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Seed transmission of Carlavirus
vignae (Cowpea mild mottle
virus): a hidden driver of veinal
necrosis and bud blight disease in
soybean (Glycine max) in India

Dhruva Nitin Bhagwatkar?, Nagamani Sandra®'*,
Ankita Tripathi!, Garima Dalal’, Sharankumar Kesaratagi?,
Manisha Saini, Sandeep Kumar Lal' and Sanjay Kumar Lal?

!Seed Pathology Laboratory, Division of Seed Science and Technology, ICAR-Indian Agricultural
Research Institute, New Delhi, India, 2Division of Genetics, ICAR-Indian Agricultural Research Institute,
New Delhi, India

A comprehensive investigation was conducted to determine the seed transmission
potential of cowpea mild mottle virus (CPMMV) associated with veinal necrosis and
bud blight (VNB) disease in soybean (Glycine max) under Indian agroecological
conditions during 2024 at ICAR-IARI, New Delhi. Seeds were collected from two
CPMMYV infected soybean genotypes, Asb-114 and AMS-2022-1 and mechanically
sap inoculated cowpea genotypes Arka Samrudhi and Arka Suman. Serological
testing of soybean and cowpea seeds using DAC-ELISA did not detect the virus with
low absorbance values whereas RT-PCR with coat protein (CP)-specific primers
confirmed the presence of CPMMYV in whole seed, seed coat, cotyledons, and
embryo with the amplification of 867 bp region. Grow out assays demonstrated
the vertical transmission of CPMMV to the F; (75%) and F, (100%) progenies with
the symptoms of necrotic spots and confirmed through RT-PCR and RT-gPCR. In
parallel, cowpea genotypes were also confirmed for CPMMYV infection in leaves,
whole seed and seed parts by RT-PCR indicating the seed borne nature of the
virus. Quantitative analysis using RT-gPCR revealed the highest viral titers in field
infected soybean seeds (9.83 x 10%-5.35 x 107), followed by F, seeds (8.60 x 10*-
140 x 10% and the lowest in cowpea seeds (3.19 x 10*-1.36 x 10°) harvested
from mechanically sap inoculated plants. CPMMV infection significantly reduced
seed quality parameters including 100-seed weight (4.32—-6.66gm), germination
percentage (55-81%), fresh weight and seedling vigor indices | and Il in both the
soybean genotypes. Biochemical analysis showed a marked elevation in H,O,,
PAL and CAT activity while POX, SOD and total phenol content showed non-
significant increases. Collectively, this study provides the definitive evidence of seed
transmission of the CPMMV-VNB isolate in soybean and cowpea, highlighting its
detrimental effects on seed quality and reinforcing its epidemiological importance
in legume pathology.
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1 Introduction

Soybean (Glycine max) is a globally important leguminous crop,
valued for its high protein content, oil production, and broad
industrial utility. It plays a pivotal role in ensuring food and nutritional
security, serving as a primary source of plant-based protein for both
human diets and animal feed (Hartman et al., 2011; Kumari et al,,
2025). However, soybean production is increasingly threatened by
diverse biotic and abiotic stresses. Among these, plant viruses are
particularly detrimental, causing considerable yield and quality losses
across major cropping systems and contributing to significant global
economic losses annually (Jones, 2021). Despite the progress in
agronomic practices and resistance breeding, viral pathogens continue
to pose a persistent challenge to soybean cultivation. Notably, viruses
belonging to at least 22 genera have been reported to naturally infect
soybean under field conditions worldwide, highlighting the need for
improved surveillance, diagnostics, and integrated disease
management strategies (Leastro et al., 2024).

Seed transmission serves as a critical mechanism for the long-
term persistence of plant viruses, particularly in the absence of suitable
hosts or vectors. Many seed-transmitted viruses are capable of
surviving within viable seeds for extended periods, thereby facilitating
their continued presence across growing seasons (Sastry, 2013).
Epidemiologically, seed transmission functions as a major source of
primary inoculum for vertically transmitted viruses, which can
subsequently be disseminated by insect vectors (Dwyer et al., 2007).
In the context of a changing climate, this transmission route offers
substantial advantages to viruses by enabling survival under
unfavorable environmental conditions, thus promoting their
spread into new geographic regions (Jones, 2016). Current estimates
suggest that approximately 25% of described plant viruses are
transmitted through seeds, and it has been projected that up to
one-third of all plant viruses may ultimately be identified as seed-
transmissible in at least one host species (Baldodiya et al., 20205
Gil-Valle et al., 2024).

Seed-transmitted viruses can reach developing seeds through
either direct invasion of embryonic tissues or indirect invasion of
reproductive structures (Pagan, 2022; Sandra and Mandal, 2024).
Additionally, some plant viruses may be transmitted externally via
seed surfaces, where virus particles adhere to the seed coat without
penetrating the embryo (Hull, 2014; Isogai et al., 2015). However,
establishment of host pathogen interactions in the embryo is generally
essential for successful internal seed transmission (Mink, 1993; Sastry,
2013; Sandra and Mandal, 2024). During the process of embryo
invasion, viruses can result in detrimental morphological and genetic
alterations, contributing to significant yield and economic losses
(Escalante et al., 2024).

Recently from the last decade veinal necrosis, leaf blight, stunting
and bud blight symptoms become severe in some of the soybean
genotypes which ultimately lead to collapse of the seedlings under
Indian conditions. A diverse group of viruses were known to cause
necrotic symptoms in soybean viz., alfalfa mosaic virus (AMYV,
Bromoviridae), bean pod mottle virus (BPMYV, Secoviridae), cowpea
mild mottle virus (CPMMY, Betaflexiviridae), groundnut bud necrosis
virus (GBNV, Tospoviridae), soybean mosaic virus (SMV, Potyviridae),
soybean vein necrosis virus (SVNV, Potyviridae), tobacco ringspot
virus (TRSV, Secoviridae) (Bhat et al., 2002; Zanardo and Carvalho,
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2017; Hameed et al, 2022) and tobacco streak virus (TSV,
Bromoviridae) (Arunkumar et al., 2008). In our initial studies, soybean
veinal necrosis and bud blight (VNB) disease was found to be caused
by CPMMYV but not the other viruses.

CPMMV belongs to the genus Carlavirus of Betaflexiviridae
family with positive sense ss-RNA of flexuous filamentous particle
(10-15 x 610-700 nm). The viral genome consists of 8,200 nucleotides
with 5" cap structure (m7GpppG) and 3’ poly (A) tail encoding six
open reading frames (ORFs) (Menzel et al., 2010; Zanardo et al,,
2014). CPMMYV was initially documented in Ghana in 1973 (Brunt
and Kenten, 1973), and in India it was first reported in groundnut
(Arachis hypogaea) in 1984 (lizuka et al., 1984). In recent years,
CPMMYV has been reported as an emerging threat to soybean crops
with disease incidence in affected fields ranging from 10 to 85%
(Yadav et al., 2023). There were extensive studies on transmission of
CPMMYV through whiteflies (Bemisia tabaci) in a non-persistent
1982; Muniyappa and Reddy, 1983;
Jeyanandarajah and Brunt, 1993; Naidu et al., 1998; Marubayashi

manner (Iwaki et al,

etal., 2010). However, scanty information is available regarding seed
transmission and influence on seed quality.

Seed quality is crucial for successful germination, seedling vigor,
plant establishment, yield potential and resistance to pathogens in
soybean. Good quality seed can ensure uniform crop stand whereas
disease infected seeds can reduce productivity, and have an adverse
economic impact associated with reduced market value and levels of
oil and protein (Hu et al., 2023). Hence, understanding the impact of
viral infections on seed quality traits is necessary for developing
effective disease management strategies and sustaining global soybean
production. So the present study was undertaken to investigate the
seed transmissibility of CPMMV-VNB isolate in soybean. The
investigation included of two experimental aspects: assessment of
transmission from naturally infected soybean seeds and from cowpea
(Vigna unguiculata) plants mechanically inoculated with CPMMYV. In
addition, the effect of viral infection on key seed quality parameters
and enzymatic activities was also evaluated to provide comprehensive
understanding of the biological and physiological consequences of
CPMMV-VNB infection in soybean.

2 Materials and methods
2.1 Source of virus and plant material

A systematic field survey was carried out during the kharif season
of 2024-25 at the experimental fields of the Indian Agricultural
Research Institute (IARI), New Delhi, to investigate the seed
transmissibility of the virus associated with veinal necrosis and bud
blight (VNB) disease in soybean. Soybean plants exhibiting
characteristic symptoms of veinal necrosis, foliar blight and bud blight
were tagged at 25 days after sowing (DAS). The dried pods were
harvested from the survived symptomatic plants; seed was separated,
labeled and stored at optimal moisture content for further studies. The
seed was primarily collected from two soybean genotypes viz.,
Asb-114 and AMS-2022-1 and pooled together due to less number of
pods produced.

The cowpea genotypes Arka Samrudhi and Arka Suman
(Obtained from ITHR, Bengaluru, Karnataka) were also mechanically
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sap inoculated with soybean leaf tissue collected from VNB diseased
plants. For mechanical sap inoculation, the soybean leaf tissue
macerated in 0.1 M phosphate buffer (pH 7.0) with 0.1%
p-mercaptoethanol and pinch of celite. Ten seedlings of each cowpea
genotype, in two replicates mechanically inoculated after dusting
with 600-mesh carborundum. Post inoculation, plants were
maintained under controlled environmental conditions in the
National Phytotron Facility (NPF), IARI, New Delhi, at 26 + 2 °C
with a 16/8 h light/dark photoperiod. Upon maturation, pods were
harvested from the infected plants; seed was separated and stored for
further studies.

