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Abstract

Blueberry, which produces phenolic compounds, is one of the most popular fruits in Korea. During a survey on blueberry
diseases, 16 Colletotrichum isolates were obtained from blueberry leaves in Chuncheon and Gosung, Kangwon province,
Korea. Using morphological and molecular analyses, the isolates were identified as Collerotrichum aenigma, C. fioriniae,
C. fructicola, C. gloeosporioides, and C. nymphaeae. C. gloeosporioides was the most frequently isolated (11 isolates),
and only one or two isolates of the other species were found. After inoculation with all isolates, those leaves and
fruits with wounds easily developed anthracnose; whereas, fruits without wounds became infected but leaves without
wounds were infected by only two of C. gloeosporioides. Typically, around seven fungicidal agents are used to control
anthracnose on blueberries in Korea. Fluzinam and prochloraz manganese complex strongly (over than 80%) inhibited
the growth of all Colletotrichum species, while dithianon and mancozeb only weakly (about 80% or less) inhibited
their growth.
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Introduction

Blueberry is a woody plant of the genus Vaccinium sect.
Cyanococcus that is native to North America and currently
cultivated worldwide (Martin-Gémez et al. 2020). In
Korea, highbush and rabbiteye blueberry are the most com-
monly cultivated, along with their various cultivars (Kim et
al. 2017). The production and cultivation areas have in-
creased since its introduction into Korea in the 1960s.
About 9,222 tons of blueberries were produced from 4,162
hain 2015 (Kim et al. 2017).

The phenolic compounds, such as phenolic acids, tan-
nins, stilbenes, lignans, and flavonoids (including antho-
cyanins and flavonols), produced by the blueberry are re-
ported to lower blood pressure and to be effective against
cancer, aging, and diabetes (Zhou et al. 2014; Lin et al.
2020), and interest in the properties of blueberries is in-
creasing (Kim et al. 2017; Lin et al. 2020).

There are many plant fungal diseases that affect blue-
berries, including mummy berry, twig blight, canker, leaf
spot, and fruit rot due to Phomopsis; stem blight due to

Botryosphaeria; postharvest pathogen and root rot caused
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by Phytophthora and Armillariz; leaf rust; leaf spot; pow-
dery mildew; anthracnose caused by Colletotrichum; and
Alternaria fruit rot (Caruso and Ramsdell 1995). In Korea,
sooty mold due to Cladosporium sphaerospermum (Kwon
et al. 2019), anthracnose caused by Colletotrichum acuta-
tumand C. gloeosporioides (Kim et al. 2009), twig dieback
due to Neopestalotiopsis (Lee et al. 2019), bark dieback
due to Neofusicoccum and Botryosphaeria (Choi 2011;
Choi et al. 2012), postharvest pathogen caused by Botrytis
cinerea (Kwon et al. 2011), etc. have been reported to affect
blueberries.

Anthracnose, one of the most common fungal diseases
globally, is caused by fungi of the genus Colletotrichum (te-
leomorph: Glomerella) and can occur in many host species
(Polashock et al. 2005). Furthermore, it damages the leaves,
stems, flowers, and fruits of the host, causing significant
economic losses to the fruit growing industry (Freeman et
al. 1998). Anthracnose is caused by two main species in the
blueberry plant, C. glocosporioides and C. acutatum. Kim
et al. (2009) isolated 75 Colletotrichum strains from blue-
berry in Korea and identified them as C. gloeosporioides
and C. acutatum. However, this result was reported more
than ten years old. The incidence rate of anthracnose has
been increasing with climate change (Shin and Yun 2011;
Lee 2019). Moreover, the characteristics and composition
of the Colletotrichum genus have changed (Cannon et al.
2012; Damm et al. 2012; Weir et al. 2012). Therefore, a
survey on the current diseases of blueberry plants is
needed.

During our study of diseases on blueberry plants in
Kangwon province, Korea, we isolated various pathogens
from leaves, twigs, and fruit. We aimed to determine the
frequency of individual species among the collected patho-
gens and to isolate the major causative agent of anthracnose
on the blueberry. And we also examined fungal growth in-

hibition by fungicidal agents.

