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THESIS ABSTRACT

Yellow mosaic diseases (YMD), caused by Begomovirus, pose a significant threat to mungbean
cultivation in the Indian subcontinent. This study investigates the epidemiology of begomovirus
in three YMD hotspot regions, identifying Mungbean Yellow Mosaic Virus (MYMV) in Bihar and
Mungbean Yellow Mosaic India Virus (MYMIV) in Assam and Orissa. The study explored the
population structure and genetic diversity of MYMV and MYMIV isolates, revealing independent
evolution of DNA-A and coevolution of DNA-B. To identify YMD-resistant mungbean genotypes,
an agroinoculation-based genotype screening approach was employed. Using prepared infectious
clones (MYMYV and MYMIV) for screening YMD-resistant and susceptible mungbean genotypes,
we identified genotypes highly susceptible to MYMYV (cv. ML267) and MYMIV (cv. K851), as
well as genotypes immune to MYMV (cv. PDM139, cv. SML668) and MYMIV (cv. Pusa Vishal).
The study explores a non-transgenic approach for inducing resistance to YMD in mungbean. Two
target regions within the viral genomes were identified for gene silencing using RNAi. We show
that out of three intron hpRNAI constructs, namely hpTR-1: AC4/AC1, hpTR-2: AC2/AC3, and
hpTR-1+2: AC4/AC1_AC2/AC3 (fusion construct), the hpTR-1+2 construct provided 100%
protection, validated through a transient agroinfiltration assay. Subsequently, we show that in vivo
synthesized hpRNA of hpTR-1+2 can persist and induce the generation of small interfering RNA
(siRNA) in both local and systemic tissues for at least 12 days post-spray without viral inoculation,
validated through semi-reverse transcription-PCR and northern blotting. Our data indicate that the
naked hpRNA spray conferred resistance to MYMIV in mungbean, with the most significant
inhibition of MYMIV replication observed when plants were treated on the same day, two days,
and four days before viral inoculation. Furthermore, the study explored the role of the apoplast in
Begomovirus infection. Importantly, we show the presence of genomic components of MYMIV
in apoplastic fluid validated by molecular detection of viral genome through RCA and PCR
analysis to enhance our understanding of the cell-to-cell movement of begomovirus via apoplast.
Additionally, we have shown that virus infection induces elevated secretion of vesicles into the
apoplast. NMR-based metabolomics analysis reveals altered metabolic profiles in both apoplast
and symplast in response to MYMIV infection. Citrate downregulation and increased levels of
valine, a-B-glucose, and pipecolic acid were observed in both compartments. Phenolic metabolites
were absent in the apoplast and downregulated in the symplast, while proline exhibited contrasting
levels in MYMIV-infected samples. Additionally, heightened aspartate levels were confined to the
symplast. These findings provide insights into metabolites associated with stress and defense
mechanisms triggered by MYMIV infection. In conclusion, our findings may help prevent an
epidemic of YMD in Vigna species, and the study may contribute to enhancing disease
management strategies in mungbean cultivation.
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Chapter 1
Chapter 1: Thesis Introduction

1.1 General Introduction

Mungbean (Vigna radiata L. Wilczek) is an important grain legume in Southeast Asia, ranking
next to chickpea (Cicer arietinum L.), and pigeonpea [Cgjanus cajan (L.) Millsp.]. Mungbean
serves as a cheap source of dietary protein for impoverished populations in developing countries
(1). The seeds contain 24% protein, low flatulence factors, and high iron content (40-70 ppm),
becoming the choice for source of balanced diets (2). Mungbean sprouts are highly valued in Asian
cuisine due to their high vitamin C and folate content. The association of mungbean roots with
Rhizobium sp. and Bradyrhizobium sp. bacteria enhances soil fertility through atmospheric
nitrogen fixation, benefiting subsequent crops (1). Mungbean is primarily cultivated in tropical
and sub-tropical regions, covering 7.3 million hectares globally, with an average yield of 721
kg/ha. India and Myanmar together contribute 30% to the global production (3). Within India, the
states of Rajasthan and Maharashtra are the highest producers of mungbean. However, India's
average mungbean productivity is very low, approximately 570 kg/ha, significantly lagging behind
other pulse crops (3).