2.2 Serological detection of CPMMV-VNB
isolate from seed material

To confirm the presence of CPMMYV in seed samples, a direct
antigen coated enzyme linked immunosorbent assay (DAC-ELISA)
was employed using CPMMYV specific polyclonal antibodies (1:200;
Nano Diagnostics, USA). Seeds were initially surface sterilized
using 1% sodium hypochlorite for 1 min (Sauer and Burroughs,
19865 Sandra et al., 2020a), followed by two rinses with sterile
distilled water and subsequent imbibition in water for 8-10 h. To
standardize the number of seed required for reliable detection,
seed extracts were prepared by grinding whole seeds in groups of
one, three, and five, using coating buffer (1:1 w/v) supplemented
with 2% polyvinylpyrrolidone (MW 40,000) (Kothandaraman
et al., 2016). 200 pL of seed extract was dispensed into 96-well
polystyrene microtiter plates (Corning, Sigma, USA) and incubated
at 37 °C for 1 h. After washing the plates three times with PBS-T
(phosphate-buffered saline containing Tween-20), 200 uL of
blocking solution (1% w/v bovine serum albumin in PBS-T) was
added and incubation was done at 37 °C for 1 h. After another set
of washes, a 1:200 dilution of CPMMYV polyclonal antibodies was
added, and plates were incubated at 37 °C for 1 h. Subsequently, a
goat anti-rabbit IgG alkaline phosphatase conjugate (1,20,000;
Sigma, USA) was added and the plate was incubated for 1 h at 37
°C. After a final wash, 0.5 mg/mL of p-nitrophenyl phosphate
(Sigma, USA) was added as the substrate, and the plates were
incubated in the dark at 37 °C for 1h. Optical density was
measured using an ELISA plate reader at 405 nm (BIO-TEK
Instruments, USA).

The seed transmission nature of CPMMV-VNB isolate was also
evaluated in mechanically sap inoculated cowpea genotypes Arka
Samrudhi and Arka Suman using DAC-ELISA in the group of 3 whole
seeds. Samples exhibiting absorbance values at least twice that of
healthy control were considered positive for CPMMYV infection.

10.3389/fmicb.2025.1654471

2.3 Total RNA isolation and reverse
transcription polymerase chain reaction
(RT-PCR)

Prior to total RNA extraction, starch was eliminated from
soybean seeds through starch removal extraction buffer
comprising 1 M Tris-HCI (pH 8.0), 5 M LiCl, 0.5 M EDTA (pH
8.0) and 5% SDS (Li and Trick, 2005). The aqueous phase
obtained following starch removal was used for RNA extraction
using the SV Total RNA Isolation System (Promega, Madison,
USA). Total RNA was isolated from single seeds, group of three
and five whole seed, seed coat, cotyledons, and embryonic axis.
RNA was quantified spectrophotometrically using the
NanoDrop™ 2000 (Thermo Fisher Scientific, India). First-strand
cDNA synthesis was carried out using the PrimeScript™ ¢cDNA
synthesis kit (TaKaRa, Japan) in a 20 pL reaction volume
comprising 4.0 pL of 5 x PrimeScript buffer, 1.0 pL of 10 mM
dNTP mix, 1.0 pL of reverse transcriptase, 0.5 pL of RNase
inhibitor, 1.0 pL of 10 mM reverse primer (NS77R), and 1-5 pL
of total RNA (equivalent to 500 ng). The reaction consisted of
incubation at 30 °C for 10 min, followed by 42 °C for 60 min, and
finally at 70 °C for 15 min using a thermal cycler. The PCR was
conducted in a 25 pL reaction mixture containing 1.0 pL of
synthesized cDNA, 2.5 pL of 10 x reaction buffer, 2.5 pL of 2 mM
dNTP mix, 1.0 pL each of forward and reverse CPMMV-CP
specific primers (NS77F and NS77R; Table 1), 0.2 pL of DreamTaq
DNA polymerase (5 U/pl), and nuclease free water to adjust the
volume. The PCR programme included: initial denaturation at 95
°C for 30 s, primer annealing at 55 °C for 40 s and extension at
72 °C for 1 min per kilobase, and a final extension at 72 °C for
10 min. PCR products were resolved on 1.2% agarose gels using
1 kb DNA ladder and visualized under UV transilluminator. The
amplified CP specific band from the whole seed sample was
excised and purified using the Wizard® SV Gel and PCR
Clean-Up System (Promega, Madison, WI, USA). The ligation of
purified PCR product was done in the pDrive cloning vector
followed by transformation in E. coli DHa competent cells.
Recombinant clones were confirmed through colony PCR,
restriction digestion and subsequently sequenced using the
Sanger dideoxy method.

Total RNA was also extracted from systemic leaves of cowpea
genotypes that had been mechanically sap inoculated. Total RNA was
also extracted from five whole seeds, seed coats, cotyledons, and
embryonic axis after starch removal. The extracted RNA was
subsequently used for first strand cDNA synthesis and PCR
amplification using CPMMYV CP specific primers as described above
(Table 1).

TABLE 1 List of primers designed for the amplification and quantification of CPMMV-VNB isolate from various seed tissues.

Primer Primer sequence (5’ to 3’)

Expected product

Annealing
temperature (°C)

Region of the
genome
amplified

(bp)

1 NS77F atggagtcwgtrtttgatttaaa 867 bp 55 Complete CP region ‘
NS77R ytacttcttggegtgattgaaatt ‘
2 NS180F gattggaagggtggttctatac 149 bp 58 Partial CP region for ‘
NS180R atagctgcccaatcagaaggtg RT-gPCR ‘
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2.4 Viral load determination through
quantitative RT-PCR

To quantify CPMMYV viral RNA titers in field infected soybean
seed material and seeds derived from mechanically sap inoculated
cowpea genotypes, reverse transcription quantitative PCR (RT-qPCR)
was employed. 1.0 pL of cDNA synthesized from 500 ng of total RNA
using a virus-specific reverse primer (NS77R), served as the template
for this purpose. Quantification was performed on group of five whole
seed, seed coats, cotyledons, and embryonic axis from both soybean
and cowpea using the primers NS180F and NS181R (Table 1)
hybridizing to CP region using TB Green® Premix Ex Taq™ II (Tli
RNaseH Plus) (TaKaRa, Japan). Primer specificity was confirmed via
conventional PCR prior to RT-qPCR analysis. Each biological replicate
included three technical replicates per reaction. The RT-qPCR thermal
cycling programme beginning with an initial denaturation at 95 °C for
1 min, then went through 40 cycles of 95 °C for 15 s, 58 °C for 30s and
72 °C for 5s. Amplification reactions were conducted using the
Mx3005P QPCR system (Agilent Technologies, India). A standard
curve was generated from tenfold serial dilutions of a plasmid DNA
construct harboring the CPMMV CP gene to determine absolute viral
copy numbers. Quantification of viral load in various seed components
was performed using standard formulas (Supplementary material).

2.5 Seed transmission efficiency of CPMMV

The seed transmission efficiency of CPMMV-VNB infected
soybean seed was evaluated through grow-out tests or progeny assay.
To conduct the grow out test, 100 seeds each from symptomatic and
asymptomatic soybean plants were potted separately and kept in
glasshouses at NPF, IARI. The plants were observed for the onset of
symptoms at regular intervals upto 40 DAS and symptoms were
documented. To determine the presence of CPMMY, first trifoliate
leaves of germinated seedlings were checked through DAC-ELISA
using CPMMYV polyclonal antibodies at 10-15 DAS. Total RNA was
extracted for RT-PCR from second trifoliate leaves at 15-20 DAS
using SV total RNA isolation system and with CP specific primers
NS77F and NS77R, RT-PCR was performed. Viral load was quantified
through RT-qPCR in the germinated seedlings as described in
previous section. To observe the vertical transmission of CPMMYV via
seed in F2 generation, the seed obtained from F1 generation plants
was sown. The presence of CPMMYV was assessed in the F2 generation
seedlings using polyclonal antibodies through DAC-ELISA and
RT-PCR with CP specific primers.

2.6 Effect of CPMMV on seed quality
parameters

To assess the influence of CPMMYV on seed quality, observations
on parameters such as 100 seed weight, germination %, seedling vigor
index I and II were made. Germination % was calculated by putting
the 25 seeds from both infected and healthy plants in four replications
using between paper (BP) method in accordance with International
Seed Testing Association Standards (ISTA, 2024). The first and final
counts for germination were noted at 5 and 8 days, respectively.
Germination percentage was calculated by considering only normal
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seedlings. The seedling length (root length + shoot length) of healthy
and infected seedlings was measured in centimetres to calculate vigor
index I. To determine vigor index II, ten seedlings from each
replication with measured seedling length were dried at 120 °C for
24h Dbefore being weighed (Abdul-Baki and Anderson, 1973;
Supplementary material).

2.7 Effect of CPMMYV on soybean seed
biochemical system infected with VNB
disease

To evaluate the effect of CPMMYV on the antioxidant enzymes, the
leaf tissue of the germinated seedlings collected on final count day was
used for catalase (CAT), peroxidase (POX) and superoxide dismutase
(SOD)
homogenizing 0.5 g of leaf tissue in 5 mL of chilled 50 mM potassium
phosphate buffer (pH 7.0) containing 1 mM EDTA and 1% (w/v)
polyvinylpyrrolidone (PVP). The centrifugation of homogenate was

estimation. Enzyme extraction was performed by

done at 12,000 rpm for 15 min at 4 °C, and the resulting supernatant
was used for enzyme assays.

2.7.1 Catalase activity assay

The CAT activity was determined based on the rate of H,O,
decomposition following the method proposed by Aebi (1984). Briefly,
the reaction was initiated following addition of 1 mL of 15 mM H,0,
to 50 pL of the crude enzyme extract, 950 pL of double distilled water
(DDW) and 1 mL of 50 mM phosphate buffer (pH 7.0) (total 3.0 mL).
The CAT activity was determined based on the rate of H,O,
decomposition measured in the spectrophotometer at 240 nm for
3min at 30s interval at 25 °C. An extinction coefficient of
39.4 mM™" cm™" was used to calculate CAT activity and expressed as
pmol of H,O, decomposed per minute per gram fresh weight (pmol
H,O, decomposed/min/g FW).

