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ABSTRACT

In Poland, the first description of the causal agent of the valdensia leaf blight fungus Valdensinia heterodoxa
was on highbush blueberry in 2011. Our study identified this pathogen in highbush blueberry plantations and
on bilberry plants to describe its biology, molecular characteristics, and disease epidemiology. The 115 fun-
gus isolates yielded were divided into 2 groups based on the colony morphology differences on PDA (potato
dextrose agar) medium. For the isolates from each group, morphology and growth dynamics were studied on
PDA and WOA (weak oatmeal agar) with added highbush blueberry/bilberry/lily of the valley leaf decoction
under different light and temperature conditions. The isolates’ colony morphology differences were noted
depending on the medium type. The best isolate growth was at 20 °C/19 °C-day, 12 °C-night, with a 12-hour
photoperiod. Isolate identification using PCR showed nearly 100% nucleotide sequence similarity to refer-
ence isolates. On infected leaves, the release height of conidia was 18 cm. The presented results are novel in
Poland and have a broader-than-domestic significance.

Keywords: Vaccinium corymbosum L., valdensia leaf blight, fungus morphology, mycelium growth rate, PCR
detection and identification

INTRODUCTION

For many years, the highbush blueberry (Vaccini-
um corymbosum L.) was considered to be resistant
to pathogen diseases. With the increasing number of
plantations and the larger area of cultivation of this
plant in Poland, the occurrence of new pathogens in-
fecting the species has been reported more frequently.

*ewa_mirzwa-mroz@sggw.edu.pl

The results of research conducted by Paduch-Cichal
etal. [2011] and Cieslinska [2020] revealed the pres-
ence of the following viruses in highbush blueberry
plants: Blueberry shoestring virus (BSSV), Peach ro-
sette mosaic virus (PRMV), Blueberry scorch virus
(BIScV), Tobacco ringspot virus (TRSV), Blueberry
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red ringspot virus (BRRSV), and Blueberry mosaic
associated virus (BIMaV). Various bacterial species
from the genus Pseudomonas [Kaluzna et al. 2013]
and Xanthomonas arboricola [Kaluzna and Pothier
2022] were detected in 2012-2013. Nevertheless,
mycoses are the most numerous group of highbush
blueberry diseases. The most frequent fungal patho-
gens of the plant include Botrytis cinerea Pers.,
which is a causal agent of gray mold, Colletotrichum
acutatum J.H. Simmonds and C. fioriniae (Marcelino
& Gouli) Pennycook, causing anthracnose in high-
bush blueberry, and Godronia cassandrae Peck., i.e.
a cause of shoot blight in this plant species [Zalews-
ka et al. 2007, Szmagara 2009, Meszka and Bielenin
2012, Mirzwa-Mroz et al. 2023].

In 2011, a new species of the fungus Valdensinia
heterodoxa Peyronel, a causal agent of valdensia leaf
blight, was detected in highbush blueberry cv. Bluec-
rop plants in one of the nurseries in Poland [Dzigciot
et al. 2014]. In the subsequent years, Kukuta et al.
[2017] investigated the biology of this pathogen and
carried out molecular characterization of 40 V. het-
erodoxa isolates originating from highbush blueberry
shrubs growing in commercial plantations or nurs-
eries (cv. Bluegold, cv. Bluecrop) in Mazowieckie
Voivodeship and from bilberry plants growing in for-
ests in Pomorskie and Lubelskie Voivodeships.

The available literature from Poland does not
provide detailed information on the occurrence and
harmful effects of valdensia leaf blight. In other Euro-
pean countries the main recommendation is prophy-
laxis based on maintenance work and fruit harvesting
at a different time than at maximum plant wetting.
In the case of the presence of the first symptoms of
the disease in commercial cultivation, quick removal
and burning infected plants are recommended [Annis
and Yarborough 2009, Hildebrand et al. 2016].

The aim of the study was to assess the occurrence
of V. heterodoxa in highbush blueberry plantations
and bilberry plants growing in forests that were not
adjacent to the highbush blueberry plantations. Addi-
tionally, the study was focused on examination of the
dynamics of growth of V. heterodoxa isolates on var-
ious media, determination of the conditions for the
production of conidial spores (conidia) by the fungus
and the height at which conidia are released.

MATERIALS AND METHODS

Inspection of plantations

The 5-year study was conducted in 18 commercial
highbush blueberry plantations located in Mazow-
ieckie (8 plantations), L.odzkie (5), Podlaskie (3), and
Lubelskie (2) Voivodeships. Additionally, the other
examined species included trees (Acer macrophyllum
Pursh., Betula pubescens Ehrh., Corylus avellana L.,
Fagus sylvatica L., Quercus robur L., Q. petraea Li-
ebl., Sorbus aucuparia L.), shrubs (wild raspberries,
blackberries), and perennials (Convallaria majalis L.,
Oxalis acetosella L., Polygonatum multiflorum (L.)
All.) growing in the vicinity or at a certain distance
from some plantations. The study was also conduct-
ed in mixed forests located at some distance from the
highbush blueberry plantations in Pomorskie (3 sites),
Lubelskie (2) and Matopolskie (3) Voivodeships.

The plantations were inspected using the route
method from June to the end of August. The research
material consisting of leaves collected from differ-
ent plant species with visible symptoms of V. hetero-
doxa infection was placed in a parchment envelope
and stored at 4 °C for further analyses. Then, they
were examined under a dissecting microscope (SZ11,
Olympus, Tokyo, Japan) to find conidia of the patho-
gen. The conidia were viewed under a BX50 light mi-
croscope (Olympus, Tokyo, Japan) and photographed
using a DP71 camera (Olympus, Tokyo, Japan).

