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Genetic variation among the base isolates and mono-
sporidial strains derived from these isolates of Tilletia
indica- the causal agent of Karnal bunt (KB) in wheat,
was analyzed by morphological, growth behaviors and
RAPD-ISSR based molecular polymorphism. Genetic
make up of fungal cultures vary among each other. The
magnitude of variation in KBPN group is less (narrow
genetic base) when compared to the other groups KB3,
KB9 and JK (broad genetic base) reflecting that vari-
ability is a genetically governed process. The generation
of new variation with different growth characteristics is
not a generalized feature and is totally dependant on the
original genetic make-up of the base isolate generating
new monosporidial strains. Thus, it can be concluded
that monosporidial strains derived from mono-teliosporic
isolate, consists of genetically heterogeneous population.
The morphological and genetic variability further sug-
gests that the variation in 7. indica strains is predomi-
nantly derived through the genetic rearrangements
through para sexual means.

Keywords : DNA polymorphism, fungal variability, genetic
divergence, ISSR, RAPD

The pathogen, Tilletia indica, Syn. Neovosia indica causes
the disease Karnal bunt in wheat, durum wheat and triticale
which is sometimes called partial bunt because only part of
the kernel is usually affected. Unlike the cereal rusts, the
disease never caused severe production losses but it always
existed, causing concerns intermittently. But this cosmetic
disease of wheat has become a quarantine concern inter-
fering with free and fair grain trade as it causes reduction in
grain quality and market acceptability of the produce.
Management of the disease has become very much crucial
due to unavailability of tolerant wheat cultivars and the
mode of dispersal of the pathogen, survival of teliospores in
soil for a long period. Wheat shows considerable variation
in degree of susceptibility among cultivars and in turn 7.
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indica exhibits high level of genetic variability among the
isolates (Mishra et al., 2001) exhibiting varying degree of
virulence. The development of resistant wheat varieties
with a wide genetic base claims thorough knowledge of
molecular mechanism in the development of variability in
T indica. The variability in T indica has been documented
on the basis of pathogen morphology, cultural characteristics
and temperature response and pathogenicity tests (Gill et
al., 1993).

T indica has emerged as a useful model organism for
studying the role of development in pathogenesis. In the life
cycle of T indica distinct developmental phases i.e. sporidial
phase, vegetative mycelia phase and teliospore phase have
been described to play different roles. The direct role of
mating in pathogenesis of the smut fungi comes from the
fact that fusion of haploid cells of opposite mating types is
generally a pre-requisite that proliferates within host tissues.
In addition, mating function may also be required at sub-
sequent stages when karyogamy takes place within dikaryotic
mycelium, when sporulation occurs to yield diploid telio-
spores which increase the chances of variation. Studying
mechanisms of genetic variation in 7. indica is therefore
likely to be critical for the future control of the pathogen.

Understanding the genetic variability in pathogen is ex-
tensively achieved through the use of genetic markers. DNA
polymorphism generated through very popular genetic
markers viz. random amplified polymorphic DNA (RAPD),
simple sequence repeats (SSRs), restriction fragment length
polymorphism (RFLP) and amplified fragment length poly-
morphism (AFLP) have been proven to be important in
detecting genetic and phylogenetic relationship in a wide
range of organisms (Mishra et al., 2001; Majer et al., 1996;
Milbourne et al., 1997; Powel et al., 1996). However, RAPD
and SSRs generally require less development efforts than
RFLP and AFLP and usually yield many more bands and
therefore represent many more loci (Milbourne et al.,
1997).

The ISSR or random amplified microsatellites (RAMS)
technique, originally described by Zietkiewicz et al. (1994)
to analyze genetic diversity in plants and animals, has also
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proven to be a powerful tool for unraveling the diversity
existed in fungi (Hantula et al, 1996). This technique
combines the simplicity of the RAPD approach, the
reliability of bands derived from known heritable domains
of the genome, and the potential to differentiate populations
or recently diverged species (Zhou et al., 2001). In the ISSR
method, the DNA between the distal ends of two closely
located microsatellites is amplified in multiple loci through-
out the genome, using primers containing microsatellite
sequences with or without degenerate anchors at the 5'
ends. Each amplified band corresponds to a unique DNA
sequence delimited by two inverted microsatellites. This
method produces polymorphic patterns between different
individuals and was found useful in describing genetic
diversity in several groups of fungi, such as: Phytophthora
cactorum (Hantula et al. 1997), Claviceps spp. (Tooley
et al, 2000), Botryosphaeria spp. (Zhou et al., 2001),
Phaeoisariopsis griseola (Mahuku et al., 2002), P. citro-
phthora (Cohen et al., 2003), Fusarium culmorum (Mishra
et al., 2003), Rhizoctonia solani (Elbakali et al., 2003),
Colletotrichum lindemuthianum (Mahuku and Riascos
2004), Gremmeniella spp. and Phomopsis spp. (Borja et al.,
2006).

The main objectives of the present work were: (1) to test
the utility of the RAPD and ISSR method as tools to study
genetic diversity amongst Karnal bunt isolates and mono-
sporidial strains (2) to study the relationship of genetic
variation with morphological development and growth
behaviors.

Materials and Methods

Collection of KB isolates and preparation of mono-
sporidial strains. Three mono-teliosporic cuttures T indica
isolates KB 3, KB 9 and JK prepared as described earlier
(Geeta et al., 2000), collected from Delhi, Punjab, Jammu
& Kashmir provinces were received from Indian Agricul-
tural Research Institute, New Delhi, India and one mono-
teliosporic culture of KBPN isolate was collected from
Uttarakhand province and obtained from Wheat Pathology
Lab, Department of Plant Pathology, College of Agriculture,
G. B. Pant University of Agriculture and Technology, Pant-
nagar, India. Fungal isolates showing differential pathogeni-
city patterns on host differentials were cultured at Molecular
Markers Laboratory, Department of Molecular Biology and
Genetic Engineering, G. B. Pant University, Pantnagar, India
on modified potato dextrose agar (PDA) and potato dex-
trose broth (PDB) medium in Petri plates and flasks
respectively. The cultures were incubated in BOD incubator
at 22+1°C under light and dark conditions.

