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Bakanae is one of the most important diseases of rice in Southeast Asia. Vari-
ability of 212 strains of Fusarium associated with the disease in Malaysia and Indo-
nesia were examined. Most of the strains (59.0%) were classified into five Fusarium
species in section Liseola i.e. F. fujikuroi (the most frequent, 37.3%), followed by F.
verticillioides, F. proliferatum, F. sacchari and F. subglutinans. Pathogenicity tests
on a susceptible rice seedlings variety MR 211 confirmed that only isolates identified
as F. fujikuroi were pathogenic and able to produce typical bakanae symptoms.
Results on vegetative compatibility tests indicated that there was a substantial ge-
netic diversity within the five species. Several isolates (2.4 %) were classified as het-
erokaryon self-incompatible (HSI) based on their inability to form a heterokaryon.
In crosses with seven standard testers of mating populations (MP-A to MP-G),
69.3% of the strains were assigned to five Gibberella fujikuroi species complex i.e.
MP-A, MP-B, MP-C, MP-D and MP-E based on their ability to produce viable as-
cospores. The isolates of F. fujikuroi belong to MP-C. The present data provide
baseline information for Fusarium species associated with bakanae disease of rice
in Malaysia and Indonesia as well as for the genotypes involved in causing the dis-
ease on rice in this region.

Keywords: Fusarium fujikuroi, bakanae, vegetative compatibility group, viru-
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Bakanae is a Japanese word that refers to an abnormal elongation
frequently seen in the infected rice plants (Webster and Gunnell 1992).
In Malaysia, the disease was first observed causing serious problems in
1985 during the second rice planting season in Kedah, Kelantan and
Perak (Saad 1986). The disease is seedborne and caused by F. fujikuroi
Nirenberg (Nirenberg 1976), the anamorph stage of Gibberella fu-
jikurot Sawada. Previous researchers e.g. Amoah et al. (1995, 1996),
Nirenberg and O’Donnell (1998) and Desjardins et al. (2000) reported
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several species of Fusarium in the section Liseola were associated with
the disease i.e. F. verticillioides, F. fujikuroi and F. proliferatum that
belong to mating population (MP) A, C and D, respectively.

Morphological characteristics of F. fujikuroi strains are similar to
F. proliferatum but they are distinguishable by the presence of pyri-
form microconidia of the latter species (Nirenberg and O’Donnell
1998). However, Leslie and Summerell (2006) reported the pyriform
microconidia produced in both species. They can be distinguished by
mating type and DNA sequences. Confusion on morphological charac-
ters occurred also in differentiating F. subglutinans and F. sacchari.
The present study focuses also on mating type analyses, followed by a
pathogenicity test and vegetative compatibility (VC).

VC also known as heterokaryon compatibility is another useful
tool for identification and reveals the genetic diversity of several fun-
gal genera, including Fusarium (Leslie 1993). VC was developed when
hyphae of two strains formed anastomoses and fused to a stable heter-
okaryon. The strains are therefore classified in the same vegetative
compatibility group (VCG; Leslie 1996), while those that cannot form
heterokaryons are considered as vegetative incompatible and are
therefore grouped in different VCGs. Strains of the same VCGs have
similarity in genetic characteristics and share more traits than strains
in different VCGs (Leslie 1996).

MP analysis clarified the taxonomy of G. fujikuroi species com-
plex. In the last 25 years three different anamorphs of G. fujikuroi were
reported by Nelson et al. (1983): F. moniliforme, F. subglutinans and
F. proliferatum. G. fujikuroi consists of at least seven genetically dis-
tinct biological species or mating populations (Leslie 1995). MP-A and
MP-F shared the F. moniliforme anamorph (Mansuestus et al. 1997).
The concept of MPs had been up-dated and currently by Leslie and
Summerell (2006): MP-A: F. verticillioides (G. moniliformis), MP-B: F.
sacchari (G. sacchari), MP-C: F. fujikuroi (G. fujikuroi), MP-D: F. pro-
liferatum (G. intermedia), MP-E: F. subglutinans (G. subglutinans).