In total, 100 conidia of V heterodoxa collected from
each plant species were measured. The total length
(CL) and total width (HW) of each fully developed
conidium were measured as in Zhao and Shamoun
[2010]. The size of the spores was measured using the
CellF program (Olympus, Tokyo, Japan), compatible
with the camera and the microscope specified above.
ANOVA analysis of variance was carried out, and ho-
mogeneous groups were determined with the Tukey
test. The analysis was performed in Statistica 13.0.

The pathogen species was identified with the use of
available mycological keys [Marcinkowska 2012, Farr
and Rossman 2013] and based on the results of stud-
ies conducted by Peyronel [1923], Redhead and Perrin
[1972a, 1972b], and Nekoduka et al. [2012].

Selected conidial structures were observed under a
scanning electron microscope (FEI Quanta 200 ESEM
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with an EDS EDAX analyzer). Sections with a size of
approx. 3 x 3—4 mm were cut from conidia-bearing
leaves and placed on a table covered with activated
carbon tape. The preparation was then silver-coated in
a vacuum sputter coater (JEOL JFC-1300).

Acquisition of V. heterodoxa isolates

Leaves with disease symptoms collected during
the inspection were processed with two methods to
obtain V. heterodoxa isolates.

Method | — sections (approx. 5 X 5 mm) were cut
from the border between healthy and diseased tissue in
the disease spots and disinfected in 96% ethyl alcohol
and 10% sodium hypochlorite. Afterwards, they were
transferred to Petri dishes (@ 100 mm) with PDA me-
dium (potato dextrose agar) [Gams et al. 1987], and
incubated at 20 °C in daylight. Single-spore cultures
were obtained (from the tips of single hyphae in the
case of non-sporulating cultures) and transplanted into
tubes onto PDA medium slants. The fungal collection
was stored at 4 °C.

Method Il — single-spore cultures were obtained
from conidia that were actively released from the in-
fected leaves [Redhead and Perrin 1972a, 1972b].

Testing Koch’s postulates. Approximately 20 cm
long leafy shoots were collected from healthy plants of
highbush blueberry cv. Bluecrop and bilberry. Young
leaves of these shoots (the second and third fully de-
veloped leaves; in total 6 leaves per isolate) were in-
oculated. Isolates differing in the colony morphology
on the PDA medium slants were selected for the anal-
yses. In the case of isolates with similar morphology,
10 isolates were selected randomly. After inoculation
the plants were tightly closed in transparent polyeth-
ylene bags, and incubated at 20 °C. The pathogen was
re-isolated from the forming spots, and the re-isolates
were compared with the isolates used in the study.

Identification of the causal agent of valdensia leaf
blight using the PCR technique

The material consisted of 14-day cultures of 115 iso-
lates of the fungus V. heterodoxa and 2 reference iso-
lates: HBI0401 from leaves of highbush blueberry cv.
Jersey, Japan (MAFF No. 645023, NIAS — National
Institute of Agrobiological Sciences, Genebank Ja-
pan) and DAOMC 186993 from leaves of Gaultheria
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shallon Pursh, Canada (Canadian Collection of Fungal
Cultures, Biodiversity and Collections).

DNA isolation. Genomic DNA was isolated from
115 isolates obtained from the fungus V. heterodoxa
parasitizing highbush blueberries and blackberries
with the use of the C-tab procedure (cetyltrimeth-
ylammonium bromide) described by Doyle and Doyle
[1987].

PCR technique. The pathogen species was identi-
fied with the use of the PCR technique. Amplification
of non-coding rDNA fragments (ITS1 and ITS2) was
carried out using primers ITSI1F [Gardes and Bruns
1993] and ITS4A [Larena et al. 1999]. The reactions
were carried out as described by Nekoduka et al.
[2012] with some modifications. The primer annealing
temperature was 59 °C instead of 57 °C, and 28 cycles
were run instead of 30. The PCR reaction was carried
out using a Veriti 96 Well Thermal Cycler (Applied
Biosystems, Foster City, USA).

Amplified fragments were separated electropho-
retically in 1.2% agarose/TBE gels in the presence of
ethidium bromide. The amplified fungal DNA frag-
ments were sequenced in the Institute of Biochemistry
and Biophysics of the Polish Academy of Sciences in
Warsaw. The sequences were analyzed and aligned to
the sequences of this fungus available in GenBank us-
ing the BLASTn algorithm [https://blast.ncbi.nlm.nih.
gov/Blast.cgi] and MEGA12 software.

Characterization of V. heterodoxa isolates
with classical methods

Effect of temperature and light on the growth
of selected V. heterodoxa colonies. Based on the
morphology of the cultures grown on PDA medium,
115 fungal isolates were preliminarily divided into
groups. Further analyses were performed using
isolates VhVal3A, VhVal4, and VhBg/1z/16 from
highbush blueberry and isolates VhDMI1, VhKirl,
VhK26/2a from bilberry, which differed in the mor-
phology and origin (northern, central, and southern
Poland). Reference isolates HBI0401 and DAOMC
18699 were also included in the study.

The inoculum consisted of 5 mm diameter disks
of PDA medium overgrown by the mycelium of the
analyzed isolates and cut out with a cork borer from
actively growing 14-day cultures of each isolate. The
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disks were transferred to the center of sterile PDA
poured into 100 mm diameter Petri dishes (10 dish-
es per each isolate). The dishes were incubated in
a growth chamber (Versatile Environmental Test
Chamber, Sanyo, Japan) at temperatures of 10, 15, 20,
and 25 °C in two variants: I) 12h day/12h night, II) no
access to light [Nekoduka et al. 2012].