After 21 days of growth of fungus in PDA, sporidia were
collected separately by decanting and germinated on the

same media. Single germinating sporidia were randomly
picked microscopically from two petriplates of same culture
grown on PDA and cultured as individual mono sporidial
cultures. Two mono sporidial strains from KB 3 base isolate
(KB3msa, KB3msc), seven mono sporidial strains from KB
9 base isolate (KB9msl1-KB9ms7), six mono sporidial
strains from JK base isolate (JKmsa-JKmsf) and five mono
sporidial strains from KBPN base isolate (KBpnl, KBpn3,
KBpn5, KBpn6 and KBpn8) were prepared and used in this
study.

Harvesting of mycelium. The growing liquid cultures of 7/
indica were harvested at desired time intervals. The media
containing the mycelial mat of 7. indica was filtered
through a folded muslin cloth and washed several times in
PBS (0.05 M, pH 7.2) and it was followed by washing with
sterilized distilled water. The wet weight of the mycelial
mass was taken and the wet masses were lyophilized for 5
hours to obtain the dry weight. Dried mycelial masses were
stored at —20°C until use.

Harvesting of sporidia for detection of developmental
stage dependent variation. Developmental stage depen-
dent variations were detected by isolation and counting of
sporidia by haemocytometer at 21* days of growth. The
sporidia were harvested from the 21 days old fungal cultures
by decanting method. 10 ml of sterilized distilled water was
added to the plates and gently moved back and forth and
water containing sporidia was decanted to sterilized Oakri-
dge tubes and centrifuged at 4000 rpm for 10 min to get
sporidial pellet. The pellets were re-suspended in minimal
amount of sterilized distilled water and stored at —20°C.

Determination of growth kinetics and microscopic ex-
amination. All 24 fungal cultures were cultured on solid as
well as liquid media. Radial diameters of mycelia were
measured at 3 days intervals. In order to study the fungal
morphology through microscopic examination, following
method was used. Some mycelia were picked from the
cultures at desired 7 days and 21 days interval and placed
on the glass slides. A drop of cotton blue was added over
the fungal materials and teased to get an even and thin
spread over the slide. Then, a drop of Lactophenol was
added to fix the slide and cover slip was placed to prepare
temporal mounts for microscopic examinations.

DNA extraction and quantification. In order to isolate
DNA from the fungus 7. indica, a modified procedure
based on cetyltrimethyl ammonium bromide (CTAB) method
was used (Murray and Thompson, 1980). The DNA was
purified and quantified by the method as described by
Sambrook et al. (1989).
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Primers used. A set of 30 decanucleotide RAPD and 19
ISSR primers synthesized and purchased from Life
Technology were employed for PCR amplification. The
sequence and the details of primers are given in the Table 1
and 2.

PCR amplification through RAPD and ISSR Marker.
PCR was carried out in 25 pl reaction mixture containing
20ng of genomic DNA, 0.3U Taq DNA polymerase
enzyme, 200 uM each dNTPs, 10 mM Tris-HCI, 1.5 mM
Mg Cl, and 0.2 uM primer, 30 ng from a single primer and
50 ng from each template DNA was added in each tube.
The PCR amplification was carried out three times in a
Biometra T-gradient DNA thermocycler. For RAPD ampli-
fication, PCR cycle was programmed as follows: initial

denaturation of 5 min at 94°C; 37 cycles of denaturation at
94°C for 1 min, annealing at 41°C for 1 min and extension
at 72°C for 2 min; followed by a final extension at 72°C for
7 min. In order to perform ISSR amplification, initial
denaturation of 5 min at 94°C; 45 cycles of denaturation at
94°C for 1 min, annealing at 41 °C for 1 min and extension
at 72°C for 2 min; followed by a final extension 72°C for
10 min were utilized. The amplified products were stored at
—20°C until they were subjected to electrophoresis. PCR
products were electrophoresed in triplicate in 1.6% agarose
gel in 0.5X TAE buffer along with 100 bp DNA marker at
the concentration of 250 ng/ml to identify respective bands.
The only reproducible bands were scored manually.

Dendrogram, UPGMA and Principle coordinate analysis.

Table 1, Details of RAPD primers used for the molecular characterization of 7. indica

S. No. Primer Primer Sequence Amplified Total Mono Poly % Unique Band
code product (bp) bands bands bands Poly. (bp)
1 R1 GAA ACGGGT G 100-1350 15 - 15 100 -
2 R3 GGG TAACGCC 275-1300 16 2 14 87.5 {KB3msc)
3 R4 GTG ATC GCA G 150-1350 17 - 17 100 -
4 RS TGC CGAGCT G 225-1300 16 - 16 100 -
5 R6 AGTCAGCCAG 200-1300 14 1 13 92.85 -
6 R7 AAT CGG GCT G 300-1250 15 - 15 100 -
7 R8 CAATCGCCGT 200-1400 17 2 15 88.2 2(KB3msc,KB9)
8 R9 CAGCACCCAC 200-1500 16 - 16 100 1(KBY)
9 R 10 TTC CGA ACCC 400-1350 14 - 14 100 2(KB3msc)
10 R15 AGT CAGCCAC 250-1500 15 - 15 100 -
11 R 16 GIGAGGCGT C 250-1600 18 - 18 100 -
12 R17 TGG ACCGGT G 250-1500 10 - 10 100 3(KB9)
13 R18 GACGGATCAG 200-1325 16 - 16 100 3(KBPN,KB3msc)
14 R22 TIGGCA CGGG 250-1500 18 - 18 160 2(KB9)
15 R27 AGG GCGTAA G 200-1600 16 - 16 100 2(KB9ms1)
16 R28 GAGAGCCAAC 200-1600 18 - 18 100 ~
17 R2 GIG ACGTAGG 300-1250 8 8 - 0 -
18 R11 AGGTGACCTG 300-1250 8 8 - 0 -
19 R12 GITGCGATCC 200-1500 6 6 - 0 -
20 R13 AGGTGACCGT 400-1350 10 10 - 0 -
21 R14 CAGGCCCTITC 300-1250 6 6 - 0 -
22 R19 GGA CCC AACC 400-1350 6 6 - 0 -
23 R20 GIC GCCGIC A 300-1250 8 8 - 0 -
24 R21 TGA GAGGAC A 200-1500 8 8 - 0 -
25 R23 GIGTGC CCC A 300-1250 6 6 - 0 -
26 R24 AGC GCCATITG 200-1500 6 6 - 0 -
27 R25 GGG GTGACG A 0 - - - - -
28 R26 GGACTGCAGA 0 - - - - -
29 R29 GAT CCT GGA G 0 - - - - -
30 R30 GGC CCG ATG G 0 - - - - -
TOTAL - 306 77 249 - -
AVERAGE 228-1420 11.7 6.41 15.56 60.32 -
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Table 2. Detail of ISSR primers used for the molecular characterization of inter microsatellite region of T'indica