Materials and Methods

Collection of samples and isolation of fungi

To survey diseases of the blueberry, 56 diseased leaf sam-
ples from two farms in Chuncheon (37°57'59.9"N
127°44'09.6"E and 37°56'46.0"N 127°41'56.9"E) and 61
samples from two farms in Gosung (38°22'56.5"N
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128°27'05.6"E and 38°27'19.7"N 128°27'05.9"E) were col-
lected from June to August, 2017 (Table 1). Samples were
sterilized by 1% NaOCl for 60 s after cutting 3.0 X 5.0 mm
samples from lesions. These were placed on water agar and
incubated at 25°C for 3 days in the dark. The resulting my-
celia were transferred to potato dextrose agar (PDA) and
incubated at 25°C for 7 days in the dark. Isolates were pre-
served at 4°C for further study (Hong et al. 2018).

Morphological and molecular characteristics of isolates

The cultural morphology and growth conditions on
PDA were analyzed at six different temperatures (10-35°C
at 5°C intervals) after 5§ days incubation. The microscopic
morphologies of isolates grown on PDA at 25°C for 7 days
under 12 h light/12 h dark were also analyzed. To analyze
the molecular characteristics, total DNA was extracted us-
ing Wizard® Genomic DNA Purification Kit (Promega)
and the beta-tubulin (BTU; T1, and bt2b), calmodulin
(CAL; CLIC, and CL2C), chitin synthase (CHS;
CHS-79E, and CHS-345R), and histone (HIS; CYLH3E
and CYLH3R) genes were amplified following the meth-
ods of Damm et al. (2012) and Weir et al. (2012).
Sequencing was performed by BIONICS Co. (http://www.

bionicsro.co.kr).
Pathogenicity assays

Healthy blueberry (Duke, which is the most widely cul-
tivated cultivar of highbush blueberry in Korea) leaves and
fruits with and without wounds were prepared for virulence
assay. The conidia were obtained after incubation on PDA
at 25°C for 14 days under 12 h light/12 h dark. A conidial
suspension containing 1X10°/mL conidia was inoculated
on the prepared blueberry samples and incubated at 25°C

in the dark, and virulence was measured after 5 days.
Fvaluation of fungicides on mycelial growth in vitro

We selected seven fungicidal agents, typically used to
control anthracnose on blueberries in Korea, and we se-
lected suitable concentrations after pre-examination. Various
concentrations of each fungicide were dissolved in warm
PDA medium after autoclaving. Captan, mancozeb, and
dithianon were used at 15.6, 31.6, 62.5, 125, 250, and 500
ppm; benomyl, prochloraz manganese complex, and fluzi-
nam were used at 3.1, 6.3, 12.5, 25, 50, and 100 ppm; and
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oxine-copper was used at 7.8, 15.6, 31.3,62.5, 125, and 250 Results and Discussion

ppm. The mycelial growth was measured after incubation . i .
) o Isolation and identification
on each prepared medium at 25°C in the dark for § days.

A total of 61 isolates were isolated from blueberry leaves.
These included 16 strains of Colletotrichum, which was the

most frequently isolated genus, isolated from 16 samples
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Fig. 1. Phylogenetic tree of members of C. gloeosporioides complex based on the combined three loci BTU, CAL, and CHS. Combined data for the isolates
were compared with those of other species of the C. gloeosporioides complex from Weir et al. (2012). The combined data were analyzed using Tamura-Nei pa-
rameter distance calculation model, and then used to construct the Neighbor-Joining (N]) tree with MEGA ver. 7.0. Bootstrap analysis was performed with
1,000 replications.
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has become well developed and begun to spread.

Using morphological and molecular characteristics, 16
isolates were identified from the genus Colletotrichum, in-
cluding the five species C. aenigma, C. fioriniae, C. fructi-
cola, C. gloeosporioides, and C. nymphaeae (Table 1). This
is the first report of these species, except C. gloeosporioides,

as pathogens of blueberry plants in Korea.

from all collecting sites, except one in Chuncheon.
Colletotrichum spp. were only isolated in August, probably
because anthracnose occurrence is more closely related to
rainfall than temperature (Shin and Yun 2011). For the
same reason, diseased tissue was only found on leaves.
Furthermore, blueberries are usually harvested in June and

July, before heavy rain and before anthracnose on the fruit

99 | Colletotrichum guajavae IMI 350839

Colletotrichum scovillei CBS 126529
Colletotrichum brisbanense CBS 292.67
Colletotrichum indonesiense CBS 127551
64 Colletotrichum laticiphilum CBS 112989
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Colletotrichum salicis CBS 607.94
Colletotrichum australe CBS 116478
Colletotrichum kinghornii CBS 198.35