The diameters of the colonies of fungal isolates
were measured 28 days after the inoculation. The re-
sults were used to calculate the surface area of the col-
ony using the area of ellipse formula:

S=II/4-d-s
where: d — colony length, s — colony width.

The experiment was conducted in duplicate. One-
way analysis of variance (ANOVA) was performed.
The Tukey test (p = 0.05) was used to compare the
means. Statistical calculations were made using the
Statistica 13.0 program.

Morphology and growth dynamics of selected
V. heterodoxa isolates cultured on different media
and in different incubation conditions

The mentioned above isolates from the highbush
blueberry, bilberry, and reference isolates were select-
ed for the morphology studies. The growth dynamic
of the fungal colonies was analyzed only in the case
of isolates VhVal3 A and VhVal4 representing different
groups. The morphology and growth dynamics of se-
lected V. heterodoxa isolates were analyzed using PDA
and WOA (weak oatmeal agar) media supplemented
with decoctions of powdered or fresh leaves from se-
lected host plants (highbush blueberry, bilberry, and
lily of the valley) placed in Petri dishes (@ 100 mm).

The media were inoculated using disks overgrown
by the mycelial hyphae of the individual isolates as
described above. After the inoculation, the Petri dishes
were incubated in a growth chamber (Versatile Envi-
ronmental Test Chamber, Sanyo, Japan) in the follow-
ing conditions:

— temperature of 19 °C, no light access [Zhao and
Shamoun 2006]

— room temperature (20 °C), daylight [Nekoduka
etal. 2012]

— temperature of 19/12 °C (day/night), 12-h photo-
period [ Vogelgsang and Shamoun 2002].

The morphological features of the pathogen cultures
were studied twice on five Petri dishes (@ 100 mm) per
each isolate using the procedure described by Zhao and
Shamoun [2006]. The morphology of the fungus colo-
nies was observed four times at 7-day intervals.

In the experiment on the growth dynamics of the
V. heterodoxa isolates, 10 Petri dishes with each me-
dium were used for each isolate. After 5, 10, and
15 days, measurements of colony diameter were made
and the surface area calculated. The rate of the in-
crease in the surface area of the fungal colonies was
determined for each of the medium variants with the
use of the regression equation:

y=a+bx

where: y — surface area of mycelium; a — intercept;
b — coefficient of the slope of the regression line;
x — day of experiment [Krysicki et al. 1994].

Pearson correlation coefficients (r) were calculated.
One-way analysis of variance (ANOVA) of the calcu-
lated regression coefficients was performed. Homoge-
neous groups were determined using the Tukey test at
the level of p = 0.05. All the statistical calculations
were performed using the Statistica 13.0 program.

Formation of V. heterodoxa conidia in in vitro
conditions. The study was conducted using the same
set of isolates as mentioned above. The WOA and OA
(oatmeal agar) media were inoculated with myceli-
um-overgrown disks as described above. The exper-
iment was conducted in three variants:

Variant 1. Inoculation of WOA medium on Pe-
tri dishes, incubation in a growth chamber, temp.
16 °C, photoperiod 12 h day/12 h night [Nekoduka et
al. 2012]

Variant 2. Inoculation of WOA and OA media, in-
cubation in a growth chamber at 17-19/12 °C (day/
night), 12 h photoperiod [Vogelgsang and Shamoun
2002, Zhao and Shamoun 2010]

Variant 3. Inoculation of OA medium on Petri
dishes, incubation in daylight, temp. approx. 20 °C —
modification of conditions developed by the authors of
the present study.
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Cultures of V. heterodoxa isolates growing on the
media were observed to detect spore formation on
days 7, 14, 21, and 28 after inoculation. The experi-
ments with each of the variants were carried out twice.
Three Petri dishes with each medium were allocated
for each isolate. The number of conidia of the patho-
gen formed per day was assessed. The cultures were
observed under a SZX16 stereoscopic microscope
(Olympus, Tokyo, Japan). The conidia were viewed
under a BX50 light microscope (Olympus Tokyo, Ja-
pan) and photographed (DP71 camera). The Cell F
computer program was used to measure their length
and width.

Upon determination of the optimal conditions for
the selected isolates to produce spores, the spore for-
mation ability of the other 115 V. heterodoxa isolates
was analyzed.

Release of V. heterodoxa conidia at different heights

The study of the height to which V. heterodoxa
conidia were released was carried out twice using
2000 ml cylinders. Fresh highbush blueberry and
bilberry leaves with visible disease symptoms were
rinsed under running water for 2 hours. Next, three
leaves of each species were placed on Petri dishes
(® 50 mm) covered with sterile moistened filter paper.
Each dish was covered with a lid with an aluminum
cap glued on its upper side. This helped to connect the
Petri dish to a threaded rod. The dish with the rod was
gently placed on the bottom of a measuring cylinder
with the leaves on its underside, and the lid was moved
away from the leaf surface at a distance of 5, 10, 15,
20, and 25 cm using the threaded rod as in Redhead
and Perrin [1972a, 1972b]. The observations of the Pe-
tri dishes placed at the different heights were initiated
when conidia produced in the control conditions were
visible on the inner surface of the dish lid. A stereo-
scopic microscope SZ11 (Olympus Tokyo, Japan) was
used for the observations.

