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Black gram (Vigna mungo) is an important pulse crop of India. The leaf crinkle disease

caused by the urdbean leaf crinkle virus (ULCV) is a severe threat to black gram

production. Black gram plants infected by ULCV show a considerable decline in plant

growth and yield. However, detailed information about the interactions between the

host, black gram, and ULCV is unclear. This study investigated the responses of two

cultivars VBN (Bg) 6 and CO 5 to ULCV infection by physiological, biochemical, and

transcriptional analyses. Virus symptoms were mild in VBN (Bg) 6 but were serious

in CO 5. Upon the viral infection, VBN (Bg) 6 exhibited a low reduction in chlorophyll

content than CO 5. The levels of sugar, protein, phenol, hydrogen peroxide (H2O2),
and malondialdehyde (MDA) contents were altered by a viral infection in both cultivars.

Although, the activities of antioxidant enzymes [Ascorbate peroxidase (APX), superoxide

dismutase (SOD), peroxidase (POD), and catalase (CAT)] were increased by ULCV

infection. Following the viral infection, the expression level of the salicylic acid (SA),

jasmonic acid (JA), and ethylene (ET) defense pathway-related genes was recorded

higher in the VBN (Bg) 6 than that recorded in CO 5, indicating a positive correlation

between resistance and these indicative indices. This dynamic physio-biochemical and

transcriptional profiles of two black gram cultivars on ULCV infection augment our

understanding of the complex interaction response between this crop and its pathogen.

Additionally, it offers an inventory of potential indicators for future black gram screening

and breeding to enhance resistance.
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INTRODUCTION

Urdbean (Vigna mungo), popularly known as black gram, is
a vital pulse crop widely grown in Asian countries, including
Bangladesh, India, Pakistan, and Thailand. It is a short-duration
crop and is well adapted to semi-arid conditions. Thus, it is an
ideal crop for dryland farming. Black gram is also an excellent
nutritional source for vegetarians, and the seeds possess high
nutritional value with about 26% protein, which is thrice that
of cereals. Additionally, it plays a major role in improving soil
fertility by fixing symbiotic nitrogen. India ranks first in the
production and consumption of black gram in the world. Black
gram occupied an area of 4.53million ha with 2.08million tons of
production in India (Indiastat, 2020). However, the production is
not enough to meet even the domestic consumption demands in
the country. The seed yield is reduced by viral and fungal diseases
(Gautam et al., 2016). Among the various viral diseases, the black
gram is infected by the urdbean leaf crinkle virus (ULCV) that
causes leaf crinkle disease and reduces the seed yield between 35
and 81%. The yield reduction depends upon the genotypes and
time of virus infection (Bashir et al., 1991).

Black gram is highly susceptible to ULCV than mungbean
and other major pulse crops. The virus infection can occur
at any stage of crop development, from the seedling stage
to harvest. The typical symptoms of the virus include severe
crinkling, curling, puckering, and leaves’ rugosity, followed by
stunting of plants and malformation of floral organs. The virus-
infected plants have shown reduced pollen fertility and pod
formation. It is transmitted by aphids, whitefly, and leaf-feeding
beetles and is also transmitted by seeds and mechanical sap-
inoculation (Bashir et al., 2005; Ashfaq et al., 2007; Gautam
et al., 2016). Until now, there is no taxonomical classification
for ULCV. The diagnosis based on symptoms generally needs
to be confirmed only by the virus detection through polymerase
chain reaction (PCR) (Bashir et al., 1991; Reddy et al., 2005).
Application of fungicides is used to control the disease, but it
is expensive and, if used frequently, turns inefficient. To cope
with the environmental hazards and combat against pathogens,
plants are equipped with enhanced defense mechanisms to
defend themselves. Some of these mechanisms are basic, whereas
the remainders are triggered by the infection process. Thus,
investigating the plant’s physiological and biochemical responses
after infection improves our understanding of pathogenesis and
resistance, or susceptibility of the plants against pathogens.