One of the significant challenges faced by mungbean cultivation is the yellow mosaic
disease (YMD) caused by yellow mosaic viruses (YMVs) (4). The yield loss due to YMD in
mungbean can go up from 10 to 100%, depending on the mungbean cultivar and the stage of
infection. YMD has been reported worldwide, with heavy incidence primarily in countries like
India, Bangladesh, and Pakistan. The disease is transmitted by the whitefly (Bemisia tabaci
Gennadius) (5). Mungbean plants infected with YMD generally show yellowing or chlorosis of
leaves followed by necrosis, shortening of internodes, and severe stunting of plants with no yield
or few flowers and deformed pods produced with small, immature and shriveled seeds.

The YMVs belong to the genus Begomovirus, the largest genus within the family
Geminiviridae, characterized by twinned quasi-icosahedral particles (6). The genome structure
comprises bipartite (DNA-A and DNA-B) or monopartite configurations, with each circular
single-stranded DNA (ssDNA) component around 2.7 kb. Additionally, some begomoviruses are
associated with circular DNA satellites: betasatellites, alphasatellites, and deltasatellites (7).
Begomovirus proteins play multifunctional roles crucial for disease development (6). DNA-A
features six open reading frames (ORFs): two in the virion sense, where AV1 and AV2 encode
capsid protein (CP) and pre-coat protein, respectively, and four in the complementary sense. AC1,
AC2, and AC3 serve as replication initiator protein (Rep), transcription activator protein (TrAP),
and replication enhancer protein (REn), respectively. AC4-encoded protein is essential for
symptom production. DNA-B carries BC1 and BV1 ORFs, functioning as movement protein (MP)
and nuclear shuttle protein (NSP), respectively.

Begomoviruses comprise nearly 450 species, infecting various economically important
dicot crops. In pulses, YMD is caused by four distinct bipartite begomoviruses: Mungbean Yellow
Mosaic Virus (MYMYV), Mungbean Yellow Mosaic India Virus (MYMIV), Dolichos Yellow
Mosaic Virus (DoYMV), and Horsegram Yellow Mosaic Virus (HgYMV), collectively known as
YMVs. These viruses collectively contribute to significant challenges in mungbean cultivation (8).
Legume-infecting begomoviruses, predominantly MYMIV and MYMYV in India, exhibit a narrow
but distinct and overlapping host range. MYMIV is more prevalent in northern, central, and eastern
regions, while MYMYV commonly occurs in southern and western India. However, recent reports
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indicate the occurrence of MYMIV in south India and MYMYV in north India. Horsegram yellow
mosaic virus (HgYMV) has been reported to cause YMD in Vigna crops, including mungbean, in
the Indian subcontinent (9).

YMD management employs pre-planting (cultivar selection, virus-free materials), in-
season (vector management, roguing, biological control), and post-harvest (sanitation, host-free
periods) strategies. Developing and utilizing YMD-resistant mungbean varieties is the most
sustainable approach for disease management (10). However, progress in breeding for YMD
resistance is hindered by challenges in identifying resistant and susceptible varieties under natural
field conditions. The major limitation in hotspot screening is the influence of weather parameters
on whitefly activity, impacting YMD outbreaks in open-field conditions. Variation in whitefly
populations can lead to non-uniform disease development, and the efficacy of transmission
depends on various factors. Using viruliferous whiteflies for screening genotypes is advantageous,
although there is a lack of correlation between whitefly populations and disease severity. Since
YMD transmission in legumes occurs only through the vector whitefly, agroinoculation-based
genotype screening is considered advantageous for identifying YMD-resistant genotypes, creating
uniform disease symptoms under controlled conditions. Therefore, agroinoculation-based
screening, validated by molecular diagnosis, offer efficient identification of YMD-resistant
mungbean genotypes independent of whiteflies (11-13). Numerous studies have employed
agroinoculation to screen susceptible or resistant mungbean varieties (12—-14).

Among various management strategies deployed, RNA interference (RNAI) stands out as
a highly effective strategy for developing durable resistance against viral diseases in plant (15).
Plants use post-transcriptional gene silencing (PTGS) to degrade viral RNA through small
interfering RNA (siRNA) produced from double-stranded RNA (dsRNA). This siRNA, guided by
argonaute (AGO) proteins, leads to RNA degradation, providing viral resistance. RNAI has been
harnessed for transgenic resistance, but challenges like GMO concerns and regulatory issues exist.
In India, only Bt cotton is approved for cultivation among GM crops, while others like chickpea,
pigeonpea, corn, and sugarcane are undergoing research and field trials (Ministry of Environment,
Forest and Climate Change, 2019). An alternative, non-GMO approach involves applying external
double-stranded RNA (dsRNA), demonstrating efficacy against various plant viruses (16),
including geminiviruses like MYMV. This approach offers a promising, efficient, and socially
acceptable method for viral disease management (17).