RESULTS

Occurrence of the pathogen

During our five-year inspection of 18 highbush
blueberry plantations and 8 natural stands, the symp-
toms of valdensia leaf blight were observed several
times. In Mazowieckie Voivodeship, the pathogen
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was noted on highbush blueberry cv. Bluegold and
two unknown cultivars (Prazméw plantation). No
valdensia leaf blight symptoms caused by V. hetero-
doxa were found in highbush blueberries in the oth-
er 17 plantations. In the natural stands, the pathogen
was commonly observed each year on wild-growing
bilberry shrubs in forests in Kopalino, Karwia, Os-
trowo (Pomorskie Voivodeship), Wtodawa, Okuninka
(Lubelskie Voivodeship), and Zakopane, Witow, Kiry
(Matopolskie Voivodeship) and on lingonberry plants
growing in the forest in Witow (Matopolskie Voivode-
ship). The same symptoms were present on blueberry
and lingonberry. The disease symptoms were round or
oval, brown or almost black circular zonated necrosis
outlined by dark-brown borders. On the lower side of
the leaves, large star-shaped conidia were observed in
the central part of each spot. Additionally, in the ma-
terial from the forest in Karwia, characteristic disease
spots with conidium were detected on the shoots of
a young bilberry plant (Fig. 1).

Identification of the pathogen with traditional
methods

During our research, 115 V. heterodoxa isolates
were obtained, including 20 isolates originating from
the leaves of highbush blueberry cv. Bluegold, 15 iso-
lates from unknown highbush blueberry cultivars, and
80 isolates from bilberry shrubs. Koch’s postulates for
the isolates were positive.

Conidia (macroconidia) of V. heterodoxa prepared
from the central part of the spots had the shape of
a four-pointed and, less often, three-pointed star. This
type of conidia is called staurospores. They were large
and visible with the naked eye in the central part of
the spot on the highbush blueberry and bilberry leaves.
The conidia measured in the lingonberry material had
smallest length and differed significantly from the
length of conidia isolated from the other highbush
blueberry shrubs. The conidia isolated from the ling-
onberry leaves had the smallest width and differed
significantly from those measured in the bilberry and
highbush blueberry samples (Tab. 1).

The conidia of the fungus present in the central part
of the spots on the highbush blueberry, bilberry, and
lingonberry leaves had “arms” mostly raised upwards.
In turn, the “arms” of conidia located in other areas
of the spots were spread out (the conidia resembled
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Fig. 1. Bilberry shoot with a visible spot with conidium of V. heterodoxa (arrow)

Table 1. Comparison of the conidia size of the V. heterodoxa spores isolated from different plant species

Length of the arms (um) Width of the head (um)
Plant species
min.—max. average min.—max. average

Lingonberry 205.25-332.01 291.21a* 91.5-152.36 118.38a
Bilberry 187.48-391.25 300.71ab 86.33-172.67 129.59b
Highbush blueberry cv. Bluegold 281.28-365.73 310.75b 105.04—184.00 135.91bc
Highbush blueberry cv. unknown 1 216.85-392.31 313.24b 101.99-198.80 138.21¢c
Highbush blueberry cv. unknown 2 227.46-384.63 312.30b 105.90-188.45 139.35¢

* Letters indicate significant (P = 0.05) differences among means within each column, determined using Tukey test

a star). The macroconidia were formed on short co-
nidiophores and represented the so-called “sessile
spores”. In the central part of each spore, 60 spherical
cells were visible. The cells in the further part were
elongated and extended, forming four arms. Young-
er conidia had strongly hook-shaped arms, while the
arms of older conidia were spread more extensively

(Fig. 2).

PCR-based identification and characterization
of the causal agent of valdensia leaf blight
in highbush blueberry

The sequencing of ITS region amplicons yielded
101 sequences of the analyzed isolates with a length of
559 nucleotides (nt) and 14 sequences with a length of
558 nt. The consensus sequences were deposited in the
GenBank under numbers PV147766 (559 nt sequence,
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0.18 mm|10.7 mm 1500x LFD|20.0 kV/0.75 Torr

Fig. 2. A macroconidium of V. heterodoxa visible under a scanning electron
microscope

AB663682 1 Japan 2013
o3| Z81447.1 Norway 1998
KF212190.1 Poland 2014
KT121733 Poland 2015
PV147766 Poland 2025
PV147767 Poland 2025
111 Ku306729.1 USA 2016
KU306730 1 USA 2016
MF001333 1 South Africa 2018
KCB83713.1 Botryotinia fuckeliana 2014

40

_

0.01

Fig. 3. Comparison of the ITS (ITS1, 5.8 SRNA and ITS2 complete sequence) sequences of the V. hetero-
doxa fungus with the fungal ITS sequences included in the GenBank (Neighbor-Joining method, bootstrap
= 1000); the evolutionary distances were computed using the Maximum Composite Likelihood method;
low bootstrap support (40%). Tree rooted with the sequence of the Botryotinia fiickeliana (KC683713.1)
fungus
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isolate VhVal3A) and PV147767 (558 nt sequence,
isolate VhOstr.2). The differences in the sequences of
the isolates from Poland resulted from only a single
deletion in the sequences.

These sequences were aligned with very high sim-
ilarity (99-100%) to the nucleotide sequences of the
V. heterodoxa species deposited in the GenBank un-
der numbers Z81447.1, AB663682.1, KF212190.1,
KT121733 and KU306730.1. The comparison of the
ITS sequences of the fungus V. heterodoxa obtained
in the present study with the sequences of fungi avail-
able in the GenBank is presented in the dendrogram

(Fig. 3).

