, gave dis-
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Fig. 3. Location of ITS region in ribosomal DNA of Apiosporina morbosa and endonuclease cut sites: B, Bst98I; D, DdeI; V, VspI.
The numbers in the figure indicate the size of each fragment (bp).



tances ranging from 0% to 68%, and the clustering obtained
in the dendrogram was statistically supported by 1000 boot-
strappings (Fig. 7). Fifteen of 18 isolates from ‘Shubert Se-
lect’ were clustered in group A, and three in group B were
scattered among isolates from wild chokecherry.

Discussion

A large variation in growth rates on PDA was observed
among A. morbosa isolates. Mean size and shape of
conidial spores of A. morbosa are similar to those of
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Fig. 4. Alignment of the ITS region sequences of the Apiosporina morbosa isolates from different genotypes. ATCC, A. morbosa type
culture ATCC15085; AM3, AM21, AM36, AM40, and CWC2 are A. morbosa isolates from all sampled Prunus virginiana; SAB1A,
SAB1B, and PFC1A isolates from Prunus domestica (plum); CH, Cladosporium herbarum; CC, Cladosporium cladosporioides.



C. herbarum (DAOM196248), but notably different from
those of C. cladosporioides (DAOM196948). Sinclair et al.
(1997) reported that the sizes of conidia and ascospores of
A. morbosa were 4–9 µm × 3.5–5.5 µm and 13–18 µm ×
4.5–7.5 µm, respectively. In our work, the size of conidial
spores had a larger range of variation than that reported by
Sinclair et al. (1997), but ascospore size was generally simi-
lar.

The ITS region is considered to be less conserved in spe-
cies evolution (Liu et al. 2001; Wirsel et al. 2002) and is ex-
tensively used for fungal phylogenetic analyses to
characterize fungal evolution and for identification of fun-
gal species (Nazar et al. 1991; O’Donnell 1992; Morales et

al. 1993). Although eight genotypes were detected from this
study, using the variability of the ITS region, this was not
adequate to characterize well the genetic diversity among
isolates, because there were too few mutations in this re-
gion. However, in differentiating A. morbosa from other
gall-associated fungi such as species of Phoma, Fusarium,
and Phomopsis, the ITS sequence and its RFLP markers
were very useful. The sequence of the ITS region of
A. morbosa has little similarity to those of other gall-
associated fungi.

Compared with the ITS sequence data, the SRAP tech-
nique is more effective in detecting molecular variation
among pathogen isolates. The SRAP technique, which has
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Fig. 5. Phylogenetic relationships among Cladosporium spp. and Apiosporina morbosa isolates inferred from a Bayesian analysis of
nuclear rDNA ITS sequences. All A. morbosa isolates are from the present research. The tree shown is a consensus tree from 863
trees. Posterior probabilities greater than 0.95 are indicated at nodes. GenBank accession numbers are shown next to species names
and isolate numbers are in parentheses.



been applied to gene tagging in Brassica plants, is a rela-
tively new and highly efficient PCR-based technique (Li
and Quiros 2001). It applies two primers and can produce
highly reproducible polymorphic bands, reportedly as many
as the amplified fragment length polymorphism (AFLP)
technique (Vos et al. 1995; Li and Quiros 2001). The SRAP
technique is much simpler and less costly than AFLP be-
cause it omits the enzyme restriction, ligation of primer
adapters, and preamplification that is needed in the AFLP
technique. Because SRAP primers detect primer sites by
sampling the whole genome of A. morbosa, they produce
more polymorphic fragments than mutations that occur only
in the ITS region. In this study, one pair of SRAP primers
identified 18 genotypes from 25 isolates, and therefore, the
differences in genetic heterozygosity could be found and
compared for the populations from ‘Shubert Select’ and
wild chokecherry. Such variation could not be identified us-
ing the ITS sequence data. The results of this study demon-
strated the value of using SRAP markers to investigate
genetic variability among isolates of A. morbosa.

Bayesian analysis was used for ITS sequence data in the
present study, Bayesian analysis is a computationally ex-
haustive method for phylogenetic inference and is much
more statistically rigorous than traditional distance (e.g.,
UPGMA and neighbor joining) or parsimony approaches.
This method selects the tree with the greatest probability of
having the correct tree topology, given the data and model
of substitution. Bayesian analysis focuses on values of the
“posterior probability” (i.e., the probability of a tree topol-
ogy, branch lengths, and parameters of the substitution
model, given the data). Posterior probabilities and boot-
strapping (repeated random sampling with replacement
from an original sample; Felsenstein 1985) values are both
commonly used measures of phylogenetic reliability, but in
many cases, Bayesian posterior probabilities provide closer
estimates of the true probabilities of recovering the true tree
topology (Wilcox et al. 2002; Alfaro et al. 2003; Erixon et
al. 2003). Bayesian analysis is generally used for analyzing
molecular sequence data (Erixon et al. 2003). Therefore,
UPGMA and bootstrapping were used for analysis of mo-

lecular marker data generated by the SRAP technique in the
current study.