Primer Amplified

Mono Poly %

S. No. code Primer Sequence product (bp) Total bands bands bands Poly. Unique Band

1 I-4 (AG®)T) 300-1350 13 - 13 100 1(KB3)

2 I-6 ((GA)Y®B) A) 350-1350 15 - 15 100 1(KB9)

3 19 UO®T) 500-1600 9 - 9 100 -

4 I-10 {(GABY T) 300-1600 17 - 17 100 -

5 I-11 (AR YG) 500-1600 11 - 11 100 -

6 I-15 (HVH(TG)7) 200-1400 16 4 12 75.0 -

7 I-18 ({(CTC)(8)Y) 500-1300 6 - 6 100 1(KB9ms6)

8 1-20 (GGGTG)(3) ) 400-1400 14 - 14 100 2(KB9ms6,KB3mscC)

9 I-13 (BHB (GA)X7)) 200-1400 15 - 15 100 1(KB9)

10 I-1 HVH(TG)(7)) 200-1400 12 12 - 0

11 12 (GA(®)T) 350-1350 10 10 - 0

12 I3 (GA®)G) 200-1400 1 11 - 0

13 -5 (AG)8G) 200-1400 13 13 - 0

14 I-7 ((CT)8G) 350-1350 12 12 - 0

15 I-8 (TC8G) 200-1400 10 10 - 0

16 I-12 (HBH(AG)7) 350-1350 8 8 - 0

17 I-14 (VHV(GT)7) - - - - - -

18 I-16 (CTBG) - - - = - -

19 120 ((GGGTG)3) - - - - - -

TOTAL 192 80 112 54.68 -

AVERAGE 416-1450 12.0 0.44 12.44 - -

Fragments amplified by RAPD & ISSR were visually
scored as present (1) or absent (0), fragments with the same
size were considered equal. The similarity indices were
generated after multivarient analysis using Nei and Li’s
Coeflicient (Nei and Li, 1979). The similarity matrix was
used to construct dendrograms with the help of the
Unweighted Pair Grouping by mathematical averaging
(UPGMA) method using NTSY S-pc version 2.1 software.
Cophenetic values and Principle Coordinates Analysis were
performed. The analysis work was based on Jacquard’s
similarity coefficient given below.

Number of polymorphic bands
Total number of bands

Similarity coefficient=

Results and Discussion

Fungi cause the most serious diseases of plants and display
greater complexity and diversity of form than other micro-
bial pathogens. This diversity is highlighted by the extra-
ordinary host range observed by some pathogens and the
extreme pathogenic specialization of others. Variability in
the pathogen T indica has been established by using single
teliospore cultures but the stability of such pathogens to be
proved as pathogen is heterothallic organism, primary or
secondary sporidia or hyphae as compatible mating types

must fuse to form dikaryon which readily increases the
chances of variation due to heterozygosity. The greater
frequency of out-crossing in 7. indica suggests that intra-
specific and inter-specific hybridization in T' indica pre-
sumably facilitates sexual recombination and greater genetic
diversity. Knowledge of diversity of the Karnal Bunt patho-
gen in the form of distinct monoteliosporic and mono-
sporidial cultures are considered essential before effective
measures for its management are developed and understood.
In the present investigation, attempts have been made to
study the morphological and genetic changes of isolates
and monosporidial strains of T indica grown in culture
medium. More emphasis has been categorically given to
detect the variation using RAPD-ISSR based molecular
tools among the monosporidial strains in order to under-
stand the mechanism of genetic polymorphism in 7. indica.

Determination of growth Kinetics. As indicated in Fig. 1
(A) and (B), drastic variations in total biomass production
as well as radial diameter were observed in all base isolates
and monosporidial strains. JK, KB3 and KB9 group of
strains showed much variation in their growth patterns;
however KBPN group indicated very less variation amongst
their monosporidial strains. It is quite interesting to note that
some slow growing monosporidial strains (like KB9ms5)
were isolated from fast growing isolate (KB9). KB3 iso-
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Fig. 1. (A) Total biomass production in g% on wet basis and (B) Radial diameters in mm of 4 isolates and 20 monosporidial strains of T,

indica at different time intervals of their growth.

late showed slow growth, however monosporidial strains
(KB3msa and KB3msc) generated from this showed
significantly fast growth. Statistical analysis performed on
each time interval indicated that the variation is highly
significant (P>0.05) at five time intervals studied. Based on
the total biomass and radial diameter at sixth day of the
growth, the total 4 base isolates and 20 monosporidial
strains were grouped as follows.

Fast growing (>4* and >50**): KB9, KB9 ms1, KBY ms4,
KB9ms6, KB9ms3, JK, JKmse, KB3msa, KBPN,
KBpnl, KBpn3, KBpn5, KBpn6, KBpnS.