Characteristics of V. heterodoxa isolates obtained
with classical methods

Effect of temperature and light on the growth of
selected V. heterodoxa cultures. The cultures of test-
ed isolates exhibited the highest growth rate at 20 °C
with the 12-hour photoperiod. The statistical analysis
showed a significant effect of this temperature on the
growth of most of the isolates tested (Tab. 2).

Morphology and growth dynamics of selected
V. heterodoxa isolates on different media and in dif-
ferent incubation conditions. Given the differences
in the morphology of the colonies of the isolates on
PDA, the isolates were divided into two groups. The

first group comprised 55 isolates whose mycelium
surface was corrugated, and some part of the leath-
ery and velvety colony was raised above the medium
surface. The color of the upper part of the colony was
uniformly dark brown, light cream or speckled. The
reverse side of the colony was dark brown or black.
The second group comprised 60 isolates producing
light cream mycelium with a pink and grayish shade.
In the central part, the velvety and leathery mycelium
of these isolates was strongly corrugated. The reverse
side of the isolates from this group was cream colored.
The reference isolates also differed in the appearance
of their mycelium. The morphology of the culture of
the HBI0401 reference isolate (Japan) was typical of
group I isolates, while the morphology of the DAO-
MC186993 reference isolate (Canada) was character-
istic of group II.

The selected fungal isolates, i.e. VhVal3A and Vh-
Val4, as well as VhKirl and VhK26/2a, grew most ef-
ficiently on the PDA medium enriched with highbush
blueberry leaves (PDA-Bor) at daylight and 20 °C am-
bient temperature. The mycelium of both isolates was
very well developed, covering practically the entire
available surface of the medium in the Petri dishes.
The morphology of the fungal colonies differed on the
individual plates, depending on the supplementation
of the medium (Fig. 4).

Table 2. Average sizes (mm?) of the cultures incubated under different temperature conditions on the PDA medium

Incubation temperature

Isolate
10 °C 15°C 20 °C 25°C

VhVal3A 611.20aA* 2984.57bA 6158.17dA 5735.69¢cB
VhVal4 648.88aA 2369.68bA 6973.47dB 6258.02¢cC
VhBg/12/16 695.20aA 3620.34bB 6935.16dB 6258.81cC
VhDM1 796.46aAB 3184.67bA 6125.98cA 5779.64cB
VhKirl 923.16aB 2826.55bA 6954.39dB 5042.13cAB
VhK26/2a 987.84aB 2948.77bA 6373.73dAB 4176.44cA
HBI0401 1144.61aC 3500.32bB 7039.33dB 4863.08cA
DAOMC 1078.59aC 3491.68bB 6302.29dAB 5026.04cAB

* Homogeneous groups according to Tukey test, p = 0.05

Values in rows marked with the same lowercase letter do not differ significantly
Values in columns marked with the same capital letter do not differ significantly
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Isolate VhVal3a Isolate VhVal4

Fig. 4. Variation in the morphology of the fungal cultures of the VhVal3A and VhVal4
V. heterodoxa isolates on different media: PDA (a, b), Bor-PDA (c, d), Jag-PDA (e, 1),
Kon-PDA (g, h)
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The cultures of isolates VhVal3A and VhVal4
growing on the WOA medium produced delicate
white-cream aerial mycelium on the surface of the me-
dium. At 6 weeks after the inoculation, initially black
and fleshy sclerotia, becoming compact and hard with
time, were observed on the surface of the medium.
The appearance of the colonies growing on the oth-
er media modified with WOA (Bor-WOA, Jag-WOA,
Kon-WOA) was similar to that of isolate VhVal3A
cultured on the WOA medium.

The statistical analysis of the growth dynamics of
isolates VhVal3A and VhVal4 showed significant dif-
ferences in the culture growth on the eight media in
each of the incubation conditions (Tab. 3).

Production of V. heterodoxa conidia in in vitro
conditions. The production of V. heterodoxa spores
was only observed in the diffuse daylight conditions
at approx. 20 °C on the OA substrate (variant III). Co-
nidia appeared after 8 days of the experiment. They
were visible on the medium surface as initially deli-

Table 3. Comparison of the growth dynamics (mm?/day) of the V. heterodoxa cultures growing on selected media under
different lighting conditions (regression line slope coefficient b)

Medium
Conditions
Bor-WOA WOA Jag-WOA Kon-WOA PDA Bor-PDA  Kon-PDA Jag-PDA
Isolate VhVal3A
Darkness, 19 °C 5.2aA* 5.0aA 6.9abA 7.7abA 8.4abA 9.0bcA 12.1cdA 13.2dA
I;gfltgﬂeémd 120, 35s5abB 2962aB  304.0abB  285.6aB  330.7abB  413.66B  403.3cC  366.3bcB
Day, 20 °C 3064aB  307.7aB  311.4abB  310.5abC  363.9bcB  437.9dB  328.3abcB  377.1cB
Isolate VhVal4
Darkness, 19°C  8.4aA 5.3aA 72aA  5.6aA 517bA 552bA  51.8bA 53.6bA
Tgflt;)‘iecﬁ‘)d 12h, ggsaB  289.9aB  293.6aB  293aB  3452bcB  4200dB  310.1abB  358.0cB
Day, 20 °C 313.5aB 299.2aB  310.4abB  2823abB  360.5bcdB  415.1dB  338.1abcB  380.6cdB

*Homogeneous group according to the Tukey test, p = 0.05

Values in the rows marked with the same lowercase letter do not differ significantly
Values in the columns marked with the same uppercase letter do not differ significantly

Table 4. The number of spores released from the leaf surface of highbush blueberry and bilberry depending on the height

of the trapping plate

Distance from the leaf surface

Number of spores after 4

Number of spores after 9 days

(cm) (pes) (pes)
1 4 12
5 4 14
10 3 8
15 3 8
20 1 1
25 0 0

10
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Fig. 5. The release of conidial spores of the fungus V. heterodoxa at dif-
ferent heights directly from the leaves of highbush blueberry and bilberry

cate, whitish, aerial mycelium limited by a brown ring
composed of interlaced mycelial hyphae.