2.7.2 Peroxidase activity assay

The POX activity was assayed following the method of Chance
and Maehly (1955). The reaction mixture consisted of 1 mL of 50 mM
phosphate buffer (pH 7.0), 0.5 mL of 20 mM guaiacol, 0.5 mL of
20 mM hydrogen peroxide (H,0,), 50 pL of enzyme extract and
950 pL of DDW. Initiation of reaction was done by the addition of
H,0,, and the increase in absorbance was recorded at 470 nm for
3 min due to the formation of tetraguaiacol. The change in absorbance
per minute was used to evaluate enzyme activity using the extinction
coefficient of 26.6 mM ™' cm™ for tetraguaiacol. Results were expressed
as pmol of tetraguaiacol formed per minute per gram fresh weight
(pmol tetraguaiacol formed/min/g FW).

2.7.3 Superoxide dismutase activity assay

The SOD activity was assayed using the method described by
Giannopolitis and Ries (1977), which measures the capacity of
SOD to photochemically reduce the nitroblue tetrazolium (NBT)
in the reaction solution. The reaction mixture (3.0 mL) consisted
of 1 mL of 50 mM phosphate buffer (pH 7.8), 0.2 mL of 13 mM
methionine, 0.2 mL of 75 pM NBT, 0.2 mL of 2 pM riboflavin,
0.2 mL of 100 pM EDTA, 50 pL of enzyme extract and 950 pL of
DDW to make up volume. The reaction was carried out under
fluorescent light for 10 min. The reaction mixture was kept in
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darkness for 10 min for the control samples. Following exposure to
light, the light was switched off and the production of a blue
colored compound formazan, formed from the photoreduction of
NTB and the control samples were measured by recording the
absorbance at 560 nm. To calculate the SOD activity, the values
from the experimental samples (light) were deducted from the
values from the control samples. One unit of SOD activity was
defined as the amount of enzyme required to cause 50% inhibition
of NBT reduction under assay conditions and was expressed as
units per gram fresh weight (Units/g FW) (Beauchamp and
Fridovich, 1971).

2.7.4 Phenylalanine ammonia lyase (PAL) activity
assay

The PAL activity was determined according to the method of Ross
and Sederoff (1992) with slight modifications. 0.5 g of fresh leaf tissue
was homogenized in 1 mL of 0.1 M sodium borate buffer (pH 8.8),
centrifuged at 15,000 rpm for 20 min at 4 °C and resultant supernatant
was used as the enzyme extract. The assay mixture (total volume
1.5 mL) contained 0.5 mL of 0.1 M borate buffer (pH 8.8), 0.5 mL of
10 mM L-phenylalanine (substrate), and 0.5 mL of enzyme extract.
The reaction was incubated at 30 °C for 30 min, and the formation of
trans-cinnamic acid was noted by taking the absorbance at 290 nm. A
control reaction without substrate was run in parallel to correct for
background absorbance. The molar extinction coeflicient of trans-
cinnamic acid (& = 9,630 M~ cm™ at 290 nm) was used for calculation
of enzyme activity, which was expressed as nmol trans-cinnamic acid
produced per minute per gram fresh weight (nmol of TCA formed/
min/g FW).

2.7.5 Total phenol content

Total phenolic content was estimated using the Folin-Ciocalteu
method as described by Singleton and Rossi (1965), with minor
modifications. Fresh leaf tissue (0.5 g) was homogenized in 5 mL of
80% ethanol, centrifuged at 10,000 rpm for 30 min at 4 °C, and the
supernatant was collected for analysis. An aliquot of 0.5 mL of the
ethanolic extract was mixed with 2.5 mL of 10% Folin-Ciocalteu
reagent (diluted with distilled water) and incubated for 5 min. Then,
2.0 mL of 7.5% (w/v) sodium carbonate (Na,COj3) solution was added,
and the reaction mixture was incubated at 45 °C in the dark for
45 min. The absorbance of the resulting blue color was measured at
765 nm using a UV-Vis spectrophotometer. A standard calibration
curve was prepared using gallic acid (0-100 pg mL™"), and the total
phenolic content was expressed as mg gallic acid equivalents (GAE)
per gram fresh weight (mg GAE/g FW).

2.7.6 Determination of hydrogen peroxide (H,O,)
Hydrogen peroxide content was quantified following the method
of Velikova et al. (2000) with slight modifications. 0.5 g of fresh leaf
tissue was ground in 5 mL of ice cold 0.1% (w/v) trichloroacetic acid
in a pre-chilled mortar and pestle. The homogenate centrifugation was
done at 12,000 x g for 15 min at 4 °C. To 0.5 mL of the supernatant,
0.5 mL of 10 mM potassium phosphate buffer (pH 7.0) and 1 mL of
1 M potassium iodide (KI) were added. The reaction mixture was
incubated in the dark for 10 min at room temperature. The absorbance
of the titanium-hydroperoxide complex was measured at 390 nm
using a UV-Vis spectrophotometer. A standard curve was prepared
using known concentrations of hydrogen peroxide (0-100 pmol), and
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H,O, content in the samples was expressed as pmol H,O, per gram
fresh weight (pmol/g FW).

2.8 Statistical analysis

Statistical analysis was performed using R Studio (version
2024.12.0 + 467) with rstatix package. To evaluate the effect of disease
on seed quality, a paired ¢-test (Ruxton, 2006) was applied to compare
values between healthy and diseased seed samples for each genotype
(Asb-114 and AMS-2022-1). Statistical significance was considered at
P < 0.05. Results were presented as mean + standard deviation (SD)
along with corresponding ¢ and p values.

3 Results

3.1 Identification of CPMMYV location in
seeds produced from infected soybean and
cowpea plants

Soybean plants displayed the symptoms of veinal necrosis,
chlorosis, mottling, and bud blight were found to be mainly due to
CPMMYV in previous studies (Figures 1a,b). Most of the soybean
plants showing VNB symptoms were died by 40 DAS. The seed
collected from the survived plants was reduced in size, malformed
with seed coat discolouration (Figures 1c,d). DAC-ELISA testing of
soybean seed in the group of five whole seed, seed coat, cotyledon and
embryo axis showed the absorbance values of 0.275-0.347 which were
at par with healthy tissue and become inconclusive for virus detection.
The RT-PCR using CPMMV-CP specific primers successfully
amplified an 867 bp fragment from single seed, group of three and five
seeds (Figure le). Further, a consistent amplification was observed in
dissected seed parts including the seed coat, cotyledons, and embryo
from groups of five seeds (Figure 1f). Sequencing of the amplified
product from whole seeds revealed 97.68% nucleotide identity with a
CPMMV isolate from urdbean (Vigna unguiculata) in India
(GenBank: MH345698), and 86.95 and 86.84% identity with CPMMV
soybean isolates from China (MW354943) and Brazil (PQ834430),
respectively.

Mechanical sap inoculation of cowpea genotypes Arka Samrudhi
and Arka Suman led to the development of localized symptoms at
15-18 days post-inoculation (dpi), followed by systemic symptoms at
23-28 dpi. The most frequently observed symptoms included chlorotic
spots and blotches in Arka Samrudhi, with an infection rate of 60%,
and necrotic and chlorotic spots in Arka Suman, with an infection rate
of 45% (Figures 1g,h). No symptoms were observed in the mock-
inoculated control plants. Seeds were harvested from plants confirmed
to be CPMMV-positive by RT-PCR. Dry seeds from tagged, infected
plants showed varying phenotypes ranging from asymptomatic to
visible seed coat discoloration, along with reduced seed weight
(Figure 1i). RT-PCR with CPMMYV CP specific primers confirmed
virus presence in all seed parts, i.e., whole seed, seed coat, cotyledon
and embryo of both genotypes, with the exception of the seed coat in
Arka Suman, where no amplification was detected (Figure 1j). These
findings confirmed that mechanical sap inoculation of cowpea with
CPMMYV-VNB isolate was capable of resulting in systemic infection
and vertical transmission through seed.
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FIGURE 1

and A. Suman

Confirmation of seed transmissibility in soybean and cowpea. (a) Symptomatic soybean plant showing necrosis and bud blight. (b) Necrotic symptoms
on the leaf. (c) Healthy seed harvested from non-symptomatic plant. (d) Diseased seed harvested from necrotic CPMMV infected plant showing
crinkling and discolouration. (e) Detection of CPMMV through RT-PCR with CP specific primers in group of five, three and single seed (H-RT-PCR from
healthy whole seed; +ve-Leaf tissue infected with CPMMV; M-Generuler 1 kb DNA ladder) (f) PCR amplicons (867 bp) obtained with CP specific
primers NS77F and NS77R in different seed parts (W-Whole seed; Sc-Seed coat; Co-Cotyledons; E-Embryo). (g) Symptoms of chlorotic and necrotic
spots sap inoculated Arka Suman. (h) Chlorotic spots and blotches Arka Samrudhi. (i) Discolored and low weight seeds obtained from mechanically sap
inoculated cowpea plants. (j) RT-PCR confirmation of CPMMV in whole seed and seed parts of mechanically sap inoculated cowpea cvs A. Samrudhi
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3.2 Seed transmission efficiency of CPMMV
in the next generations

Seed harvested from CPMMYV infected soybean plants were
evaluated for seed transmissibility through a grow out test.
Germination of infected seeds was delayed, initiating around 8-10
DAS. Of the 100 seeds sown, 66 germinated, resulting in a germination
percentage of 66%. The emerged seedlings exhibited stunted growth
and early symptoms such as mild chlorotic and necrotic spots. As
growth progressed, symptoms intensified to include prominent
necrotic spots, chlorotic blotches, and leaf puckering in several plants
( ,b). Among the 66 seedlings, visible symptoms were
observed in 30 plants. DAC-ELISA performed on 50 randomly
selected seedlings using CPMMYV polyclonal antibodies showed the
negative results. RT-PCR performed using CPMMV CP specific
primers on 20 symptomatic soybean seedlings in F1 generation
showed the 867 bp amplicon from 15 plants and confirmed the

Frontiers in

presence of CPMMV (
demonstrate that CPMMYV is seed transmissible in soybean with a

,). These findings clearly

75% of seed to seedling transmission efficiency.