Plants defense mechanisms against pathogens include (i) the
activation of the antioxidant system and pathogenesis-related
proteins (Van Loon et al., 2006; Pál et al., 2013); (ii) induction
of defense signaling pathways by reactive oxygen species (ROS)
production (Torres et al., 2006; Shetty et al., 2008; Derksen
et al., 2013; Sewelam et al., 2016); and (iii) strengthening of the
cell wall through deposition of defense-related materials, such
as lignin, cutin, and suberin at the site of infection (Matern
et al., 1995; Hématy et al., 2009; Chang et al., 2016). Plant
immune response to the viral infection has been found to increase
by enhancing the production of ROS [i.e., hydrogen peroxide
(H2O2), superoxide (O−

2 ), and hydroxyl (OH−) radicals] by
higher leakage of electrons to molecular oxygen (Arora et al.,

2002). ROS not only cause irreversible DNA damage and cell
death, but also function as important signaling molecules that
regulate normal plant growth, and responses to stress. However,
abundant ROS production leads to oxidative stress that causes
damage to the plant’s structure. Therefore, to maintain the ROS
at the optimal level, plants activate the enzymatic antioxidant
system that includes enzymes, viz., ascorbate peroxidase (APX),
superoxide dismutase (SOD), peroxidase (POD), and catalase
(CAT) (Van Loon et al., 2006). Augmented production of
antioxidant enzymes and PR proteins can improve the resistance
and adapt plants to systemic viral infection (Hančević et al.,
2018). Therefore, the balance in antioxidative enzyme activities
and ROS formation governs whether to lead to oxidative
signaling or damage to proceed (Møller et al., 2007). Many
experimental data from the model plants have also shown that
phytohormones [Abscisic acid (ABA), ethylene (ET), gibberellic
acid (GA), jasmonic acid (JA), and salicylic acid (SA)] (Vijayan
et al., 1998; Navarro et al., 2008; Wang et al., 2013; Lievens
et al., 2017), non-enzymatic antioxidants (Glutathione) (Sinha
et al., 2015), and defense compounds (flavonoids, polyphenols,
and phenolic acids) (Joshi et al., 2016) are induced to respond
against pathogens, and thus, activate plant defense.

So far, a detailed study in terms of comparative evaluation
of physio-biochemical and transcriptional changes during early
infection with ULCV of black gram has not been conducted. Very
few preliminary studies were carried out on black gram cultivars
and their responses to ULCV (Ashfaq et al., 2010, 2014; Srivastava
and Singh, 2010). With this backdrop, this research is aimed to
document the physio-biochemical and transcriptional changes of
two black gram cultivars after infection with ULCV.

MATERIALS AND METHODS

Plant Materials
Black gram cultivar VBN (Bg) 6 was obtained from the National
Pulses Research Centre, Tamil Nadu Agricultural University,
Vamban, Pudhukottai, India. CO 5 was obtained from the
Department of Plant Genetic Resources, Centre for Plant
Breeding and Genetics, Tamil Nadu Agricultural University,
Coimbatore, India. Both cultivars are popular in Tamil Nadu,
a South Indian state, which is one of the leading black gram
producing states in India.

Virus Source and Maintenance
The leaves of black gram plants with ULCV symptoms were
collected from the farmers’ fields of Sivagangai and Pudukkottai,
two southern districts of Tamil Nadu in India. Furthermore, the
leaves were dried in anhydrous calcium chloride desiccators and
then moved to vinyl bags, cooled and transported on ice, and
stored at −80◦C. The virus was cultured separately on grown
plants of susceptible black gram cultivar CO 5 by successive
inoculations in the insect-free net house at Agriculture College
and Research Institute, Tamil Nadu Agricultural University,
Madurai, India. Plants of CO 5 were mechanically inoculated
with the virus when the unifoliate leaves began to unfold. With
the help of the abrasive, namely, 600-mesh carborundum, the
leaves were dusted up prior to inoculation and washed in running
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TABLE 1 | Disease rating scale of urdbean leaf crinkle virus.

S. No. Category Percentage of infection Disease rating score

1 Resistant 0–10% 1

2 Moderate resistant 11–30% 2

3 Moderate Susceptible 31–40% 3

4 Susceptible 41–75% 4

5 Highly susceptible 76–100% 5

tap water. Then, the infected leaves were ground in a 0.01 mol/L
of phosphate buffer @ 3–5ml for every black gram of leaf tissue
at a pH of 7.2 using a pestle and mortar placed in an icebox
for preparing the inoculum. Afterward, the inoculated plants
were observed for virus symptoms at 21 days post-inoculation
(dpi). When the ULCV symptoms (Severe crinkling, curling,
puckering, and rugosity) were visible on the leaves of inoculated
plants, symptomatic leaves were collected and used as a source of
inoculum for further experiments.