The conidia produced on the mycelium growing on
the OA substrate had a typical appearance for the species
V. heterodoxa. They were large, 4.5-armed, star-shaped,
200.32-327.77 um long, and 94.68—158.52 um wide.
The mean dimensions measured in 100 spores were
274.26 (£26.3) um x 127.29 (+13.87) um. On day 10
of the experiment, there were 120 spores per plate, and
they had a diameter of 100 mm. Isolates VhKirl and
VhK26/2a (bilberry) were found to produce conidia.
In turn, isolates VhVal3A, VhVal4, and VhBg/12/16
(highbush blueberry), isolate VhDM1 (bilberry), and
the reference isolates (HBI0401 and DAOMC) did
not produce spores in any of the variants tested in this
study. In total, 65 out of the 115 V. heterodoxa isolates
produced conidia in optimal conditions for fungal
spore formation.

Release of V. heterodoxa conidia at different heights

In the cylinders, single conidia (from 1 to 4) were
found on the plates placed at the height of 1, 5, 10,
and 15 cm after only 4 days of the experiment. After
another 5 days, the number of conidia increased to 14.
Their precise number is shown in Table 4.

https://czasopisma.up.lublin.pl/index.php/asphc

In the cylinder in which the plate was suspended at
a height of 20 cm, a single conidium was found on the
cylinder wall at the height of approx. 18 cm (Fig. 5).
In turn, no spores were observed in the cylinder with
the plate suspended at a height of 25 cm.

DISCUSSION

The fungus Valdensinia heterodoxa occurs com-
monly in Polish forests and is the cause of valdensia
leaf blight, a disease of bilberry plants [Siemaszko
1929, Siemaszko 1934, Mutenko and Woodward 1996,
Kukuta et al. 2017]. This may be associated with the
specific habitat requirements of this pathogen and with
the high content of organic matter, which is a source
of nitrogen for plants. In bilberry plants growing in the
boreal forests in Sweden, the high susceptibility to this
disease was correlated with increased concentrations
of amino acids, especially glutamine, in host plant
leaves [Nordin et al. 1998, Strengbom et al. 2002].
In the present study, a high prevalence of the pathogen
was noted every year, mainly in the forests growing in
coastal and submontane areas. The conditions in these
regions, primarily the high relative air humidity and
the large amount of light reaching plants growing in
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the lowest parts of the forests, were most probably fa-
vourable for the growth of the fungus. V. heterodoxa
was found to infect bilberry shrubs in Pomorskie (Ko-
palino, Karwia, Ostrowo) and Matopolskie Voivode-
ship (Zakopane, Witéw, Kiry). The possibility of oc-
currence of the pathogen in highly humid conditions
was also evidenced by its presence in the village of
Okuninka (Lubelskie Voivodeship), where infected
plants were found in a forest near the lake. High air
humidity is one of the main determinants of spore for-
mation and fungal growth [Aamlid 2000, Vogelgsang
and Shamoun 2002, 2004, Wilkin 2004, Wilkin et al.
2005a, Wilkin et al. 2005b, Zhao and Shamoun 2006,
Annis and Yarborough 2009, Zhao and Shamoun
2010, Abbasi et al. 2023].

To date, the national literature has provided lit-
tle information on the biology and harmful effects of
V. heterodoxa and the epidemiology of valdensia leaf
blight, probably because the pathogen was found to
infect economically unimportant host plant species,
e.g. bilberry, lingonberry, or lowbush blueberry. A cue
to undertake investigations of the biology and detri-
mental effects of V. heterodoxa and the epidemiology
of the disease was the detection of the fungus in the
highbush blueberry cv. Jersey in Japan [Nekoduka et
al. 2012] and in the highbush blueberry cv. Bluecrop
cultivated in a nursery [Dzigciot et al. 2014] or in the
Bluegold cultivar growing in a commercial plantation
in Poland [Kukuta et al. 2017].

On the one hand, the present study is a continua-
tion of previous investigations, and on the other hand,
the results enlarge the knowledge provided by Kukuta
et al. [2017] on the biology of V. heterodoxa and the
epidemiology of the disease. The research conduct-
ed in 18 commercial plantations: eight plantations
in Mazowieckie Voivodeship (Prazmow, Piskorka,
Wola Zyrowska, Zyréw, Bledow, Huta Bledowska),
five in Lodzkie Voivodeship (Paprotnia, Jajkowice,
Ktopoczyn), three in Podlaskie Voivodeship (Bi-
atousy — two plantations, Sokoétka), and two in Lubel-
skie Voivodeship (Matcze, Horodlo) confirmed the
presence of V. heterodoxa in one of the commercial
cultivation of highbush blueberry plants (Prazmow)
with high humidity and without chemical control. The
commercial plantations selected for the study differed
in the location, soil conditions, microclimate, and the
age of cultivated plants. The central part of the coun-
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try is flat or, less frequently, has a southern slope. The
soil structure in these plantations was dominated by
permeable sandy-peat soils with pH 4-4.5. The soils
represented quality class V and/or VI. The planting
material consisted of plants purchased in licensed Pol-
ish nurseries of fruit trees and shrubs. Plantations with
shrubs aged 5-10 years dominated. They were located
close to forests or other woodland areas, and one or
two of their sides were most often directly adjacent
to the forests or were located in forest centers. This
suggests that infected bilberry plants may have been
a potential source of V. heterodoxa infecting the high-
bush blueberry plants. This hypothesis was verified, as
the plants in these plantations had characteristic con-
centric necrotic spots on their leaves similar to those
observed in Japan in a commercial plantation of blue-
berry cv. Jersey described by Nekoduka et al. [2012]
and on blueberry cv. Bluecrop in a planting material
nursery reported by Dzieciot et al. [2014].

