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Abstract
Wilt (Fusarium oxysporum f. sp. lentis; Fol) is one of the major diseases of lentil worldwide. Two hundred and thirty-five 
isolates of the pathogen collected from 8 states of India showed substantial variations in morphological characters such as 
colony texture and pattern, pigmentation and growth rate. The isolates were grouped as slow (47 isolates), medium (118 
isolates) and fast (70 isolates) growing. The macroconidia and microconidia (3.0–77.5 × 1.3–8.8 µm for macroconidia and 
1.8–22.5 × 0.8–8.0 µm for microconidia for length × width) were variable in size and considering the morphological features, 
the populations were grouped into 12 categories. Seventy representative isolates based on their morphological variability 
and place of origin were selected for further study. A set of 10 differential genotypes was identified for virulence analysis 
and based on virulence patterns on these 10 genotypes, 70 Fol isolates were grouped into 7 races. Random amplified poly-
morphic DNA (RAPD), universal rice primers (URPs), inter simple sequence repeats (ISSR) and sequence-related amplified 
polymorphism (SRAP) were used for genetic diversity analysis. URPs, ISSR and SRAP markers gave 100% polymorphism 
while RAPD gave 98.9% polymorphism. The isolates were grouped into seven clusters at genetic similarities ranging from 
21 to 80% using unweighted paired group method with arithmetic average analysis. The major clusters include the popula-
tions from northern and central regions of India in distinct groups. All these three markers proved suitable for diversity 
analysis, but their combined use was better to resolve the area specific grouping of the isolates. The sequences of rDNA ITS 
and TEF-1α genes of the representative isolates were analysed. Phylogenetic analysis of ITS region grouped the isolates 
into two major clades representing various races. In TEF-1α analysis, the isolates were grouped into two major clades with 
28 isolates into one clade and 4 remaining isolates in another clade. The molecular groups partially correspond to the lentil 
growing regions of the isolates and races of the pathogen.
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Introduction

Lentil (Lens culinaris Medikus subsp. culinaris) is an annual 
winter rainfed pulse crop growing throughout northern and 
central India. It is a valuable food having high protein con-
tent 19.5–36.4% (Tickoo et al. 2005) and its straw is used as 
fodder for animal (Sarker and Erskine 2006). Cultivation of 
lentil improves soil fertility by the ability to fix atmospheric 
nitrogen and carbon sequestration (Sarker and Erskine 
2006). Various biotic factors including wilt affect the yield 
of lentil (Muehlbauer et al. 2006). The wilt caused by Fusar-
ium oxysporum Schl f. sp. lentis (Vasudeva & Srinivasan) 
Gordon (Fol) significantly affects the productivity of lentil 
worldwide (Vasudeva and Srinivasan 1952; Bhalla et al. 
1992). Fol can affect plants at any growing stage starting 
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from the seedling to the reproductive stage (Tickoo et al. 
2005). Growing resistant cultivars is a cost-effective practice 
for the management of Fusarium wilt (Bayaa et al. 1995; 
Kraft et al. 2000).

The knowledge about pathogenic and genetic diversity is 
important for designing effective management strategies of 
plant diseases. Earlier to this, Pouralibaba et al. (2016) and 
Hiremani and Dubey (2018) analysed Fol populations for 
race identification but either Indian populations were not 
included or some of the genotypes are not giving clear-cut 
differential reactions which needs further modification in 
the differential set. Molecular markers are an important tool 
for elucidating the genetic diversity of the pathogen and in 
classifying genes of economic importance. Various molecu-
lar markers have been used for the analysis of molecular 
diversity in Fusarium species such as inter simple sequence 
repeats (ISSR) (Dubey and Singh 2008; Dubey et al. 2012a) 
and random amplified polymorphic DNA (RAPD) (Dubey 
and Singh 2008; Honnareddy and Dubey 2006; Dubey et al. 
2012b). Genetic characterization by RAPD analysis were 
used for the isolates of Fusarium oxysporum f. sp. lentis 
(Datta et al. 2009, 2011). Sequence-related amplified poly-
morphism (SRAP) markers (Li and Quiros 2001) were also 
used to determine genetic variability in F. poae (Dinolfo 
et al. 2015), Rhizoctonia solani (Tripathi and Dubey 2015), 
Colletotrichum capsici (Kumar et al. 2020) and Diaporthe 
spp. (Rajput et al. 2021). Universal rice primers (URPs) 
were also applied to study genetic diversity of phytopatho-
genic fungi (Kang et al. 2002; Aggarwal et al. 2010; Kumar 
et al. 2018, 2020; Singh et al. 2021) including F. oxysporum 
f. sp. ciceris (Dubey et al. 2012a). Other molecular markers 
including restriction fragment length polymorphism (RFLP) 
(Sharma et al. 2009), simple sequence repeats (SSR) (Dubey 
and Singh 2008) and amplified fragment length polymor-
phism (AFLP) (Sivaramakrishnan et al. 2002) were used for 
diversity analysis. Comprehensive study was not undertaken 
to use all these markers together to analyse the diversity 
of Fol populations representing almost all lentil growing 
diverse climatic areas of the country.

Therefore, keeping the above points in a view, the pre-
sent study was aimed to understand the morphological and 
molecular variability among the Indian populations of Fol 
and to identify a set of lentil genotypes to determine the 
prevalence of Fol races based on virulence analysis.

Materials and methods

Collection, isolation and identification 
of the pathogen

Three hundred samples of lentil plants showing characteris-
tic wilt symptoms were collected from various lentil growing 

areas of India and processed for isolation of Fol. Finally, 235 
pathogenic isolates representing 102 isolates from Madhya 
Pradesh, 54 isolates from Uttar Pradesh, 49 isolates from 
Bihar, 13 isolates from Jharkhand, 8 isolates from Rajasthan, 
7 isolates from Chhattisgarh and one each isolate from Guja-
rat and Delhi state were isolated. Thus, the collected isolates 
represent 8 major lentil growing states of India. Single-spore 
culture technique was employed to obtain pure culture and 
the culture was maintained by transferring periodically to 
PDA (potato dextrose agar; High Media, India) slants at 4 °C 
(Belabid and Fortas 2002). Morphological characters such as 
colony growth, pigmentation and especially size and shape 
of conidia were observed under the calibrated compound 
microscope for identification of the pathogen (Booth 1997). 
The pathogenicity of the identified isolates was tested on 
highly susceptible lentil cultivar K-75.

Morphological variability

Two hundred and thirty-five Fol isolates were grown on PDA 
medium to determine cultural and morphological variability. 
Morphological characters such as colony growth, pigmenta-
tion and size and shape of conidia were observed under the 
calibrated compound microscope (Booth 1997). The colony 
diameter was measured on PDA medium poured (15 mL/
plate) in Petri dishes (90 mm) in three replications (Lilly and 
Burnett 1951). The inoculated plates were incubated at 28 ± 
1 °C under 12-h alternate light and dark period for 6 days. 
Colony characters such as growth pattern and pigmentation 
were recorded. The isolates were grouped into 3 catego-
ries based on colony diameter as slow (up to 10 mm/day), 
medium (> 10 to 12 mm/day) and fast (> 12 mm/day) grow-
ing (Dubey et al. 2010). The size of microconidia and mac-
roconidia (50 conidia for each isolate) was also measured 
through calibrated compound microscope and the mean was 
recorded for final observation. The isolates were grouped 
in different categories considering all these morphological 
features individually as well as in combination to reduce 
the number of the isolates representing all the features and 
location for virulence analysis. The representative isolates 
(70) from these groups were selected for virulence analysis.