In this paper we identified the strains of Fusarium isolated from
rice plants showing typical bakanae symptoms in Peninsular Malaysia
and Indonesia into species in the section Liseola based on morphologi-
cal, vegetative and sexual characteristics.

Materials and Methods
Isolation of Fusarium

A series of surveys was conducted in 1987-1988 and 2004-2005 in
21 major rice production areas in Peninsular Malaysia and Indonesia.
A total of 30 rice stem samples at the booting stage that showed typical
bakanae symptoms were recovered for each production area. Isola-
tions were conducted by surface-sterilization with 1% of sodium hy-
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pochlorite (NaOCl) for 1 min, rinsed with several changes of sterile
water and plated on peptone pentachloronitrobenzene agar (PPA) (Pa-
pavizas 1967). Fusarium cultures were purified by a single-spored iso-
lation technique (Toussoun and Nelson 1968, Burgess et al. 1994) and
incubated under standard growth conditions (Salleh and Sulaiman
1984). Isolations were made from a total of 630 stem pieces.

Identification using morphological characteristics

All single-spore Fusarium isolates were identified by observing
the morphological characteristics grown on potato dextrose agar (PDA,
Booth 1971), carnation leaf-pieces agar (CLA) (Fisher et al. 1982) and
soil extract agar (SEA) (Klotz et al. 1988). The Methuen handbook of
colour chart (Kornerup and Wancher 1978) was used to determine the
pigmentation of the cultures on PDA. The morphological characteris-
tics were observed following Burgess et al. (1994) and Leslie and Sum-
merell (2006) under a light microscope (Olympus model BX-50F4) and
photographed using a JVC camera model KY-F55BE with an image
analyzer-SIS programme.

Vegetative compatibility group

Pure cultures were placed on a complete medium (CM) (Correll et
al. 1987) for generation of actively growing colonies with a dense fun-
gal growth. Plates of minimal medium (MM) and PDA containing 2.5%
of KCIO,, hereafter called MMC and PDC respectively, were inoculat-
ed with 2 mm? mycelial discs taken from an actively growing colony.
The colonies began to produce fan-like, chlorate resistant sectors
(CRSs) after 7 days. The individual sectors from each colony were
transferred to MM slants containing NaNO, as a sole nitrogen source.
Sectors that produced thin expensive growth on MM were selected and
considered to be nit mutants, and subsequently kept at 4°C for pheno-
typing. Those that grew densely as a wild type or reverted cultures
were discarded.

The physiological phenotypes of the nit mutants were interpreted
by their growth on modified-MM by replacing NaNO, with NaNO,
(0.5 gL 'Y), hypoxanthine (0.2 gL.!) or ammonium tartrate (1.0 gL.!). The
plates were incubated in complete darkness and colony growth was
scored after 4 days of incubation, and classified as nit1, nit3 or NitM
following Klittich and Leslie (1988).

Pairings of nit mutants were made on MM following a procedure
described by Leslie (1993). The strains were classified as either heter-
okaryon self-compatible (HSC) that formed heterokaryon (robust
growth) or heterokaryon self-incompatible (HSI) when the nit mutants
were unable to form heterokaryon (only thin growth at intersection of
the colonies) at the line of contact between the mutants. Only nit mu-
tants of the HSC strains obtained from different parents were paired
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with each other. Two complementing strains were termed vegetatively
compatible and designed as members of the same VCG. Whereas,
strains that did not complement each other were termed as vegeta-
tively incompatible and assigned in different VCGs. VCGs of all Fusar-
ium strains were identified by pairing the possible combinations of the
nit mutants from each strain.