Grow-out test was also conducted to evaluate the vertical
transmission of CPMMYV to the F2 generation using the seed
harvested from F1 generation soybean plants, previously confirmed
for the presence of CPMMV. A very limited number of pods were
developed in the F1 plants and the seed harvested from these pods was
discolored. The RT-PCR conducted on soybean seed harvested from
F1 plants using CPMMV CP specific primers resulted in the consistent
amplification of 867 bp from single, group of three, and five whole
seed as well as in dissected embryonic axis, cotyledons and seed coat
tissue ( ). For the grow-out test, 20 F2 seeds were sown, out
of which 11 seeds germinated (55% germination). The seedlings in F3
generation also exhibited necrotic and chlorotic spots ( )- The
germinated seedlings tested through DAC-ELISA with CPMMV
polyclonal antibodies reacted negatively. Interestingly, RT-PCR
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FIGURE 2

12 13 14 15 16 17

18 19 20

Confirmation of seed transmission efficiency of CPMMV in the further generations. (a,b) Symptoms of chlorotic spots, chlorotic blotches and necrotic
spots in grow out test F1 generation plants. (c) Appearance of symptomatic necrotic spots in the F2 generation plants grown from seeds harvested
from F1 CPMMV infected plants. (d,e) Detection of CPMMV with RT-PCR in seedlings of 20 plants of F1 generation, yielding the 867 bp amplicon with
CP specific primers (H-RT-PCR from healthy whole seed/plant; +ve-Leaf tissue infected with CPMMV; M-Generuler 1 kb DNA ladder) (f) Pods
displaying necrotic spots harvested from the F1 plants. (g) RT-PCR confirmation for presence of CPMMV in whole seeds and seed parts harvested from
F1 plants with CP specific primers (W5, W3 and W1-Whole seed in the group of 5 seeds, 3 seeds and 1 seed respectively; Sc-Seed coat; Co-Cotyledons;
E-Embryo). (h) Detection of CPMMYV through RT-PCR with CP specific primers in five F2 plants grown from the F1 seed. (Light amplification is shown

with arrow).

analysis of five randomly selected symptomatic seedlings, with
CPMMV specific primers showed the characteristic 867 bp CP
specific amplicon (Figure 2h). These findings suggested a 100% seed
transmission rate in the tested F2 seed samples, confirming vertical
transmission of CPMMV-VNB isolate to the third generation.

3.3 RT-gPCR analysis of CPMMV
accumulation in infected seed tissues

The accumulation of CPMMYV genomic RNA in seed tissues was
quantified using RT-qPCR from naturally infected soybean seeds,
seeds harvested from mechanically sap inoculated cowpea plants, and
F1 seeds derived from grow-out tests of infected soybean plants. In
field infected soybean seeds, CPMMYV RNA was detected in all seed
tissue components, with the highest viral load recorded in whole seed
(5.35 x 107 copies) and the lowest in the embryo (9.83 x 10* copies)
(Table 2). F1 seeds harvested from the grown seedlings exhibited
moderate viral RNA accumulation, with whole seeds showing the
highest accumulation (1.40 x 10° copies) and lowest in seed coat
(8.60 x 10* copies). The seed harvested from the mechanically sap
inoculated cowpea genotypes, Arka Samrudhi and Arka Suman
showed viral RNA accumulation at par through RT-qPCR (Table 2).
These results indicated that viral load in the field infected soybean
seeds were several orders of magnitude higher than in the
mechanically sap inoculated cowpea seeds. However, the titer value
has reduced in subsequent F1 generation than the field infected
soybean seeds. Nonetheless, the RT-qPCR data clearly confirmed that
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CPMMV-VNB can be transmitted through seeds in both naturally
infected soybean and mechanically sap inoculated cowpea genotypes.

3.4 Effect of CPMMYV infection on seed
quality parameters

Seed quality parameters were comprehensively evaluated in two
soybean genotypes, Asb-114 and AMS-2022-1, which tested positive
for CPMMYV via DAC-ELISA and RT-PCR. Virus infection was found
to be significantly affect all assessed seed quality traits in both
genotypes (Figure 3; Table 3). In Asb-114, CPMMYV infection caused
a substantial reduction in germination percentage, which declined
from 73.25% in healthy seeds to 55.50% in infected seeds. Similarly,
in AMS-2022-1, germination dropped from 87.00% in healthy seeds
to 81.00% in infected seeds, indicating a genotype-dependent
variation in the impact of the virus on seed viability. Seedling vigor
index-I which is a function of seedling length and germination %, was
markedly lower in seeds from infected plants of both genotypes
highlighting the negative effect of CPMMYV on early seedling growth
and establishment. Seedling vigor index II, which reflects seedling dry
biomass accumulation, also showed a drastic decline in the infected
seeds, as both fresh and dry weights of seedlings were consistently
lower compared to their healthy counterparts (Table 3). The 100-seed
weight (test weight), a key indicator of seed development and filling,
was significantly reduced in the infected plants. In Asb-114, the test
weight dropped from 8.67 g in healthy seeds to 4.32 g in infected
seeds. Similarly, AMS-2022-1 exhibited a decline from 10.14 g
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TABLE 2 Quantification of viral RNA from infected seed tissues of
soybean and cowpea through quantitative real time reverse transcription
polymerase chain reaction (RT-qPCR).

Ct Value (mean +
standard error)

Seed part Copy number

Field infected soybean seed

Whole seed 17.70 £ 0.04 5.35 x 107
Seed coat 24.66 + 0.24 4.25 x 10°
Cotyledons 20.73 £0.01 6.53 x 10°
Embryo 26.77 £0.11 9.83 x 10*
F1 soybean seed

Whole seed 22.94 +0.30 1.40 x 10°
Seed coat 26.96 £ 0.08 8.60 x 10*
Cotyledons 25.71+0.32 2.05 x 10°
Embryo 26.54 £ 0.23 1.15x 10°

Seed harvested from mechanically sap inoculated cowpea
genotypes

Arka Samrudhi

Whole seed 26.56 +0.19 1.14 x 10°
Seed coat 26.57 +0.38 1.13x 10°
Cotyledons 27.36 £ 0.63 6.51 x 10*
Embryo 28.12+£0.14 3.84 x 10*
Arka Suman

Whole seed 28.01 £0.32 4.14 x 10*
Seed coat 28.39 +0.44 3.19 x 10*
Cotyledons 27.09 £0.37 7.89 x 10*
Embryo 26.30 £0.22 1.36 x 10°

(healthy) to 6.66 g (infected) in the test weight. Collectively, these
findings demonstrated that CPMMYV infection substantially
compromises seed quality in soybean by reducing germination
potential, seedling vigor and seed weight.

3.5 Effect of CPMMV virus infection on
enzymatic parameters

To understand the physiological stress and host defense responses
triggered by seed-borne nature of CPMMYV, key biochemical
parameters were assessed in seedlings derived from both healthy and
infected seeds of two soybean genotypes, Asb-114 and AMS-2022-1
(Figure 4; Table 4). The analyses focused on oxidative stress markers,
antioxidant enzyme activities, and phenolic compounds, which are
known to play critical roles in plant defense against biotic stress. H,O,
accumulation, a marker of oxidative stress and signaling molecule in
plant-pathogen interactions, was significantly elevated in the diseased
seedlings of both genotypes. Among antioxidant enzymes, CAT which
catalyses the breakdown of H,O, into water and oxygen, showed a
significant increase in activity in infected seedlings of Asb-114,
indicating an active enzymatic response to detoxify elevated ROS
levels, while AMS-2022-1 exhibited only a marginal increase. POX
and SOD two other key enzymes involved in ROS scavenging, showed
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a slight activity increase in the infected seedlings of both genotypes
but with non-statistically significant figures. PAL, the main enzyme in
the phenylpropanoid pathway associated with synthesis of defense
related secondary metabolites, was significantly upregulated in
infected seedlings of both genotypes. Total phenolic content, although
consistently higher in infected seedlings compared to healthy controls
across both genotypes, did not show statistically significant differences.
Overall, the biochemical profiling revealed that CPMMYV infection
induced oxidative stress in soybean seedlings, with a genotype-
dependent modulation of antioxidant and defense related enzyme
systems, where Asb-114 showed a more pronounced antioxidant
response compared to AMS-2022-1.

4 Discussion

Vertical transmission of plant viruses via seeds has been
recognized for over a century and represents a critical mechanism for
virus survival and dissemination between growing seasons (Doolittle,
19205 Johansen et al., 1994). Despite its significance, studies on seed
transmission remain limited, primarily due to the challenges posed by
typically low virus titers in seed tissues, which complicates detection,
and the need for long duration, multi-generational experimentation.
In our recent study, CPMMYV was found to be associated with soybean
veinal necrosis and bud blight disease leading to death of the plants
under Indian conditions. As the symptoms appeared within 10-15
DAS, the seed transmission of CPMMV was suspected in soybean.
Hence, a systematic study was carried out to understand the seed
transmission nature of CPMMYV necrotic isolate and disease influence
on seed physiological and biochemical parameters.

