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Abstract

Twenty five isolates of Acidovorax avenae subsp. avenae causing bacterial leaf streak collected from infected maize crop grown
in different geographical regions of Punjab, northern India were characterized for their molecular diversity using twenty five
random amplified polymorphic DNA (RAPD) markers. All the primers showed amplification with a total of 1769 amplified
fragments. Among RAPD primers, S112 was found to be highly polymorphic with PIC value of 0.95 while OPT-4 was least
polymorphic. The size of amplified DNA fragments ranged from 59 bp to 3.9 kbp. Dendrogram based on molecular data
generated by 25 RAPD collectively divided all 25 isolates into four groups. From 25 isolates, 20 were used for their pathological
characterization and based on the multivar cluster analysis of pathogenicity data, these were divided into three groups, each
producing a distinct range of disease score on particular maize inbred/hybrid used in this study. Isolate Aaa2 was found to be the
most virulent with an average disease score of 8.6, whereas Aaal7 was found least virulent with average disease score of 5.1. The
most virulent isolates of this pathogen were present in central Punjab. This was the first attempt to study the genetic diversity and

pathogenic variation in Punjab populations of A. avenae subsp. avenae.
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Introduction

Maize (Zea mays L.) crop is grown over diverse landscapes
and climatic conditions, and along with wheat and rice, it
contributes at least 30% of the food calories to the human
population in developing countries (FAOSTAT 2014). It is
estimated that maize production needs to be doubled by
2050 to meet the increasing demand of growing human pop-
ulation. One way to meet this demand is through area expan-
sion, which, however, is not a sustainable option. The other
option is to reduce the yield losses due to biotic and abiotic
stresses. Maize is a major summer season crop across South
Asia grown over an area of about 12.1 million hectares and
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annual productivity of 29.35 quintals per hectare (FAOSTAT
2014). Maize crop is going to get a boost in its production
because of its pivotal role in crop diversification program as
well as the establishment of CIMMYT-BISA in this region
(Kaur et al. 2014). However, biotic stresses play major con-
straint on its production and cause significant losses. The hot
and humid climate particularly during summer season makes
the crop more vulnerable to bacterial and fungal pathogens.
During the recent years, the incidence of bacterial stalk rot
(Kumar 2015; Kumar et al. 2017) and bacterial leaf streak
(Dhkal et al. 2016a) has invariably increased on maize.
Bacterial leaf streak (BLS), although considered to be a
minor disease, is gaining importance nowadays with variable
incidence on different hybrids/inbreds grown in the State. The
disease appears as water soaked spots on both upper and lower
leaf surface which develop rapidly into long stripes. These
lesions/streaks usually have wavy edges in contrast to linear
lesion. Sometimes, symptoms start appearing within two days
upon infection and whole leaf turns papery within five to six
days of inoculation (Dhkal et al. 2016a). BLS can cause upto
30% yield losses under favourable conditions (Techati 2008).
The earlier report by Ullasa et al. (1967) from Delhi, India
confirmed Xanthomonas rubrilineans as causal agent of
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BLS. The bacterium also causes red stripe in sugarcane and
was described as Pseudomonas rubrilineans by Dange
(1972). The species has undergone several changes in its no-
menclature (Johnson et al. 1945; Smith and White 1988;
Pataky et al. 1997) and finally Willems et al. (1992) reported
that maize pathogen Pseudomonas avenae belonged to the
genus Acidovorax and reclassified it as A. avenae subsp.
avenae. Acidovorax avenae subspecies have been known to
be both internally and externally seed-borne (Thind 2012).

Although other subspecies of A. avenae such as citrulli
have been extensively studied for their pathogenic and molec-
ular aspects (Shrestha et al. 2013; Silva et al. 2016; Zivanovic
and Walcott 2017), little information is available on the extant
of diversity of A. avenae subsp. aveane especially from this
important maize growing part of India. The present study,
therefore aimed to characterize pathogenic and genetic diver-
sity among the Punjab populations of A. avenae subsp.
avenae. A better insight into the diversity of A. avenae subsp.
avenae will be highly useful in developing strong basis for
bacterial disease management in future and hence sustainable
maize production system with enhanced yield could be
expected.