Standardization of differentials

One hundred fourteen genotypes of lentil, collected from the 
Division of Plant Breeding and Genetics, IARI, New Delhi, 
India and ICRISAT, Hyderabad, India, were evaluated in 
net house against highly pathogenic isolate (FLDL1) of the 
pathogen. Fifteen seeds of each cultivar were sown in 15-cm 
diameter surface sterilized plastic pots (0.1% mercuric chlo-
ride) filled with 2 kg sterilized soil (1.0% formalin for 15 
days) and inoculated with 15-day-old culture multiplied 
on sorghum grains (10 g/kg soil) at 4 days before sowing 
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(Dubey and Singh 2008). Un-inoculated pots were also 
maintained as control for comparison. The experiment was 
conducted in completely randomized block design (CRD) 
with 114 treatments (114 genotypes) in two replications. 
Seed germination was recorded 15 days after sowing. The 
wilted plants were counted at 15-day interval up to matu-
rity of the crop and percent wilt incidence was calculated 
on the basis of total number of wilted plants out of germi-
nated plants. The wilt reaction was categorized as resistant 
(0–10%), moderately resistant (> 10 to 20%), susceptible 
(> 20 to 50%) and highly susceptible (> 50%) (Haware and 
Nene 1982). The environmental parameters, namely, maxi-
mum temperature from 12 to 32 °C, minimum temperature 
from 1 to 18 °C, mean temperature from 3.4 to 24.9 °C, 
maximum relative humidity from 72 to 100%, minimum 
relative humidity from 29 to 96%, mean relative humidity 
from 51 to 97% and mean sunshine duration 4.4 h with a 
range of 0–9.5 h, were prevalent during the crop period.

Virulence analysis for race profiling

The pot experiments were conducted in two consecu-
tive crop seasons during 2014–2015 and 2015–2016 in 
net house. Based on the evaluation of 114 germplasm, 10 
germplasm/cultivars of lentil, namely PL406 (DPL35 × EC 
157,634/382), L4076 (PL 234 × PL 639), NDL1 (Precoz × 
L 9–12), DPL15 (PL 406 × L 4076), L4147 (L3875xP4 × 
PKVL), Vipasa (local selection), Sehore74-3 (local selection 
from MP, India), LC284-1206/12 (breeding line), JL3 (lan-
drace selection from Sagar, India) and Vidhohar Local (local 
wilt susceptible), showing different degree of resistant and 
susceptible reactions with different genetic pedigrees were 
selected and they were used as differential genotypes. Seeds 
(15 seeds/pot) of these cultivars were sown in pots (15-cm 
diameter) filled with sterilized soil and inoculated with the 
70 representative isolates of the pathogen separately in both 
the years. The environmental parameters, viz., maximum 
temperature from 12.5 to 35.2 °C, minimum temperature 
from 0.9 to 20.2 °C, mean temperature from 7.5 to 27.7 
°C, maximum relative humidity from 71 to 100%, minimum 
relative humidity from 23 to 100%, mean relative humidity 
from 56 to 99% and mean sunshine duration 4.9 h with a 
range of 0–10.3 h, were prevalent during 2014–2015 crop 
period. During the 2nd crop season 2015–2016, maximum 
temperature from 13.9 to 35.9 °C, minimum temperature 
from 0.7 to 17.5 °C, mean temperature from 8.2 to 26.7 
°C, maximum relative humidity from 66 to 98%, minimum 
relative humidity from 30 to 88%, mean relative humidity 
from 57 to 93% and mean sunshine duration 4.3 h with a 
range of 0–10.3 h were prevalent. The other experimental 
details were kept same as mentioned in the screening of the 
genotypes. The disease reactions were graded only in two 
categories as resistant (0–20% wilt) and susceptible (> 20% 

wilt) for race differentiation (Haware and Nene 1982; Dubey 
et al. 2012a).

DNA extraction

Seventy representative isolates of Fol belonging to 7 races 
purified by single-spore culture representing eight major 
lentil growing states of India were included in the present 
study (Table 1). Seventy isolates used for the study were rep-
resentative populations of eight major lentil growing states 
of India covering differential Fol races and morphological 
groups. DNA was extracted from mycelial mat of Fol, mul-
tiplied on potato dextrose broth in shaker incubator (120 
rpm) for 7 days at 28 ± 1 °C by using modified cetyl trime-
thyl ammonium bromide (CTAB) method (Dubey and Singh 
2008; Murray and Thompson 1980). DNA was dissolved 
in TE (10 mM Tris-hydrochloric acid and 1 mM sodium 
EDTA, pH-8) buffer and stored at − 20 °C. The quality and 
quantity of the extracted DNA were measured using nan-
odrop spectrophotometer.

RAPD, URP and ISSR analysis

Thirteen RAPD, eleven URP and ten ISSR primers (Dubey 
and Singh 2008; Dubey et al. 2012a) were used to deter-
mine the genetic diversity within the Indian populations of 
Fol (70 isolates) representing 8 states and 7 races. Various 
concentrations of DNA (25, 50 and 75 ng), dNTPs (0.2, 0.4 
and 0.6 mM), MgCl2 (1.5, 2.5, 3.5 mM) and primers (5, 
10 and 15 pmol) were evaluated for good amplification as 
per the protocol described (Cobb and Clarkson 1994). The 
PCR mixture (25 µL) consisted of 50 ng template DNA, 1.0 
U Taq polymerase and 0.6 mM of each dNTPs (Bangalore 
Genei, India) and 10 pmol of primer in 1 × reaction buffer 
for RAPD, URP and ISSR analysis. The concentration of 
MgCl2 for RAPD and URP was 2.5 mM and for ISSR it 
was 3.5 mM. The PCR for RAPD and URP was done at 94 
°C for 5-min initial denaturation followed by 40 cycles for 
RAPD and 35 cycles for URP of denaturation at 94 °C for 1 
min, annealing at 35 °C (RAPD)/55 °C (URP) for 1 min and 
extension at 72 °C for 2 min with a final extension at 72 °C 
for 5 min. For ISSR, the PCR was done at 94 °C for 4-min 
initial denaturation followed by 35 cycles of denaturation 
at 94 °C for 30 s, and extension at 72 °C for 2 min with a 
final extension at 72 °C for 10 min. Appropriate annealing 
temperatures (Table 8) for 30 s were used for each primer. 
Electrophoresis on agarose gel (1.2%) in 1 × TBE buffer was 
used to analyse the amplified products. The gels were stained 
with ethidium bromide and photographed under UV light 
using gel documentation system (Bio-Rad, India). A 100-bp 
plus DNA ladder (Genetix, India) was used as marker. All 
the experiments were repeated twice and the primers giving 
consistent and scorable amplifications were analysed.
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Table 1   Details of the 70 
isolates of Fusarium oxysporum 
f. sp. lentis and their accession 
and race numbers used in the 
present study

S. no State Place Isolate no Accession no Race no GenBank accession

ITS TEF1a

1 Madhya Pradesh Sehore SL1 FLMP2 1 KY678270 KY852314
2 Madhya Pradesh Sehore SL2 FLMP6 1 - -
3 Madhya Pradesh Raisen SL3 FLMP14 7 KY678271 KY852315
4 Madhya Pradesh Vidisha SL4 FLMP19 2 KY678272 KY852316
5 Madhya Pradesh Vidisha SL5 FLMP21 2 KY678273 KY852317
6 Madhya Pradesh Vidisha SL6 FLMP23 2 - -
7 Madhya Pradesh Sagar SL7 FLMP27 3 - -
8 Madhya Pradesh Sagar SL8 FLMP36 3 - -
9 Madhya Pradesh Sagar SL9 FLMP47 3 - -
10 Madhya Pradesh Jabalpur SL10 FLMP49 4 - -
11 Madhya Pradesh Jabalpur SL11 FLMP55 4 - -
12 Madhya Pradesh Jabalpur SL12 FLMP63 4 - -
13 Madhya Pradesh Satna SL13 FLMP70 7 KY678274 KY852318
14 Madhya Pradesh Chhatarpur SL14 FLMP72 1 - -
15 Madhya Pradesh Datia SL15 FLMP76 6 KY678275 KY852319
16 Madhya Pradesh Vidisha SL16 FLMP81 3 - -
17 Madhya Pradesh Sehore SL17 FLMP82 1 - -
18 Madhya Pradesh Mandla SL18 FLMP84 2 - -
19 Madhya Pradesh Rewa SL19 FLMP88 1 - -
20 Madhya Pradesh Bhopal SL20 FLMP90 7 KY678276 KY852320
21 Madhya Pradesh Katni SL21 FLMP91 4 - -
22 Madhya Pradesh Hoshangabad SL22 FLMP92 4 - -
23 Madhya Pradesh Betul SL23 FLMP94 4 - -
24 Madhya Pradesh Damoh SL24 FLMP96 4 KY678277 KY852321
25 Madhya Pradesh Gwalior SL25 FLMP97 6 - -
26 Madhya Pradesh Chhatarpur SL26 FLMP100 1 - -
27 Madhya Pradesh Seoni SL27 FLMP101 2 - -
28 Uttar Pradesh Mhoba SL28 FLUP4 7 - -
29 Uttar Pradesh Chitrakoot SL29 FLUP9 2 KY678278 KY852322
30 Uttar Pradesh Banda SL30 FLUP12 6 KY678279 KY852323
31 Uttar Pradesh Banda SL31 FLUP18 6 - -
32 Uttar Pradesh Jhansi SL32 FLUP28 6 KY678280 KY852324
33 Uttar Pradesh Mirzapur SL33 FLUP31 4 - -
34 Uttar Pradesh Karwi SL34 FLUP34 2 - -
35 Uttar Pradesh Hamirpur SL35 FLUP39 7 KY678281 KY852325
36 Uttar Pradesh Gazipur SL36 FLUP43 4 - -
37 Uttar Pradesh Basti SL37 FLUP44 6 KY678282 KY852326
38 Uttar Pradesh Lalitpur SL38 FLUP45 6 KY678283 KY852327
39 Uttar Pradesh Jhansi SL39 FLUP48 6 - -
40 Uttar Pradesh Varanasi SL40 FLUP49 4 KY678284 KY852328
41 Uttar Pradesh Ambedkar Nagar SL41 FLUP51 6 - -
42 Uttar Pradesh Jalaaun SL42 FLUP53 6 KY678285 KY852329
43 Bihar Bhagalpur SL43 FLBR5 6 - -
44 Bihar Bhagalpur SL44 FLBR11 6 - -
45 Bihar Bhagalpur SL45 FLBR18 6 KY678286 KY852330
46 Bihar Patna SL46 FLBR27 7 KY678287 KY852331
47 Bihar Samastipur SL47 FLBR32 3 KY678288 KY852332
48 Bihar Samastipur SL48 FLBR39 3 KY678289 KY852333
49 Bihar Muzaffarpur SL49 FLBR43 4 KY678290 KY852334
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SRAP analysis