Inoculation of Black Gram Plants and
Sample Collection
The seeds for two black gram cultivars [VBN (Bg) 6 and CO
5] were sown in pots (15 L, 30 cm height, 33.0 cm diameter
at top, and 25.5 cm bottom diameter) containing a 3:1 ratio
of soil and compost in three replications and grown in an
insect-free greenhouse at the Agricultural College and Research
Institute, Tamil Nadu Agricultural University, Madurai, India.
Plants were mechanically inoculated with ULCV and evaluated
for virus pathogenicity by visual assessment in 7, 14, 21, 28, and
35 days of post-inoculation (dpi) as per the method described
above. The plants were characterized using the disease rating
scale (Table 1). The mock-inoculated control plants underwent
the same inoculation procedure but, only phosphate buffer was
used. The leaves of the cultivars were collected at 0, 1, 3, 7,
and 14 dpi from both inoculated and mock-inoculated control
plants for biochemical analysis. The collected leaf samples were
immediately frozen in liquid nitrogen and stored in a freezer at
−80◦Cup to the time of analysis. Photosynthesis pigments, sugar,
proteins, and phenols were estimated from the collected leaves
at 0 and 14 dpi. Level of H2O2 and malondialdehyde (MDA)
contents, enzyme activities, and gene expression were examined
from leaves collected at 0, 1, 3, 7, and 14 dpi.

Determination of Photosynthesis Pigments
and Sugar Contents
Total chlorophyll, chlorophyll a, and chlorophyll b contents were
determined from the leaves of virus inoculated and control plants
of both cultivars following themethod described by Lightenthaler
(1987). The 0.25 g of leaf samples were added to 10mL of
80% acetone, grounded, and filtered with muslin cloths. The
absorbance readings were recorded at wavelengths of 663 and
645. Total sugar was estimated following the method described
by Sadasivam andManickam (1996). The leaves were treated with
80% ethanol to extract the total sugar in anthrone. The standard

curve prepared from standard glucose was used to compare the
estimated total sugar as glucose equivalent and were expressed as
milligram per gram of fresh weight of tissue at 630 nm.

Estimation of Total Soluble Protein and
Phenols
Total soluble protein was estimated using the method described
by Bradford (1976). Leaf samples (1 g) were homogenized and
then centrifuged at 10,000 rpm at 4◦C for 20min. The readings
of absorbance were measured at 595 nm, where bovine serum
albumin (BSA) was used as standard. Total phenols were
estimated according to the method described by Sadasivam and
Manickam (1996). Leaf samples (1 g) were extracted in 80%
methanol and then centrifuged at 12,000 rpm for 15min at 4◦C.
The absorbance value was recorded at 650 nm. The standard
curve was prepared with catechol as standard. The total phenol
was estimated and expressed as mg/g fresh weight from the
standard curve.

Measurement of Hydrogen Peroxide and
Malondialdehyde Concentration
TheH2O2 content was measured following themethod described
by Loreto and Velikova (2001). Leaf samples (1 g) were ground
in ice-cold 0.1% TCA and centrifuged at 12,000 rpm for
15min at 4◦C. Afterward, 0.5ml of 10mM potassium phosphate
buffer and 0.75ml of 1M KI were mixed with 0.5ml of the
supernatant. The readings of absorbance were measured at
390 nm against a blank, and a standard calibration curve inferred
the H2O2 content and plotted against the curve from known
H2O2 concentrations. Results were expressed as µmol/g fresh
weight. Lipid peroxidation was measured following the method
of Stewart and Bewley (1980) and determined in terms of
MDA content. Leaf samples (1 g) were homogenized in 0.1% of
trichloroacetic acid (TCA), and the homogenate was centrifuged
at 12,000 rpm for 15min at 4◦C. Following this, 0.5mL of the
supernatant was collected and mixed with a 1mL volume of 20%
TCA containing 0.5% thiobarbituric acid (TBA) solution. The
reaction mixture was incubated at 95◦C for 30min and then
cooled on an ice bath to end the reaction. The mixture was
centrifuged at 12,000 rpm for 10min, the aliquots of supernatant
were collected, and the readings of absorbance were measured at
532 nm. The content of MDA was measured by 155 mM−1cm−1

extinction coefficient. The results were expressed as µmol/g
fresh weight.