Materials and methods

Bacterial isolates, their isolation and maintenance Twenty
five isolates of A. avenae subsp. avenae from infected maize
plants were collected from farmer’s field in different maize
growing regions of Punjab during Kharif 2014.
Morphological identification of all the twenty five isolates
was done as per procedure described in Bergey’s manual of
Determinative Bacteriology (1975). Further, the identity of A.
avenae subsp. avenae was confirmed with the help of rDNA
based primers (Dhkal et al. 2016a). Each isolate was main-
tained as pure culture on King’s B agar plates using single
bacterial colony.

DNA extraction Genomic DNA from all the 25 isolates was
isolated using Invitrogen Easy DNA® Kit as per manufac-
ture’s protocol. Isolated DNA was purified by adding RNase
(Promega Inc) to a final concentration of 10 pg ml™'. The
quantity and quality of DNA was checked by using TECAN
2000 Nanoquant Plate reader. The DNA of all the samples was
diluted to 25 ng/ul in nuclease free water and stored at -20 °C
for further use.

PCR amplification A set of twenty five RAPD primers (10 base
pair oligonucleotides, Operon Technologies Inc.) was used in
the present investigations for amplification of 25 isolates of A.
avenae subsp. avenae (Table 1). PCR amplification was car-
ried out in final volume of 25 ul, containing 2 mM MgCl,, 1
unit Tag DNA polymerase, 0.1 mM dNTPs, 1X PCR Buffer
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Table1 Polymorphic information content (PIC) and total alleles ampli-
fied by 25 RAPD from different isolates of Acidovorax avenae subsp.
avenae

Primer Primer sequence PIC value Total Alleles
OPT-1 GGGCCACTCA 0.87 53
OPT-4 CACAGAGGGA 0.22 49
OPT-5 GGGTTTGGCA 0.81 48
OPT-6 CAAGGGCAGA 0.91 56
OPT-7 GGCAGGCTGT 0.90 90
OPT-8 AACGGCGACA 0.89 101
OPT-12 GGGTGTGTAG 0.84 56
OPT-13 AGGACTGCCA 0.89 81
OPT-14 AATGCCGCAG 0.87 88
OPT-15 GGATGCCACT 0.86 74
OPT-16 GGTGAACGCT 0.92 109
OPT-17 CCAACGTCGT 091 45
OPT-18 GATGCCAGAC 091 79
OPT-20 GACCAATGCC 091 81
S1117 GCTAACGTCC 0.88 42
S119 CTGACCAGCC 0.92 74
S111 CTTCCGCAGT 0.89 58
S1109 TGCCGGTTCA 0.80 35
S1114 TGGTTGCGGA 0.89 95
S118 GAATCGGCCA 0.92 79
S1111 AGATGCGCGG 0.93 90
S105 AGTCGTCCCC 0.94 104
S1106 CTCGGGATGT 0.82 62
S112 ACGCGCATGT 0.95 73
S114 ACCAGGTTGG 0.89 47

[Tris HCI (pH 9.0 at 25 °C), KCI and Triton® X-100], 1 uM
primer and 50 ng of gDNA. Each reaction for PCR amplifi-
cation (Saiki et al. 1988) was performed in Eppendorf Master
Cycler ProS with initial denaturation of 94 °C for 4 min, 35 cy-
cles of denaturation at 94 °C for 1 min, annealing at 36 °C for
1 min, extension at 72 °C for 2 min and final elongation at
72 °C for 3 min. The amplified products were resolved on
0.8% agarose gels in 0.5 X TBE buffer (Tris base 45 mM,
boric acid 45 mM, EDTA 1 mM), stained with ethidium bro-
mide at concentration of 0.5 g ml™" of buffer. PCR products
were resolved by gel electrophoresis at 5 V cm ! for 2-3 h.
The gel was visualized under UV light and photographed
using Gene Snap® software programme (Syngene Inc., UK).

