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ABSTRACT

Tan spot, caused by Pyrenophora tritici-repentis, is a major foliar disease in wheat worldwide.
In April 2021, tan spot symptoms were observed in a commercial wheat field in Suncheon,
Jeonnam Province, Korea, with over 5% of the wheat leaves exhibiting symptoms. These
symptoms included oval-shaped tan necrosis surrounded by a bright halo. The three
representative isolates exhibited irregular mycelial growth on V8-potato dextrose agar and
produced pseudothecia. Based on the concatenated sequence datasets of four multi-genes,
including the internal transcribed spacer, large subunit ribosomal RNA, glyceraldehyde-

'.) 3-phosphate dehydrogenase, and RNA polymerase Il second-largest subunit genes,
Check for phylogenetic analysis revealed that these three isolates clustered in the same clade as P.
updates tritici-repentis. Results of pathogenicity test indicated that the initial symptoms appeared

5 days post-inoculation (dpi), with typical tan spot symptoms developing at 7 dpi. The
@ OPEN ACCESS pathogen was successfully re-isolated from the symptomatic tissues, thus fulfilling Koch's
PISSN : 0253-651X postulates. Furthermore, we selected three fungicides that effectively inhibited the mycelial
eISSN - 23835249 growth of P. tritici-repentis by more than 90% in vitro. To the best of our knowledge, this is
Kor. J. Mycol. 2023 December, 51(4): 277-286 the first report of tan spot disease in wheat in Korea.
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worldwide [1]. Since its first report in the United States, the disease incidence and severity have been

wheat, it has also been reported to have a relatively broad host range, including rye, barley, and numerous
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The pathogen P, tritici-repentis can survive saprophytically on infected wheat stubble and plant residues
[6]. The infection begins when ascospores infect young wheat seedling leaves and produce lesions. These
lesions are small tan-brown spots with a yellow halo that later expand [7]. As the disease progresses, tan spot
lesions gradually merge, resulting in a substantial area of necrotic tissue [8]. Sporulation in Pyrenophora
species plays an important role in the morphological characterization of conidia, aiding in the identification
of isolates and subsequent research [9].

Previous studies have reported that this pathogen causes 20-50% of severe yield losses in wheat
production [10,11]. Various fungicides have been reported to be effective in controlling P. tritici-repentis.
These include azoxystrobin and trifloxystrolin, which inhibit respiration and energy production in fungal
cells; iprodione, which inhibits signal transduction; mancozeb, which inhibits multi-site contact activity;
and cyproconazole, tebuconazole, flutriafol, flusilazole, epoxyconazole, difenoconazole, and propiconazole,
all of which inhibit sterol biosynthesis in the membrane [12]. Azoxystrobin and trifloxystrobin belong to the
quinone outside inhibitor (Qol) fungicides [13].

In April 2021, numerous tan spot lesions were observed in commercial wheat fields, and potential
causal pathogens were isolated from these lesions. The objectives of this study were to identify the fungal
pathogens responsible for tan spot disease in wheat and select an appropriate fungicide to control these
pathogens. Until now, scant information has been available on P, tritici-repentis isolates present in wheat in

Korea.

MATERIALS AND METHODS

Collection and isolation of the fungal isolates

The samples were collected from wheat leaves in Suncheon, Korea (34055'22.13”N, 127029‘46.31"E).
The infected leaf tissue was sectioned (5 X 5 mm), surface-sterilized by dipping in 1% sodium hypochlorite
for 30 s, followed by 70% ethanol for an additional 30 s. Subsequently, the samples were rinsed thrice with
sterile water and placed on water agar medium supplemented with streptomycein (100 pg/mL). From each
sectioned leaf, a single colony was selected and transferred to hyphae emerging from the samples on V8-
potato dextrose agar (PDA; Difco, Detroit, MI, USA) medium (10 g of PDA 150 mL of V8 Juice; 3 g of
CaCOs; and 15 g of agar per liter). Subsequently, the obtained cultures were preserved in a 20% glycerol
stock at -80°C for further study [14]. Notably, a representative isolate has been deposited in the Korean
Agricultural Culture Collection (accession no. KACC 410061).