The symptoms observed in CPMMYV infected soybean plants,
such as necrosis, chlorosis, mottling, and stunting, aligned with the
previous reports of CPMMYV infections (EPPO, 2022). Due to
seedling mortality, there was no seed production, and plants that
survived CPMMYV infection produced fewer seeds than healthy
controls. This might be due to the detrimental effects of viral infection
on plant vigor and reproductive development (Song et al., 2016).
When seed transmission is considered, detection of CPMMYV in seed
tissues alone is not a definitive indicator of its transmissibility. A
considerable viral load is required to be detected through ELISA and
RT-PCR, particularly in embryonic tissues, which is often necessary
to facilitate vertical transmission (Pandey and Parmar, 2023; Ellis
et al,, 2020). When leaf tissues were analyzed using DAC-ELISA for
CPMMY, it showed a positive reaction with CPMMYV polyclonal
antibodies. But, the harvested seed from CPMMYV infected plants
failed to produce positive results through DAC-ELISA. Similar
discrepancy was reported in a study from Indonesia, where over 4,000
seeds collected from CPMMYV infected soybean and groundnut
plants tested negative via ELISA, even though the plants were
confirmed infected (Horn et al., 1991). This inconsistency might
be due to lower virus titers in seed tissues compared to vegetative
tissues and also might be due to the virus strain used to develop
polyclonal antibodies (Wei et al., 2022). The consistent amplification
was observed from seed and seed parts in RT-PCR with CPMMV-CP
specific primers, which might be due to higher sensitivity of RT-PCR,
capable of detecting 1 pg. to 10 ng of target nucleic acid (Green and
Sambrook, 2018). Similar findings have been reported in chili pepper
mild mottle virus, where ELISA did not detect the virus in seeds,
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FIGURE 3
Effect of CPMMV virus infection on seed quality parameters viz., germination percentage, fresh weight, test weight, vigor index | and Il (Significance
levels: *p < 0.05; **p < 0.01; *** p < 0.001; **** p < 0.0001).

TABLE 3 Effect of CPMMYV virus infection on seed quality parameters.

Parameter

Genotype

Healthy Mean + SD

Diseased Mean +
SD

Germination percentage Asb-114 73.25+4.03 55.50 £ 4.51 6.25 0.0083
AMS-2022-1 87.00 + 1.83 81.00 +2.58 4.08 0.0267
Vigor Index-I Asb-114 2727.09 £91.75 1482.36 +138.54 20.82 0.0002
AMS-2022-1 3429.32 + 167.27 2265.36 + 148.96 12.97 0.0010
Vigor Index-II Asb-114 10.43 £ 0.70 5.68 +0.83 6.60 0.0071
AMS-2022-1 14.57 +0.43 10.93 £ 0.46 17.48 0.0004
Fresh weight (g) Asb-114 4.77 +0.13 3.34+0.25 8.77 0.0031
AMS-2022-1 5.76 +0.12 4.64 £ 0.05 20.97 0.0002
Test weight (g) Asb-114 8.67 +0.04 4.32 +0.49 17.15 0.0004
AMS-2022-1 10.14 +0.48 6.66 +1.08 4.58 0.0195

while RT-PCR using universal tobamovirus primers gave positive
results (Ontanon et al., 2024). Hence, detecting CPMMYV in soybean
seed tissues with DAC-ELISA could not accurately predict seed
transmissibility and should be used with caution to test seed for viral
transmission. CPMMV was also found to be seed transmitted in
cowpea and soybean genotypes through grow out tests and serological
assays (Brunt and Kenten, 1973; Brito et al., 2012; Sutrawati et al.,
2021). In contrast, few studies have reported the absence of seed
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transmission of CPMMYV in soybean genotypes (Tavassoli
et al., 2008).

In the experimental host cowpea, mechanical sap inoculation of
CPMMYV infected soybean leaves resulted in the necrotic symptoms
and discolored seed material indicating the deleterious effect of viral
infection on seed. The veinal necrotic symptoms were not observed in
cowpea, as observed in field infected soybean, which might be due to
species-specific symptom expression (Zanardo et al., 2014). However,
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FIGURE 4
Effect of CPMMV virus infection on enzymatic parameters viz., H,O, Catalase (CAT), Peroxidase (POX), Superoxide dismutase (SOD), Phenylalanine
Ammonia Lyase (PAL) and total phenols (Significance levels: *p < 0.05; **p < 0.01; ns = non-significant).

TABLE 4 Effect of CPMMV virus infection on enzymatic parameters.

Variety Healthy Mean + Diseased Mean + t-value
SD SD

Reactive Oxygen Species Asb-114 0.0446 % 0.01 0.0953 + 0.02 5.43 0.0322
(H,0,) (pmol/g FW) AMS-2022-1 0.0389 + 0.01 0.1045 + 0.02 4.67 0.0429
Catalase (pmol of H,0, Asb-114 12.84 +1.48 18.41 + 1.89 12.83 0.0060
decomposed /min/g FW) AMS-2022-1 11.03 + 1.47 12.89 +3.58 0.78 0.5171
Peroxidase (pmol of Asb-114 0.0808 + 0.01 0.1437 £0.12 0.81 0.5009
tetraguaiacol formed /min/g

W) AMS-2022-1 0.0650 + 0.01 0.1073 + 0.08 1.03 0.4110
Superoxide dismutase Asb-114 68.34 % 5.05 85.56 + 10.19 1.96 0.1881
(units/g FW) AMS-2022-1 63.82 +1.31 64.09 + 8.50 0.04 0.9654
Phenylalanine ammonia Asb-114 11.35 £ 1.66 29.86 +3.49 13.94 0.0051
lyase (nmol of transcinnamic

acid formed/min/g FW) AMS-2022-1 12.20 +2.30 16.70 + 1.88 7.94 0.0155
Total phenols (mg GAE/g Asb-114 0.7411 + 0.04 0.8864 + 0.13 2.04 0.1771
FW) AMS-2022-1 0.6708 + 0.04 0.6985 + 0.12 0.54 0.6408

DAC-ELISA could not detect the virus in both leaves and seeds which
might be due to the lower sensitivity of polyclonal antibodies. RT-PCR
analysis of systemic leaves, whole seeds and seed parts confirmed the
presence of CPMMV through virus specific amplification. The
detection of CPMMYV in the embryo tissues of both cowpea genotypes,
Arka Samrudhi and Arka Suman, indicated the capability of virus to
get transmitted in next generation through seed. These findings were
similar to previous studies on seed transmission of a soybean yellow
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mottle mosaic virus strain identified in India, where mechanical
inoculation in French bean (Phaseolus vulgaris) resulted in
confirmation of virus in seed embryos and subsequent transmission
to the next generation (Sandra et al., 2020a). These results emphasized
the potential of CPMMYV to be vertically seed transmitted even in
experimental hosts such as cowpea.

Usually progeny testing through grow out test is considered more
accurate than direct seed testing for evaluating seed transmissibility
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of viruses, as it selectively detects the transmissible viruses and gets
benefits due to greater viral titers in seedling tissues (Gil-Valle et al.,
2024). In the present study, grow out tests with soybean seed harvested
from VNB diseased plants confirmed the seed-to-seedling
transmission of CPMMYV, with a transmission rate of 75% in the F1
generation and 100% in the F2 generation through specific
amplification in RT-PCR. The confirmation of CPMMYV in the whole
seed and seed parts harvested from F1 generation plants and the
seedlings derived from F1 seed strongly support the vertical
transmission of the virus. This high rate of CPMMYV transmission
among the germinated seedlings might be due to invasion of the virus
during embryonic development as observed in other seed transmitted
plant viruses (Wang and Maule, 1994; Sutrawati et al., 2021). These
findings aligned with earlier studies which reported seed
transmissibility of CPMMYV in soybean (Thouvenel et al., 1982; Iwaki
et al., 1986). In Indonesia, seed transmission rates for CPMMV
ranging from 27 to 86% have been reported across different soybean
cultivars and generations (Sutrawati et al., 2021). Similarly, seed
transmission percentage of 3.1 to 10.75% was reported in Egypt on
two soybean genotypes under field and screen house conditions
(El-Hammady et al., 2004). In India, a carlavirus causing severe mottle
in groundnut was found to be seed-transmissible at a rate of 4.2-7.0%
in seeds from sap inoculated plants (Prasad et al., 1990). A study done
on necrotic isolate of CPMMYV in Brazil, performed a grow out test
with 2,000 seeds in which not even a single symptomatic plant was
obtained, suggesting the absence of seed transmission under those
conditions (Almeida et al, 2005). The symptoms observed on
seedlings in grow-out test consisted of necrotic and chlorotic spots
and blotches rather than veinal necrosis. Symptom development is
known to vary with temperature, humidity, and growth stage (Sandra
et al., 2020b). The veinal necrosis observed in field-grown soybean
may not manifest during controlled grow-out conditions due to lack
of environmental stressors. Also, CPMMYV can persist in seeds and
infect emerging seedlings without inducing visible symptoms,
reflecting latency or host tolerance during early infection (Sutrawati
etal., 2021). With the reducing titer value of virus in next generation
as observed in real-time PCR, it might not be able to produce similar,
strong symptoms as produced in seeds. These varying rates highlight
the role of host genotype, environmental conditions, and virus isolate
on seed transmissibility of CPMMYV.