Genetic diversity of 70 isolates of Fol was analysed using 20 
sequence-related amplified polymorphism (SRAP) primers 
(Li and Quiros 2001). The PCR mixture (25 µL) consisted 
of 50 ng template DNA, 1.0 U Taq polymerase, 2.0 mM 
MgCl2, 0.4 mM of each dNTPs (Bangalore Genei, India) 
and 7.5 pmol of each primer in 1 × reaction buffer. The PCR 
for the first five cycles was done at 94 °C for 1 min, 35 °C 
for 1 min and 72 °C for 1 min for denaturation, annealing 
and extension, respectively with initial denaturation at 94 
°C for 5 min and then the annealing temperature was raised 
to 50 °C for another 35 cycles. Final extension was done 
at 72 °C for 1 min. Amplified products were determined 
by electrophoresis using 2% agarose gel (1 × TBE buffer) 
along with a 100-bp plus DNA ladder. The gels were stained 
with ethidium bromide and photographed under UV light by 
using gel documentation system (Bio-Rad, India). Primers 
giving consistent and scorable amplifications were analysed.

ITS and TEF‑1α amplification and sequencing

Area and race representative 32 isolates of the pathogen 
were selected for ITS and TEF-1α gene analysis. The ITS 
(ITS1 + 5.8 s + ITS2) regions of rDNA were amplified 

using universal primers ITS1 and ITS4 (White et al. 1990). 
ITS amplifications were performed in a total volume of 25 
μL containing 10 × PCR buffer (100 mM Tris–HCl, 500 
mM KCl, 0.8% (v/v) Nonidet P40), 10 mM dNTPs, 1 U 
Taq DNA polymerase, 0.2 µM of each primer and 25 ηg of 
fungal genomic DNA. The amplifications were performed 
using a Thermal Cycler (GenePro PCR, Bioer, New Hamp-
shire, USA), conditions included an initial denaturation 
step at 94 °C for 4 min and cycling conditions were 94 °C 
for 45 s, 56 °C for 45 s, 72 °C for 1 min (32 cycles), fol-
lowed by a final extension at 72 °C for 5 min. TEF-1α region 
of the selected isolates was amplified using EF1 and EF2 
primers (O’Donnell et al. 2008). TEF-1α amplifications 
were performed in a total volume of 25 μL containing 10 × 
PCR buffer (100 mM Tris–HCl, 500 mM KCl, 0.8% (v/v) 
Nonidet P40), 10 mM dNTPs, 1 U Taq DNA polymerase, 
0.2 µM of each primer and 25 ηg of fungal genomic DNA. 
The amplifications were performed using a Thermal Cycler 
(GenePro PCR, Bioer, New Hampshire, USA), conditions 
included an initial denaturation step at 94 °C for 4 min and 
cycling conditions were 94 °C for 45 s, 60 °C for 45 s, 72 
°C for 1 min (35 cycles), followed by a final extension at 72 
°C for 8 min. All the amplified PCR products were deter-
mined using 1.5% agarose electrophoresis for 2.0 h in 1 × 
TBE buffer at 80 V. The gels were stained with ethidium 

FL Fusarium oxysporum f. sp. lentis, MP Madhya Pradesh, UP Uttar Pradesh, BR Bihar, JH Jharkhand, RJ 
Rajasthan, CG Chhattisgarh, DL Delhi, GJ Gujarat

Table 1   (continued) S. no State Place Isolate no Accession no Race no GenBank accession

ITS TEF1a

50 Bihar Khagaria SL50 FLBR44 6 -
51 Bihar Purnia SL51 FLBR45 6 KY678291 KY852335
52 Bihar Nawada SL52 FLBR48 5 KY678292 KY852336
53 Jharkhand Ranchi SL53 FLJH1 5 KY678293 KY852337
54 Jharkhand Chatra SL54 FLJH3 6 - -
55 Jharkhand Hazaribagh SL55 FLJH4 7 - -
56 Jharkhand Ranchi SL56 FLJH5 5 - -
57 Jharkhand Ranchi SL57 FLJH8 5 - -
58 Jharkhand Giridih SL58 FLJH10 6 KY678294 KY852338
59 Jharkhand Palamu SL59 FLJH13 7 KY678295 KY852339
60 Rajasthan Bharatpur SL60 FLRJ1 3 - -
61 Rajasthan Jaipur SL61 FLRJ3 6 KY678296 KY852340
62 Rajasthan Kota SL62 FLRJ7 2 - -
63 Rajasthan Bharatpur SL63 FLRJ8 3 KY678297 KY852341
64 Chhattisgarh Raipur SL64 FLCG1 2 KY678298 KY852342
65 Chhattisgarh Kabirdham SL65 FLCG3 2 - -
66 Chhattisgarh Durg SL66 FLCG5 5 KY678299 KY852343
67 Chhattisgarh Raipur SL67 FLCG6 2 - -
68 Chhattisgarh Mahasamund SL68 FLCG7 6 - -
69 Delhi Delhi SL69 FLDL1 4 KY678300 KY852344
70 Gujarat Junagarh SL70 FLGJ1 3 KY678301 KY852345
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bromide and photographed using a gel documentation sys-
tem (AlphaImager® Corporation, California, USA). The 
PCR products were purified using GeneJET™ PCR Purifica-
tion Kit (Fermentas, Germany) following the manufacturer’s 
instructions. The purified PCR products were sequenced in 
the automated sequencer at the Eurofins Laboratory, Ban-
galore, India.

Data analysis

Completely randomized design (CRD) was followed for the 
experiments related to morphological studies and racial pro-
filing and data were analysed statistically in CRD (Gomez 
and Gomez 1984) using Windostat version 7.0 (Indostat 
Services, Hyderabad, India). The statistical significance 
was assessed at p < 0.05 and Fisher’s protected least sig-
nificant difference (LSD) was computed only when ANOVA 
showed significant differences. For genetic diversity, ampli-
fied products of template DNA by using RAPD, URP and 
ISSR primers that could be scored unequivocally for their 
presence (1) or absence (0) were included in the analysis. 
The binary matrices using numerical taxonomy and mul-
tivariate analysis system (NTSYS-PC) were analysed. 
NTSYS-PC assists to calculate a phylogenetic tree that uses 
the neighbour-joining or unweighted pair-group method with 
averaging (UPGMA) methods for constructing dendrograms. 
Dendrogram based on the scoring of 70 isolates was gener-
ated using SAHN clustering programme utilizing Jaccard’s 
similarity coefficients through UPGMA (Rohlf 1998). Con-
sensus sequences for both ITS and TEF-1α of 32 isolates 
were compiled into a FASTA file format and aligned using 
Clustal W (Thompson et al. 1994). Phylogenetic tree con-
struction using neighbour-joining method and analysis were 
conducted using the PAUP* (Phylogenetic Analysis Using 
Parsimony* and other methods) version 4.0a152 software 
(Swofford 2002). Statistical support was calculated from 
1000 bootstrap replicates. Tree length, consistency index 

(CI), retention index (RI) and the rescaled consistency index 
(RC) values were also calculated.