Begomoviruses, functioning as intracellular parasitic pathogens, utilize a symplastic route
via plasmodesmata for cell-to-cell movement (18). RNA viruses like turnip mosaic virus associate
their RNA genome and proteins with multi-vesicular bodies (MVBSs), releasing them into the leaf
apoplast (19). In the case of potato virus X-infected plants, virus particles and RNAs are detected
in the apoplast, although they are not associated with extracellular vesicles (EVs) (20). The
presence of viral proteins, RNA, and virus particles in the plant apoplast highlights its crucial role
in viral infection, particularly in the systemic spread of the virus within the host. However, the role
of the apoplast and EVs in the cell-to-cell genome transmission in begomoviruses, is still not
known.

The study aims to identify begomovirus species affecting mungbean in three YMD
hotspots across India. The study involves screening of mungbean cultivars for YMD resistance
through the agroinoculation method. The study assesses the effectiveness of exogenous dsRNA in
controlling YMD in mungbean, exploring a non-transgenic approach. Further study is conducted
to understand the role of the mungbean leaf apoplastic space in the cell-to-cell movement and
infectivity of MYMIV.
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1.2 Objectives and Thesis Outline

1.2.1 Thesis Objectives

= To detect and characterize YMVs infecting mungbean across diverse YMD hotspots in
India.

= Screening of mungbean cultivars for YMD resistance through the agroinoculation method.

= To assess the effectiveness of exogenous dsSRNA in controlling YMD in mungbean through
a non-transgenic approach.

= To investigate the role of the mungbean leaf apoplastic space in the cell-to-cell movement
and infectivity of MYMIV.

1.2.2 Thesis Outline

Chapter 1: Chapter 1 of the thesis reviews the DNA viruses of plants and particularly of
geminiviruses. The evolutionary aspects of geminiviruses are highlighted, with a focus on the
emergence of begomoviruses as highly destructive pathogens causing YMD in legume crops. The
chapter further emphasizes the significance of the mungbean crop, providing insights into its
distribution and the overall yield loss due to diseases, particularly YMD. Various techniques for
the detection and diagnosis of begomoviruses are discussed, and the chapter concludes with an
extensive exploration of YMD management strategies, giving special attention to the role of RNAI
in disease control.

Chapter 2: In this chapter, we describe screening of YMVs affected mungbean through the
molecular detection of viral genome, in three states (Bihar, Assam, and Orissa) of India.
Subsequently, we study the sequence variability, phylogenetic relationships, recombination
events, and population structure to enhance our understanding of the genetic distinctiveness of the
identified YMVs mungbean isolates. We prepare agroinfectious constructs and screened a few
mungbean cultivars for their response to YMVs infection by symptom analysis and molecular
detection of viral genome through RCA and gRT-PCR analysis.

Chapter 3: In this chapter, we explore a non-transgenic approach for inducing resistance to YMD in
mungbean. The study is based on the identification of viral target regions for gene silencing using
RNAI. We evaluate their efficacy through transient expression analysis to pinpoint highly efficient
target regions. Using these targets, we assess the effectiveness of exogenous dsRNA in controlling
YMD in mungbean.

Chapter 4: In this chapter, we investigate the role of the apoplast in begomovirus infection. We
study presence of MYMIV in apoplastic fluid by molecular detection of viral genome through
RCA and PCR analysis to enhance our understanding of the cell-to-cell movement of begomovirus
via apoplast. Further we investigate apoplastic and symplastic metabolites related to stress and
defense in response to MYMIV infection using NMR-based metabolomics.