Morphological characterization

The cultural characteristics of the isolates were examined by cultivating them on PDA medium in the
dark at 25°C for 7 days. To induce conidia, wheat stems and seeds were used as substrates on water agar

medium (1.5% agar). Water agar, inoculated with sterilized wheat stems or seeds, was incubated under a 12-
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hour light and dark cycle for 10 days.

For microscopic characterization, the isolates were examined using a Zeiss Axio Imager A1 microscope
(Carl Zeiss, Oberkochen, Germany) with an Axiocam 305 color microscope camera and Zeiss ZEN 2.6
Software (Carl Zeiss, Jena, Germany).

Molecular analysis

Genomic DNA was isolated using the NucleoSpin” Plant II kit (Macherey-Nagel, Duren, Germany),
following the manufacturer’s instructions. Polymerase chain reaction (PCR) was performed with 20 ng of
DNA and 10 pmol of each primer (Table 1), utilizing the i-StartMAX I PCR master mix system (iNtRON
Biotechnology Inc., Seongnam, Korea). The amplification conditions were as follows: 94°C for 3 min,
followed by 30 cycles of 95°C for 30 s, 55°C for 1 min, and 72°C for 30 s. Sequence information was
obtained from Bioneer Corporation (Bioneer, Daejeon, Korea). The obtained sequences were deposited in
the GenBank database, managed by the National Center for Biotechnology Information (NCBI).

Reference genes for the phylogenetic analysis were obtained from the NCBI database and are listed
in Table 2. The sequences of genes, including internal transcribed spacer (ITS), largest subunit ribosomal
RNA (LSU), glyceraldehyde-3-phosphate dehydrogenase (gapdh), and RNA polymerase II second-
largest subunit (rpb2), were individually aligned for each gene region using the multiple sequence
alignment program MUSCLE (multiple sequence comparison by log-expectation) [15]. Subsequently, the
aligned sequences were combined to generate multi-locus datasets using the MEGA 11 software [16]. A
phylogenetic tree was then constructed using a concatenated dataset and the maximum likelihood method
[17], employing the Kimura 2-parameter model and 1,000 bootstrap values [18]. Branch lengths indicate

the amount of change considered to have occurred between two nodes.

Table 1. Primers used for molecular identification.

Locus Primer Sequence (5-3") Reference
ITS ITS5 GGAAGTAAAAGTCGTAACAAGG [19]
ITS4 TCCTCCGCTTATTGATATGC [19]
LSU LROR GTACCCGCTGAACTTAAGC [20]
LR5 ATCCTGAGGGAAACTTC [20]
gapdh gpdl CAACGGCTTCGGTCGCATTG [21]
gpd2 GCCAAGCAGTTGGTTGTGC [21]
1pb2 RPB2-5F2 GGGGWGAYCAGAAGAAGGC [22]
fRPB2-7cR CCCATRGCTTGTYYRCCCAT [22]

ITS: internal transcribed spacer; LSU: largest subunit ribosomal RNA; gapdh: glyceraldehyde-3-phosphate
dehydrogenase; rpb2: RNA polymerase II second-largest subunit.
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Pathogenicity test

Pathogenicity tests were conducted on three biological replicates of the wheat cultivar “Geumgang.”
The plants were grown in 0.7-liter pots at 20°C under a 12-hour light cycle for 3 weeks in duplicate. To
prepare the inoculum, fungal mycelium was cultured in PDA medium for one week. The freshly cultivated
mycelium was macerated with 10 mL of sterilized distilled water containing 0.1% Tween 20 using an
ULTRA-TURRAX® homogenizer (IKA-T10, Guangzhou, China), resulting in homogenized mycelial
suspensions. The prepared suspension was evenly sprayed over the entire surface of the plant leaves. The
control group was sprayed with 0.1% Tween 20. The infected plants were then incubated at 20°C in the
dark with 100% relative humidity in plastic bags for 3 days. Subsequently, they were transferred to a growth
chamber under a 12-hour light cycle with high humidity until the disease developed.