Pathogenicity test

The susceptible rice cultivar MR 211 seeds were provided by the
Malaysian Agricultural Research and Development Institute (MARDI).
The seeds were treated with benomyl-thiram, washed several times
with sterile water, and soaked in 50 ml spore suspension (10° spores/
ml) of 7 days-old cultures of F. fujikuroi (46 strains), F. verticillioides
(9 strains), F. proliferatum (7 strains), F. sacchari (5 strains), and
F. subglutinans (3 strains). Inoculated and control seeds (soaked in
50 ml sterile water) were sown on sterilized rice field soils (2 times at
15 psi for 20 min, 24 h intermittently) in plastic trays (33 x 23 x 10 cm).
Fifteen seeds were planted in each tray with four replicates and ar-
ranged in a complete randomized design (CRD) in the plant house at
the School of Biological Sciences, Universiti Sains Malaysia.

The seedlings were scored into disease scale based on: 0 = healthy
and uninfected plants (no external symptoms); 1 = normal growth but
leaves beginning to show yellowish-green; 2 = abnormal growth, elon-
gated, thin and yellowish-green leaves; 3 = abnormal growth, elongat-
ed, chlorotic, thin and brownish leaves; and 4 = seedlings with fungal
mass on the surface of infected plants or died. Disease severity index
(DSI) was calculated at 40 day after inoculation (dai) following the
procedure of Ooi (2002) with slight modifications for rice:

Y (number of plants in the specific scale x disease scale)

DSI =
Total number of plants

Ymx0)+(nx1)+(nx2)+(nx3)+(nx4)
Total number of plants

The tissues of all infected plants were plated onto PPA and the
fungi were re-isolated and re-identified. The DSI were analysed by
non-parametric technique (Friedman test) by using SPSS programme
version 11.0.

Biological compatibility

Standard testers strains for each MP groups (MP-A to MP-G) were
obtained from the Department of Plant Pathology, Kansas State Uni-
versity, U.S.A and used as one of the parent in entire crossing. Crosses
were made on carrot agar (CA) following the standard protocols (Hsieh
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et al., 1977; Klittich and Leslie, 1992). Strains expected as female par-
ents were inoculated onto thick CA plates (90 x 15 mm) while strains
serving as male parents were inoculated on CM slants (6 — 8 ml of CM
in 16 x 150 mm test tubes) on the same day. After 7 days, conidia from
the male parent strain were suspended in 3-5 ml of 2.5% Tween 60.
Then, approximately one ml of the spore suspension was spread on the
surface of the female parent on the CA plate, and worked into the myc-
elia of the female colony with a glass rod (hockey stick). The fertilized
plates were incubated at 26 + 1°C in an incubator (Vindon model S.
No.15112) with cool-white and near-UV fluorescent tubes (approxi-
mately 1,900 lux). All strains were crossed with all seven standard
mating-type testers of G. fujikuroi species complex. All crosses were
inspected for formation of perithecia and viable ascospores during an
incubation period of up to two months. Fertile strains were crossed
and produce perithecia that exude a cirrhus of ascospores. Ascospores
from representative crosses were plated out on water agar (WA) to
demonstrate their viabilities. Results showed 82% of the ascospores
are germinated and viable. Sterile strains will not be fertile in crosses
with any of the standard mating-type testers in either the original or a
replicated set of crosses, after being repeated at least twice.

Perithecia were observed in situ by using a compound microscope
(FESEM Leo Supra model 50 VP Carl-Zeiss SMT). Asci and ascospores
were observed through the mounted slides by using an Olympus light
microscope model BX-50F4.

Results
Morphological characteristics

A total of 212 Fusarium isolates were obtained from the bakanae-
infected rice plants in 21 major rice growing areas in Peninsular Ma-
laysia and Indonesia. The isolates were identified based on their mor-
phological characters into five species in Liseola while the other six
species were F. semitectum, F. oxysporum, F. solani, F. equiseti, F. lon-
gipes and F. chlamydosporum that belong to other sections. The five
Fusarium species in the section Liseola i.e. F. fujikuroi, F. verticillio-
ides, F. proliferatum, F. sacchari and F. subglutinans, were the most
frequently (59.9%) recovered from bakanae-infected rice plants in Ma-
laysia. However, only three species of Fusarium in the section Liseola
namely F. fujikuroi, F. sacchari and F. verticillioides were recovered
from Indonesia.