Enzyme Activity Assays
Leaf samples (1 g) were taken and homogenized in 10mL of ice-
cold 50mM potassium phosphate buffer. The phosphate buffer
pH was adjusted to pH 7.0 for APX and CAT and to the pH of
7.8 for SOD and POD assays, containing 0.1-mMNa2 EDTA and
1% (w/v) polyvinylpyrrolidone (PVP). About 1mM of ascorbate
was added with no EDTA in the buffer for APX. With four
layers of muslin cloth, the homogenate was filtered, and it was
centrifuged at 12,000 rpm at 4◦C for 15min. Enzyme activity
assays were performed with the supernatant from centrifugation.
The decrease in the absorbance at 290 nm was recorded since
ascorbates get oxidized. This results in the estimation of APX
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activity (Nakano and Asada, 1981). With guaiacol as an electron
donor, as per the protocol of Chance and Maehly (1955), the
activity of POD was estimated at 470 nm. An absorbance change
of 0.01 unit min−1 was referred to as one unit of POD activity.
The method used to determine the SOD activity was reported by
Madamanchi and Alscher (1991), and the readings of absorbance
were measured at 560 nm. SOD activity was examined by
measuring its ability to inhibit the photochemical reduction of
nitroblue tetrazolium (NBT). One unit of SOD activity is the
quantity of the concentration of the enzyme extract that causes
a 50% inhibition of the reaction (Beauchamp and Fridovich,
1971). The activity of CAT was determined using the method
of Aebi (1984). When the absorbance goes below 240 nm, the
consumption of H2O2 occurs at an interval of 2min, whereas
1mM of H2O2 was decomposed by one unit of CAT per minute.
All the results were expressed as units per mg of protein.

Quantitative Real-Time PCR (qRT- PCR)
Analysis
Total RNA was extracted by the RNeasy plant mini kit (Qiagen,
USA) following the user guidelines and treated with RNase-
free DNAseI (Promega, USA). The quality and quantity of RNA
were confirmed by the 1% agarose gel via electrophoresis and
the bio spectrometer (Eppendorf, Germany) at the absorbance
ratio of 280 nm. First-strand cDNA was synthesized with the
transcriptor First Strand cDNA Synthesis Kit (Roche Applied
Science, Germany), following the manufacturer’s instructions.
PCR amplifications were carried out by the Light-Cycler R© 480
(Roche Applied Science, USA) containing 1µl of cDNA, 0.5µl of
each primer (10µM), and 5 µl (2×) of Fast Start Essential DNA
Green Master mix (Roche Applied Science, Germany) and 3 µl
of ddH2O in a total volume of 10 µL. The thermal conditions are
as follows: 95◦C for 5min, followed by 40 cycles of 95◦C for 10 s,
60◦C for 30 s, and then 72◦C for 30 s. Three technical replications
were performed. Primer pairs were designed by Primer 5 from
SA, JA, and ET pathway-associated genes of black gram transcript
sequences (Supplementary Table 1). The actin gene was used as
an internal control for the normalized expression. The relative
expression was calculated using the 2–11CT method.

Statistical Analysis
The three sets of replicated data were recorded in terms of mean
± SE and were processed through a simple variance analysis
(ANOVA). All analyses were worked out using the SPSS statistical
package (SPSS Inc., Chicago, IL, USA).

RESULTS

Responses of the Black Gram Cultivars to
ULCV
The plants of VBN (Bg) 6 and CO 5 were inoculated with ULCV,
and the development of symptoms was examined over the course
of 5 weeks. Observations taken at 14 and 21 dpi showed a clear
difference in symptom development betweenVBN (Bg) 6 and CO
5. The black gram cultivar CO 5 exhibited symptoms including
crinkling, curling, and puckering. In contrast, the development
of reduced symptoms in VBN (Bg) 6. No symptom development

was observed in the mock-inoculated plants of VBN (Bg) 6
and CO 5. By the completion of the study, it was found that
ULCV caused severe symptoms to CO 5, with consistence to
the grouping of this cultivar as susceptible, the disease score
being (5), whereas VBN (Bg) 6 exhibited less symptoms to ULCV
and was therefore consistent with the grouping of this cultivar
as moderately resistant, the disease score being (2). With all
these data considered together, the results confirm the differing
susceptibility nature of VBN (Bg) 6 and CO 5, respectively.

Photosynthesis Pigments and Sugar
Contents
The total chlorophyll, chlorophyll a, and chlorophyll b and
sugar contents are presented in Table 2. Virus inoculated plants
of VBN (Bg) 6 and CO 5 showed a decrease in the total
chlorophyll, chlorophyll a, and chlorophyll b contents compared
to its control plants. Through comparing the decrease in both the
cultivars, we found that the CO 5 showed a significant decrease
while a slight decrease was observed in VBN (Bg) 6 compared
to their respective control plants. Total sugar was estimated
in both the cultivars. The plants of VBN (Bg) 6 and CO 5
recorded an increase in total sugar. CO 5 showed a significant
increase, whereas the increase in VBN (Bg) 6 was non-significant
compared to its control plants.

Total Soluble Protein and Phenols
The total soluble protein content slightly increased by 7.07% in
virus-inoculated plants of VBN (Bg) 6 than its control plants,
whereas it decreased by 26.96 % in the inoculated plants than
the control plants of CO 5. The level of total phenols increased
by 6.67% in the inoculated plants of VBN (Bg) 6, whereas it
decreased by 9.35% in inoculated plants of CO 5 when compared
to controls. There was a significant decrease in the level of protein
content in CO 5. However, the change in the level of phenols in
both the cultivars was non-significant. The changes in the level of
total soluble protein and phenols are presented in Table 2.