Genetic data analysis DNA fingerprinting data generated by
RAPD based markers were converted into binary matrix form
as 1 and O representing the presence and absence of band
respectively. The size of amplified products by RAPD
markers were ascertained by comparing them with the known
marker (1 kb ladder, BR Biochem Life Science Pvt. Ltd.,
India). To find the informativeness of the primer used, the
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Table 2 Unique DNA fragments generated by the RAPD markers for
different isolates of Acidovorax avenae subsp. avenae from Punjab

Isolate Unique band

Aaa2 OPT-15(1), OPT-16(2), S1117(1),
S1114(1), S112(1)

Aaa? OPT-1(1)

Aaal5 OPT-17(2), S112(1)

Aaal9 OPT-16(1)

Aaa20 OPT-6(2),0PT-14(1), SI117(1),
S111(3),S1109(1),S1114(1),
S105(1), S1106(2)

Aaa2l OPT-18 (1)

Aaa25 OPT-5(1), OPT-6(2), OPT-8(1),

OPT-13(1), S1117(1), S119(4),
S1109(1), S1114(2), S118(3)

polymorphic information content (PIC) was calculated for
each marker by using formula: PIC = 1-" X(Pij)*, where Pij
is frequency of j” allele in /" primer and summations extend
over ‘n” pattern (Botstein et al. 1980). The binary data was
further analysed with statistical software DARwin 6.0.10.
Dendrogram was generated and the isolates were grouped
on the basis of Neighbor Joining using DICE coefficient.

Maize hybrids and inbreds For pathotypic characterization of
different isolates of A. avenae subsp. avenae, nine maize hy-
brids and inbred lines viz. PMH-1, PMH-2, FR-632, Punjab
Sweet Corn-1, CM-600, CM-139, LM-13, CM-140 and
CML-25 procured from Maize Section, Department of Plant

3900bp

Breeding and Genetics, Punjab Agricultural University,
Ludhiana, India and one hybrid viz. G-5414 from Field
Fresh Agriculture Centre of Excellence, Ladhowal,
Ludhiana were sown in 12" earthen pots in the month of
May during 2015 and 2016 in the screen house of
Department of Plant Pathology, Punjab Agricultural
University, Ludhiana, India.

Pathogen inoculation Out of 25, twenty isolates of A.
avenae subsp. avenae representing different genetic
groups were used for pathogenicity testing. One-month-
old plants of each cultivar were inoculated with all the 20
isolates of A. avenae subsp. avenae individually using
whorl prick method described by Dhkal et al. (2016a).
Two light pricks with hypodermic needle (0.70 X 32 mm
size) were given at the base of the fully expanded leaves.
One ml of bacterial suspension (10 cells/ml cfu) was
poured into the pricked whorls. Inoculated plants were
covered with polybags (12" x 24" size) for 48 h and high
humidity was maintained by spraying water regularly in-
side the polybags.

Disease measurement Disease development on leaves was
recorded at 3, 5, 7,9, 12 and 15 days after inoculation using
0-9 scale given by Pataky et al. (1997). The pathogenic var-
iability of A. avenae subsp. avenae was established on the
basis of disease score produced by these isolates on different
hybrids and inbreds of maize. The tested isolates were further
characterized into different groups. Data was analysed with
PAST ver 2.5.1 software using Euclidean coefficient to gen-
erate dendrogram.

Fig. 1 Genetic variability in different isolates of A. avenae subsp. avenae as revealed by S1114 primer. The profile shows unique band of 3900 bp for
Aaa2. Lane 1 in the gel contains 1 kbp DNA ladder (BR Biochem Life Sciences)
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Fig. 2 Genetic variability in different isolates of A. avenae subsp. avenae as revealed by OPT-1 primer. The profile shows unique band of 500 bp for
Aaa7. Lane 1 in the gel contains 100 bp DNA ladder (BR Biochem Life Sciences)

Results

Molecular characterization To investigate the degree of ge-
netic diversity among different isolates of A. avenae
subsp. avenae, 25 RAPD primers were used. DNA finger-
printing of 25 isolates of A. avenae subsp. avenae collect-
ed from different maize growing area of Punjab, NW
India showed a distinct banding pattern. All the 25

RAPD primers used in this study showed amplification
with a total of 1769 amplified fragments and the number
of scorable bands ranged from 35 to 109 across different
primers. Among all, S112 showed maximum PIC value of
0.95 while OPT-4 showed minimum PIC value of 0.22
(Table 1). The primer OPT-16 amplified the maximum
(109) number of fragments. The fragments thus obtained
were amplified within a range of 50 bp to 3.9 kb.