in vitro selection of fungicides

To select an appropriate fungicide against P. tritici-repentis on wheat, mycelial agar plugs (6-mm in
diameter) were collected from the margins of the mycelia on PDA. These plugs were then placed upside
down on V8 Juice agar medium (80 mL of V8 Juice, 15 g of agar, pH 7.0) supplemented with fungicides at
different concentrations. After incubation at 25°C, the inhibition of mycelial growth was measured after 2
weeks. The fungicides were applied at the same amount as the commercially recommended concentration
for controlling tan spot disease in barley. The following fungicide concentrations were used: azoxystrobin
(110 pg/mL), iprodione (250 lg/mL), mancozeb (1,125 pg/mL), and tebuconazole (125 pg/mL). The
inhibition of mycelial growth was calculated using the following formula: (1-{colony diameter on V8 Juice
agar medium with each fungicide/colony diameter on V8 medium without the fungicide]) X 100. Statistical
analyses were performed using the SPSS software version 18.0 (SPSS Inc., Chicago, IL, USA).

RESULTS AND DISCUSSION

Collection of fungal isolates

In April 2021, the incidence of tan spot disease on wheat leaves in commercial fields in Suncheon was
approximately 5%. The typical symptoms included oval to irregularly shaped tan-brown spots with a
yellow halo on the leaves (Fig. 1A and B). Three representative isolates confirmed to cause tan spot, namely,
KACC 410061 (SYP-F0555), SYP-F0557, and SYP-F0558, were characterized to determine their identity.
In contrast to occurrences in other previously reported countries [10,11], our results showed that wheat
grown in Korea was not significantly affected by tan spot disease. However, potential future impacts, such

as climate change, should also be considered.
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Fig. 1. Disease symptoms on the leaves of naturally infected Triticum aestivum, morphological characteristics of Pyrenophora tritici-repentis,
and pathogenicity. (A) A typical symptom of tan spot caused by P, #ritici-repentis on wheat leaves. (B) The photographs, from left to right, show
the progressive severity of tan spot disease on wheat leaves. The (C) front and (D) reverse sides of a 2-week-old colony on potato dextrose agar.
(E) Pseudothecia formed on the wheat stem after 4 weeks. (F) Immature pseudothecium under microscopy. (G) Conidia of P, tritici-repentis. (H)
Results of pathogenicity tests. Plants were inoculated with sterile distilled water (left) and a macerated mycelial suspension of P, tritici-repentis at
7 days post-inoculation (dpi). (I) Typical disease symptoms of tan spot disease after 7 dpi. (H) Close-up view of white circle in (I).
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Morphological characteristics

The isolates exhibited irregular dense mycelial growth on PDA, and the mycelia were dark greenish-gray
with fluffy aerial hyphae. The colonies showed a dark olive color when observed from the underside of the
plate (Fig. 1C and D). These morphological characteristics are consistent with previously described data for P
tritici-repentis [23].

To induce conidial production, we adapted the optimized sporulation method described by Lamari and
Bernier [10] and Jacques et al. [14]. Following the former method, the strain was cultured in V8-PDA, and
sterilized distilled water was added to the culture. Hyphae were flattened with a sterilized spreader and
incubated at 15°C to obtain conidia. In contrast, the latter method involves transferring the strain cultured on
V8-PDA to near-ultraviolet (UV) light and inducing conidia in a dark room at 15°C.

Despite applying several protocols, we failed to induce sexual or asexual conidia in this study. Several
studies have also reported difficulties in inducing conidia [9,24]. In this investigation, sterilized wheat stems
and seeds were placed on water agar medium. Consequently, we induced the formation of pseudothecia (Fig.
1E and F) [9,25,26] and conidia (Fig. 1G). The generated conidia exhibited cylindrical, straight or slightly
bent shapes, a rounded apex with 5 to 10 septa, and dimensions of 46.6-213.4X3.9-12.8 UM (n=20). The
observed morphological characteristics were consistent with those of P, tritici-repentis (Fig. 1). G) (8,14). A
previous study [27] reported that pseudothecia mature when placed in a dark condition at 5°C for 30 days.