Changes in H2O2 and MDA Contents
The contents of H2O2 in the virus-inoculated plants followed
different trends in the two- black gram cultivars. Both cultivars
had shown H2O2 burst from 1 dpi, 91.03, and 52.87% was
increased in VBN (Bg) 6 and CO 5 plants, respectively at 3
dpi. Until 14 dpi, VBN (Bg) 6 maintained a high level of H2O2,

whereas CO 5 plants had decreased contents of H2O2. The level
of MDA in both the infected cultivars was found to be higher,
implying that CO 5 had higher MDA contents. In fact, after virus
inoculation, MDA content increased by 37.47% in the plants of
CO 5, but only 16.02% in the plants of the VBN (Bg) 6 at 3 dpi.
At 14 dpi, MDA content reached 97.58 and 46.12%, respectively,
in the CO 5 andVBN (Bg) 6 plants. TheH2O2 andMDA contents
in VBN (Bg) 6 and CO 5 are presented in Figure 1.

Antioxidant Enzymes Activities
Activities of the antioxidant enzymes (APX, POD, SOD,
and CAT) were determined in both the cultivars after virus
inoculation (Figure 2). Following the virus inoculation, the
activities of antioxidant enzymes were increased in both the
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TABLE 2 | Differential response of VBN (Bg) 6 and CO 5 to urdbean leaf crinkle virus infection.

S. No. Trait Cultivars Mock inoculated (mg/g FW) Inoculated (mg/g FW) % of increase

1 Chlorophyll a VBN (Bg) 6 1.15 1.07 −6.96

CO 5 1.01 0.67* −33.66

2 Chlorophyll b VBN (Bg) 6 0.91 0.83 −8.79

CO 5 0.84 0.58* −30.95

3 Total Chlorophyll VBN (Bg) 6 2.06 1.90 −7.77

CO 5 1.85 1.25* −32.43

4 Total sugar VBN (Bg) 6 5.25 5.61 6.86

CO 5 5.80 8.00* 37.93

5 Total soluble protein VBN (Bg) 6 5.52 5.91 7.07

CO 5 6.12 4.47* −26.96

6 Total phenols VBN (Bg) 6 4.05 4.32 6.67

CO 5 3.10 2.81 −9.35

*Significant difference at p < 0.05.

FIGURE 1 | The changes of H2O2 (µmol g−1 FW) (A) and MDA (µmol g−1 FW) (B) concentrations in two blackgram cultivars VBN (Bg) 6 and CO 5 after urdbean leaf

crinkle virus infection.

cultivars compared to their respective controls. APX, POD, and
SOD showed a similar trend in VBN (Bg) 6 and CO 5 plants. The
activities of these enzymes were high in VBN (Bg) 6 than that in
CO 5 at 1, 3, 7, and 14 dpi. On the other hand, the trend of the
CAT activity was opposite to APX, POD, and SOD at 1, 3, and
7 dpi. Interestingly, the CAT activity was higher in CO 5 at 1, 3,
and 7 dpi compared to VBN (Bg) 6. However, at 14 dpi, the CAT
activity was higher in VBN (Bg) 6 than in CO 5.

Defense Pathway-Related Genes
Transcript Changes
After virus inoculation, the levels of expression of the genes
corresponding to ET, JA, and SA defense pathways were
investigated using the qRT-PCR analysis. It showed that the
expressions of all the genes were increased in both the cultivars
compared to their respective controls. Although, the genes that
were differentially expressed in two cultivars and the expression

of ET, JA, and SA-related genes were higher in VBN (Bg) 6 than
in CO 5 (Figure 3). First, the transcription factor, VmWRKY, of
the SA-related gene was upregulated from 1 dpi in VBN (Bg) 6,
but not in CO 5, for which an increase was observed only from
3 dpi. Then, the expression level of VmWRKY increased in both
the cultivars at 7 and 14 dpi in VBN (Bg) 6 (5.55- and 5.46-folds)
and CO 5 (3.91- and 3.37-folds). After the virus inoculation, the
expression of VmNPR1 related to SA exhibited the same trend as
that detected with VmWRKY. The expression level of VmNPR1
was increased by 4.51-folds in VBN (Bg) 6 and by 3.08-folds in
CO 5 at 3 dpi. Furthermore, the expression level of VmNPR1
increased and reached a peak at 7.35- and 5.29-folds in VBN (Bg)
6 and CO 5 at 7 dpi. The expression level in both the cultivars
slightly decreased at 14 dpi.