All strains of Fusarium species associated with species in section
Liseola produced pigmentations of white to dark violet. F. fujikuroi, F.
verticillioides and F. proliferatum produced microconidia in chains
(short, medium or long), and false heads with varying shapes such as
oval to long oval, clavate with or without flattened base, or pyriform.
However, F. sacchari and F. subglutinans only produced microconidia
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in false heads. The macroconidia of the five Fusarium species were
pedicellate, thin-walled, and almost straight; microconidiophores were
monophialides with or without polyphialides. Chlamydospores were
not produced by all species, but some strains of F. verticillioides pro-
duced big spherical cells, termed as swollen cells (pseudochlamy-
dospores). The morphology of the swollen cells was variable and trans-
verse septa were observed in some of the swollen cells.

Vegetative compatibility group

Spontaneous CRSs were readily recovered from 127 wild type
strains of F. fujikuroi, F. verticillioides, F. proliferatum, F. sacchari
and F. subglutinans when cultured and incubated for 7 days on both
chlorate media; MMC or PDC. Majority of the CRSs generated on chlo-
rate media did not have ability to utilize the nitrate and identified as
nit mutants. However, some nit mutants reverted to wild-type growth
(dense growth) and these mutants were therefore classified as crn mu-
tants. Majority of the nit mutants recovered were nit1.

Physiological complementation between nit mutants with differ-
ent loci of mutations was indicated by the development of dense growth
where mycelia of the nit mutant colonies came in contact and anasto-
mosed to form heterokaryons. The complementation occurred more
rapidly and subsequent growth of the resulting heterokaryons was
more robust in the pairings between NitM and nit1 or NitM and nit3
mutants than those between nit1 and nit3 mutants, where usually they
formed weak heterokaryons (Figure 1). When nitl and nit3 mutants
were paired, complementation usually occurred after 2 — 3 weeks. In
some pairings between nit1 and nit3 mutants recovered from the same
parental strain, no heterokaryon was observed. Some NitM mutants
were able to complement with one another, but no complementation
was observed between any of the nit1, as could nit3.

Majority (97.6%) of the Fusarium strains were classified as HSC,
however three strains of F. fujikuroi were identified as HSI. The strains
of F. fujikuroi, F. verticillioides, F. proliferatum, F. sacchari and
F. subglutinans were grouped into 26, 8, 8, 7 and 4 VCGs, respectively.
Based on the number of VCG, variations were also observed within
strains obtained from Kuala Selangor; where C115 to C120 (F. fu-
jikuroi) were classified in different groups even though the isolates
from the same sampling area. However, several VCGs comprised of
strains from the same locations, e.g. the members of: A203 from Se-
berang Perak, Perak; A204 from Pasir Puteh, Kelantan; A205 from Tu-
long Agung, East Java; B401 from Pendang, Kedah; B402, B403 B404
and C110 from Rompin, Pahang; C103 and C105 from Padang, Su-
matra; C104, C109 and D302 from Sungai Besar, Selangor; C107 from
Merlimau, Melaka; C108 and D301 from Sekinchan, Selangor; C111
from Seberang Perai, Penang; C112 from Jabi, Terengganu; D303 and
D304 from Tumpat, Kelantan.
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Fig. 1. Comparison between robust heterokaryon (nit1 and NitM) and weak heter-
okaryon (nitl and nit3) in the same pairing (A = front, B = reverse)

Pathogenicity test

The first symptom on rice seedlings inoculated with F. fujikuroi
was observed as early as 5 day after inoculation. The inoculated seed-
lings were several centimeters taller compared to healthy (control)
seedlings, the leaves became thinner and yellowish followed by the
whole leaf quickly turned brownish, then dried and died before ma-
ture. Several infected tillers produced wiry (stiff) adventitious roots at
the first or second nodes. At the advanced stages of infection, the path-
ogenic fungi produced white mycelium and sometimes pinkish sporo-
dochia on the stem just above water level, 10 — 40 day after inoculation.
Through microscopic examination, the fungal mass consisted of a large
number of conidia. However, some infected plants appeared normal
until maturity but produced empty and discolored grains.