Results

Morphological variability

Altogether 235 isolates of Fol isolated from eight states of 
India, viz. Madhya Pradesh, Uttar Pradesh, Bihar, Jharkhand, 
Chhattisgarh, Rajasthan, Delhi and Gujarat, showed substan-
tial variability in their morphological characters such as tex-
ture, pigmentation, growth rate and size of conidia. All the 
isolates tested for pathogenicity on highly susceptible lentil 
cultivar K-75 showed sudden drooping and drying of leaves 
expressing typical wilt symptoms and satisfied the Koch’s 
postulates. One hundred forty-three Fol isolates showed 
fluffy mycelial growth, whereas the remaining 92 isolates 
showed appressed growth in culture. The colony was vari-
able in pigmentation from white to violet/purple to creamy/
pinkish (Supplementary Table S1). Based on the growth 
rate, 47 isolates were slow growing, 118 isolates medium 
growing and 70 isolates were fast growing (Table 2). The 
isolates were also variable in respect of their conidial dimen-
sion and septation. Micrometry revealed that the average size 
of macroconidia varied from 3.0–77.5 µm × 1.3–8.8 µm with 
1 to 8 septa per conidia and the microconidia from 1.8–22.5 
× 0.8–8 µm (Supplementary Table S2). Among 235 isolates, 
175 isolates had macroconidia with an average length of > 
12 µm and the remaining 60 isolates had macroconidia with 
an average length up to 12 µm (Supplementary Table S3). 
All the isolates were further grouped on the basis of colony 
characters, texture, growth rate and average length of mac-
roconidia into 12 groups. The majority of the isolates came 
into medium growth rate along with fluffy growth and size 
of macroconidia greater than 12 µm, whereas less numbers 
of isolates showed fast growth along with appressed growth 

Table 2   Grouping of Fusarium 
oxysporum f. sp. lentis isolates 
based on mycelial growth rate

State Isolate (no.) Isolates showing different growth rate (numbers)

Slow growth
(< 10 mm/day)

Medium growth
(10–12 mm/day)

Fast growth
(> 12 mm/day)

6 days 6 days 6 days

Madhya Pradesh 102 12 51 39
Uttar Pradesh 54 10 27 17
Bihar 49 16 26 07
Jharkhand 13 06 05 02
Rajasthan 08 0 05 03
Chhattisgarh 07 01 04 02
Gujarat 01 01 0 0
Delhi 01 01 0 0
Total 235 47 118 70
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and size of macroconidia up to 12 µm (Table 3). The isolates 
representing 12 groups were further selected for virulence 
analysis.

Standardization of differentials

Out of 114 genotypes screened, 17 genotypes, namely, 
DPL-21, DPL-15, EC-1, Haryana M1, ILL-2581, L-4640, 
L-7818, LC-279–1237, LL-931, NDL-1, P-8109, PL-4, 
PL-406, PL-5, Vipasha, L-5227 and RLG-157, showed 
less than 10% wilt incidence and are considered resistant 
against the pathogen. Fifteen genotypes, namely, L-4648, 
L-5126, L-5228, L-9–12, L-5253, LC-292–1544, MC-6, 
P-2117, PL-101, PL-72–2, RL-1, Sehore-71–3, L-5228, 
LC-284–1206/12 and LL-1266, showed > 10 to 20% wilt 
incidence and are considered moderately resistant. The rest 
of the genotypes showed susceptible to highly susceptible 
reactions (Supplementary Table S4). The ten genotypes, 
namely, PL406, L4076, NDL1, DPL15, L4147, Vipasa, 
Sehore74-3, LC284-1206/12, JL3 and Vidhohar Local show-
ing different levels of disease reactions, were selected for 
virulence analysis to determine the races of the pathogen.

Virulence analysis for race profiling

The wilt incidence ranged from 0 to 100% on a set of 10 
lentil differential genotypes against 70 representative isolates 
originated from different states during crop seasons (Sup-
plementary Tables S5 and S6). The corresponding reactions 
against each genotype were considered into resistant and 
susceptible. During both the years similar reactions were 
observed, therefore combined table for both the years has 
been given in Table 4. Based on the reactions, the isolates 
were grouped into 7 races. The first race consisted of 6 
isolates from Madhya Pradesh differentiated by genotypes 
L4076 and Vipasa with resistant and susceptible reactions, 
respectively. The second race consisted of 5 isolates from 
Madhya Pradesh, 3 isolates from Chhattisgarh, 2 isolates 
from Uttar Pradesh and 1 isolate from Rajasthan differenti-
ated by genotypes JL3 and NDL1 with resistant and suscep-
tible reactions, respectively. The genotypes NDL1 and JL3, 
which differentiated 4 isolates from Madhya Pradesh, 2 iso-
lates from Bihar, 2 isolates from Rajasthan and one isolate 
from Gujarat by showing resistant and susceptible reactions, 
respectively were named race 3. The differential genotypes 
for the fourth race were Sehore 74–3 and LC284-1206/12 
which differentiated 7 isolates from Madhya Pradesh, 3 
isolates of Uttar Pradesh and one isolate each from Bihar 
and Delhi by showing resistance and susceptible reactions, 
respectively. The genotypes Vipasa as resistant and PL406 
as susceptible reactions differentiated race 5 consisting of 
the isolates one each from Bihar and Chhattisgarh and 3 
from Jharkhand. Race 6 was differentiated by genotypes 

Vipasa and L4076 by showing resistant and susceptible 
reactions, respectively against 8 isolates from Uttar Pradesh, 
5 isolates from Bihar, 2 isolates each from Jharkhand and 
Madhya Pradesh and one isolate each from Rajasthan and 
Chhattisgarh. The genotypes Sehore 74–3 and JL3, which 
differentiated 3 isolates from Madhya Pradesh, 2 isolates 
each from Jharkhand and Uttar Pradesh and one isolate from 
Bihar by showing resistant and susceptible reactions, respec-
tively were considered race 7. In all the 70 Fol isolates were 
categorized into seven races of the pathogen based on the 
differential reactions (Table 5) and have been mapped in 
India (Fig. 1).

RAPD analysis

Amplification of 70 isolates of the pathogens with 13 RAPD-
PCR primers produced 7–20 bands in the range of 0.3–5.0 
kb (Supplementary Fig. S1a; Table 6). The polymorphism 
levels obtained with 186 DNA fragments were 98.9%. The 
70 isolates of the pathogen were grouped into seven clusters 
at 22% Jaccard’s similarity coefficient using UPGMA analy-
sis (Supplementary Fig. S2). There were two major clusters 
and five minor clusters formed by RAPD analysis. The first 
cluster had 27 isolates representing 6 races except race 5, 
originating from three states, namely, Madhya Pradesh, Uttar 
Pradesh and Bihar. Thirty isolates originated from differ-
ent states, namely, Uttar Pradesh, Bihar, Jharkhand, Chhat-
tisgarh, Rajasthan, Delhi and Gujarat representing 6 races 
except race 1 which were grouped into the second cluster. 
The third cluster consisted of 4 isolates, originating from 
two states, namely, Madhya Pradesh and Uttar Pradesh rep-
resenting 3 races, namely races 1, 4 and 6. The fourth cluster 
consisted of 5 isolates originating from two states, namely, 
Madhya Pradesh and Bihar representing 3 races including 
races 1, 2 and 4. The fifth cluster consisted of 2 isolates, each 
originated from Uttar Pradesh representing races 2 and 7. 
The sixth and seventh clusters had single isolate each origi-
nating from Uttar Pradesh and representing races 4 and 6.