The JA-associated genes also showed that the differential
expression pattern similar to the SA-related genes. However, the
higher expression was observed in later days, unlike SA, which
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FIGURE 2 | Activities of antioxidants in two blackgram cultivars VBN (Bg) 6 and CO 5 after urdbean leaf crinkle virus infection. (A) APX (Umg−1 Protein), (B) SOD

(Umg−1 Protein), (C) POD (Umg−1 Protein), and (D) CAT (Umg−1 Protein). Values followed by the same letter are not significantly different (p ≤ 0.05) according to

Duncan’s multiple range test. Bars present mean ± SE (n = 3).

showed upregulation in the early days. VmJAR1 did not show
higher expression at 1 and 3 dpi in both the cultivars. But, both
cultivars increased at 7 and 14 dpi, which was 4.23- and 6.39-
folds and 3- and 4.13-folds, respectively, in VBN (Bg) 6 and CO 5.
The expression of VmAOC associated with JA followed the same
trend in the pattern of expression in VBN (Bg) 6 and CO 5, as
that detected with VmJAR1. In particular, the activity of VmAOC
was lower in CO 5. After virus inoculation, the VmAP2/ERF and
VmSAM genes related to ET showed differential upregulation
in the two cultivars. In the genes, VmAP2/ERF and VmSAM
recorded a considerable increase in the level of expression in the
two cultivars by 14th dpi, with a higher upregulation up to 4.11-
and 2.96-folds and 5.45- and 2.95-folds, respectively, in VBN (Bg)
6 and CO 5. The expression pattern was found to be the same in
both genes.

DISCUSSION

Despite the relevance of studying host–pathogen interactions
in both resistant and susceptible backgrounds, research in this
area is limited. Differential studies in the immune responses
of resistance against a susceptible variety over an infection
by a pathogen are indispensable since it explains the basis

of plant immunity mechanism and also help in the complete
understanding of the resistance mechanism. So, elite disease-
resistant crop lines could be developed successfully. Hence, this
research describes the physio-biochemical and transcriptional
changes of black gram cultivars differing in their response to
ULCV. Many researchers stated and discussed the chlorophyll
and sugar alterations due to viral infections. In many cases,
as a result of the virus and host interactions, as the infection
progresses, the photosynthetic activity declines (Sampol et al.,
2003; Zhou et al., 2004). Several studies on the photosynthetic
activity in the virus-infected leaves found that the growth of the
plants is directly affected by faded photosynthesis. Funayama-
Noguchi and Terashima (2006) showed that a decrease in
photosynthesis was associated with chlorophyll content in virus-
infected leaves. Viruses are known to produce toxic metabolites
that may affect the chloroplast resulting in the decrease of
chlorophyll pigments. In our study, there was higher chlorophyll
content in the VBN (Bg) 6 than CO 5, and it was decreased
following the viral infection. But a slight decrease was observed
in VBN (Bg) 6, whereas CO 5 showed a considerable decrease
after the viral infection. Similar results were obtained in the
contents of chlorophyll “a” and “b”. It was also observed that
after the viral infection, total sugar was increased in VBN
(Bg) 6 and CO 5. Notably, CO 5 showed a considerable
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FIGURE 3 | Effect of urdbean leaf crinkle virus infection on the relative expression level of SA [VmWRKY and VmNPR1] (A,B), JA [VmAOC and VmJAR1] (C,D), and

ET [VmAP2/ERF and VmSAM] (E,F) pathway-related genes in two blackgram cultivars VBN (Bg) 6 and CO 5. Values followed by the same letter are not significantly

different (p ≤ 0.05) according to Duncan’s multiple range test. Bars present means ± SE (n = 3).

increase, whereas a slight increase was observed in VBN (Bg)
6 compared to its control plants. The accumulation of sugar
induced the production of cell wall invertase, which inhibits
phloem loading through the breakdown of sucrose into glucose
and fructose. This, in turn, may lead to a possible transcriptional
downregulation of photosynthesis. From this, we conclude
that the viral infection increased the sugar accumulation and
decreased the photosynthetic properties (chlorophyll “a” and
“b”). The increase or decrease in VBN (Bg) 6 is not very high
and it indicates that the nature of moderate resistance in VBN
(Bg) 6 is due to its better photosynthetic properties and less
accumulation of sugar, and our findings agree with the statements
of Singh et al. (2015), Souza et al. (2017), and Patwa et al. (2020).