A high genetic diversity was observed among the 25 iso-
lates of A. morbosa overall and between the two popula-
tions from ‘Shubert Select’ and wild chokecherry. The
recombination occurring in the sexual stage is an important
source of genetic diversity in fungal populations (Milgroom
1996). The high level of diversity within a population cou-
pled with a lack of linkage among loci is indicative of a ge-
netically recombining population (Hartl and Clark 1989). In
our study, 100% of loci detected in the 25 single-ascospore
isolates were polymorphic, and the 25 isolates were divided
into 18 genotypes, producing a high genetic diversity pro-
file. This suggests that a high level of recombination oc-
curred among these isolates developed from single
ascospores of A. morbosa in 2003.

The population consisting of seven A. morbosa isolates
from wild chokecherry represented seven unique genotypes
and showed higher genetic diversity (H = 0.283) than did
the population composed of 18 isolates from ‘Shubert Se-
lect’ (H = 0.165). Diversity of host genotypes has been re-
ported as an important selection pressure for high genetic
diversity of pathogen populations in other host and patho-
gen systems (White et al. 1990; González et al. 1998; Flier
et al. 2003). In our study, although two populations from
‘Shubert Select’ and wild chokecherry were isolated from
the same host species, P. virginiana, the genotypic diversity
of wild chokecherry was much higher than that of ‘Shubert
Select’, which is typically clonally propagated. This may
explain the higher genetic diversity of the A. morbosa popu-
lation on wild chokecherry. However, the differentiation be-
tween the two populations was not detected (P = 0.334),
and a high gene flow existed between the two populations
(Nm = 4.28). This suggests that A. morbosa in wild choke-
cherry might be an inoculum source for black knot disease
occurring in ‘Shubert Select’ in cities and nurseries in west-
ern Canada. More direct evidence, such as successful infec-
tion of the alternative hosts, using isolates from different
hosts, is needed before a firm conclusion can be made on
this hypothesis.

Cladosporium spp. have been reported among the most
common fungi associated with black knots on Prunus plants
(Koch 1934b). In our study, morphological observations of
colonies and conidial spores showed that A. morbosa iso-
lates were similar to C. herbarum but not as much to
C. cladosporioides. Nevertheless, the phylogenetic analysis
revealed a close genetic relationship between A. morbosa
isolates and most sequences representing species of the ge-
nus Cladosporium recovered from GenBank (Fig. 5). Thirty
isolates of A. morbosa fell in a subgroup with 19
Cladosporium spp., having 98% similarity to each other and
to the Cladosporium spp. in this subgroup (sequence data
not shown). In particular, the type culture ATCC15085
(AY166451) and 21 isolates of the A. morbosa from this
study have an identical sequence and were clustered in the
same subclade with the tree pathogen C. herbarum. Farlow
(1876) had placed the imperfect state of the A. morbosa
fungus in the genus Cladosporium. Koch (1935b) showed
that, when isolated from black knots on plum trees and in-
oculated to plum twigs, conidia of Hormodendrum sp., con-
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Fig. 6. A gel of capillary electrophoresis, using an ABI 3100
automated capillary DNA sequencer, showing the genotypic
diversity of Apiosporina morbosa isolates. AM1–AM7 were
isolated from wild chokecherry (Prunus virginiana), and AM8–
AM25 from Prunus virginiana ‘Shubert Select’. M, molecular
ladder (bp); FS, Fusarium sp.



sidered the imperfect state of A. morbosa, were successfully
causing swellings and the development of typical black
knots on which perithecia of A. morbosa were produced. De
Vries (1952) assigned both Hormodendrum and Clado-
sporium to the genus Cladosporium. However, based on a
distinction in proliferation pattern between Hormodendrum
and Cladosporium, David (1997) disputed the notion that
Hormodendrum is a synonym of Cladosporium. Neverthe-
less, the results of our phylogenetic analysis appear to

support a teleomorph–anamorph connection between
A. morbosa and Cladosporium sp. at a molecular level.
However, more work would be necessary to confirm such a
hypothesis.
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