Moderate (2-4* and 25-50**): KB9ms7, KB9ms2, JKmsb,
KB3msc

Slow growing (<2* and <25%*): KB9ms5, JKmsc, JKmsd,
JKmsf, KB3

*Total biomass production at 6™ day (g % mycelial wt on
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wet basis)

**Radial diameter at 6" day (mm)

follow a linear pattern in time course increment in both total
biomass production and radial diameter. It is pertinent to

J. M. Seneviratne et al.

note that KBPN isolate and all monosporidial strains in

KBPN group follow a pattern of fast growth behavior. At

the sixth day of their growth, these strains showed fast
Most of the fungal cultures used in the present study growth but

there after sudden retardation in total biomass

and radial diameter increment was observed with the time
course. This observation was made from an in vitro study

Table 3. Morphological variation of fungal isolates and monosporidial strains under microscopic observation

Isolates/ Sporidial Morphological Characteristics
N(; Monosppridial count - B . .
. strains  (Numberx 10°%) 7 days after inoculation 21 days after inoculation
L. KB3 32 Extremely thin and some thick mycelium, mod- Thin mycelium with heavy allantoid sporidium pro-
erate allantoid sporidium production duction
2. KB3msa 52.7 Thin and thick mycelium few allantoid sporid- Thin mycelium few sporidium production
ium production
3. KB3msc 1.8 Thin myceliunr with heavy filiform sporidium Thin and thick mycelium with heavy filliform and
production some allantoid sporidium
4. KB9 37.0 Thin and thick mycelium few allantoid sporid- Thin mycelium few allantoid sporidium
ium
5. KB9msl 54 95% filiform sporidium production and few  Thin and thick mycelium, all filiform sporidium.
allantoid sporidium thin mycelium
6. KB9ms2 33 Thin and thick mycelium few allantoid sporid- Thin and thick mycelium few allantoid sporidium
ium production production
7. KB9ms3 23 Thin and thick mycelium Thin and thick mycelium few allantoid sporidium
production
8. KB9ms4 1344.0  Thin and thick mycelium Thin mycelium and chlamydospore formation, mod-
erate allantoid production
9. KB9ms5 672.0  Thin and mycelium Thin mycelium, moderate allantoid sporidium pro-
duction
10.  KB9ms6 918.0  Thin and thick mycelium few allantoid sporid- Thin and thick mycelium moderate allantoid sporid-
fum production ium production
11.  KB9ms7 201.0  Thin mycelium moderate allantoid sporidium  Thin and thick mycelium few allantoid sporidium
production production
12. JK 87.0 Thin and thick mycelium, Chlamydospores for- Mycelium thickening and moderate allantoid sporid-
mation um production
13. JKmsa 3.7 Thin mycelium heavy allantoid sporidium pro- Thin mycelium heavy allantoid sporidium produc-
duction tion
14. JKmsb 1630.0  Thin and thick mycelium few allantoid sporid- Thin mycelium, Chlamydospores formation and few
ium production allantoid sporidium formation
15. JKmsc 2179  Thin and thick mycelium, moderate allantoid =~ Mycelium thickening and few allantoid sporidium
and few filiform sporidium production production
16. JKmsd 375 Thin and thick mycelium heavy allantoid sporid-Thin mycelium moderate allantoid sporidium pro-
fum formation duction
17. JKmse 8.6 Thin mycelium few allantoid formation Thin mycelium heavy allantoid formation
18. JKmsf 17.5 Thin mycelium heavy allantoid formation Thin mycelium moderate allantoid formation
19. KBpnl 3.8 Thin and thickened mycelium no sporidium for- Mycelium thickening and few allantoid sporidium
mation formation
20. KBpn3 387.0  Thin mycelium moderate allantoid formation ~ Thin mycelium moderate allantoid formation
21.  KBPN5 4320  Thin mycelium no sporidium formation Mycelium thickening, chlamydospore formation and
few allantoid sporidium formation
22. KBpn8 328.0  Thin and thickened mycelium clamidospore for-Mycelium thickening and few allantoid
mation
23. KBpn6 341.0  Thin mycelium Myecelial thickening moderate allantoid
24. KBPN 289.0  Mycelium thickening, Chlamydospores forma- Mycelial thickening moderate allantoid

tion and few allantoid sporidium formation
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carried out without replenishment of nutrients. High demand
for the nutrients by a fast growing organism can be thought
to explain the retardation of fungal growth when the culture
media is not replenished. Further, formation of different
monosporidial strains having differential growth behaviors
is indicative of heterogeneous population derived from
single isolate. It is interesting that the magnitude of variation
in growth behaviors of mono-sporidial strains in KBPN
group is less pronounced as compared to other groups of
mono-sporidial strains (KB3, KB9 and JK). It can be
concluded that the generation of new strains with different
growth characteristics is not a generalized feature but
totally dependant on the original genetic make up of the
base isolate, which generated new types of monosporidial
strains during fungal development.

Microscopic examination and enumeration of sporidia
and mycelial growth variation. As indicated in Table 3, a
significant variation was observed in both number and the
form of the sporidium. Most of the cultures produced only
one type of sporidia at 21 days except KB9ms6, KBIms7,
JK, JKimsb and KB3msa which produced both types
(allantoid and filiform) of sporidia and also generated high
variation in sporidial counts. Morphological variations of
all fungal cultures were monitored at two different time
intervals (7" day and 21* day). A clear variation was
observed between the base isolates as well as among the
monosporidial strains irrespective of their origin. All three
fungal groups (JK, KB3 and KB9) showed a large variation
in sporidial count as well as morphological features; however
KBPN group showed uniformity in terms of morphology
and sporidial count amongst themselves. Some fungal strains
(JKmse) showed the formation of chlamydospores indicat-
ing transition in the developmental stage towards sporulation
after sensing the starvation of nutrients.

Molecular Characterization of variation amongst iso-
lates and monesporidial strains. 7. indica exhibits high
level of genetic variability among the isolates (Mishra et al.,
2001) exhibiting varying degree of virulence. Understand-
ing the mystery of genetic variability in pathogen is exten-
sively achieved through the use of genetic markers. Such
type of variability studies amongst fungal isolates with
respect to virulence are very important for disease manage-
ment and resistance breeding programmes. DNA markers
such as RAPD & ISSR have been proven to be useful for
the detection, differentiation and determination of phylo-
genetic relationship between isolates of a morphological
species of several pathogens (Narayanasamy, 2001). The
RAPD technique was applied to distinguish the pathogenic
and nonpathogenic isolates of Fusarium oxysporum f.sp.
dianthi causing wilt disease of carnation (Hernandez et al.,

1999). In a later investigation, the analysis of genetic
distance data showed that the pathogenic isolates tend to
cluster together in one group, whereas the non-pathogenic
isolates constituted another group (Zanotti et al., 2006). The
genetic diversity among isolates of a worldwide collection
of Fusarium culmorum and F. graminearum was assessed
by RAPD fingerprinting (Schilling et al., 1994). The RAPD
technique was applied to assess the genetic diversity among
rice blast pathogens. The analysis of RAPD polymorphism
on M grisea isolates exhibited high level of polymorphism
indicating a wide and diverse genetic base. A repeat
sequence designated MGR 586 present in the genomic
DNA of rice infecting strains of M. grisea and another
retrotransposon named as fosbury have been used for
differentiation of isolates of M. grisea (Schull and Hamer,
1994). The phylogenetic grouping based on the RAPD data
did not seem to be congruent with geographical locations.
A high genetic diversity was evident among the isolates due
to spontaneous mutation and stress induced transposition
which may be the main reason for genetic diversity within
isolates of M grisea from Andhra Pradesh, Maharashtra and
Karnataka states in India and could be due to different crop
seasons (Chadha and Gopalakrishna, 2005). The results
indicate that populations of M. grisea in India are hetero-
genous genetically and the RAPD technique can be effec-
tively used to assess the interrelationship among the iso-
lates.