The highest DSI of 3.3 was shown by seedlings inoculated with
strains R078 and followed by strains R042, R050 and R077 with DSI of
3.0. In contrast, a single strain (R048) that has been identified by mor-
phological, VCG and MP characteristics as F. fujikuroi was non-path-
ogenic to rice with DSI of 0.1 and not significantly (P>0.05) different
with the DSI of control seedlings.

Biological compatibility

In mating crosses, 69.3% of strains could be assigned to at least
one of the seven MPs of G. fujikuroi species complex (MP-A to MP-E),
where MP-C was the more frequent. Perithecia were produced within
2-3 weeks after spermatization (Figure 2). Out of 18 strains of F. verti-
cillioides, 13 strains (72.2%) were crossed-fertile with MP-A tester and
were assigned as G. moniliformis. In crosses with MP-B and MP-D
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tester strains, 12 strains were crossed-fertile strains for each MP and
belonged to G. intermedia and G. sacchari, respectively. Most of the
strains were highly fertile, with dozens to hundreds of matured perithe-
cia per plate. In contrast, only a single strain was crossed-fertile with
MP-E tester that belonged to G. subglutinans.

Fig. 2. Perithecia on CA plate, in situ observation. (A) positive-scored, perithecia
were produced (black dots); (B) negative-scored, no perithecia were produced; (C)
Perithecia of G. intermedia

ALE e B, e B 0 7 A AT ¢
Fig. 3. Perithecia and ascospores of G. fujikuroi (MP-C). A) perithecia on CA, in situ
observation; B) ascospores in asci produced by crossing strains R018 with C01996

Most of the MP-C showed low fertility with a few mature perithe-
cia per plate. Perithecia were rare to abundant, usually with diameter
277.5 pm; ranging from 214.3 — 357.1 yum (Figure 3A), usually formed
within 2 — 3 weeks after spermatization. Ascospores were oval-shaped
with or without septate, usually 1-septate, 3.6 — 7.1 x 7.9 — 14.3 pm
(Figure 3B). Most randomly selected ascopsores and plated on WA
were viable.

Discussion

The results indicated that the species of Fusarium associated with
rice plants were diverse. F. fujikuroi was the most frequent species
isolated from rice showing typical bakanae symptoms in 21 major gra-
nary areas in Peninsular Malaysia and Indonesia. This species is prov-
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en to be pathogenic to rice seedlings in a plant house experiment. Ab-
normal elongation of infected plants indicates that the pathogen has
the ability to produce gibberellic acid (GA;). F. fujikuroi has been iso-
lated not only from rice (Hsieh et al. 1977, Amoah et al. 1996, Kini et
al. 2002) but also from maize (Hsieh et al. 1977, Leslie 1991, 1995), and
sorghum (Correll et al. 1989, Mansuetus et al. 1997).

Morphological characteristics of F. fujikuroi strains such as pig-
mentations, growth rates and length of the microconidial chains were
highly variable. Morphologically, F. fujikuroi is similar to F. prolifera-
tum (Leslie and Summerell, 2006). These closely related species were
distinguished by the formation of pyriform microconidia (Nirenberg
and O’Donnell 1998). However, later the strains of both species also
were able to produce pyriform microconidia, thus they usually can
only be distinguished by mating types as well as DNA sequence (Leslie
and Summerell 2006). Working with morphological characteristics of
Fusarium spp. in the section Liseola, considerable errors can be made
by many, even the experienced researchers, particularly in separating
F. fujikuroi and F. proliferatum. This is not surprising due to the fact
that F. proliferatum was also implicated in bakanae disease (Amaoh et
al. 1995, 1996). Therefore, pathogenicity test, VCG and MP were used
to separate both species as well as F. verticillioides from F. fujikurosi.