Fig. 3 Genetic variability in different isolates of A. avenae subsp. avenae as revealed by OPT-18 primer. The profile shows unique band of 1250 bp for
Aaa2l. Lane 1 in the gel contains 1 kbp DNA ladder (BR Biochem Life Sciences)
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Fig. 4 Genetic variability in different isolates of A. avenae subsp. avenae as revealed by S119 primer. The profile shows unique bands of 2900 bp,
2400 bp, 1800 bp and 800 bp for Aaa25. Lane 1 in both the gels contain 1 kbp DNA ladder (BR Biochem Life Sciences)

Aaatd
—Ff— +fi3aill

— G haatd

il Aaall Gmup- |
o , wAzatd

—— 00

| B —— T

+Ada)
—2—] = s

Anafi

_MAFH +Aaaf
haal 4
Group-2

100 Agdd
Azl ‘
haatd |

40

Aaal

1

— 10— ot
Agali
haald Group-3
= +hgad|
—%—1 haaZs ‘

LEE]

- Group-4

Fig. 5 Phylogenetic tree showing relatedness among the isolates of Acidovorax avenae subsp. avenae using banding pattern data generated by RAPD
primers. Values at nodes represent 1000 bootstrapping
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Table 3 Mean disease score produced by different isolates of Acidovorax avenae subsp. avenae on different maize cultivars during 2015 and 2016

Isolate G-5414 PMH-1 CM-139 LM-13 CM-140 FR-632 Punjab Sweet PMH-2 CM-600 CML-25 Mean disease
Corn-1 score

Aaal 7.0 6.6 7.0 7.0 6.4 7.0 3.0 6.9 6.7 5.0 6.3
Aaa2 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0 5.0 8.6
Aaa3 9.0 6.5 7.0 6.3 5.0 3.0 6.3 6.1 6.0 5.0 5.8
Aaad 7.0 6.2 5.0 5.5 6.8 7.0 7.0 5.5 3.0 3.0 5.6
Aaa5 9.0 6.3 9.0 6.2 6.7 54 7.0 52 7.0 34 6.5
Aaab 6.8 6.8 59 6.2 5.7 6.2 9.0 6.0 7.0 5.0 6.5
Aaa7 9.0 6.9 7.0 6.6 54 6.9 9.0 7.0 0.0 5.0 6.3
Aaa8 9.0 9.0 7.0 6.8 7.0 7.0 6.0 6.2 6.8 0.0 6.5
Aaad 7.0 9.0 5.8 5.0 7.0 7.0 7.0 6.0 9.0 4.6 6.7
Aaal0 7.0 7.0 54 6.3 5.6 5.0 9.0 5.5 5.0 5.0 6.1
Aaall 3.8 9.0 9.0 6.7 7.0 6.5 9.0 5.9 6.8 5.0 6.9
Aaal2 9.0 9.0 55 6.3 5.4 9.0 5.6 5.7 6.8 5.0 6.7
Aaal3 7.0 9.0 7.0 7.0 7.0 6.9 9.0 5.0 52 5.0 6.8
Aaald 9.0 9.0 7.0 7.0 6.2 5.0 0.0 5.9 3.0 5.0 57
Aaal5 9.0 6.0 7.0 6.1 9.0 5.0 7.0 6.8 9.0 5.0 6.9
Aaal6 7.0 5.5 9.0 9.0 7.0 7.0 9.0 6.9 0.0 5.0 6.5
Aaal7 5.7 53 0 6.8 52 5.8 5.0 54 6.4 5.0 5.1
Aaal8 7.0 6.7 9.0 7.0 7.0 7.0 7.0 5.5 5.0 5.0 6.6
Aaal9 5.6 5.6 7.0 6.3 7.0 5.0 5.0 6.7 6.8 5.0 6.0
Aaa20 7.0 9.0 6.4 7.0 7.0 9.0 0.0 6.2 59 42 6.2
Mean disease score 7.5 7.4 6.8 6.7 6.6 6.5 6.5 6.2 57 45

Scale of 0-9 by Pataky et al. (1997)