The plants that are infected by the virus have recorded
high protein contents, and this could be attributed to the
activation of the host defense and the attack mechanisms of the

virus. Following viral infection, protein content was marginally
increased in VBN (Bg) 6, whereas it was found to considerably
decline in the plants of CO 5 compared to their respective control
plants. A probable reason behind the substantial decline in the
levels of total soluble protein content in the susceptible cultivar
CO 5 after the viral infection is because of the higher levels of
susceptibility that are imminent in this cultivar. The findings
are also according to the reports on virus-infected with cotton
and mungbean genotypes (Siddique et al., 2014; Madhumitha
et al., 2020). Lignin and suberin are the key molecules that
physiologically hinder physical blockades and thus prevent the
entry and spread of pathogens. These two compounds are
principally synthesized by phenolic compounds that augment the
strength of the cell walls inside the host plants (Ngadze et al.,
2012; Singh et al., 2014). Total phenols are always found to be in
higher levels in the resistant genotypes than in susceptible ones.
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In this study, the total phenols were found to be high in the
VBN (Bg) 6. After the viral infection, total phenols were found
to increase in VBN (Bg) 6, while they were found to be low in
CO 5 compared with the controls. A slight decrease or increase
in the levels of total phenols was found in both the cultivars.
The alteration in the levels of phenolic compounds after viral
infection in the CO 5 cultivar was because of the suppression
of the gene expression in the plant defense reactions by the
virus on the infection (Markakis et al., 2010). Some phenols and
phenolic derivatives are found to be toxic to plant pathogens,
as reported by previous studies on pathogenic fungal, bacterial,
and viral interactions in plants. Hence, they are classified
as very noteworthy compounds related to the plant defense
mechanism and are accumulated in higher quantities in many
resistant germplasm and varieties (Gogoi et al., 2001). In such
wild resistant varieties, they are found to be accumulated after
pathogenic infection (Agrios, 1997). When a moderate resistant
cultivar is infected in an early stage, H2O2 is produced more in
abundance than in a susceptible cultivar. So, it is understood
here in the mechanism of defense of VBN (Bg) 6 plants against
ULCV that there is an early ROS burst and its prominent play
in defense is inevitable. To avoid the intracellular attack from a
pathogen, H2O2 is produced abundantly on the infection site.
This is the first step of defense in prevention, and it is achieved
by the microbial activity at the site of invasion, or by phytoalexins
synthesis, or by the oxidative crosslinking of hydroxyproline-
rich protein or other cell-wall reinforcing processes (Shetty et al.,
2007). Notably, substantial induced ROS bursts were already
reported in other pathosystems, for example mungbean yellow
mosaic India virus (MYMIV) and tobacco mosaic virus (TMV)
in mungbean and tomato, respectively (Chakraborty and Basak,
2018; Zhang et al., 2020). Our results are in accordance with
the earlier studies by Díaz-Vivancos et al. (2008), wherein the
production of H2O2 in young host plants was noted as the
primary defense response against viruses.

To protect the host plant cells from the toxicity caused by ROS,
the cells direct the synthesis of enzymes like APX, POD, CAT, and
SOD. An increased accumulation of H2O2 at the site of invasion
in the young resistant plants was noticed on infection in this
study. The increase was attributed to the corresponding upsurge
in SOD activity from 3 dpi and suppression in CAT activity
until 7 dpi in the inoculated resistant plants. On the contrary,
an instantaneous upregulation of CAT and APX activities from 3
dpi was noticed in the inoculated susceptible plants. This is why
there was no burst of ROS. The upsurge in H2O2 production
in the VBN (Bg) 6 on viral infection is the reason for the
decreased scavenging activity of the host system. In VBN (Bg)
6 (A moderately resistant cultivar), the upregulation of the
genes such as SOD, involved in H2O2 synthesis, enhances the
production of H2O2. The CO 5 plants recorded lower levels of
H2O2, and that was correlated to the production of the enzymes
with scavenging activities, namely, APX and CAT. There may or
may not be a decrease in the production of H2O2 accumulation
or its upregulation except for the transcriptional upregulation
of SOD. Higher and considerate levels of H2O2 are directly
associated with the increased resistance in transgenic tobacco
plants with lower contents of antioxidative enzymes (Mittler

et al., 1999). When the VBN (Bg) 6 reaches the later stages of viral
infection, the APX and CAT levels are increased substantially,
promoting the host plant’s antioxidation system. At the same
time, the H2O2 levels are not changed in the host cells to avoid
irreparable damage and death of the cells.