VCG can also be used in differentiating the species as the nit mu-
tants from strains in different species did not pair with each other.
Spontaneous CRSs were recovered from all wild-type strains of F.
fujikuroi when cultured on MMC and PDC containing 2.5% chlorate as
a toxic analogue of nitrate with thin expansive growth colonies. The
number of CRSs obtained depends on the strains and the amount of
chlorate in the medium (Lui and Sundheim 1996). Nit mutants that
have been generated are usually unable to reduce chlorate to chloride
because of a lesion at one or more loci that control reductase, thus ren-
dering them as a chlorate-resistance (Correll et al. 1986). The classes of
nit mutants presumably reflect mutations at a nitrate reductase struc-
tural locus (nitl); a nitrate assimilation pathway-specific regulatory
locus (nit3), and the loci (at least five) that affect the assembly of a
molybdenum-containing cofactor necessary for nitrate reductase ac-
tivity (NitM). Some chlorate-resistant mutants, however, reverted to
wild-type (dense growth); these mutants were classified as crn mu-
tants.

Majority of the strains were classified as HSC, however three
strains of F. fujikuroi were identified as HSI. The lack of complemen-
tation observed might be due to a difference in inability to anastomose
among the HSI strains. Observations on HSI have been conducted in
several strains of Fusarium species such as F. oxysporum (Vaka-
lounakis and Fragkiadakis 1999) and F. graminearum (McCallum et al.
2004). Correll et al. (1987) suggested that HSI might be due to anomaly
of the nit mutants themselves, in the lack of anastomosis. In addition,
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the lack of complementation has also been caused by a double muta-
tion in some of the nit mutants (Papa 1986). On the other hand, Correll
et al. (1989) reported the low frequency of hyphal fusions per mm? on
MM after they were paired may also caused HSI. HSI strains have av-
eraged 0.2 and 1.1 hyphal fusions per mm? compared to 6.9 and 8.1
fusions per mm? for HSC that formed heterokaryon normally. Correll
et al. (1989) also reported that HSI strains branched less frequently,
then they would be fewer anastomosed cell formed. The strains in the
same VCG consist of the same allele at each incompatible locus. Dif-
ferent VCGs showed high genotypic diversity; member of the same
VCG are usually assumed to be clonal, where VCGs provide a multilo-
cus phenotype that is suitable for measuring genotypic diversity.

The in vitro fertility of some strains suggested that there is a poten-
tial for a high recombination to occur in the rice field. This is important
because a high possibility of genetic recombination in the field could
improve the genetic pool available for the pathogenic population of
Fusarium species in the section Liseola. In mating crosses, MP-C was
more dominant compared to the other MPs. MP-C of G. fujikuroi has
been reported to occur on several hosts plants, predominantly rice,
mostly from Southeast Asia (Hsieh et al. 1977, Kuhlman 1982) and it has
also been reported from maize (Leslie 1991, 1995), date palm (Abdalla et
al. 2000) and sorghum (Leslie 1991, 1995), where F. fujikuroi is consid-
ered the anamorph of MP-C. Five strains of F. fujikuroi could interbreed
with MP-C and MP-D and completed the meiosis process to produce vi-
able progenies. Leslie et al. (2004) reported that some strains of MP-C
and MP-D (minority) were able to crossed-fertile (interbreed) and pro-
duced viable ascospores. The viability of ascospores from a few repre-
sentative crosses or other indicators of low fertility and where strains
were able to crosses with testers of more than one MP, the ascospores of
the strains were plated out and showed the ascospores were viable.

Therefore, conidial ontogeny, VCG and DSI were used to identify
the species of sterile strains. For example, R001, R013, R016, R023,
R039 and R043 were identified as F. fujikuroi based on diagnostic elon-
gation symptoms of bakanae disease that has been shown throughout
the pathogenicity test in the plant house. The morphological charac-
teristics combined with VCGs as well as sexual compatibility in these
studies have provided important information on the characteristics
and genetic diversity of Fusarium strains associated with bakanae dis-
ease of rice in Peninsular Malaysia and Indonesia.
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