Although we did not subject them to these specific conditions, pseudothecia were observed.

Molecular identification of the isolates

Because complete observation of sexual and asexual conidia was not achieved, a more detailed
phylogenetic analysis was conducted. The ITS, LSU, gapdh, and pb2 gene sequences matched those
of P, tritici-repentis strain CBS 259.59 (accession nos. MK540017 (100%), MK540075 (99.88%), and
AMB884276 (100%), respectively). The rpb2 sequences showed a similarity of 93.85% to those of P, tritici-
repentis strain MAFF:511122 (LC685473). The resulting sequences have been deposited in GenBank (Table
2). The results of sequencing analysis clearly indicated that all representative isolates were P, tritici-repentis.

In the phylogenetic tree, the ITS, LSU, gapdh, and rpb2 alignments included three representative
isolates, 13 authenticated reference sequences, and two Bipolaris sp. as outgroups (Table 2). Phylogenetic
analysis was conducted using the MEGA X program based on concatenated datasets of these four multi-
genes. The maximum likelihood estimation revealed that the three representative isolates, KACC 410061,
SYP-F0557, and SYP-F0558, clustered in the same clade as P, tritici-repentis CBS 191.29, CBS 127922,
and CBS 259.59, respectively, all with 100% bootstrap values (Fig. 2A). The phylogenetic analysis robustly
supported the identity of the representative isolates as P, tritici-repentis.
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Table 2. Taxa used in the multi-locus phylogenetic analysis.

. . GenBank Aceession Numbers
Species Strains References
ITS LSU gapdh pb2
Pyrenophora tritici-repentis KACC410061 OP615072 OP615075 OR260448 2722450 Present study
P, tritici-repentis SYP-F0557 OR265491 OR265489 OR260449 2722450 Present study
SYP-F0558 OR265492 OR265490 OR260450 2722450 Present study
CBS259.59 MK540017 MKS540075 AMBSR4276 MKS540143 [9,28]
CBS 19129 MK540018 MK540076 MK540229 MK540144 [28]
CBS 127922 MK540019 MK540077 MK540230 MKS540145 [28]
P, variabilis CBS 127920 MK540020 MK540078 MK540231 MKS540146 [28]
P, avenicola CBS307.84 MK539972 MK540042 MK3540180 - [28]
P, chaetomioides CBS 27931 MKS539977 MK540045 MKS540185 MKS540103 [28]
P, cynosuri CBS 127918 MK539980 MK540047 MK540188 MK540106 [28]
P, leucospermi CBS 111083 IN712467 IN712533 MKS540198 MK540114 [28,29]
P, nisikadoi CBS 190.29 KM257054 KM243296 KM257057 - [28]
P, novozelandica CBS 127934 MK539997 MK540061 MK540209 MK540125 [28]
P, Poac CBS319.68 MKS539998 MK540062 MKS540210 MKS540126 [28]
P, pseudoerythrospila CBS 127931 MK540000 MK540063 MK540212 - [28]
P, teres CBS228.76 MK540003 MK540066 MKS540215 MKS540130 [28]
CBS 28131 MK540004 MK540067 MKS540216 MKS540131 [28]
Bipolaris panici-miliacei CBS199.29 KJ909773 KM243281 KM042896 - [28]
B. yamadae CBS202.29 KI909779 KM243275 KM034830 - [28]
Pyrenophora tritici-repentis CBS 191.29
Pyrenophora tritici-repentis CBS 127922
100| Pyrenophora tritici-repentis CBS 259.59
SYP-F0558
b SYP-F0557
o KACC 410061 (SYP-F0555)
Pyrenophora cynosuri CBS 1279187
62

Fig. 2. Phylogenetic analysis and inhibition zone of Pyrenophora tritici-repentis by four fungicides. (A) A maximum likelihood (ML) tree was
generated from concatenated ITS, LSU, gapdh and rpb2 sequences from 16 strains representing Pyrenophora species, including isolates KACC
410061 (SYP-555), SYP-F0558, and F0557. Clades containing P, tritici-repentis and present isolates are shaded, in which existing P, tritici-
repentis isolates and present isolate are shown in bold in black and red, respectively. A bootstrap value is indicated by the number at each node.
Bootstrap=1,000. (B) Inhibitory effects of four fungicides on the mycelial growth of P, tritici-repentis on V8-Juice agar medium. ITS, internal
transcribed spacer; LSU, largest subunit ribosomal RNA; gapdh, glyceraldehyde-3-phosphate dehydrogenase; rpb2, RNA polymerase II second-

largest subunit.
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Pathogenicity test