Colletotrichum phormii CBS 118194
Colletotrichum orchidophilum CBS 632.80
Colletotrichum pseudoacutatum CBS 436.77

0.020

Fig. 2. Phylogenetic tree of members of C. acutatum complex inferred from three loci BTU, CHS, and HIS. Combined data for the isolates were compared
with those of other species of C. acutatum complex from Damm et al. (2012). The combined data were analyzed using Tamura-Nei parameter distance calcu-
lation model, and then used to construct the Neighbor-Joining (NJ) tree with MEGA ver. 7.0. Bootstrap analysis was performed with 1,000 replications.
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The microscopic morphologies of all strains were similar
to that of Colletotrichum, but we were unable to distinguish
between species. However, the species were clearly defined
using molecular characteristics. In total, 11 strains were
clustered within the C. glocosporioides clade and two
strains were of the C. fructicola clade (Fig. 1). Another
three strains were clustered in the same clades as C. ae-
nigma, C. fioriniae, and C. nymphaeae, respectively (Fig.
2). Colletotrichum fioriniae and C. nymphaeae, members
of C. acutatum complex, were clearly defined by all genes
studied (ACT, TUB, and HIS). With regards to the C.
gloeosporioides complex, C. aenigma and C. gloeospor-
ioides were clearly divided using TUB and CHS; and C.
fructicola was clearly defined using ACT and CHS (data
not shown). Therefore, multilocus sequence typing analysis
is necessary for the correct identification of Colletotrichum
species.

C. gloeosporioides was the most frequently isolated spe-
cies in this study, while the four other species were isolated
from only one or two strains. Kim et al. (2009) isolated 82

strains, which were identified as C. gloeosporioides (75

Table 2. Pathogenicity assay on leaves and fruit with/without wounds

Cho et al.

strains) and C. acutatum (14 strains); the most frequently
isolated species was the same as in this study. However, we
isolated C. aenigma, C. fructicola, C. fioriniae, and C. nym-
phaeae but did not find C. acutatum. These differences are
likely to be due to the identification methods employed.
Kim et al. (2009) used only morphological identification,
but Colletotrichum cannot be defined using morphology
alone. Furthermore, the classification of Colletotrichum
species has recently changed. The isolation frequencies of
C. gloeosporioides and C. acutatum complexes in this study
were similar to that of C. gloeosporioides and C. acutatum
in the study by Kim et al. (2009). Therefore, the stains
identified by Kim et al. (2009) could potentially be re-

classified as other species.
Growth rate

Fungal growth at various temperatures showed that C.
aenigma, C. fioriniae, C. fructicola, and C. nymphaeae had
the highest growth rates at 25°C. Five strains of C. gioco-
sporioides had the highest growth rates at 25°C, while the

other five strains grew better at 30°C. Except C. fioriniae,

Leaf*' Fruit**
Scientific name Strain no.
With wound Without wound With wound Without wound
C. aenigma GO084 + - +4++ +
C. fioriniae GO098 ++ - +++ +
C. fructicola CHO062 +++ - +++ +
GO113 +++ - +++ +
C. gloeosporioides CHO052 + + +++ +
GO073 ++ - +++ +
GO074 + - +++ +
GO079 + - 4+ +
GO089 + _ +++ +
GO090 ++ - +++ +
GO092 ++ + S +
GO103 + _ +++ +
GOL110 ++ - +++ +
GO116 ++ - +++ +
GO122 + _ +++ +
C. nymphaeae GO065 + - +++ +

Lesions and symptoms were observed after 7 days incubation.

!, Pathogenicity on leaves was indicated by the size of lesion (-, no lesion; +, <5.0 mm; ++, 5.0-10.0 mm; +++, > 10.0 mm).

#*. The development of disease on fruit was indicated by -, no symptoms; -+, weak symptoms; + +, developed only on surface; ++ +, de-

veloped into fruit.
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C. nymphaeae, and one of the two C. fructicola strains,
which had relatively higher growth rates at 20°C, almost all
strains showed higher growth rates at 30°C or 20°C and
substantially lower growth rates at 10°C and 35°C (Table 1).