In the areas surrounding the commercial highbush
blueberry plantations, the occurrence of V. heterodoxa
was also recorded on lingonberry leaves and non-
woody bilberry shoots. Similar findings were reported
by Hildebrand and Renderos [2007, 2010, 2012], Hil-
debrand et al. [2011, 2016], Nekoduka et al. [2012],
Lyon [2015], and Abbasi et al. [2023], who found that
the fungus infected all green parts of plants, includ-
ing shoots and unripe berries. In turn, our observations
of other plants regarded by other researchers as host
plants of the pathogen [Siemaszko 1929, Siemaszko
1934, Bavendamm 1944, Melnik 1981, Norvell and
Redhead 1994, Mutenko and Woodward 1996, Melnik
2004, Melnik et al. 2007], i.e. bigleaf maple, downy
birch, common hazel, common beech, pedunculate
oak, sessile oak, common rowan, wild raspberries, and
blackberries as well as such perennials as lily of the
valley, wood sorrel, or polygonatum, did not confirm
the presence of this fungus on any of these species.

In natural conditions, V. heterodoxa conid-
ia are large, macroscopically visible, and resemble
3—4-pointed or sometimes even 5-pointed stars with
a size of 400-600 x 100-150 pwm [Peyronel 1923,
Bavendamm 1944, Peyronel 1953, Redhead and Per-
rin 1972a, Redhead and Perrin 1972b, Mutenko and
Woodward 1996]. In this study, the conidia isolated
from the leaves of infected plants (lingonberry, bilber-
ry and highbush blueberry cv. Bluegold) were smaller,
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in some cases even by 50%, than those described in
the literature. Moreover, the size of the conidia was
specific to the host plant species, and the statistical
analysis confirmed the significance of these size differ-
ences. Fungi from the phylum 4scomycota are spread
by ascospores and conidia [Kirk et al. 2008]. In many
cases, the processes of generation of ascospores and
conidia are separated in time. Nevertheless, in some
cases, only the imperfect stage occurs commonly in
nature, with conidia as the main source of the fungus
spread [Marcinkowska 2012], which is the case of
V. heterodoxa. In the present study, regardless of the
host plant, conidia of this fungus on short conidio-
phores were visible within the spots on the infected
leaves, as in the studies conducted by Peyronel [1923],
Redhead and Perrin [1972b], Nekoduka et al. [2012],
Zhao and Shamoun [2010], and Abbasi et al. [2023].
The unique way of releasing these spores, i.e. through
pressure exerted by folding arms on the leaf surface,
is considered highly interesting. As suggested by Red-
head and Perrin [1972b], this process contributes to
the upward ejection of spores to a height of approx.
20 cm. This mechanism has never been recorded, but
the ability of conidia to “detach” from the leaf surface
was used in this study to acquire single-spore isolates.
It was also observed that the placement of the leaves
on the Petri dish, with the upper side of the leaf blade
facing up, exerted a considerable impact on the fre-
quency and number of produced conidia. They were
generated in the characteristic spots formed during
the pathogen infection on the upper side of the leaves.
During their release, their heads were attached to the
medium. The results of the present study indicate that
conidia can be released by upward ejection to a height
of approximately 18 cm. The active release of spores
seems to be a highly effective way of pathogen trans-
mission, which can explain the rapid spread of the dis-
ease onto plants.

The development of the disease in natural condi-
tions depends on the weather prevailing in the growing
season and the plant vegetation stage. This is closely
related to the growth and development of the fungus
V. heterodoxa. In Canada, the first conidia appeared
after overwintering on leaves infected in the previous
year; they were formed within sclerotia at high humid-
ity persisting for three consecutive days [Hildebrand
and Renderos 2010]. Conidia transferred onto young

https://czasopisma.up.lublin.pl/index.php/asphc

3-week-old leaves infected and established parasitic
contact with the plant already after 6 hours. The first
weak symptoms were observed already in late May
or early June, especially when the leaves remained
wet for 6-10 hours [Hildebrand and Renderos 2012].
In addition to high humidity, an optimal temperature is
required for the growth and development of the patho-
gen and for colonization of new plants. Conidia in-
fect plant leaves especially quickly in the temperature
range of 15-25 °C [Hildebrand and Renderos 2010,
Abbasi et al. 2023]. During our observations, the first
spots were found on the leaves after abundant rainfall
recorded at the beginning of June (at the beginning of
the season), and they developed gradually in July.