URP analysis

Polymerase chain reaction-based amplifications of 70 iso-
lates of the pathogens with 11 URP primers produced 13–20 
bands in the range of 0.1–3.0 kb (Supplementary Fig. S1b; 
Table 7) with 100% polymorphism. The isolates of the 
pathogen were grouped into seven clusters at 21% similarity 
coefficient using UPGMA analysis (Supplementary Fig. S3). 
URP analysis formed 2 major and 5 minor clusters depend-
ing on the number of isolates in each clusters. The first clus-
ter consisted of 28 isolates representing 6 races except race 
5, originating from two states, namely, Madhya Pradesh and 
Uttar Pradesh. The second cluster consisted of 5 isolates of 4 
races, namely races 1–3 and 7 originating from two different 
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Table 3   Grouping of Fusarium oxysporum f. sp. lentis isolates based on mycelial growth pattern and macroconidia

Isolates of Fusarium oxysporum f. sp. lentis (235)

Slow growth Medium growth Fast growth

Fluffy growth Appressed growth Fluffy growth Appressed growth Fluffy growth Appressed growth

Macroconidia in µm Macroconidia in µm Macroconidia in µm Macroconidia in µm Macroconidia in µm Macroconidia in µm

Up to 12  > 12 Up to 12  > 12 Up to 12  > 12 Up to 12  > 12 Up to 12  > 12 Up to 12  > 12

FLMP1 FLMP2 FLMP9 FLMP8 FLMP13 FLMP11 FLMP5 FLMP12 FLMP14 FLMP4 FLMP6 FLMP10
FLMP37 FLMP3 FLMP26 FLMP64 FLMP30 FLMP17 FLMP55 FLMP25 FLMP32 FLMP15 FLMP39 FLMP35
FLUP13 FLMP7 FLMP81 FLUP48 FLMP43 FLMP18 FLMP56 FLMP33 FLMP51 FLMP16 FLMP75 FLMP45
FLUP16 FLMP38 FLMP98 FLBR8 FLMP48 FLMP19 FLMP57 FLMP60 FLMP52 FLMP21 FLMP47
FLUP25 FLUP23 FLUP33 FLBR9 FLMP58 FLMP20 FLMP61 FLMP67 FLMP62 FLMP22 FLMP65
FLBR41 FULP26 FLBR2 FLBR10 FLMP70 FLMP34 FLMP86 FLMP69 FLUP10 FLMP23 FLMP88
FLJH1 FULP31 FLJH8 FLBR13 FLMP79 FLMP40 FLMP102 FLMP71 FLBR1 FLMP24 FLMP89

FULP39 FLBR23 FLUP1 FLMP49 FLUP36 FLMP76 FLBR46 FLMP27 FLMP91
FULP49 FLBR28 FLUP3 FLMP59 FLBR4 FLMP77 FLMP28 FLMP100
FLBR20 FLBR34 FLUP5 FLMP63 FLBR14 FLMP78 FLMP29 FLUP20
FLBR29 FLJH2 FLUP11 FLMP66 FLBR21 FLMP80 FLMP31 FLUP44
FLBR32 FLJH3 FLUP17 FLMP73 FLMP82 FLMP36 FLUP50
FLBR35 FLCG2 FLUP30 FLMP74 FLMP83 FLMP41 FLUP53
FLBR36 FLUP32 FLMP96 FLMP84 FLMP42 FLBR47
FLBR37 FLUP35 FLUP4 FLMP85 FLMP44, FLBR49
FLBR42 FLUP37 FLUP7 FLMP87 FLMP46 FLRJ4
FLJH9 FLUP46 FLUP8 FLMP90 FLMP50 FLRJ5
FLJH12 FLBR3 FLUP40 FLMP92 FLMP53
FLGJ1 FLBR16 FLUP45 FLMP93 FLMP54
FLDL1 FLBR17 FLBR5 FLMP94 FLMP68

FLBR38 FLBR7 FLMP95 FLMP72
FLJH7 FLBR11 FLMP97 FLMP101
FLRJ2 FLBR12 FLMP99 FLUP2
FLRJ6 FLBR15 FLUP14 FLUP6

FLBR19 FLUP15 FLUP9
FLBR22 FLUP19 FLUP12
FLBR24 FLUP21 FLUP18
FLBR25 FLUP22 FLUP24
FLBR26 FLUP34 FLUP27
FLBR27 FLUP38 FLUP28
FLBR30 FLUP43 FLUP29
FLBR31 FLUP47 FLUP41
FLBR39 FLUP51 FLUP42
FLBR40 FLUP52 FLUP54
FLBR44 FLBR6 FLBR33
FLBR45 FLBR18 FLBR43
FLJH11 FLJH5 FLBR48
FLJH13 FLJH10 FLJH4
FLRJ1 FLCG1 FLJH6
FLRJ7 FLCG4 FLRJ3
FLRJ8 FLCG7 FLCG3
FLCG5 FLCG6

07 20 07 13 24 42 11 41 08 42 03 17
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states, namely, Madhya Pradesh and Uttar Pradesh. The third 
cluster consisted of 29 isolates representing 6 races except 
race 1, originating from different states, namely, Bihar, 
Jharkhand, Uttar Pradesh, Chhattisgarh, Rajasthan, Delhi 
and Gujarat. The fourth cluster consisted of 2 isolates of race 
4 originating from different states, namely, Uttar Pradesh 
and Bihar. The fifth cluster consisted of 3 isolates of race 6 
from Uttar Pradesh and Bihar. The sixth cluster consisted 
of single isolate representing race 6 and the seventh cluster 
consisted of 2 isolates of race 1 from Madhya Pradesh.

ISSR analysis

The PCR amplification of 70 isolates of the pathogens 
with 10 ISSR primers produced 8–13 bands in the range 
of 0.1–3.0 kb (Supplementary Fig. S1c; Table 8). The level 
of polymorphism obtained with 106 DNA fragments was 
100%. The isolates of the pathogen were grouped into seven 
clusters at 50% similarity coefficient using UPGMA analy-
sis (Supplementary Fig. S4). ISSR analysis formed 2 major 
clusters and 5 minor clusters. The first cluster consisted of 
32 isolates representing 6 races except race 5, originating 
from two states, namely, Madhya Pradesh and Uttar Pradesh. 
The second cluster consisted of 31 isolates representing 6 
races except race 1, originating from Uttar Pradesh, Bihar, 
Jharkhand, Chhattisgarh, Rajasthan and Delhi. The third 
cluster consisted of 2 isolates both from race 6 originating 
from Uttar Pradesh. The fourth cluster had a single isolate 
of Gujarat representing race 3. The fifth cluster consisted of 
2 isolates from Madhya Pradesh representing races 1 and 
4. The sixth and seventh clusters had a single isolate each 
from Uttar Pradesh and Madhya Pradesh representing races 
4 and 1, respectively.

SRAP analysis

The PCR amplification of the isolates of the pathogens 
with 20 SRAP primers produced 8–17 bands in the range 
of 0.1–3.0 kb (Supplementary Fig. S1d; Table 9). The level 
of polymorphism obtained with 206 DNA fragments was 
100%. The isolates of the pathogen were grouped into seven 
clusters at 42% similarity coefficient using UPGMA analysis 
(Supplementary Fig. S5). The first cluster consisted of 44 
isolates representing all 7 races, originating from different 
states, namely, Madhya, Uttar Pradesh, Bihar, Jharkhand, 
Rajasthan, Chhattisgarh, Delhi and Gujarat. The second 
cluster consisted of 8 isolates representing races 2, 3, 5 
and 6, originating from different states, namely, Madhya 
Pradesh, Jharkhand, Chhattisgarh and Rajasthan. The third 
cluster consisted of 3 isolates representing races 2, 6 and 7, 
originating from Uttar Pradesh and Chhattisgarh. The fifth 
cluster consisted of 7 isolates representing 5 races mainly 
2–5 and 7, originating from Madhya Pradesh, Uttar Pradesh Ta
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and Bihar. The sixth cluster consists of 6 isolates represent-
ing 4 races, namely races 1, 3, 4 and 6, originating from 
Madhya Pradesh, Uttar Pradesh and Bihar. The fourth and 
seventh cluster had a single isolate from Rajasthan and Mad-
hya Pradesh representing races 3 and 1, respectively.