RT-qPCR is a powerful molecular tool offering high sensitivity
and specificity for detecting plant viruses in seed tissues. It enables
rapid identification of viral RNA, even at low concentrations, making
it ideal for screening of seeds for infection. This technique has been
used in multiple studies for detection and quantification of seed-
transmitted viruses, including SYMMYV (Sandra et al., 2020a), tobacco
mosaic virus (Ellis et al., 2020), cucumber green mottle mosaic virus
(Xinying et al., 2022), and tomato brown rugose fruit virus (Ota et al.,
2025). In the present study, RT-qPCR investigation revealed that the
naturally infected soybean seeds had the greatest viral titers, showing
that CPMMYV was efficiently transported and accumulated within the
reproductive tissues throughout seed development highlighting the
importance of seed as a potential inoculum source in disease
epidemiology. F1 seeds obtained from plants grown from field infected
soybean seeds retained substantial viral loads, but lower than those in
the field infected seeds. This might be due to a dilution effect, partial
exclusion mechanisms in seed tissues or due to variations in virus
transit through the phloem or funiculus (Carroll, 1981; Sastry, 2013).
Analysis of cowpea seeds through RT-qPCR harvested from sap
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inoculated plants exhibited the low viral titers suggests that systemic
transport of CPMMYV is less efficient in tested cowpea genotypes. This
might be due to dependence of virus replication and systemic
movement on host factors, host-specific resistance responses or degree
of host-virus incompatibility (Horn et al., 1993). Virus distribution
among different cowpea seed components, i.e., seed coat, cotyledons,
and embryo, showed variability and no definitive pattern was
observed. However, whole seeds generally showed higher viral load
than seed parts, which might be due to cumulative viral load across all
seed tissues.

The plant and seed developmental stages are negatively impacted
by the virus infection (Escalante et al., 2024). In this investigation, a
large number of virus-infected plants died and did not develop pods.
Even if they produced pods, the number of pods and seed size was
reduced. Similar results were also observed in CPMMYV infected
soybean cultivars in Brazil (Da Silva et al., 2020). Assessment of seed
quality parameters in the two infected genotypes, Asb-114 and
AMS-2022-1, revealed significant decline in germination percentage,
seedling vigor indices, fresh weight and 100-seed weight as compared
to healthy controls. The reduction in germination percentage likely
indicates impaired seed viability due to virus induced physiological
disruptions. Furthermore, reduced seedling length and fresh weight
in infected seeds emphasize the negative impact of viral infection on
early seedling vigor, potentially due to constraints on cellular
metabolism and resource allocation (Nallathambi et al., 2020). The
observed decline in test weight might be due to interference of viral
infection with nutrient mobilization or seed filling processes during
seed development in (Mandhare and
Gawade, 2025).

In the present study, CPMMYV infection caused distinct
biochemical alterations in soybean seedlings, especially distinguished

especially legumes

by oxidative stress and modulation of key defense related enzymes.
Infected seedlings exhibited significantly elevated levels of H,O,,
indicative of an oxidative burst commonly associated with early plant
immune responses to viral invasion. A comparable oxidative burst,
involving H,O, accumulation, alterations in redox enzyme activities
and peroxisome proliferation, has been documented in wheat
(Triticum aestivum) infected with wheat streak mosaic virus
(Mishchenko et al., 2021). Increased CAT and PAL activities in
CPMMYV infected seedlings suggest the activation of antioxidant and
phenylpropanoid defense pathways. PAL up regulation is particularly
significant as it promotes biosynthesis of lignin and related phenolic
compounds that contribute to structural reinforcement and antiviral
defense (Kumar et al., 2020). Although POX, SOD and total phenolic
content showed slight elevations in infected tissues, their changes were
not statistically significant, indicating that virus-induced enzymatic
responses may be influenced by specific virus-host interactions.
Similar defense related biochemical modulations have been reported
in pumpkin (Cucurbita pepo) infected with tomato leaf curl Palampur
virus, where substantial increases in total phenol content (72% in
leaves, 300% in fruits) and activities of SOD, ascorbate peroxidase
(APX), guaiacol peroxidase (GPX), and CAT were observed (Jaiswal
etal., 2013).

Our findings provide compelling evidence that the veinal necrosis
and bud blight isolate of CPMMYV is vertically transmissible through
seeds up to two generations in soybean. Among the diagnostic
approaches evaluated, progeny testing proved to be the most reliable
method for confirming CPMMYV seed transmission across successive
generations. The study also highlights the deleterious effects of
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CPMMYV infection on seed quality parameters, including germination,
vigor, and morphology. Given these implications, further investigation
is needed to identify resistant and susceptible genotypes to this
necrotic CPMMYV isolate, which could be harnessed in resistance
breeding programs. Additionally, expanded surveys and seed
transmissibility assessments of CPMMYV in other economically
important leguminous crops are essential to develop phytosanitary
protocols. Collectively, this study presents the first comprehensive
evidence based on serological (DAC-ELISA), molecular (RT-PCR and
RT-qPCR) and grow out test based analysis of seed transmission of the
CPMMV-VNB isolate, emphasizing the critical role of seed borne
inoculum in the epidemiology and management of viral diseases in
legume agro ecosystems.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

DB: Data curation, Validation, Methodology, Investigation,
Writing - original draft. NS: Funding acquisition, Resources,
Writing - review & editing, Project administration, Conceptualization,
Methodology, Supervision, Data curation. AT: Data curation,
Methodology, Writing - review & editing, Formal analysis. GD:
Writing - original draft, Methodology, Validation. SK: Investigation,
Writing - review & editing, Formal analysis, Methodology. MS:
Methodology, Investigation, Writing — review & editing. SandL:
Resources, Supervision, Funding acquisition, Writing - review &
editing. SanjL: Resources, Writing — review & editing, Supervision.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was supported

References

Abdul-Baki, A. A., and Anderson, J. D. (1973). Vigor determination in soybean seed
by multiple criteria. Crop Sci. 13, 630-633. doi:
10.2135/cropscil973.0011183X001300060013x

Aebi, H. (1984). Catalase in vitro. Methods Enzymol. 105, 121-126. doi:
10.1016/S0076-6879(84)05016-3

Almeida, A. M., Piuga, E E, Marin, S. R, Kitajima, E. W,, Gaspar, J. O,, Oliveira, T. G.
D., et al. (2005). Detection and partial characterization of a carlavirus causing stem
necrosis of soybean in Brazil. Fitopatol. Bras. 30, 191-194. doi:
10.1590/50100-41582005000200016

Arunkumar, N., Lakshmi, N. M., Usha, B. Z., and Ravi, K. S. (2008). Molecular
characterization of tobacco streak virus causing soybean necrosis in India. Indian J.
Biotechnol. 7,214-217. doi: 10.5897/AJMR2015.7857

Baldodiya, G. M., Baruah, G., Sen, P,, Nath, P. D., and Borah, B. K. (2020). Host—
parasite interaction during development of major seed-transmitted viral diseases.
Springer, Singapore: Seed-Borne Dis. Agric. Crops Detect. Diagn. Manag, 265-289.

Beauchamp, C., and Fridovich, I. (1971). Superoxide dismutase: improved assays and
an assay applicable to acrylamide gels. Anal. Biochem. 44, 276-287. doi:
10.1016/0003-2697(71)90370-8

Frontiers in Microbiology

12

10.3389/fmicb.2025.1654471

by financial assistance from the Department of Biotechnology (DBT),
Government of India, under the project number BT/PR47322/
AGIII/103/1402/2023 and All India Co-ordinated Research Project
(AICRP) on seed (Crops), Seed Technology Research with the project
code 12-110.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1654471/
full#supplementary-material

Bhat, A. L, Jain, R. K., Varma, A., and Lal, S. K. (2002). Nucleocapsid protein gene
sequence studies suggest that soybean bud blight is caused by a strain of groundnut bud
necrosis virus. Curr. Sci. 83, 1389-1392.

Brito, M., Fernandez-Rodriguez, T., Garrido, M. J., Mejias, A., Romano, M., and
Marys, E. (2012). First report of cowpea mild mottle carlavirus on yardlong bean (Vigna
unguiculata subsp. sesquipedalis) in Venezuela. Viruses 4, 3804-3811. doi:
10.3390/v4123804

Brunt, A. A., and Kenten, R. H. (1973). Cowpea mild mottle, a newly recognized virus
infecting cowpeas (Vigna unguiculata) in Ghana. Ann. Appl. Biol. 74, 67-74. doi:
10.1111/j.1744-7348.1973.tb07723.x

Carroll, T. W. (1981). Seedborne viruses: Virus-host interactions. New York, USA:
Academic Press.

Chance, B., and Maehly, A. C. (1955). Assay of catalases and peroxidases. Methods
Enzymol. 2, 764-775. doi: 10.1016/S0076-6879(55)02300-8

Da Silva, E, Muller, C., Bello, V. H., Watanabe, L. E M., Rossitto De Marchi, B.,
Fusco, L. M., et al. (2020). Effects of cowpea mild mottle virus on soybean cultivars in
Brazil. Peer] Life Environ. 8:¢9828. doi: 10.7717/peerj.9828

Doolittle, S. P. (1920). The mosaic disease of cucurbits. Bull: U.S. Dep. Agric, 879.

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1654471
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1654471/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1654471/full#supplementary-material
https://doi.org/10.2135/cropsci1973.0011183X001300060013x
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1590/S0100-41582005000200016
https://doi.org/10.5897/AJMR2015.7857
https://doi.org/10.1016/0003-2697(71)90370-8
https://doi.org/10.3390/v4123804
https://doi.org/10.1111/j.1744-7348.1973.tb07723.x
https://doi.org/10.1016/S0076-6879(55)02300-8
https://doi.org/10.7717/peerj.9828

Bhagwatkar et al.

Dwyer, G. I, Jones, R. A. C., Wildman, B., Murray, G. M., and Wylie, S. J. (2007).
Wheat streak mosaic virus in Australia: relationship to isolates from the Pacific
northwest of the USA and its dispersion via seed transmission. Plant Dis. 91, 164-170.
doi: 10.1094/PDIS-91-2-0164

El-Hammady, M., Albrechtsen, S. E., Abdelmonem, A. M., El-Abbas, F. M. A., and
Gazalla, W. (2004). Seed-borne cowpea mild mottle virus on soybean in Egypt. Arab
Univ. ]. Agric. Sci. 12, 839-850.