The conclusions drawn from the above-mentioned objectives and future perspectives of the work
are discussed in the concluding section.
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1.3 Review of Literature

1.3.1 Introduction

Multipartite DNA plant viruses, characterized by segmented, single-stranded DNA (sSDNA)
genomes, pose a substantial threat to diverse agricultural crops, causing significant economic
damage and raising food security concerns. These viruses exhibit an unconventional architecture,
with their genomes divided into two or more distinct components, individually packaged into
separate viral particles during transmission (21). This unique structure provides evolutionary
advantages, enabling rapid adaptation, genome reassortment, and dynamic changes in gene copy
numbers (22,23). Notable families with multipartite DNA genomes include Geminiviridae and
Nanoviridae. Geminiviruses, characterized by circular ssSDNA segments, have led to substantial
economic losses globally, as witnessed in devastating outbreaks affecting tomato crops in India
and the Dominican Republic, resulting in total yield losses (24). Similarly, geminivirus infections
have inflicted a staggering $2 billion blow to African cassava production (25). These examples
underscore the urgency of unraveling factors impacting geminivirus evolution, transmission,
pathogenesis, detection, and management strategies (10,26,27).

This review provides a brief exploration of the evolutionary history and genomic
organization of geminiviruses, with a specific focus on the Begomovirus genus, the largest within
the virosphere. Begomoviruses are recognized for inducing severe symptoms associated with
YMD in various plants. The impact of Begomoviruses extends globally, causing substantial losses
in open-field vegetable, root, and fiber crops in tropical and subtropical regions, as well as
greenhouse production systems (25,28-30). Within this context, the review delves into the
nutritional values, economic importance, and geographic distributions of mungbean, a crucial
leguminous crop. Furthermore, the review explores YMD detection and diagnosis methods,
providing insights into technological approaches used to identify this viral disease. Finally, it
addresses YMD management strategies, including innovative gene silencing-based approaches
that show promise in reshaping disease control methodologies. This concise overview aims to
contribute to the scientific understanding of geminiviruses, emphasizing the pivotal role of
Begomoviruses, economic implications for mungbean cultivation, advancements in disease
detection, and innovative strategies for disease management within the context of YMD.

1.3.2 Geminivirus Evolution and Diversity

A distinctive class of viruses known as multipartite viruses, a term introduced in the 1960s and
alternatively referred to as coviruses, multicomponent, multiparticle, or multicompartment viruses
in the literature (31). Multipartitism is prevalent, especially in plant viruses, accounting for 30—
40% of plant virus genera and families (23). Viral genomes can be categorized into three primary
configurations: non-segmented, segmented, and multipartite (32). Unlike non-segmented and
segmented viruses, which encapsulate all genetic material required for completing the viral life
cycle within a single viral particle, multipartite viruses possess segmented genomes distributed
among two or more viral particles, necessitating co-infection for survival (33-36). The enigma
surrounding multipartite viruses extends to a multitude of unanswered questions, with the
overarching puzzle being why multipartite viruses exist in the first place (33). Despite their
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Figure 1 Histogram of the number of plant virus species.
a) per viral family and b) per genome type. (Image taken from Lucia-Sanz & Manrubia, 2017).

predominant association with plants, multipartitism has emerged recurrently in evolutionary
history (37). Far from being incidental or a frozen evolutionary anomaly, multipartitism is
presumed to represent a stable and intentional evolutionary strategy (21). However, the exact
mechanisms conferring adaptive advantages to multipartite viruses, which ostensibly offset their
seemingly unconventional and resource-intensive lifestyle, remain elusive. While bipartite or
segmented viruses may emerge from monopartite viruses, both rarely originate from the same virus
(38,39). However, there has been a recent resurgence of interest in this class of viruses, as
evidenced by several recent reviews (22,23,32,34,40). Amongst crucial plant viruses, the
Geminiviridae family stands out for hosting the highest number of multipartite viral species which
underscores its significance (Figure 1).

Single-stranded DNA (ssDNA) viruses exhibit high diversity and abundance across various
environments (41-43). Presently, they are categorized into four prokaryotic virus families and nine
eukaryotic virus families including Geminiviridae. Most ssDNA viruses possess small circular
genomes that replicate through the rolling circle mechanism (44,45). Those with circular genomes
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Figure 2 Genomic organization of geminiviruses.

The long intergenic region (LIR), short intergenic region (SIR), common region (CR), capsid
protein (cp), movement protein (mp), nuclear shuttle protein (nsp), regulatory gene (reg),
replication enhancer (ren), replication-associated protein (rep), symptom determinant (sd),
silencing suppressor (ss), and trans-activator protein (trap). (Source: Roumagnac et al., 2022).
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encoding a replication initiator protein (Rep), found in families like Bacilladnaviridae,
Circoviridae, Geminiviridae, Genomoviridae, Inoviridae, Microviridae, Nanoviridae,
Pleolipoviridae, Smacoviridae, and several unclassified viruses, are collectively termed circular
Rep-encoding single-strand (CRESS)-DNA viruses (46,47). The Reps of CRESS-DNA viruses are
closely related to those of small, rolling circle-replicating bacterial plasmids, suggesting evolution
from plasmids on multiple independent occasions (48).