RAPD

Twenty six of these primers out of 30 primers used in the
present study showed a total of 306 reproducible bands.
Each of the primer varied greatly in their ability to resolve
variability among the genotypes. The individual primer
produced bands in a range of 06 (R12, R14, R19, R23 and
R24) to 18 (R28, R22 and R16) bands with an average
of 16 bands per primer. Out of the 306 bands, 77 bands
were monomorphic i.e. they were present in all fungal
cultures (Table 1) showing polymorphism percentage of
60.32%.

The amplified fragment ranged from 100bp (primer R1)
to 1600bp (primers R27, R16 and R28). Unique bands
identified by primers R3 and R10 (for KB3msc), R8 (for
KB3msc, KB9), R9, R17 and R 22 (for KB9), R18 (for
KBPN and KB3msc) and R27 (for KB9msl) were exclu-
sive to these cultures which made it distinct from other
fungal cultures. Presence of higher numbers of polymorphic
bands (16) indicate that the fungal genome contains hot
spots of variability in these regions defined by the used
primers and the presence of monomorphic bands (10)
indicate that the fungal genome is quite consistent in the
regions defined by used primers and the primers which
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T indica isolates and monosporidial strains.

L- 100bp Ladder, 1- KB3, 2- KB3msa, 3- KB3msc, 4- KB9, 5- KB9ms1, 6- KBms2, 7- KB9ms3, 8- KB9ms4, 9- KB9ms5, 10- KB9ms6,
11- KB9ms7, 12-JK, 13- JKmsa, 14- JKmsb, 15- JKmsc, 16- JKmsd, 17- JKmse, 18- JKmdf, 19- KBpnl, 20- KBpn3, 21- KBpn5, 22-

KBpn8, 23- KBpn6, 24- KBPN

produced unique bands during amplification were consider-
ed as highly informative markers for identification of
fungal cultures. The banding profile of primer R-03 is
depicted in (Fig. 2A).

Similarity coefficient, Cluster analysis, Matrix Com-
parison and Mantel Test. A dendrogram was constructed
based on the PCR amplification results. The UPGMA
cluster analysis method was followed for the construction
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of the phylogenetic tree (Fig. 2B). Principal coordinate
analysis was performed in order to highlight the resolving
power of the coordinates. Two and three dimensional views
are depicted in (Fig. 2C & 2D), respectively. In the situation
of total RAPD analysis Jaccard’s similarity values between
pairs of accessions ranged from 0.13 for KB9ms7 and
KB3msa to 0.96 for KBpn4 and KBpn8. KB9ms7 mono-
sporidial strain from KB9 isolate branched out from the
base of the dendrogram leaving the rest fungal strains on
multi storey clusters (Fig. 2B). JKmsc, KB9msland KB3msc
branched out from the dendogram in stepwise manner
leaving all the rest 20 strains on two major clusters. The
dendogram readily grouped the other 20 strains into two
main clusters and the cluster I was further divided in to two
sub clusters. Sub cluster [ had a group of three strains, KB3,
KB3msa and KB9ms4 which branched out as a solitary
strain. The second group of sub cluster I was further
divided into several mini clusters showing varied degrees of
similarities. Sub cluster II comprised of eleven strains
which were further clustered in to several mini clusters with
varying degrees of similarities. Isolates and monosporidial
strains were grouped in to same clusters in most of the cases
and in rare situation some monosporidial strains (JKmsb,
JKmse, KB9ms4, KBms5 and KB9ms6) were clustered in
to different clusters other than their origin.

The cophenetic value matrix generated from SAHN’s
cluster analysis was used for the 2-way Mantel test (z-
statistic). The estimated cophenetic correlation (r) was
0.96179 indicating very good fit of the cluster analysis (Fig.
2E). The approximate Mantel t-test revealed that t value
equal to 8.8314 and the probable random Z was less than
observed Z exhibited significant correlation between
similarity matrix and cluster analysis.

Molecular characterization of monosporidial = strains
through RAPD indicates very high variation within and
between the groups. It is quite interesting to notice the
generation of new fast growing strains from slow growing
base isolates as well as onset of slow growing strains from
fast growing base isolates. KBPN is profoundly important
as it shows unique features in genetic modulation. All
strains of KBPN group show very low genetic variation
between each other indicating very low genetic rearrange-
ments taking place in this genome. It can be hypothesized
that this phenomenon can be due to the presence of low
levels of recombination pockets in the fungal genome
compared to all the other monosporidial groups (KB9, KB3
and JK) which showed comparatively very high levels of
genetic rearrangements. In general, phenotypic characters
are well modulated by the environmental effects. But the
phenotypic features detected in terms of growth kinetic
studies are in well accordance with this molecular charac-
terization features. Total biomass as well as radial diameter

of fungal strains is highly fluctuated in all monosporidial
groups except KBPN monosporidial group indicating that
the low genetic variability observed here is well confirmed
through those morphological features.

ISSR

A total of 192 bands were detected using 19 ISSR primers
out of which 112 bands were polymorphic, 80 were mono-
morphic (Table 2). The number of amplified bands varied
from 6 bands in primer ISSR 18 to a maximum of 17 bands
in primer ISSR 10, with an average of 12 bands per primer
while the amplified fragment ranged from 200bp (primers I
13,115 and 1 6) to 1600 bp (primers I 10,1 11 and I 9) with
an average of 416bp to 1450bp. A total six unique bands
were obtained with primers I 4 (for KB3), I 6 (for KB9), 1
18(for KB9 ms6), I 20 (for KB9ms6 and KB3msc) and I
13(for KB9). Out of nineteen primers tested seven primers
amplified only monomorphic bands indicating the presence
of stagnant regions of variability. The 9 primers amplified
polymorphic bands indicate the presence of hot regions of
variability in fungal genome. The banding profile of primer
I-15 is depicted in (Fig. 3A).