Seven isolates of A. avenae subsp. avenae produced one  could be differentiated by using eight and nine random
or more unique bands with respect to different primers  primers respectively. Three primers, S1114 (Fig. 1),
(Table 2). Isolate Aaa2 could be differentiated by using  OPT-1(Fig. 2) and OPT-18 (Fig. 3) produced distinguish-
five random primers whereas Aaa20 and Aaa25 isolates  able unique bands in Aaa2 (~3.9 kb), Aaa7 (500 bp) and

Fig. 6 Differential symptoms
produced on different maize
inbreds/hybrids to Acidovorax
avenae subsp. avenae isolate
Aaa2. This isolate was highly
virulent on all the tested inbreds/
hybrids tested except CML-25

G-5414 CM-600 PMH-2 CM-139 PMH-1 FR-632
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Fig. 7 Clustering of maize .3 4 £ - » = o © » w
inbreds/hybrids on the basis of
their reaction to different isolates
of Acidovorax avenae subsp. CM-600
avenae
CML-25
Punjab Sweet Corn
G-5414
CM-139

Aaa2l (1250 bp) respectively. In Aaa25, S119 was ob-
served to be highly polymorphic producing at least four
repeatable unique bands that helps in differentiating this
isolate from other isolates of A. avenae subsp. avenae
(Fig. 4).

Based on the polymorphic data, these twenty five iso-
lates of A. avenae subsp. avenae were grouped into four
distinct genetic groups. Majority of isolates from
Ludhiana district were grouped in Group 1 and Group 2
while isolates from Hoshiarpur district were mostly clus-
tered in Group 4. The clustering of molecular data sug-
gested that isolates belonging to the same region tends to
group together with each other irrespective of their viru-
lence or pathogenicity (Fig. 5).

Pathotypic characterization Mean disease score of different
isolates were found to be lowest on maize inbred CML-25
(4.5), while it was highest on the hybrid G-5414 (7.5).
Among inbreds, highest mean disease score was recorded on

e C M- 140

——LM-13

—PMH-2

FR-632

PMH-1

CM-139 (Table 3). The isolate Aaa2, isolated from maize
fields at PAU Ludhiana was found to be highly virulent as it
produced maximum disease score on all maize inbreds and
hybrids except CML-25. In contrast, Aaal7 isolated from
Makhomajara village of Hoshiarpur district was the least vir-
ulent isolate producing mean disease score of 5.1 (Dhkal et al.
2015. Two isolates viz. Aaa7 and Aaal6 failed to produce any
symptom on CM-600 and were designated as avirulent.
Another isolate, Aaal7, was also found avirulent on CM-
139 (Table 3). The present study revealed differential symp-
tom expression of isolates particularly Aaa2 on different
maize hybrids and inbreds (Fig. 6).

Based on their response to 20 isolates of A. avenae subsp.
avenae, hybrids and inbred lines were divided into three clas-
ses viz. highly susceptible, moderately susceptible, and mod-
erately resistant (Fig. 7, Table 4). The data plotted in dendro-
gram (Fig. 7) clustered moderately resistant lines viz. CM-600
and CML-25 in one group exhibiting mean disease score of
5.1 (Table 4). Six test cultivars viz. CM-139, LM-13, CM-140,

Table 4 Grouping of different
hybrids/inbreds of maize on the
basis of disease score produced
by different isolates of

Acidovorax avenae subsp. avenae

Maize hybrid/inbred Disease score Disease reaction
Mean Range
G-5414 and PMH-1 745 74-7.5 Highly susceptible
CM-139, LM-13, CM-140, FR-632, 6.55 6.8-6.2 Moderately susceptible
Punjab sweet corn-1 and PMH-2
CM-600 and CML-25 5.1 4.5-5.7 Moderately resistant
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Fig. 8 Virulence frequency of 100
different isolates of Acidovorax 90
avenae subsp. avenae on maize

inbreds/hybrids 80

70
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50
40
30
20
10

Virulence frequency (%)

G-5414 PMH-1 CM-139 LM-13 CM-140 FR-632 Punjab PMH-2 CM-600 CML-25
Sweet
Corn-1

FR-632, Punjab sweet corn-1 and PMH-2 showed moderately
susceptible reaction to different isolates of A. avenae subsp.
avenae with mean disease score of 6.55 which ranged from
6.8 to 6.2. However, two hybrids, G-5414 and PMH-1, were
highly susceptible with mean disease score of 7.45 (Fig. 7,
Table 4).