Ellis, M. D., Hoak, J. M., Ellis, B. W,, Brown, J. A,, Sit, T. L., Wilkinson, C. A, et al.
(2020). Quantitative real-time PCR analysis of individual flue-cured tobacco seeds and
seedlings reveals seed transmission of tobacco mosaic virus. Phytopathology 110,
194-205. doi: 10.1094/PHYTO-06-19-0201-FI

EPPO (2022). EPPO datasheet: Carlavirus vignae. Organ: Eur. Mediterr. Plant Prot.

Escalante, C., Sanz-Saez, A., Jacobson, A., Otulak-Koziel, K., Koziet, E., Balkcom, K. S.,
etal. (2024). Plant virus transmission during seed development and implications to plant
defense system. Front. Plant Sci. 15:1385456. doi: 10.3389/fpls.2024.1385456

Giannopolitis, C. N., and Ries, S. K. (1977). Superoxide dismutases: I Occurrence in
higher plants. Plant Physiol. 59, 309-314. doi: 10.1104/pp.59.2.309

Gil-Valle, M., Séez, C., Montes, N., and Pagén, I. (2024). Quantification of plant virus
seed transmission rate in Arabidopsis thaliana. Plant-Virus Interact. Methods Mol.
Biol:2724. doi: 10.1007/978-1-0716-3485-1_13

Green, M. R., and Sambrook, J. (2018). The basic polymerase chain reaction (PCR).
Cold Spring Harb. Protoc. 5:pdb-prot095117. doi: 10.1101/pdb.prot095117

Hameed, A., Rosa, C., and Rajotte, E. G. (2022). A review on ecology of interactions
in soybean vein necrosis orthotospovirus (SVNV): plants, vectors, virus dispersal and
management perspectives. Legumes Res. 1. doi: 10.5772/intechopen.102423

Hartman, G. L., West, E., and Herman, T. (2011). Crops that feed the world 2.
Soybean—worldwide production, use, and constraints caused by pathogens and pests.
Food Sec. 3, 5-17. doi: 10.1007/s12571-010-0108-x

Horn, N. M., Reddy, S. V., Roberts, I. M., and Reddy, D. V. R. (1993). Chickpea chlorotic
dwarf virus, a new leathopper-transmitted geminivirus of chickpea in India. Ann. Appl.
Biol. 122, 467-479. doi: 10.1111/.1744-7348.1993.tb04050.x

Horn, N. M., Saleh, N., and Baliadi, Y. (1991). Cowpea mild mottle virus could not
be detected by ELISA in soybean and groundnut seeds in Indonesia. Neth. J. Plant
Pathol. 97, 125-127. doi: 10.1007/BF01974276

Hu, Y, Liu, Y., Wei, . J., Zhang, W. K, Chen, S. Y., and Zhang, J. S. (2023). Regulation
of seed traits in soybean. aBIOTECH 4, 372-385. doi: 10.1007/s42994-023-00122-8

Hull, R. (2014). Plant Virol. 5th Edn. London: Academic Press, 854.

Tizuka, N., Rajeshwari, R., Reddy, D. V. R., Goto, T., Muniyappa, V., Bharathan, N., et al.
(1984). Natural occurrence of a strain of cowpea mild mottle virus on groundnut (Arachis
hypogaea) in India. J. Phytopathol. 109, 245-253. doi: 10.1111/j.1439-0434.1984.tb00714.x

Isogai, M., Yoshida, T., Shimura, T., and Yoshikawa, N. (2015). Pollen tubes introduce
raspberry bushy dwarf virus into embryo sacs during fertilization processes. Virology
484, 341-345. doi: 10.1016/j.virol.2015.06.028

ISTA (2024). International rules for seed testing, chapter 2. Switzerland: International
Seed Testing Association (ISTA).

Iwaki, M., Thongmeearkom, P,, Honda, Y., Prommin, M., Deema, N., Hibi, T., et al.
(1986). Cowpea mild mottle virus occurring on soybean and peanut in southeast Asian
countries. Tech. Bull. Trop. Agric. Res. Cent. 21, 106-120.

Iwaki, M., Thongmeearkom, P., Prommin, M., Honda, Y., and Hibi, T. (1982). Whitefly
transmission and some properties of cowpea mild mottle virus on soybean in Thailand.
Plant Dis. 66, 365-368. doi: 10.1094/PD-66-365

Jaiswal, N., Singh, M., Dubey, R. S., Venkataramanappa, V., and Datta, D. (2013).
Phytochemicals and antioxidative enzymes defence mechanism on occurrence of yellow
vein mosaic disease of pumpkin (Cucurbita moschata). 3 Biotech 3, 287-295. doi:
10.1007/s13205-012-0100-6

Jeyanandarajah, P,, and Brunt, A. A. (1993). The natural occurrence, transmission,
properties and possible affinities of cowpea mild mottle virus. J. Phytopathol. 137,
148-156. doi: 10.1111/j.1439-0434.1993.tb01334.x

Johansen, E., Edwards, M. C., and Hampton, R. O. (1994). Seed transmission of
viruses: current perspectives. Annu. Rev. Phytopathol. 32, 363-386. doi:
10.1146/annurev.py.32.090194.002051

Jones, R. A. C. (2016). Future scenarios for plant virus pathogens as climate change
progresses. Adv. Virus Res. 95, 87-147. doi: 10.1016/bs.aivir.2016.02.004

Jones, R. A. C. (2021). Global plant virus disease pandemics and epidemics. Plants
10:233. doi: 10.3390/plants10020233

Kothandaraman, S. V., Devadason, A., and Ganesan, M. V. (2016). Seed-borne nature
of a begomovirus, mung bean yellow mosaic virus in black gram. Appl. Microbiol.
Biotechnol. 100, 1925-1933. doi: 10.1007/s00253-015-7188-7

Kumar, S., Abedin, M. M., Singh, A. K., and Das, S. (2020). “Role of phenolic
compounds in plant-defensive mechanisms” in Plant Phenolics in sustainable
agriculture. eds. R. Lone, R. Shuab and A. Kamili (Singapore: Springer), 517-532.

Kumari, S., Dambale, A. S., Samantara, R., Jincy, M., and Bains, G. (2025).

Introduction, history, geographical distribution, importance, and uses of soybean
(Glycine max L.). Singapore: Soybean Prod. Technol., Springer, 1-17.

Frontiers in Microbiology

13

10.3389/fmicb.2025.1654471

Leastro, M., Kitajima, E. W,, and Séanchez-Navarro, J. A. (2024). Soybean. Viral Dis.
Field Hortic. Crops: Academic Press, 139-153.

Li, Z., and Trick, N. (2005). Rapid method for high-quality RNA isolation from seed
endosperm containing high levels of starch. BioTechniques 38, 872-876. doi:
10.2144/05386BM05

Mandbhare, V. K., and Gawade, S. B. (2025). Effect of seed borne soybean mosaic virus
infection on quality and yield parameters in soybean. Legum. Res. 33, 43-49.

Marubayashi, J. M., Yuki, V. A., and Wutke, E. B. (2010). Transmission of the cowpea
mild mottle virus by whitefly Bemisia tabaci biotype B for plants of beans and soy.
Summa Phytopathol. 36, 158-160. doi: 10.1590/S0100-54052010000200009

Menzel, W., Winter, S., and Vetten, H. J. (2010). Complete nucleotide sequence of the
type isolate of cowpea mild mottle virus from Ghana. Arch. Virol. 155, 2069-2073. doi:
10.1007/s00705-010-0821-y

Mink, G. 1. (1993). Pollen and seed-transmitted viruses and viroids. Annu. Rev.
Phytopathol. 31, 375-402. doi: 10.1146/annurev.py.31.090193.002111

Mishchenko, L., Nazarov, T., Dunich, A., Mishchenko, I, Ryshchakova, O., Motsnyi, L,
et al. (2021). Impact of wheat streak mosaic virus on peroxisome proliferation, redox
reactions, and resistance responses in wheat. Int. J. Mol. Sci. 22:10218. doi:
10.3390/ijms221910218

Muniyappa, V., and Reddy, D. V. R. (1983). Transmission of cowpea mild mottle virus by
Bemisia tabaci in a nonpersistent manner. Plant Dis. 67,391-393. doi: 10.1094/PD-67-391

Naidu, R. A., Gowda, S., Satyanarayana, T., Boyko, V., Reddy, A. S., Dawson, W. O.,
etal. (1998). Evidence that whitefly-transmitted cowpea mild mottle virus belongs to the
genus Carlavirus. Arch. Virol. 143, 769-780. doi: 10.1007/s007050050328

Nallathambi, P, Umamaheswari, C., Lal, S. K., Manjunatha, C., and Berliner, J. (2020).
“Mechanism of seed transmission and seed infection in major agricultural crops in
India” in Seed-borne diseases of agricultural crops: Detection, Diagnosis & Management.
eds. R. Kumar and A. Gupta (Singapore: Springer), 749-791.