Similarity coefficient and cluster analysis. Jaccard’s
similarity coefficients, estimated using nine ISSR primers
ranged from 0.07% between pairs KB9 and KB 3 to the
maximum of 92% between pairs KBpn8 and KBpn4. Thus
the result revealed closeness between KBpn8 and KBpn4
and diversity between KB9 and KB9ms7 isolates.

Phylogenetic tree generated using SAHN cluster analysis
and UPGMA method is shown in (Fig. 3B). All the 24
strains were clearly separated by dendrogram. Two and
three dimensional views are depicted in (Fig. 3C & 3D),
respectively. Clustering feature in total ISSR dendogram is
much more pronounced compared to the total RAPD
dendogram and at the very first level two major clusters
are formed showing 0.19 similarity coefficient. First main
cluster remains as it is through out the dendogram while the
second main cluster is grouped in to two another main sub
clusters.

Clustering feature in total ISSR dendogram is much more
pronounced compared to the total RAPD dendogram and at
the very first level two major clusters are formed showing
0.19 similarity coefficient. The first main cluster is not sub
divided while the second main cluster is grouped in to two
another main sub clusters in the dendrogram. In the situa-
tion of total RAPD analysis, Jacquard’s similarity values
between pairs of accessions ranged from 0.07 for KB9ms 7
and KB3msa to 0.92 for KBpn4 and KBpnS8. In most of the
situations main isolates and monosporidial strains originat-
ed from the same are clustered together (KB3, KB3msa,
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Fig. 3. (A) ISSR marker analysis through PCR amplification of fungal genomic DNA with R 03 primer, (B) Dendrogram constructed by
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indica isolates and monosporidial strains.

L~ 100bp Ladder, 1- KB3, 2- KB3msa, 3- KB3msc, 4- KB9, 5- KB9ms1, 6- KBms2, 7- KB9ms3, 8- KB9ms4, 9- KB9ms5, 10- KB9ms6,
11- KB9ms7, 12- JK, 13- JKmsa, 14- JKmsb, 15- JKmsc, 16- JKmsd, 17- JKmse, 18- JKmdf, 19- KBpnl, 20- KBpn3, 21- KBpn5, 22-
KBpn8, 23- KBpn6, 24- KBPN

JK, JKmsa, JKmsd, JKmsf, KB9, KB9ms2, KB9ms5) and JKmse, KB9ms1,KB9ms7 and JKmsc).
some monosporidial strains deviate from this rule showing In general ISSR marker analysis indicated more or less
very high genetic variation from the origin (KB9ms3, similar features to that of RAPD analysis. The analysis
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revealed that RAPD analysis in molecular characterization
in T indica is much more informative as it indicated 60%
polymorphism while ISSR analysis indicated only 54%.
This may be due to the reason that ISSR markers generated
polymorphism, only from the intervening regions of introns
while RAPD can cover both exon and intron regions. The
estimated cophenetic correlation (r) was 0.85358 and show-
ed a very good fit for cluster analysis. The approximate
mantel t-test recorded t equal to 7.7685 and probable
random Z was less than observed Z indicated good repre-
sentation between similarity matrix and cluster analysis
(Fig. 3E).

Molecular characterization with two marker systems

indicated that RAPD is more informative over ISSR as it
can resolve the genetic variability of T indica strains more
effectively. Genetic make up of isolates and monosporidial
strains significantly vary among each other and members of
same monosporidial group vary among each other in their
genetic makeup. This variability is not a generalized phen-
omenon as some monosporidial groups exhibited nearly
zero variability (KBPN). Hence it can be concluded that
variability is a genetically governed process. This genetic
variability clearly reflected in terms of morphological vari-
ability suggests that the variations in 7. indica strains are
predominantly derived through the genetic rearrangements
thus altering the growth behavior.
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Combination of RAPD and ISSR markers. Features of
total RAPD-ISSR similarity matrix and dendrogram (Fig.
4A) are quite similar to the total RAPD analysis, indicating
the RAPD analysis is dominant over the ISSR analysis. The
combined allelic diversity dataset using two different PCR
based molecular markers generated bands from 25 primers
with an average of 12.88 bands per primer. The lowest
number of six bands per primer was obtained from I 18
ISSR marker. The highest number of bands (18) was
recorded for three RAPD primers (R 16, R22 and R28). Out
of 25 primers used in the study, twelve primers resulted in
unique bands (seven in RAPD and five in ISSR) on
amplifying single strain.

Similarity coefficient, Cluster analysis, Matrix Com-
parison and Mantel Test. The Jaccard’s similarity coeffi-
cient was estimated using pooled marker diversity data. The
range of the coefficient varied from 0.13 (KB3msa, KB9ms7
and KB9, KB9ms?7) to a maximum of 0.85 between KBpn3
and KBpn3 followed by KBpn8 and KBpn5 with the same
similarity. The phylogenetic tree constructed through SAHN
cluster analysis using UPGMA method revealed that pooled
cluster analysis is much similar to the cluster analysis of
RAPD markers, indicating that RAPD markers are contri-
buting more as compared to the ISSR markers. The pooled
allelic diversity data revealed clear and distinct grouping of
all the isolates.

Matrix comparison was performed using MXCOMP pro-
gramme of NT SYS PC 2.11v to calculate the cophenetic
correlation between the similarity matrix and the cophenetic
value matrix. The degree of relationship between two
matrices measured for all the genetic diversity data gene-
rated through different markers are represented in Figure
6B. The cophenetic correlation (r) was also used to measure
the goodness of fit for different cluster analysis. The
cophenetic correlation, 1=0.95323 for combined molecular
markers (RAPD and ISSR) indicated very good fit of the
cluster generated using SAHN UPGMA method with the
similarity matrix. The two way Mantel test resulted t equal
to 8.6356 and probable Z less than observed Z which
showed the cluster was well represented by the similarity
matrix value. Matrix comparison in the score plots depicted
in (Figure 4B) indicate that the total RAPD score plot show
much more linear relation compared to the total ISSR and
RAPD combined depiction, indicating RAPD is a good
marker for Tilletia indica genetic evaluation.