Through the activation of defense response pathways,
plants turn resistant to various pathogens or insects. The
primary participants of the defense mechanism of plants are
phytohormones, namely, SA, JA, and ET (Van Wees et al., 2000).
A very complex association of both synergistic and antagonistic
interactions make up the signaling pathways in plants, and they
altogether influence each other. It is found in many studies
involving plant defense that ET is a modulator of either SA
or JA (Adie et al., 2007). Although SA, JA, and ET pathways
are involved in plant defense against viral pathogen infection, a
convergence point at which these pathways interlink is through
many defense-related genes. Following ULCV infection, SA, JA,
and ET pathways linked genes (VmJAR1, VmAOC, VmWRKY,
VmNPR1VmAP2/ERF, and VmSAM) expression was higher in
the moderately resistant cultivar but not in the susceptible
one. This shows that the effectual alteration in SA, JA, and
ET pathways in the moderately resistant cultivar may play
a vital role in decreasing the viral symptoms and enhancing
ULCV resistance.

Many studies have shown that the early activation of the SA
pathway is necessary for plants to defend against viral pathogens,
particularly in the initiation of the SAR response (Alazem and
Lin, 2015). It is possible that higher expression obtained in the
SA-related genes may create a SAR response in VBN (Bg) 6
earlier than CO 5. Also, the higher expression of VmWRKY and
VmNPR1 was concurrently accompanied by the event of H2O2

burst in the resistant cultivar. This implies that higher amounts
of SA and H2O2 were produced in this cultivar and has been in
agreement with earlier studies, with similar rises in the level of
SA leading to H2O2 bursts (Shirasu et al., 1997). Moreover, SA
controls the antioxidant enzyme activities, which play a crucial
role in plants to defend against pathogens. Thus, we compared
the level of gene expression in SA-related genes and the activities
of antioxidant enzymes. In our study, the higher activities of
antioxidant enzymes (APX, SOD, and POD) are accompanied by
SA induction, particularly in the early stage of ULCV infection.
This finding is consistent with other studies that have found
a significant role for the SA-associated pathway in stimulating
defense-related genes to viral pathogens (Love et al., 2007).

JA pathway is well known as a key regulator of plant
defenses against viruses. In the present study, JA pathway-related
genes (VmJAR1 and VmAOC) and their level of expression
were high in moderately resistant cultivars but not in the
susceptible ones. The late induction of VmJAR1 and VmAOC
were observed in the expression patterns of the two genes.
So, it could be concluded as the responsible factor for the
susceptibility reaction for ULCV in black gram. Hence, the JA
pathway activates the SAR pathway upon the viral infection.
While comparing the SA and JA pathways-related genes and
their level of expression, we found that the expression of
both the genes and the associated pathways of the genes were
increased following the viral infection, but their patterns at the
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time course were different. JA pathway-related genes showed
upregulation at a later stage of infection, whereas SA pathway-
related genes exhibited up regulation at an earlier stage and
then were downregulated at a later stage. It suggests that the
antagonism between SA and JA signaling pathways concurs with
previous reports (Caarls et al., 2015). Comparable results have
been stated in tobacco plants infected with the TMV (Zhu et al.,
2014). ET pathway-related genes (VmAP2/ERF and VmSAM)
also showed higher expression in moderately resistant cultivars
than in susceptible one in later and earlier stages of infection.
Higher and lower expression of VmAP2/ERF and VmSAM is
accompanied by a higher and lesser accumulation of H2O2

in moderately resistant and susceptible cultivars, respectively.
This reveals that ET has a predominant role in improving
the resistance to ULCV in black gram. Similar results were
obtained in Knoester et al. (2001) reports, who described
the importance of ET in tobacco plants infected with the
TMV. Collectively, the findings showed that JA, SA, and ET-
linked genes used in this study could be used as molecular
markers for examining the resistance of black gram genotypes
to ULCV.

In conclusion, the resistance mechanism of the black gram
cultivar to ULCV is roughly correlated to the ROS burst in VBN
(Bg) 6 at the initial stage of infection. Moreover, the increased
induction of SA, JA, and ET biosynthetic pathways is related
to the increased resistance in cultivars like VBN (Bg) 6. In
the moderately resistant cultivar, the reduction of ROS by the
enzymatic antioxidant system is better than in the susceptible
cultivar, and the MDA levels are estimated to quantify the
oxidative damage, which was found to be less in VBN (Bg) 6. The
reasons discussed above clearly elucidate the causes of VBN (Bg)

6, a moderate resistant cultivar, and CO 5, the susceptible one
against ULCV. These reports complement our understanding of
the resistance mechanism involved in ULCV and pave the way
for the most conceivable research approaches and strategies for
breeding increased resistance against ULCV.
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