Combined analysis of RAPD, URP, ISSR and SRAP

The combined analysis of the 70 isolates of the pathogen 
representing seven races, using RAPD, URP, ISSR and 
SRAP, grouped them into seven clusters at 37% similar-
ity coefficient using UPGMA analysis (Fig. 2). The first 
cluster consisted of 25 isolates representing all 7 races, 

originating from 4 states, namely, Madhya Pradesh Bihar, 
Jharkhand and Uttar Pradesh. The second cluster consisted 
of 26 isolates representing all 7 races, originating from 
different states, namely, Uttar Pradesh, Bihar, Jharkhand, 
Chhattisgarh, Rajasthan, Delhi and Gujarat. The third 
cluster consisted of 4 isolates representing races 2, 6 and 
7, from Uttar Pradesh, Bihar and Chhattisgarh. The fifth 
cluster consisted of 7 isolates representing 4 races, namely 
races 1, 2, 6 and 7, originating Madhya Pradesh, Uttar 
Pradesh and Bihar. The sixth cluster consisted of 6 isolates 
representing races 1, 2, 4 and 7, from 3 states, namely, 
Madhya Pradesh, Uttar Pradesh and Bihar. The fourth and 
seventh cluster consisted of a single isolate in each from 
Uttar Pradesh of race 6.

Table 5   Racial characterization of isolates of Fusarium oxysporum f. sp. lentis collected from different states of India

Race Differential genotypes Type of reaction State Location and isolate name Isolate (no.)

1 L4076 Resistant Madhya Pradesh Sehore (FLMP2, FLMP6, FLMP82), Chhatarpur (FLMP72, 
FLMP100), Rewa (FLMP88)

06
Vipasa Susceptible

2 JL3 Resistant Madhya Pradesh Vidisha (FLMP19, FLMP21, FLMP23), Mandla (FLMP84), 
Seoni (FLMP101)

11

NDL1 Susceptible Uttar Pradesh Chittrakoot (FLUP9), Karwi (FLUP34)
Rajasthan Kota (FLRJ7)
Chhattisgarh Raipur (FLCG1, FLCG6), Kabirdham (FLCG3)

3 NDL1 Resistant Madhya Pradesh Sagar (FLMP27, FLMP36, FLMP47), Vidisha (FLMP81) 09
JL3 Susceptible Bihar Samastipur (FLBR32, FLBR39)

Rajasthan Bharatpur (FLRJ1, FLRJ8)
Gujarat Junagarh (FLGJ1)

4 Sehore74-3 Resistant Madhya Pradesh Jabalpur (FLMP49, FLMP55, FLMP63), Katani (FLMP91), 
Hosangabad (FLMP92), Betul (FLMP94), Damoh 
(FLMP96)

12

LC284-1206/12 Susceptible Uttar Pradesh Mirzapur (FLUP31), Gazipur (FLUP43), Varanasi 
(FLUP49)

Bihar Muzaffarpur (FLBR43)
Delhi Delhi (FLDL1)

5 Vipasa Resistant Bihar Nawada (FLBR48) 05
PL406 Susceptible Jharkhand Ranchi (FLJH1, FLJH5, FLJH8)

Chhattisgarh Durg (FLCG5)
6 Vipasa Resistant Madhya Pradesh Datia (FLMP76), Gwalior (FLMP97) 19

L4076 Susceptible Uttar Pradesh Banda (FLUP12, FLUP18), Jhansi (FLUP28, FLUP48), 
Basti (FLUP44), Lalitpur (FLUP45), Ambedkarnagar 
(FLUP51), Jalaaun (FLUP53)

Bihar Bhagalpur (FLBR5, FLBR11, FLBR18), Khagaria 
(FLBR44), Purnia (FLBR45)

Jharkhand Chatra (FLJH3), Giridih (FLJH10)
Rajasthan Jaipur (FLRJ3)
Chhattisgarh Mahasamund (FLCG7)

7 Sehore74-3 Resistant Madhya Pradesh Raisen (FLMP14), Satna (FLMP70), Bhopal (FLMP90) 08
JL3 Susceptible Uttar Pradesh Mhoba (FLUP4), Hamirpur (FLUP39)

Bihar Patna (FLBR27)
Jharkhand Hazaribagh (FLJH4), Palamu (FLJH13)
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ITS sequence analysis

Amplification products of approximately 550 bp were 
obtained in all 32 representative isolates of Fol and all 
the aligned ITS sequences (ITS1 + 5.8 s + ITS2 region) 
deposited at NCBI GenBank with the accession num-
bers KY678270-KY678301 (Table 1). The dataset used 
for ITS analysis contained 541 characters, 441 charac-
ters were conserved sites, 100 were variable sites, 73 
were parsimony informative and 27 characters were 
singleton change. The isolates clustered into two major 

phylogenetic groups. The first group contains 19 isolates 
and 13 isolates in the second group (Fig. 3). Within the 
first group, isolates from all the races grouped into three 
sub-groups and race 6 present in all the three sub-groups. 
In the second group, race 6 separately grouped as sub-
group with high bootstrap value (99%). Race 4 and race 
7 form separate sub-group, whereas races 2, 3, 5 and 7 
belong to different geographical locations sub-grouped 
separately.

TEF‑1α sequence analysis

The PCR amplification of 32 different race and area rep-
resentative isolates of Fol using TEF-1α gene-specific 
primers produced approximately 710 bp amplicon. The 
aligned TEF-1α sequences of those isolates were depos-
ited at NCBI GenBank with the accession numbers 
KY852314–KY852345 (Table 1). The dataset used for 
TEF-1α analysis contained 709 characters, 477 charac-
ters were conserved sites, 232 were variable sites, 183 
were parsimony informative and 49 characters were sin-
gleton change. Phylogenetic analysis clustered into two 
major phylogenetic groups, twenty-eight isolates were 
clustered into the first group and 4 isolates in the second 
group (Fig. 4). Within the first group, the isolates from all 
the races clustered into three sub-groups with race 7 in 
all the three sub-groups and race 2 clustered as separate 
sub-group (with high bootstrap value 99%). In the second 
group, race 7 (FLUP39) from Uttar Pradesh grouped with 
race 4 and collected from Bihar (FLBR43), Uttar Pradesh 
(FLUP49) and Madhya Pradesh (FLMP96) belongs to dif-
ferent geographical locations which grouped separately as 
sub-group.

Fig. 1   Map showing distribution patter of races of Fusarium oxyspo-
rum f. sp. lentis in different states of India

Table 6   Sequences of random 
amplified polymorphic 
DNA primers (RAPD) and 
polymorphism obtained in 
isolates of Fusarium oxysporum 
f. sp. lentis 

Primer Sequence (5′-3′) Amplicon size (kb) Bands (no.) Monomor-
phic band

Polymorphism
(%)

OPA3 AGT​CAG​CCAC​ 0.3–2.5 10 - 100
OPA6 GGT​CCC​TGAC​ 0.3–4.0 16 - 100
OPA10 GTG​ATC​GCAG​ 0.3–3.0 14 - 100
OPA11 CAA​TCG​CCGT​ 0.3–3.0 07 01 85.7
OPA12 TCG​GCG​ATAG​ 0.3–4.0 15 - 100
OPD4 TCT​GGT​GAGG​ 0.4–4.0 19 - 100
OPD5 TGA​GCG​GACA​ 0.3–4.0 10 - 100
OPE7 AGA​TGC​AGCC​ 0.5–3.0 13 - 100
OPF1 ACG​GAT​CCTG​ 0.3–5.0 11 - 100
OPF16 GGA​GTA​CTGG​ 0.3–3.5 20 - 100
OPM12 GGG​ACG​TTGG​ 0.4–3.0 15 - 100
OPM14 AGG​GTC​GTTC​ 0.3–3.0 17 - 100
OPY10 CAA​ACG​TGGG​ 0.3–3.5 19 - 100
Total 186 98.9
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Discussion

The populations of F. oxysporum f. sp. lentis collected 
from all the major lentil growing areas of the India were 
highly variable in respect of their morphological charac-
ters. Considering the morphology and cultural characters, 
235 isolates of the pathogen were categorized into 12 
groups. Forty-two isolates showed fast growth rate, large 
macroconidia and fluffy colony growth. It was followed 
by the similar number of isolates (42) characterized as 
medium growing, large macroconidia and fluffy growth. 
Forty-one isolates with similar growth rate and macro-
conidia showed appressed growth. Only 47 isolates were 
slow growing with the majority having > 12 µm macro-
conidia. Thus, the majority of the isolates were medium 
growing. The present results could not establish any cor-
relations among pigmentation, growth rate and size of 
conidia of the isolates originating from different parts of 
country. However, Belabid et al. (2004) reported great 
variability in the morphological characters of thirty-two 

Fol isolates belonging to single race from the northwest 
Algeria.