Initial symptoms manifested at 5 days post-inoculation (dpi), with typical tan spot symptoms becoming
evident at 7 dpi. The affected wheat leaves were chlorotic, with small dark brown to black spots (Fig. 1H-J).
In contrast, no symptoms were observed in plants in the control group. Pathogenicity tests were performed
with three biological replicates in duplicate. The pathogen was successfully re-isolated from symptomatic
tissues but not from the control group. The identity of the re-isolated pathogens was confirmed through the
analysis of four genes, thus fulfilling Koch's postulates.

Fungicidal activity

In Australia, the fungicidal control of wheat involved applying azoxystrobin, iprodione, mancozeb, and
tebuconazole, which resulted in a reduction in grain yield loss compared with untreated controls in the field
(12). Similarly, we employed these four fungicides with different modes of action in this study.

The mycelial growth inhibition rate was calculated by comparing the growth rate of mycelia grown
in the medium treated with the fungicides with that of the control. The inhibitory effects of azoxystrobin,
iprodione, mancozeb, and tebuconazole on P, tritici-repentis were 72.6, 90.4, 91.8, and 91.8%, respectively.
Among the tested fungicides, mancozeb (91.8%) and tebuconazole (91.8%) exhibited the highest mycelial
growth inhibition rates, followed by iprodione. However, azoxystrobin, a Qol fungicide, showed the lowest
mycelial growth inhibition rate (Fig. 2B). Because this was an in vitro experiment, further in vivo validation
is required.

To the best of our knowledge, this is the first report of tan spot disease on wheat leaves caused by P, tritici-
repentis in Korea. This study represents an initial step toward enhancing wheat productivity and developing

control strategies for tan spot disease on wheat leaves in Korea.

CONFLICT OF INTERESTS

The authors declare no conflict of interests.

ACKNOWLEDGEMENT

This study was supported by a grant from the Rural Development Administration (grant number:
PJ014995042023).

REFERENCES

1. Wiese MV. Compendium of wheat diseases, 2nd Edition. St. Paul, MN: APS Press; 1987.

2. Barrus M. Yellow-spot disease of wheat in New York State. Plant Dis Rep 1942;26.

3. Faris J, Friesen T. Identification of quantitative trait loci for race-nonspecific resistance to tan
spot in wheat. Theor Appl Genet 2005;111:386-92.

4. Ali S, Francl LJ. Population race structure of Pyrenophora tritici-repentis prevalent on wheat
and noncereal grasses in the Great Plains. Plant Dis 2003;87:418-22.

The Korean Journal of Mycology 2023 Vol.51

284



First Report of Pyrenophora tritici-repentis on Wheat

Krupinsky J. Observations on the host range of isolates of Pyrenophora trichostoma. Can J
Plant Pathol 1982;4:42-6.

6. Krupinsky J. Grass hosts of Pyrenophora tritici-repentis. Plant Dis 1992;76:92-5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Marshall D. Disease which challenge global wheat production powdery mildew and leaf and
head blight. Wheat: Science and Trade 2009;7:155-70.

Moreno MV, Stenglein S, Perelld6 A. Pyrenophora tritici-repentis, causal agent of tan spot: a
review of intraspecific genetic diversity. In: Caliskan M, editor. London: IntechOpen; 2012.
Lepoint P, Renard M-E, Legréve A, Duveiller E, Maraite H. Genetic diversity of the mating type
and toxin production genes in Pyrenophora tritici-repentis. Phytopathology 2010;100:474-83.
Lamari L, Bernier C. Evalution of wheat lines and cultivars to tan spot based on lesion type.
Can J Plant Sci 1989;11:49.