In their studies, Redhead and Perrin [1972a] found
that mycelium growth and pathogen spore formation
on artificial media were mainly influenced by the
type of media, temperature, and lighting conditions in
which Petri dishes with the inoculated pathogen were
incubated. Fungal colonies produced spores most effi-
ciently on CM (Cornmeal Agar, Difco) and WOA me-
dia incubated at 15 °C for 4-5 days. Vogelgsang and
Shamoun [2002] confirmed the strict dependence of
fungal spore formation on the temperature and photo-
period. At temperatures <10 °C and without additional
lighting (0-hour photoperiod), the growth and devel-
opment of pathogen colonies were inhibited. In turn,
Magnussen et al. [2004] observed the most abundant
spore formation at a 12 h day/12 h night photoperiod
and a temperature of 16-19 °C. Zhao and Shamoun
[2010] reported the most efficient growth and spore
formation in a fungus colony on SPDA (Salal-PDA),
SOA (Salal-Oatmeal Agar), and WOA media at a tem-
perature of 19 °C (day) and 12 °C (night) and a 12 h
day/12 h night photoperiod. The present results indi-
cate that 15-20 °C is the optimum temperature for my-
celium growth in laboratory conditions, which is con-
sistent with the findings reported by Hildebrand and
Renderos [2012]. Our subsequent analyses showed
inhibition of the growth of V. heterodoxa colonies on
media incubated without access to light, which was
also observed by Zhao and Shamoun [2006]. A posi-
tive effect was observed when decoctions from high-
bush blueberry, bilberry, and lily of the valley leaves
were added to the media. The analysis of the dynamics
of growth of the pathogen colonies on various media
and in various light and temperature conditions indi-
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cated that, in most cases, both V. heterodoxa isolates
grew most efficiently on the PDA medium supple-
mented with leaves from different plants (temp. 20 °C,
daylight, and temperature of 19 °C during the day and
12 °C at night with 12-h illumination). The correlation
coefficients (r) determined for these isolates were high
(above 0.9), which indicates a very strong positive
correlation between the size of the fungal colony and
the measurement time point in the different incubation
conditions.

In the in vitro conditions, the colonies of the Pol-
ish V. heterodoxa isolates exhibited the highest spore
production rate on the OA medium with incubation at
daylight at 20 °C. The conidia formed in these condi-
tions were smaller than those isolated from the surface
of infected leaves collected in natural conditions and
conidia obtained by Zhao and Shamoun [2010] on sol-
id media from wheat and rice grains.

Currently, the identification of fungi should be
based not only on classical methods but also on molec-
ular techniques, e.g. analyses of species-specific gene
sequences or regions, such as the non-coding regions
of nuclear DNA — ITS (Internal Transcribed Spacer)
fragments, which retain polymorphic traits [White et
al.1990, Larena et al.1999]. Phylogenetic analyses
based on the large subunit rDNA sequence have shown
that V. heterodoxa forms a separate monophyletic
group within the family Sclerotiniaceae [Holst-Jensen
et al. 1997]. In the present study, the fungal isolates
were identified using primers of the ITS region, and
a559-nucleotide product was obtained in the PCR reac-
tion. The BLASTn algorithm-based comparison of the
sequence obtained in this study to those available in the
GenBank showed its 100% similarity to the sequences
deposited under numbers KU306729.1, KF212190.1,
AB663682.1, Z81447.1, and KT121733.1, which al-
lowed unambiguous assignment of the studied isolates
to the species Valdensinia heterodoxa. Based on the
nucleotide sequence, a group of 14 isolates from the
bilberry shrubs (northern Poland) with a deletion of
nucleotide 12 was distinguished.

Valdensia leaf blight caused by the fungus V. het-
erodoxa, initially observed only in New Brunswick
province (Canada), is now recorded in neighboring
provinces and some US states. Its harmful effects on
lowbush blueberry plantations are reflected in a 20
to 60% decrease in yields due to premature defolia-
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tion [Hildebrand and Renderos 2010] and disruption
of processes responsible for the formation of flow-
er buds for the subsequent season [Ali et al. 2021].
One of the most effective measures to protect plants
against this disease in Canada is prevention of patho-
gen transmission on shoes, clothing, or agricultur-
al machinery wheels [Cornel and Percival 2023].
In Canada, V. heterodoxa develops at the same time as
other pathogens, e.g. Botrytis cinerea [Hildebrand et
al. 2001], Sphaerulina vaccinii S. Ali, P.D. Hildebrand
& P.A. Abbasi, and Botryosphaeria corticis (Demaree
& Wilcox) Arx & E. Mill. [Ali et al. 2021]. Therefore,
to limit its growth, agents used to combat other diseas-
es that pose a high threat to highbush blueberries in
Poland, such as anthracnose or gray mold, may prove
effective [Bryk et al. 2020].

The presented investigation of the occurrence of
V. heterodoxa in highbush blueberry plantations in Po-
land, the study of the dynamics of growth of Polish
isolates of the pathogen, the determination of the con-
ditions of conidia production and the height at which
staurospores are released, and the molecular charac-
terization of the pathogen isolates are innovative on
a national scale and provide more detailed insight into
the biology of V. heterodoxa and the epidemiology of
valdensia leaf blight. The present findings help to be
prepared in case of an epidemic of the disease through
development and improvement of methods for protec-
tion of highbush blueberry plants against the patho-
gen. Assessing the threat from various diseases and
minimizing ecological damage when selecting protec-
tion methods is enabled only by thorough knowledge
of pathogen biology.

CONCLUSIONS

The following conclusions can be formulated in
the present study:

1. Plants belonging to the family Ericaceae, includ-
ing highbush blueberry, are particularly susceptible to
V. heterodoxa infection.

2. The V. heterodoxa isolates originating from the
highbush blueberry plants were found to be less capa-
ble of spore formation than the isolates obtained from
the bilberry plants.

3. In Poland, V. heterodoxa is a common pathogen
on plants of the genus Vaccinium.
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4. The fungus exhibits characteristics of a meso-
philic and eurythermic species.

5. In axenic cultures the vegetative growth and co-
nidiation of V. heterodoxa are strongly influenced by
light conditions and the carbon sources provided in the
growth medium.
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