Principle Co-ordinate Analysis (PCoA). The patterns of
cluster analysis was further confirmed by Principal coordi-
nate analysis (PCoA) for molecular markers. The results for
different markers are presented in two and three dimen-
sional score plots. The PCoA for RAPD, ISSR and com-

bined markers also resulted in similar relationship between
the score plots and the pattern of genetic diversity estimated
by the UPGMA cluster analysis. Maximum of 53.49% of
the total variation recorded for SSR markers using principal
coordinate analysis was recorded. It was indicated that
maximum number of distinct clusters were generated using
all the markers with cumulative variance for first three
components (31.75). From the score plots generated through
PCoA analysis and the dendrogram constructed through
UPGMA method for all the marker systems were in close
affirmation (Fig. 6A & 6B) as studied earlier by Jain et al.
(2004) and Semgan et al. (2006). The clusters generated
through the combination of two molecular markers (RAPD,
ISSR) were compared with the score plots generated by
PCoA analysis. The total variation of first five principal
components for RAPD, ISSR and combined was estimated
as 47.02, 45.8 and 46.2%, respectively. The first five
components resulted in a cumulative variance of 46.2%
which showed relatively similar result with individual
molecular markers. The different groups resulted from the
score plots (PCoA) and the clusters generated from the
dendrogram (UPGMA cluster analysis) were found to be
similar.

Estimation of relative efficiencies of different markers.
The relative efficiency of a marker was assessed by corre-
lating the genetic similarity measures with different markers.
The similarity coefficients of 24 fungal cultures measured
through two different molecular markers (RAPD, ISSR)
were subjected to calculate the Pearson’s correlation coeffi-
cient. Among the molecular markers highest Pearson corre-
lation value (r=0.9925) was recorded in RAPD xCombined
markers which suggested that these two markers are con-
cordant to each other in terms of the genetic similarity
produced. The Combined and ISSR markers produced the
second highest correlation value (r=0.9087). It was observed
that the involvement of RAPD markers increases the
Pearson correlation coefficient compared to ISSR markers.
The result suggested that both molecular markers have
produced somewhat similar genetic similarity but RAPD
markers were the most influential type of molecular marker
while used in combination to study the genetic diversity.
The results indicated differences among various marker
systems in terms of identifying degrees of genetic diversity
present in a particular set of isolates.

Based on the data set generated through combined mole-
cular markers (RAPD and ISSR) isolates were distributed
in 20 clusters. The clustering pattern obtained through
combined molecular markers finds its place in between
ISSR and RAPD markers. The result revealed that RAPD
markers came out with best discrimination among all the
isolates and mono-sporidial strains studied for genetic
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diversity analysis hence it may be considered as a more
efficient marker technique for determination of genetic
divergence amongst Tilletia indica pathogen.

Since the pathogen is heterothallic, filamentous and
multinucleate in nature only compatible monosporidial
cultures are able to produce infection. Till now cultures
from single teliospores are being utilized for variability
studies and testing for compatible monosporidial lines for
variability is laborious and difficult by conventional plant
pathological methods. This is the first report demonstrating
the application of molecular markers to determine the vast
genetic diversity within monosporidial strains derived from
different mono-teliosporic isolates. Such diversity is possible
through recombination and mating between compatible
mating types and karyogamous changes (Geeta et al., 2000)
as well as recombination originated through anastomosis
and subsequent para sexual recombination (mitotic crossing
over) or simply by the mutations (Nicholas, 1998). It has
been demonstrated that heterothallism and pathogenicity
are controlled by multiple alleles of one locus on a homo-
logous chromosome and there exist two mating types (Dural
and Cromarty, 1977). Royer and Ryter (1985) and Aujla
and Sharma (1990) also indicated presence of at least three
mating types which is suggestive of the probability of
tetrapolar incompatibility system in 7. indica. There is a
great deal of genetic variability within the species but
researchers do not agree on the designation of specific
races. The molecular characterization approaches used in
the present study may also help in the identification of the
possible mating types generated during fungal life cycle
and elucidation of the molecular mechanisms underlying
the sexual development and pathogenicity.

Acknowledgements

We acknowledge Dr. Rashmi Agarwal, Principal Scientist,
Division of Plant Pathology, Indian agricultural Research
Institute, New Delhi and Dr. Shalini Purwar, Post Doctorate
Fellow, Division of Plant Pathology, Indian agricultural
Research Institute, New Delhi for providing base isolates.

References

Aujla, S. S. and Sharma, I. 1990. Compatibility systems in M.
indica. Indian Phytopathol. 43:222-223.

Botja, I., Sotheim, H., Hietala, A. M. and Fosdal, C. G. 2006. Eti-
ology and realtime polymerase chain reaction-based detection
of Gremmeniella- and Phomopsis-associated disease in Nor-
way spruce seedling. Phytopathology 96:1305-1314.

Chadha, S. and Gopalakrishna, T. 2005. Genetic diversity of
Indian isolates of rice blast pathogen (Magnaporthe grisea)
using molecular markers. Curr: Science 88:1466-1469.

Cohen, S., Allasia, V., Venard, P, Notter, S., Verniére, C. H. and

Panabiéres, F. 2003. Intraspecific variation in Phytophthora
citrophthora from citrus trees in eastern Corsica. Eur: J. Plant
Pathol. 109:791-805.

Duran, R. and Cromarty, R. 1977. Tilletia indica: A heterothallic
wheat bunt fungus with multiple alleles controlling incompati-
bility. Phytopathology 67:812-815.

Elbakali, A. M,, Lilja, A., Hantula, J. and Martin, M. 2003. Iden-
tification of Spanish isolates of Rhizoctonia solani from potato
by anastomosis grouping, ITS-RFLP and RAMS-fingerprint-
ing. Phytopathologia Mediterranea 42:167-176.