The International Code of Virus Classification and Nomenclature (ICVCN) provisionally
proposes six taxa, including Shotokuvirae, a member of the kingdom Shotokuvirae defined by
encoding a Rep protein with a characteristic N-terminal endonuclease domain and a C-terminal
superfamily 3 helicase domain (6). The name "Shotokuvirae" is derived from Japanese Empress
Shotoku, this choice is in recognition of her composition of a poem describing a plant disease,
likely caused by a geminivirus. This poem stands as one of the earliest written records of a plant
virus disease and a disease caused by a CRESS-DNA virus (49). The suffix "-virae" for kingdom
taxa. Geminiviruses, belonging to the family Geminiviridae within the Shotokuvirae kingdom, are
a family of small, non-enveloped viruses characterized by genomes consisting of one or two
circular ssDNA ranging from 2.5 to 5.2 kb (Figure 2) (6). These viruses infect a broad spectrum
of plant species (50,51) and are transmitted by various insects from four homopteran families,
including whiteflies, leafhoppers, aphids, and treehoppers (52).

1.3.2.1  Geminivirus: Taxonomy and Genomic Organization

The International Committee on Taxonomy of Viruses (ICTV) currently recognizes more than 500
species of geminiviruses, establishing them as the largest and one of the most diverse virus families
(6). Presently, within the family Geminiviridae, 14 distinct genera are acknowledged, namely
Becurtovirus, Begomovirus, Capulavirus, Citlodavirus, Curtovirus, Eragrovirus, Grablovirus,
Maldovirus, Mastrevirus, Mulcrilevirus, Opunvirus, Topilevirus, Topocuvirus, and
Turncurtovirus, each distinguished by insect vectors, host range, genome structure, and phylogeny
(6) (Figure 2). The familial relationships within the Geminiviridae family are elucidated through
phylogenetic analysis of complete genome sequences (Figure 3). The comprehensive analysis
reveals distinct clustering patterns, forming cohesive groups corresponding to the 14 genera within
the Geminiviridae family.

Becurtovirus: The Becurtovirus genus, consisting of three species—Beet curly top Iran virus,
Exomis microphylla latent virus, and Spinach curly top Arizona virus—is characterized by
monopartite viruses infecting dicot plants. Notably, they exhibit a unique 5'-TAAGATTCC-3’
nonanucleotide at the origin of virion strand replication, setting them apart from other
geminiviruses (53).

Begomovirus: Taxonomic lineage of this genus is: Viruses > Monodnaviria > Shotokuvirae >
Cressdnaviricota > Repensiviricetes > Geplafuvirales > Geminiviridae > Begomovirus > species
(Example: Mungbean yellow mosaic virus). With 445 distinct species, this genus stands as the
largest within the entire virosphere (Figure 4) (6). New World (NW) begomoviruses possess
bipartite genomes, while Old World (OW) begomoviruses can exhibit both monopartite and
bipartite genome configurations (54). The genome structure varies, existing as either bipartite
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Figure 3 Phylogenetic analysis of fourteen genera in the family Geminiviridae.

Unrooted neighbor-joining tree inferred from aligned complete genome sequences of
representative isolates from the various geminivirus genera. The five new genera are indicated by
asterisks. Branches with less than 60% bootstrap support have been collapsed with TreeGraph2.
(Image taken from Roumagnac et al., 2022).

(consisting of two circular sSDNA molecules, DNA-A and DNA-B, each of 2.5-2.7 kb) or
monopartite (a single circular sSDNA molecule around 2.7 kb) configurations. The genomes of
monopartite begomoviruses exhibit a resemblance to the DNA-A component of bipartite. Chilli
leaf curl virus (ChiLCV) is an example of a monopartite begomovirus, while Pepper golden
mosaic virus (PepGMV), MYMV, MYMIV, and Pepper huasteco yellow vein virus (PHYVV) are
notable examples of bipartite.