Level of susceptibility in test cultivars varied with respect
to different isolates of A. avenae subsp. avenae. Inbred line
LM-13 was found highly susceptible as 90% isolates were
virulent on this line (Fig. 8). It was followed by hybrids G-
5414 and PMH-1, which were also highly susceptible to 85%
isolates tested. On the other hand, none of isolate was found
highly virulent on CML-25 and the disease on this inbred line
could not progress beyond a few small streaks.

Discussion

RAPD primers could be highly informative as they scan the
whole genome, thus could be used in different studies to ob-
serve genetic diversity in population of various bacterial path-
ogens including Acidovorax species. The current study re-
vealed that isolates of A. avenae subsp. avenae were genetically
highly variable. Fontana et al. (2013) also used RAPD primers
to study the intra-specific diversity in Acidovorax avenae.
Using M13 primer, they differentiated four biotypes among
thirty nine isolates. RAPD analysis suggested that the isolates
from same geographical region tend to group together irrespec-
tive of their virulence spectrum. Similar results have been re-
ported in other plant bacterial pathosystems (Kumar 2015;
Lakshmi and Rabindran 2012; Shahrestani et al. 2012; Lore
et al. 2011) where authors have used RAPD markers to study
the variation in the population of Erwinia chrysanthemi pv.
zeae and Xanthomonas oryzae pv. oryzae in different parts of
the world. High level of genetic diversity was reported among
different pathotypes of Xanthomonas oryzae pv. oryzae collect-
ed form Punjab, India using RAPD primers of OPA series

@ Springer

(Hunjan 2012). In the present study, RAPD primers differenti-
ated different field isolates of A. avenae subsp. avenae by gen-
erating unique amplicons. Similar results were obtained by
Maéki-Valkam and Karjalainen (1994) in Erwinia carotovora
subsp. atroseptica and Pseudomonas carotovorum.

RAPD primers have also been shown to give clear distinc-
tion of Erwinia carotovora subsp. carotovora from pectolytic
Pseudomonas species (Parent et al. 1996). Furthermore,
Erwinia carotovora subsp. atroseptica and subsp. carotovora
could also be distinguished from each other using these
markers. In the current study, RAPD primers also produced
unique bands in different isolates of A. avenae subsp. avenae.
S1114 was also observed to produce unique band in atleast
one isolate, while S112 was highly polymorphic. This result is
concordant with other study that established pathotypes of X.
oryzae pv. oryzae could be differentiated by unique bands
produced by different random primers of OPA series Hunjan
(2012). He further observed that PBXo-1 pathotype can be
differentiated by six different random primers whereas four
primers namely S112, S 1114, S1115 and S1120 could differ-
entiate pathotypes PBXo-2, PBXo-4, PBX0-6 and PBXo-179.

The cultivated maize is known to possess genetic resistance
against different fungal and bacterial pathognes (Mir et al.
2018; Maschietto et al. 2017; Kumar et al. 2017; Chen et al.
2012; Sharma and Rai 2005; Chen et al. 2002). Although
many workers (Kumar 2015; Sinha and Prasad 1975) have
reported maize inbred lines resistant to pathogenic bacteria,
however limited reports are available with respect to resis-
tance sources against bacterial leaf streak. Dange (1972) iden-
tified CM-104, CM-105, CM-106, CM-109, CM-112, CM-
201 and CM-300 inbreds possessing resistance to bacterial
leaf streak during artificial screening. Our results in this study
have confirmed that inbred lines resist A. avenae subsp.
avenae more effectively then hybrids. In a parallel study, these
inbred lines were also observed to exhibit elevated antioxidant
enzyme activities against this pathogen as compared to maize
hybrid varieties (Dhkal et al. 2016b).
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This is the first report of genetic and pathotypic character-
ization of A. avenae subsp. avenae isolated from maize crop in
India. Finally, the present work concluded that populations of
A. avenae subsp. avenae in northern region of India are highly
variable. The genetic structure in the pathogen can be further
investigated for better understanding of the pathogen adapta-
tion and devise suitable disease resistance breeding programs.
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