Captan
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Pathogenicity assays

All strains resulted in anthracnose symptoms when in-
oculated onto leaves with wounds, and only two of those C.

gloeosporioides strains (CHO052 and GO092) infected

Dithianon

100.0

80.0

60.0

40.0

0.0
15.6 313 62.5

C. aenigma
— C. fructicola
seeesee C.nymphaeae

125 250 500

== == C.fioriniae
e C. gloeOsporioides

Oxine-copper

100.0
90.0 T
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0
0.0
7.8 15.6 313

C. aenigma
e C. fructicola
= C.nymphaeae

Fluzinam

100.0

e o o e e et Sl © e Vel Gt Vi
o

62.5 125 250

== == C. fioriniae
e (. gloeosporioides

90.0 S ESEE———

80.0 T :
700
60.0
50.0
400
300
200
100
00

31 6.3 125

C. aenigma
e C. fructicola
»» C.nymphaeae

25 50 100

== == C.fioriniae
e C. gloeoOsporioides

Fig. 3. Growth inhibition by seven anti-fungal agents typically used to control anthracnose on blueberry plants in Korea.
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leaves without wounds. Both C. fructicola strains (CH062
and GO113) resulted in the largest lesions on leaves with
wounds. With regards to the fruit, samples both with and
without wounds were infected by all strains (Table 2).
Therefore, all the strains had the potential to infect the
leaves as well as the fruit of the blueberry plant, although

they were only isolated from the leaves.
Fungal growth inhibition

Among the seven fungicidal agents tested, fluzinam and
prochloraz manganese complex showed higher growth in-
hibition on all fungal species, at over 80% and 90%,
respectively. Benomyl almost completely inhibited the
growth of C. aenigma, C. fructicola, and C. glocosporioides
but resulted in 50-70% inhibition of C. fioriniae and C.
nymphaeae growth. Captan inhibited fungal growth only at
higher concentrations, i.e., 250 and 500 ppm. Dithianon
showed lower (below 52%) growth inhibitory effects on all
species at 250 ppm or lower concentrations. At 500 ppm,
dithianon inhibited the growth of C. aenjgma, C. fructicola,
and C. gloeosporioides by approximately 80% and the
growth of C. fioriniae and C. nymphaeae by about 60%.
Mancozeb resulted in 50% or lower growth inhibition, ex-
cept on C. aenigma, which was completely inhibited by 250
and 500 ppm. Oxine-copper inhibited C. fioriniae and C.
nymphaeae growth by over 90%, while it inhibited the
growth of other species to various degrees. The members of
the C. gloeosporioides complex, such as C. aenigma, C.
fructicola, and C. gloeosporioides, showed nearly 100% in-
hibited growth in all concentrations of benomyl, fluzinam,
and prochloraz manganese complex. However, C. acuta-
tum complex species, such as C. fioriniae and C. nym-
phaeae, showed 80% or higher inhibited growth in all con-
centrations of oxine-copper, fluzinam, and prochloraz man-
ganese complex (Fig. 3). In a recent report describing the
current characteristics of Colletotrichum, resistance to be-
nomyl is one of features by which C. gloeosporioidesand C.
acutatum can be distinguished (Talhinhas et al. 2005). The
same phenomenon was seen for the growth inhibition of the
two species by benomyl in this study. The correct identi-
fication of pathogens is necessary for the effective control of
diseases, as the fungicide-induced growth inhibition rates
differ depending on the species. There are many fungicidal

agents used to control anthracnose, thus, further research

Cho et al.

into the effect of other fungicidal agents is needed.
Furthermore, a study of the effects of the agents on other

pathogens is also required.

Conclusion

The genus Colletotrichum, which causes anthracnose in
the blueberry plant, was the most frequently found patho-
gen in Kangwon province, Korea. We identified five dis-
tinct species, C. aenigma, C. fioriniae, C. fructicola, C.
gloeosporioides, and C. nymphaeae, using molecular char-
acterization, of which C. gloeosporioides was the most fre-
quently isolated. All isolations, except C. fioriniae, one
strain of C. fructicola, and C. nymphaeae, showed the
strongest growth at 25-30°C. All isolations showed patho-
genicity on leaves with wounds, and C. fructicolawas a par-
ticularly pathogenic species. We observed symptoms on
fruit both with and without wounds after inoculation by all
strains. Among the seven antifungal agents tested, which
are those typically used to control anthracnose on blueberry
plants in Korea, fluzinam and prochloraz manganese com-
plex resulted in the greatest growth inhibition of all fungal
species. On the other hand, only weak growth inhibition
was seen with dithianon and mancozeb, the growth in-
hibition properties of the other chemicals varied with fungal

species.
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