Furthermore, previous studies documented begomoviruses are associated with three classes
of circular DNA satellites: betasatellites, alphasatellites, and deltasatellites (55-57). Begomovirus
infects dicot plants and weeds and is transmitted by whiteflies belonging to the Bemisia tabaci
cryptic species complex (58). Begomoviruses commonly elicit severe symptoms in vast number
of plants, such as mosaics, mottles, yellowing, leaf curling, deformation, reduced plant growth,
and a decreased number of fruits (25). The impact of these viruses is substantial, often leading to
a total loss of production, particularly affecting open-field vegetable, weeds, root, and fiber crops
in tropical and subtropical regions, as well as greenhouse production systems (29,59,60). Among
the devastating pathogens within this genus are the African cassava mosaic virus, Bean golden
mosaic virus, Cotton leaf curl Multan virus, MYMV, and Tomato yellow leaf curl virus.
Remarkably, research on the tomato yellow leaf curl virus has shown that its replication extends
beyond host plants, occurring in the salivary glands of the insect vector (Figure 5) (61).
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Figure 4 The evolution of the number of officially accepted begomovirus species by the ICTV.
Blue circles represent the count of species documented in the ICTV Reports on Virus Taxonomy
(1st to 10th). Arrowheads denote significant milestones, including the introduction of
‘geminiviruses' in the 3rd report, the recognition of the family Geminiviridae in the 5th report, and
the acknowledgment of the genus Begomovirus in the 7th report. (Image taken from Fiallo-Olivé
& Navas-Castillo, 2023).

Primarily, this genus is responsible for inducing economically significant diseases in numerous
crucial crops, forming the central focus of this study (25,28,62,63).

Capulavirus: It includes four species: Alfalfa leaf curl virus, Euphorbia caput-medusae latent
virus, French bean severe leaf curl virus and Plantago lanceolata latent virus. Three of these
species are transmitted by aphids. Capulavirus genomes exhibit a unigue arrangement of
movement protein-encoding ORFs and have a monopartite structure with the 5'-TAATATTAC-3’
nonanucleotide at the v-ori (64).

Citlodavirus: This genus comprises four species: Camellia chlorotic dwarf-associated virus,
Citrus chlorotic dwarf associated virus, Paper mulberry leaf curl virus 2, and Passion fruit
chlorotic mottle virus. These viruses have been identified in symptomatic dicot host plants,
including trees and shrubs. Citlodaviruses have monopartite genomes with the 5'-TAATATTAC-
3’ nonanucleotide at the v-ori (65).

Curtovirus: This genus encompasses three acknowledged species: Beet curly top virus,
Horseradish curly top virus, and Spinach severe curly top virus. These viruses infect dicot plants
and are transmitted by leafhoppers. Beet curly top virus, a well-studied member of this genus, is
an economically significant pathogen in North America and Iran, exhibiting a broad host range
(66).
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Figure 5 Bemisia tabaci sensu lato.

(A) Depiction of Bemisia tabaci adults on the underside of a cassava leaf. (B) Close-up view of
a B. tabaci adult engaged in feeding on a tobacco leaf. (Image taken from Fiallo-Olivé & Navas-
Castillo, 2023).

Eragrovirus: This genus comprises the single species, Eragrostis curvula streak virus, with
monopartite genomes. Isolates of this virus exclusively infect the monocot plant Eragrostis
curvula in the Kwa-Zulu Natal region of South Africa. Similar to becurtoviruses, eragroviruses
feature a 5'-TAAGATTCC-3' nonanucleotide sequence at the v-ori (53).

Grablovirus: This genus, consisting of Grapevine red blotch virus, Prunus latent virus, and Wild
Vitis latent virus, is transmitted by a treehopper and primarily infects dicot plants (64).

Maldovirus: This genus, including Apple geminivirus 1, Grapevine geminivirus A, and Juncus
maritimus geminivirus 1, is known to infect both dicot (e.g., apple, grapevine) and monocot (e.g.,
Juncus maritimus) plants. All maldovirus genomes share the conserved origin of replication (5'-
TAATATTAC-3’) found in most geminiviruses (65).

Mastrevirus: This genus with monopartite genomes, primarily infect monocots, and are
transmitted by leafhoppers (67). Notable species include Maize streak virus cause severe maize
disease in Africa (68) and Wheat dwarf virus cause disease in wheat (69). Wheat dwarf India virus
associates with alphasatellites and betasatellites (70).