Screening of lentil genotypes against Fol clearly indi-
cated the presence of low level of resistance among them. 
Out of 114, only 17 genotypes were found resistant and 
15 moderately resistant against the pathogen. The rest of 
the genotypes were susceptible to highly susceptible. Ten 
genotypes, namely PL406, L4076, NDL1, DPL15, L4147, 
Vipasa, Sehore74-3, LC284-1206/12, JL3 and Vidhohar 
local variable in genetic background as well as in level of 
resistance and susceptibility, were selected as differential set 
for race profiling in the present study. The virulence analysis 
showed existence of high degree of variability among the 
pathogen. Based on the reactions on differential genotypes, 
the isolates of Fol were categorized into seven races and 
differential genotypes for each race were identified. Except 
race 5, all the six races were prevalent in Madhya Pradesh, a 
major lentil growing state of India. Race 1 was only present 
in Madhya Pradesh. Out of 70 isolates representing various 
parts of the country, 19 isolates representing six states of 

Table 7   Sequences of universal 
rice primers (URPs) and 
polymorphism obtained in 
isolates of Fusarium oxysporum 
f. sp. lentis 

Primer Sequence (5′-3′) Amplicon size (kb) Bands
(no.)

Polymorphism 
(%)

URP1F ATC​CAA​GGT​CCG​AGA​CAA​CC 0.15–3.0 19 100
URP2F GTG​TGC​GAT​CAG​TTG​CTG​GG 0.1–2.5 15 100
URP2R CCC​AGC​AAC​TGA​TCG​CAC​AC 0.2–3.0 16 100
URP4R GGC​AAG​CTG​GTG​GGA​GGT​AC 0.1–3.0 19 100
URP6R GGC​AAG​CTG​GTG​GGA​GGT​AC 0.15–3.0 17 100
URP9F ATG​TGT​GCG​ATC​AGT​TGC​TG 0.15–3.0 16 100
URP13R TAC​ATC​GCA​AGT​GAC​ACA​GG 0.15–3.0 14 100
URP17R AAT​GTG​GGC​AAG​CTG​GTG​GT 0.1–2.5 13 100
URP25F GAT​GTG​TTC​TTG​GAG​CCT​GT 0.2–3.0 20 100
URP30F GGA​CAA​GAA​GAG​GAT​GTG​GA 0.3–3.0 15 100
URP38F AAG​AGG​CAT​TCT​ACC​ACC​AC 0.15–3.0 19 100
Total 183 100

Table 8   Sequences of inter 
simple sequence repeats 
(ISSR) and the polymorphism 
obtained in isolates of Fusarium 
oxysporum f. sp. lentis 

Primer Sequence (5′-3′) Annealing 
temperature 
(°C)

Amplicon size (kb) Bands 
(no.)

Polymorphism 
(%)

ISSR2 AGA​GAG​AGA​GAG​AGA​GAG​C 53 0.2–3.0 13 100
ISSR3 AGG​AGG​AGG​AGG​AGG​ 53 0.3–3.0 08 100
ISSR4 CAG​CAG​CAG​CAG​CAG​ 53 0.4–3.0 09 100
ISSR8 GAG​AGA​GAG​AGA​GG 44 0.4–3.0 11 100
ISSR12 ACT​GAC​TGA​CTG​ACT​ 49 0.2–2.5 10 100
ISSR18 AGA​GAG​AGA​GAG​AGA​GTC​ 52 0.4–3.0 09 100
ISSR19 GAG​AGA​GAG​AGA​GAG​ATC​ 53 0.2–3.0 12 100
ISSR20 ACA​CAC​ACA​CAC​ACA​CCT​ 55 0.3–3.0 10 100
ISSR21 ACA​CAC​ACA​CAC​ACA​CTA​ 50 0.1–3.0 11 100
ISSR23 GAG​AGA​GAG​AGA​GAG​AGA​AT 51 0.3–3.0 13 100
Total 106 100
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India were categorized as race 6 followed by 12 isolates as 
race 4 representing 4 states and 11 isolates as race 2 origi-
nated from 4 states of India. Four races, namely, 2, 4, 6 and 
7, were present in Uttar Pradesh, whereas 5 races, namely, 
3, 4, 5, 6 and 7, were present in Bihar State of India. This 
clearly indicated that the states having maximum area under 
lentil production and diversity in respect of varieties under 
cultivation showed the highest number of races. The pair 
of differential genotypes provided resistant and susceptible 
reaction identified for each race to avoid the overlapping 
reaction for different isolates under each race. The place of 
origin of the isolates and morphological features did not 
correspond to the races of the pathogen. The present find-
ings are in accordance with the earlier observations in lentil 
(Belabid et al. 2004) and chickpea (Dubey et al. 2012a).

The variability among Fol isolates with regard to 
aggressiveness (Naimuddin and Chaudhary 2009) as well 
as pathogenicity has been observed (Bayaa et al. 1994; 
Erskine and Bayaa 1996; Datta et al. 2011; Pouralibaba 
et  al. 2015). The isolates of Fol were grouped into 6 
clusters on the basis of typical wilt symptoms of Fol on 
single cultivar using computer software (Naimuddin and 
Chaudhary 2009). Pouralibaba et al. (2016) determined the 
pathotypes among 52 Fol isolates originated from Iran, 
Syria and Algeria using 4 accessions of lentil as a putative 

differential set and identified 7 pathotypes. Only 28 lentil 
accessions were evaluated for designing of the differentials 
and only 4 accessions may not be sufficient for differentia-
tion of large number of isolates. The isolates of the patho-
gen from India, which is considered a major lentil growing 
country worldwide, were not included in the study. The 
present findings are in accordance with the results obtained 
by Pouralibaba et al. (2016) that the pathotypes did not 
correspond to the geographical origin of the isolates. In 
India, Datta et al. (2011) collected 100 isolates of Fol from 
4 states and included only 15 isolates (majority of them 
from Uttar Pradesh and Bihar and one each from Tripura 
and West Bengal) in the study. They observed molecular 
diversity among 15 isolates of Fol using molecular markers 
and pathogenicity but failed to report about the races of 
Fol. They have not used a set of lentil cultivars for diversity 
analysis to identify races of Indian population of the patho-
gen. Furthermore, an attempt was made to standardize the 
differential cultivars to determine the races and grouped 
50 Indian isolates of the pathogen into 8 races (Hiremani 
and Dubey 2018). In contrast to the present study, Belabid 
et al. (2004) reported that the Fol isolates were homogene-
ous without any variation in virulence, but they observed 
differences in aggressiveness indicated variability, which 
might be differentiated by using the cultivars having vari-
able genetic background. They also observed no apparent 
correlation with geographical origin or aggressiveness of 
isolates. The differential cultivars used by Hiremani and 
Dubey (2018) need modification by replacing some of the 
genotypes in existing set with appropriate genotypes to 
avoid overlapping reactions against the isolates originat-
ing from the same locations. Thus, earlier used 5 geno-
types (PL4, PL101, DPL62, K75 and L6813) were replaced 
with 5 new genotypes (PL406, L4076, NDL1, DPL15 and 
Vipasa). In the present study, by replacing these 5 geno-
types with 5 new, clear-cut grouping patterns were obtained 
and 70 isolates were grouped into 7 races.