Ontafidn, C., Ojinaga, M., Larregla, S., Zabala, J. A., Reva, A., Losa, A., et al. (2024).
Molecular analysis of a Spanish isolate of chili pepper mild mottle virus and evaluation
of seed transmission and resistance genes. Eur. J. Plant Pathol. 168, 401-418. doi:
10.1007/s10658-023-02765-1

Ota, E., Shinosaka, H., Ishibashi, K., Takeyama, S., Matsuyama, M., Tomitaka, Y., et al.
(2025). Development and evaluation of a SYBR Green-based RT-qPCR assay with a
specific primer set for tomato seed testing against tomato brown rugose fruit virus. J. Gen.
Plant Pathol. 91, 160-170. doi: 10.1007/s10327-025-01222-7

Pagan, I. (2022). Transmission through seeds: the unknown life of plant viruses. PLoS
Pathog. 18:e1010707. doi: 10.1371/journal.ppat.1010707

Pandey, P, and Parmar, R. G. (2023). Seed transmission behaviour of bean common
mosaic virus in green gram. Legum. Res. 46, 1253-1257. doi: 10.18805/LR-485

Prasad, V. S., Gopal, D. V. R. S,, Sreenivasulu, P, and Nayudu, M. V. (1990). Seed
transmission of a carlavirus naturally infecting groundnut (Arachis hypogaea L.) in
India. J. Plant Dis. Prot. 97, 548-550.

Ross, G. S., and Sederoff, R. R. (1992). Phenylalanine ammonia-lyase from loblolly
pine: purification of the enzyme and isolation of complementary DNA clones. Plant
Physiol. 98, 380-386. doi: 10.1104/pp.98.1.380

Ruxton, G. D. (2006). The unequal variance t-test is an underused alternative to student’s
t-test and the Mann-Whitney U test. Behav. Ecol. 17, 688-690. doi: 10.1093/beheco/ark016

Sandra, N., and Mandal, B. (2024). Emerging evidence of seed transmission of
begomoviruses: implications in global circulation and disease outbreak. Front. Plant Sci.
15:1376284. doi: 10.3389/fpls.2024.1376284

Sandra, N., Tripathi, A., Dikshit, H. K., Mandal, B., and Jain, R. K. (2020a). Seed
transmission of a distinct soybean yellow mottle mosaic virus strain identified from India
in natural and experimental hosts.  Virus Res. 280:197903. doi:
10.1016/j.virusres.2020.197903

Sandra, N., Tripathi, A., Dikshit, H. K., Mandal, B., and Jain, R. K. (2020b). Effect of
temperature on systemic infection and symptom expression induced by soybean yellow
mottle mosaic virus in leguminous hosts. Australas. Plant Pathol. 49, 579-589. doi:
10.1007/s13313-020-00732-6

Sastry, K. S. (2013). Seed-borne plant virus dis. New Delhi: Springer.

Sauer, D. B., and Burroughs, R. (1986). Disinfection of seed surfaces with sodium
hypochlorite. Phytopathology 76, 745-749. doi: 10.1094/Phyto-76-745

Singleton, V. L., and Rossi, J. A. (1965). Colorimetry of total phenolics with
phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol. Vitic. 16, 144-158. doi:
10.5344/ajev.1965.16.3.144

Song, Y. P, Cui, L., Lin, Z,, Karthikeyan, A., Na, L., Kai, L., et al. (2016). Disease spread of
a popular soybean mosaic virus strain (SC7) in southern China and effects on two susceptible
soybean cultivars. Philipp. Agric. Sci. 99, 355-364. doi: 10.1016/j.plantsci.2022.111450

Sutrawati, M., Hidayat, S. H., Suastika, G., Sukarno, B. P. W,, and Nurmansyah, A.
(2021). Seed transmission of cowpea mild mottle virus on several varieties of soybean in
Indonesia. Biodiversitas 22, 4182-4185. doi: 10.13057/biodiv/d221007

Tavassoli, M., Shahraeen, N., and Ghorbani, S. (2008). Detection and some properties
of cowpea mild mottle virus isolated from soybean in Iran. Pak. J. Biol. Sci. 11, 2624-2628.
doi: 10.3923/pjbs.2008.2624.2628

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1654471
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1094/PDIS-91-2-0164
https://doi.org/10.1094/PHYTO-06-19-0201-FI
https://doi.org/10.3389/fpls.2024.1385456
https://doi.org/10.1104/pp.59.2.309
https://doi.org/10.1007/978-1-0716-3485-1_13
https://doi.org/10.1101/pdb.prot095117
https://doi.org/10.5772/intechopen.102423
https://doi.org/10.1007/s12571-010-0108-x
https://doi.org/10.1111/j.1744-7348.1993.tb04050.x
https://doi.org/10.1007/BF01974276
https://doi.org/10.1007/s42994-023-00122-8
https://doi.org/10.1111/j.1439-0434.1984.tb00714.x
https://doi.org/10.1016/j.virol.2015.06.028
https://doi.org/10.1094/PD-66-365
https://doi.org/10.1007/s13205-012-0100-6
https://doi.org/10.1111/j.1439-0434.1993.tb01334.x
https://doi.org/10.1146/annurev.py.32.090194.002051
https://doi.org/10.1016/bs.aivir.2016.02.004
https://doi.org/10.3390/plants10020233
https://doi.org/10.1007/s00253-015-7188-7
https://doi.org/10.2144/05386BM05
https://doi.org/10.1590/S0100-54052010000200009
https://doi.org/10.1007/s00705-010-0821-y
https://doi.org/10.1146/annurev.py.31.090193.002111
https://doi.org/10.3390/ijms221910218
https://doi.org/10.1094/PD-67-391
https://doi.org/10.1007/s007050050328
https://doi.org/10.1007/s10658-023-02765-1
https://doi.org/10.1007/s10327-025-01222-7
https://doi.org/10.1371/journal.ppat.1010707
https://doi.org/10.18805/LR-485
https://doi.org/10.1104/pp.98.1.380
https://doi.org/10.1093/beheco/ark016
https://doi.org/10.3389/fpls.2024.1376284
https://doi.org/10.1016/j.virusres.2020.197903
https://doi.org/10.1007/s13313-020-00732-6
https://doi.org/10.1094/Phyto-76-745
https://doi.org/10.5344/ajev.1965.16.3.144
https://doi.org/10.1016/j.plantsci.2022.111450
https://doi.org/10.13057/biodiv/d221007
https://doi.org/10.3923/pjbs.2008.2624.2628

Bhagwatkar et al.

Thouvenel, J. C., Monsarrat, A., and Fauquet, C. (1982). Isolation of cowpea mild
mottle virus from diseased soybeans in the Ivory Coast. Plant Dis. 66, 336-337. doi:
10.1094/PD-66-336

Velikova, V., Yordanov, 1., and Edreva, A. (2000). Oxidative stress and some
antioxidant systems in acid rain-treated bean plants: protective role of exogenous
polyamines. Plant Sci. 151, 59-66. doi: 10.1016/S0168-9452(99)00197-1

Wang, D., and Maule, A. J. (1994). A model for seed transmission of a plant virus:
genetic and structural analyses of pea embryo invasion by pea seed-borne mosaic virus.
Plant Cell 6, 777-787. doi: 10.2307/3869957

Wei, W,, Xuejie, D., Weiliang, C., Zhengxian, C., and Bizeng, M. (2022). Preparation
and analysis of polyclonal antibody using specific fragments of chrysanthemum virus b
coat protein. J. Nuclear Agri. Sci. 36, 2358-2365.

Frontiers in Microbiology

14

10.3389/fmicb.2025.1654471

Xinying, Y., Xin, L., Lili, Y., Qiuyue, Z., Yongzhe, P, and Jijuan, C. (2022). Detection of
cucumber green mottle mosaic virus in low-concentration virus-infected seeds by improved
one-step pre-amplification RT-qPCR. Plant Methods 18:70. doi: 10.1186/s13007-022-00901-2

Yadav, M. K., Verma, K., and Kumar, S. (2023). Screening of soybean genotypes
against cowpea mild mottle virus infection. Biol. Forum Int. J. 15, 779-783.

Zanardo, L. G., and Carvalho, C. M. (2017). Cowpea mild mottle virus (Carlavirus,
Betaflexiviridae): a  review. Trop. Plant Pathol. 42, 417-430. doi:
10.1007/s40858-017-0168-y

Zanardo, L. G, Silva, E N,, Bicalho, A. C,, Urquiza, G. P. C,, Lima, A. T. M,,
Almeida, A. M. R,, et al. (2014). Molecular and biological characterization of cowpea
mild mottle virus isolates infecting soybean in Brazil and evidence of recombination.
Plant Pathol. 63, 456-465. doi: 10.1111/ppa.12092

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1654471
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1094/PD-66-336
https://doi.org/10.1016/S0168-9452(99)00197-1
https://doi.org/10.2307/3869957
https://doi.org/10.1186/s13007-022-00901-2
https://doi.org/10.1007/s40858-017-0168-y
https://doi.org/10.1111/ppa.12092

	Seed transmission of Carlavirus vignae (Cowpea mild mottle virus): a hidden driver of veinal necrosis and bud blight disease in soybean (Glycine max) in India
	1 Introduction
	2 Materials and methods
	2.1 Source of virus and plant material
	2.2 Serological detection of CPMMV-VNB isolate from seed material
	2.3 Total RNA isolation and reverse transcription polymerase chain reaction (RT-PCR)
	2.4 Viral load determination through quantitative RT-PCR
	2.5 Seed transmission efficiency of CPMMV
	2.6 Effect of CPMMV on seed quality parameters
	2.7 Effect of CPMMV on soybean seed biochemical system infected with VNB disease
	2.7.1 Catalase activity assay
	2.7.2 Peroxidase activity assay
	2.7.3 Superoxide dismutase activity assay
	2.7.4 Phenylalanine ammonia lyase (PAL) activity assay
	2.7.5 Total phenol content
	2.7.6 Determination of hydrogen peroxide (H2O2)
	2.8 Statistical analysis

	3 Results
	3.1 Identification of CPMMV location in seeds produced from infected soybean and cowpea plants
	3.2 Seed transmission efficiency of CPMMV in the next generations
	3.3 RT-qPCR analysis of CPMMV accumulation in infected seed tissues
	3.4 Effect of CPMMV infection on seed quality parameters
	3.5 Effect of CPMMV virus infection on enzymatic parameters

	4 Discussion

	References