Geeta Rai, Anil Kumar, Singh, A. and Garg, G. K. 2000. Modula-
tion of antigenicity of mycelial antigens during developmental
cycle of Karnal Bunt (7. indica) of wheat. Indian J. Exp. Biol.
38:488-492.

Gill, K. S., Sharma, Indu and Aujla, S. S. 1993. Karnal bunt and
wheat production. Punjab Agricultural University Ludhiana,
153 pp.

Hantula, J., Dusabenyagasani, M. and Hamelin, R. C. 1996. Ran-
dom amplified microsatellites (RAMS) da novel method for
characterizing genetic variation within fungi. Eur. J. Forest
Pathol. 26:159-166.

Hantula, J., Lilja, A. and Parikka, P. 1997. Genetic variation and
host specificity of Phytophthora cactorum isolated in Europe.
Mycol. Res. 101:565-572.

Hemandez, J. F., Posado, M. A., del Portillo, P. and Arbelaez, G
1999. Identification of molecular markers of Fusarium
oxysporum f.sp. dianthi by RAPD. Acta Horti No 482:123-
131.

Jain, D. 2004. PCR amplification and sequencing of wheat cysta-
tin gene families for understanding their role in Karnal bunt
resistance. M.Sc. thesis 2004, G.B. Pant University, Pantnagar,
India.

Majer, D., Mithen, R., Lewis, B. G, Vos, P. and Oliver, R. P. 1996.
The use of AFLP fingerprinting for detection of genetic varia-
tion in fungi. Mycol. Res. 100:31-48.

Milbourne, D., Meyer, R., Bradshow, J. E., Baired, E., Bonar, N,
Provan, J., Powell, W. and Waugh, R. 1997. Comparison of
PCR-based marker systems for the analysis of genetic rela-
tionships in cultivated potato. Mol. Breeding 3:127-136.

Mishra, P, Fox, R. T. and Culham, A. 2003. Inter-simple sequence
repeat and aggressiveness analysis revealed high genetic
diversity, recombination and long-range dispersal in Fusarium
culmorum. Annals Applied Biology 143:291-301.

Mishra, A., Anil Kumar, Garg, G. K. and Sharma, 1. 2001. Deter-
mination of Genetic Variability among Isolates of 7. indica
using Random Amplified Polymorphic DNA analysis. Plant
cell Biotech. Mol. Biol. 1:29-36.

Mahuku, G. S., Henriquez, M. A., Mufioz, J. and Buruchara, R.
2002. Molecular markers dispute the existence of the Afro-
Andean group of the bean angular leaf spot pathogens. Phae-
oisariopsis griseola. Phytopathology 92:580-589.

Mahuku, G S. and Riascos, J. J. 2004. Virulence and molecular
diversity within Colletotrichum lindemuthianum isolates from
Andean and Mesoamerican bean varieties and regions. Eur. J.
Plant Phytol. 110:253-263.

Murray, M. G. and Thompson, W. F. 1980. Rapid isolation of high



316 J. M. Seneviratne et al.

molecular weight plant DNA. Nucleic Acid Res. 8:4321-4325.

Narayanasamy, P. 2001. Plant pathogen detection and disease
diagnosis. Second edition marcel Dekker Inc, New York.

Nei, M. and Li, W. H. 1979. Mathematical model for studying
genetic variation in terms of restriction endonucleases. Proc.
Nat. Acad. Sci. USA 76: 5269-5273.

Nicholas, J. T. 1998. Molecular variability among fungal patho-
gens: Using the rice blast fungus as a case study. Molecular
Variability of Fungal Pathogens (P. Bridge, Y. Couteaudier
and J. Clarkson), 1-14 pp.

Powel, W., Morgante, M. Andre, C., Hanafey, M., Vogel, J., Tin-
gery, S. and Rafalski, A. 1996. The comparison of RFLP,
RAPD, AFLP and SSR (microsatellite) markers for germ-
plasm analysis. Mol. Breeding 2:225-238.

Royer, M. H. and Rytter, J. 1985. Artificial inoculation of wheat
with Tilletia indica from Mexico and India. Plant Dis. 69:317-
319.

Sambrook, J., Fritch, E. F. and Maniatis, T. 1989. Molecular Clon-
ing a laboratory manual 2™ ed. N.Y. cold spring Harbor Labo-
ratory, cold spring Harbor Laboratory Press, 1659 p.

Schilling, A. G, Moller, E. M. and Geiger, H. H. 1994. RAPDs of
Fusarium culmorum and F graminearum: application of geno-
typing and species identification. In: Modern assays for plant
pathogenic fungi: identification detection and quantification.
ed. by A. Schots, F. H. Derwey and R. Oliver, pp 47-56. CAB

International, Walling ford, UK.

Schull, V. and Hamer, J. E. 1994. Genomic structure and variabil-
ity in Pyricularia grisea. In: Rice blast disease ed. by R. Zei~
gler, S. A. Leong, and P. S. Teng, pp. 65-86. CAB
International, Wallingford, UK.

Semagn, K., Bjornstad, A., Skinnes, H., Maroy, A. G, Tarkegne,
T. and William, M. 2006b. Distribution of DART, AFLP, and
SSR markers in a genetic linkage map of a doubled haploid
hexaploid wheat population. Genome 49:545-555.

Tooley, P. W., O'Neill, N. R., Goley, E. D. and Carras, M. M.
2000. Assessment of diversity in Claviceps africana and other
Claviceps by RAM and AFLP analysis Phytopathology 90:
1126-1130.

Zanotti, M. G S., deQueiroz, M. V., dos Santos, J. K., Rocha, R.
B., deBarros, E. G and Arujo, E. F. 2006. Analysis of genetic
diversity of Fusarium oxysporum f.sp. phaseoli isolates patho-
genic and nonpathogenic to common bean (Phaseolus vul-
garis L). J. Phytopathol. 154:549-559.

Zhou, S., Smith, D. R. and Stanosz, G. R. 2001. Differentiation of
Botryosphaeria species and related anamorphic fungi using
inter simple or short sequence repeat (ISSR) ingerprinting.
Mycol. Res. 105:919-926.

Zietkiewicz, E., Rafalski, A. and Labuda, D. 1994. Genome fin-
gerprinting by simple sequence repeat (SSR)-anchored poly-
merase chain reaction amplification. Genomics 20:176-183