Misra A, Singh R. Pathogenic differences amongst three isolates of Helminthosporium tritici-
repentis and the performance of wheat varieties against them. Indian Phytopathol 1972;25:350-3.
Colson E, Platz G, Usher T. Fungicidal control of Pyrenophora tritici-repentis in wheat.
Australas Plant Pathol 2003;32:241-6.

Fernandez-Ortuiio D, Torés JA, De Vicente A, Pérez-Garcia A. The Qol fungicides, the rise
and fall of a successful class of agricultural fungicides. Croatia: InTech Rijeka; 2010.

Jacques S, Lenzo L, Stevens K, Lawrence J, Tan K-C. An optimized sporulation method for
the wheat fungal pathogen Pyrenophora tritici-repentis. Plant Methods 2021;17:52.

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput.
Nucleic Acids Res 2004;32:1792-7.

Tamura K, Stecher G, Kumar S. MEGA11: molecular evolutionary genetics analysis version
11. Mol Biol Evol 2021;38:3022-7.

Takahashi K, Nei M. Efficiencies of fast algorithms of phylogenetic inference under the
criteria of maximum parsimony, minimum evolution, and maximum likelihood when a large
number of sequences are used. Mol Biol Evol 2000;17:1251-8.

Kimura M. A simple method for estimating evolutionary rates of base substitutions through
comparative studies of nucleotide sequences. J Mol Evol 1980;16:111-20.

White TJ, Bruns T, Lee S, Taylor J. Amplification and direct sequencing of fungal ribosomal
RNA genes for phylogenetics. In: Innis M, Gelfand D, Sninsky J, White T, editors. New York:
Academic Press; 1990.

Vilgalys R, Hester M. Rapid genetic identification and mapping of enzymatically amplified
ribosomal DNA from several Cryptococcus species. J Bacteriol 1990;172:4238-46.

Berbee ML, Pirseyedi M, Hubbard S. Cochliobolus phylogenetics and the origin of known,
highly virulent pathogens, inferred from ITS and glyceraldehyde-3-phosphate dehydrogenase
gene sequences. Mycologia 1999;91:964-77.

Liu YJ, Whelen S, Hall BD. Phylogenetic relationships among ascomycetes: evidence from an
RNA polymerse II subunit. Mol Biol Evol 1999;16:1799-808.

Benslimane H, Aouali S, Khalfi A, Ali S, Bouznad Z. In vitro morphological characteristics of
Pyrenophora tritici-repentis isolates from several Algerian agro-ecological zones. Plant Pathol
J2017;33:109.

Varshney V. Effect of plant extracts on Drechslera graminea, the causal agent of stripe disease
of barley. Indian Phytopathol 2002;54:88-90.

Diaz de Ackermann M, Hosford Jr R, Cox D, Hammond J. Resistance in winter wheats
to geographically differing isolates of Pyrenophora tritici-repentis and observations on
pseudoperithecia. Plant Dis 1988;72:1028-31.

The Korean Journal of Mycology 2023 Vol.51

285



Jeong et al.

26. Friesen T, Ali S, Stack R, Francl L, Rasmussen J. Rapid and efficient production of the
Pyrenophora tritici-repentis teleomorph. Canad J Bot 2003;81:890-5.

27. Carmona MA, Ferrazini M, Barreto DE. Tan spot of wheat caused by Drechslera tritici-
repentis: detection, transmission, and control in wheat seed. Cereal Research Communications
2006:1043-9.

28. Marin-Felix Y, Hernandez-Restrepo M, Iturrieta-Gonzalez I, Garcia D, Gene J, Groenewald
JZ, Cai L, Chen Q, Quaedvlieg W, Schumacher RK, et al. Genera of phytopathogenic fungi:
GOPHY 3. Stud Mycol 2019;94:1-124.

29. Crous PW, Summerell BA, Swart L, Denman S, Taylor JE, Bezuidenhout CM, Palm ME,
Marincowitz S, Groenewald JZ. Fungal pathogens of Proteaceae. Persoonia 2011;27:20-45.

The Korean Journal of Mycology 2023 Vol.51

286