In the present study, four molecular markers, namely, 
RAPD, URP, ISSR and SRAP, were used for the analysis 
of genetic diversity of Fol populations representing 7 races 
collected from different geographical regions of India. These 
molecular markers showed very good amplification of vari-
ous plant pathogenic fungi (Dubey and Singh 2008; Zhou 
et al. 2009; Hiremani and Dubey 2019). Prior to this study, 
RAPD markers showed 22% genetic similarity between the 
isolates of Fol and grouped them into five clusters based on 
geographical origin barring few exceptions. There was no 
apparent correlation with geographical origin or aggressive-
ness of Fol (Belabid et al. 2004). In the present study, RAPD 
markers also provided good amplification and grouped the 
Fol populations into 7 clusters. Another important molecular 
marker, URPs proved more appropriate for genetic diversity 
analysis of Fol isolates. The isolates of Fol showed 21% 

Table 9   Sequence-related amplified polymorphism primer (SRAP) 
combination and the polymorphism obtained in isolates of Fusarium 
oxysporum f. sp. lentis 

Primer combination Amplicon size 
(kb)

Bands (no.) Polymorphism 
(%)

me1f/em1r 0.1–3.0 17 100
me1f/em2r 0.1–3.0 12 100
me1f/em3r 0.1–3.0 12 100
me1f/em4r 0.1–3.0 12 100
me1f/em5r 0.1–3.0 12 100
me2f/em1r 0.1–3.0 08 100
me2f/em2r 0.1–3.0 11 100
me2f/em3r 0.1–3.0 08 100
me2f/em4r 0.1–2.0 11 100
me2f/em5r 0.1–2.0 10 100
me2f/em6r 0.1–2.0 10 100
me3f/em1r 0.1–3.0 09 100
me3f/em2r 0.1–3.0 08 100
me3f/em3r 0.1–3.0 11 100
me3f/em4r 0.1–3.0 13 100
me3f/em5r 0.1–3.0 09 100
me4f/em3r 0.1–3.0 09 100
me4f/em4r 0.1–1.2 08 100
me5f/em1r 0.1–3.0 08 100
me5f/em2r 0.1–3.0 08 100
Total 206 100
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genetic similarity with 100% polymorphism between them-
selves using URP markers and grouped them into 7 clusters. 
Earlier, URPs have been proved more superior over other 
markers for genetic diversity analysis of Rhizoctonia solani 
(Dubey et al. 2012b), Bipolaris oryzae (Kandan et al. 2015) 
and Diaporthe spp. (Rajput et al. 2021). ISSR markers have 
been extensively used for various applications as conser-
vation, molecular taxonomy and analysis of the population 
structure and genetic variation of F. oxysporum (Baysal et al. 
2010). The results of the present study in corroborate with 
earlier report of Yuan et al. (2013) that the ISSR markers 
were unable to make a clear distinction within and between 
the isolates of Fol from different provinces. Earlier, Dubey 
and Singh (2008) while working on 64 isolates of F. oxyspo-
rum f. sp. ciceris reported the suitability of ISSR and RAPD 
markers for genetic diversity of the pathogen. Similarly, 
Kumar et al. (2018) have reported ISSR markers more effi-
cient than URP markers in diversity analysis of Curvularia 
lunata. SRAP is another PCR-based marker which is simple, 

efficient, repetitive and co-dominant (Li and Quiros 2001). 
It has been widely applied in genetic diversity studies of 
different fungal species (Tripathi and Dubey 2015; Kumar 
et al. 2020; Rajput et al. 2021). Among all the markers used 
in the present study, SRAP provided 42% genetic similarity 
between Fol isolates and grouped them into 7 major clusters. 
The present study was in agreement with previous report of 
Dinolfo et al. (2015) showing SRAP as informative molecu-
lar marker to study the genetic diversity analysis of F. poae. 
The present SRAP results are in concordance with Tripathi 
and Dubey (2015) who reported that the molecular diversity 
of R. solani based on SRAP marker did not correspond to 
the agro-ecological regions and crops of the origin of the 
isolates.

Combined analysis of all the four markers grouping 70 
isolates into seven clusters with 37% genetic similarity 
clearly indicated that the clustering partially corresponds to 
their geographical origin or virulence. The present results are 
in agreement with Kandan et al. (2015) who reported with 

Fig. 2   Dendrogram derived 
from combined analysis of 13 
random amplified polymorphic 
DNA (RAPD) primers, 11 uni-
versal rice primer (URP) prim-
ers, 10 inter simple sequence 
repeat (ISSR) primers and 20 
sequence-related amplified 
polymorphism (SRAP) primers 
of 70 isolates of F. oxysporum 
f. sp. lentis by unweighted 
paired group method with 
arithmetic average analysis 
(UPGMA). The bottom scale 
is the percentage of Jaccard’s 
similarity coefficient. Vertical 
scale representing numbers 
(Fol 1–70) and state of origin 
of the isolates (FLMP–Madhya 
Pradesh, FLUP–Uttar Pradesh, 
FLBR–Bihar, FLJH–Jharkhand, 
FLRJ–Rajasthan, FLCG–
Chhattisgarh, FLDL–Delhi and 
FLGJ–Gujarat)
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the exception of URP marker data, ISSR and RAPD molecu-
lar marker pooled data were found to be more informative in 
genetic diversity analysis of Bipolaris oryzae, B. sorghicola, 
B. holmi and B. tetramera (Kandan et al. 2016; Singh et al. 
2021). Nourollahi and Madahjalali (2017) reported a low 
level of genetic variability and genetic distance within and 
between populations of Fol using microsatellite SSR markers 
from Iran. Al-Husien et al. (2017) reported the high genetic 
diversity of Fol within population than among geographi-
cal location of Syria using RAPD, ISSR and SSR markers. 
However, phylogenetic analysis of Fol using TEF-1 alpha 
gene and diversity analysis using URP and SRAP marker 
altogether of Fol has not been reported so far.

Phylogenetic analysis of rDNA ITS and TEF-1α sequence 
analyses did not show correlation with other variables like 
geographical location, and virulence. Grouping of these iso-
lates from different locations showed that geographic loca-
tion or virulence of the isolates did not decide their group-
ing pattern, clearly suggesting that existence of few degrees 

of divergence within the isolates and lack of relationship 
between isolates and geographic locations may be due to 
movement of the pathogen in nature through infected seeds 
and soils. However, in ITS analysis, presence of isolates that 
belong to race 6 in both clusters indicates the evolutionary 
relationship of this pathogen with other races that belong 
to various geographical locations and virulence patterns. 
In TEF-1α analysis, Fol isolates representing 7 races origi-
nating from different places have very close relationship 
with each other. However, the isolates that belong to race 
7 grouped in most of the major and minor clusters indi-
cating the evolutionary relationship of this pathogen with 
other races originated from different location in India. These 
results are in congruence with earlier reports of F. verti-
cillioides (Rocha et al. 2011), F. oxysporum f. sp. ciceris 
(Dubey et al. 2012a) and Sclerotinia sclerotiorum (Mandal 
and Dubey 2012) showing no correlation within the isolates 
and their origin of location.

Fig. 3   Molecular phylogenetic analyses of rDNA ITS sequences of 
Fusarium oxysporum f. sp. lentis by neighbour-joining method. The 
analyses involve 32 nucleotide sequences and there were 541 char-
acters in this analysis. All the bootstrap values (1000 replicates) 
were indicated above and below internodes of the tree. The scale 
bar denotes 0.01 substitution per nucleotide position. CI consistency 
index, RI retention index, RC rescaled consistency index. Evolution-
ary analyses were conducted in PAUP version 4.0a152

Fig. 4   Molecular phylogenetic analyses of TEF-1α sequences of 
Fusarium oxysporum f. sp. lentis by neighbour-joining method. The 
analyses involve 32 nucleotide sequences and there were 709 char-
acters in this analysis. All the bootstrap values (1000 replicates) 
were indicated above and below internodes of the tree. The scale 
bar denotes 0.02 substitution per nucleotide position. CI consistency 
index, RI retention index, RC rescaled consistency index. Evolution-
ary analyses were conducted in PAUP version 4.0a152
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Conclusions

The present study clearly revealed the diversity of F. oxyspo-
rum f. sp. lentis populations collected from different parts 
of India that could be a milestone for further development 
of race-specific resistant varieties of lentil. Furthermore, 
analysis of large number of isolates with a set of genotypes 
to standardize new differentials revealed clear-cut grouping 
of the present pathogenic population of the pathogen. The 
molecular markers, namely RAPD, URP, ISSR and SRAP 
used in the study, could be very efficiently used for diversity 
analysis of Fol populations. The ITS and TEF-1α analysis 
provided phylogenetic relationships among the Indian popu-
lations of the pathogen. The present findings may help to 
understand the virulence performance of the Fol popula-
tions which is helpful in devising efficient disease resistance 
strategies.
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