Mulcrilevirus: This genus comprises two species: Mulberry crinkle leaf virus and Paper mulberry
leaf curl virus 1. These viruses have monopartite genomes with a conserved origin of replication
(5'-TAATATTAC-3"). Mulcrileviruses are associated with symptomatic plants (Morus alba or
Broussonetia papyrifera) in China, and one isolate, mulberry crinkle leaf virus, is transmitted by
the leafhopper Tautoneura mori (65).

Opunvirus: This genus is represented by a single member, Opuntia virus 1, described from
asymptomatic New World Cactaceae plants (involving 20 different cactus species from the
subfamilies Cactoideae and Opuntioideae) and cactus-feeding cochineal insects (Dactylopius sp.).
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Genomes of Opuntia virus 1 are monopartite and feature the conserved geminivirus
nonanucleotide (5-TAATATTAC-3') (65).

Topilevirus: It comprises two species, Tomato apical leaf curl virus and Tomato geminivirus 1.
These species feature monopartite genomes with the conserved geminivirus nonanucleotide (5'-
TAATATTAC-3'). Both viruses exhibit infection in the common host plant, tomato, and Tomato
geminivirus 1 has additionally been identified in Cleome sp. plants (65).

Topocuvirus: Tomato pseudo-curly top virus, a lone species within its genus, is transmitted by a
treehopper (71). The virus genome exhibits similarities with that of curtoviruses.

Turncurtovirus: This genus comprises three species: Turnip curly top virus, Turnip leaf roll virus,
and Sesame curly top virus. All members exhibit a monopartite genome. Isolates of turnip curly
top virus and turnip leaf roll virus have been exclusively identified in Iran, with transmission
facilitated by the leafhopper Circulifer haematoceps. Sesame curly top virus isolates have been
detected in sesame (Sesamum indicum) in Pakistan and Iran, with the leafhopper Circulifer
haematoceps serving as a vector in Iranian sesame plants (53).

1.3.2.2  Geminivirus Virion

Virions from the Geminiviridae family, characterized by their distinctive twinned or "geminate"
structure, exhibit varying morphologies across genera (Figure 6). For instance, the Maize streak
virus (MSV) within the Mastrevirus genus displays virions with dimensions of approximately
22x38 nm, composed of two incomplete icosahedra (T=1) and organized into 22 pentameric
capsomers, totaling 110 coat protein subunits (72). Meanwhile, the Ageratum yellow vein virus
(AYVV) from the Begomovirus genus presents unique structural features. The virion structure of
African cassava mosaic virus (ACMV) was resolved at 4.2 A resolution using electron cryo-
microscopy and image processing (73). At a resolution of 3.3 A, the N-terminus of its single coat
protein adopts three conformations crucial for building the interface between geminate halves (74).
Tobacco curly shoot virus (TbCSV) particle structure, resolved at 3.57 A using single-particle
cryo-electron microscopy, confirms the geminate architecture with single-strand DNA binding to
each coat protein (CP) (75). Virions physicochemical and physical properties include a
sedimentation coefficient (S20, w) of approximately 70S (76). Twinned virions encapsulate a
singular circular single-stranded DNA (ssDNA) copy, ranging from 2.5 to 3.2 kb. In the case of
viruses with bipartite genomes, infection necessitates two virions, each containing different
genomic components, resulting in a cumulative genome size of about 5.2 kb (77). Furthermore,
half-size defective components and ssSDNA satellites may also be encapsidated in these virions (7).
The proteinaceous composition of virions is notably minimal, with a single structural protein, the
coat protein (CP), having a molecular weight of about 28-34x10°. No other associated proteins
have been discerned within the virion structure (76).

1.3.3 Begomovirus
1.3.3.1  Gene Functions

As obligate parasites, begomoviruses rely entirely on host cellular machinery to establish
successful pathogenesis. These viruses encode a limited set of multifunctional proteins capable of
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Figure 6 Geminivirus structure.

effectively modulating the expression profiles of numerous host factors (78). Through interactions
with these factors, these proteins mediate various aspects of the viral life cycle, including
replication, transcription, and movement. The hijacking of host factors plays a crucial role in
rewiring the host cellular environment, ultimately subverting host antiviral defenses. The
multifunctional roles executed by the proteins encoded in the open reading frames (ORFs) of
begomoviruses are pivotal for the development of disease.

The transcription of geminivirus DNA occurs bidirectionally from promoters located
within the Intergenic Region (IR), orchestrated by RNA Pol Il. The IR houses divergent promoters
for early and late genes. In the case of begomoviruses, the DNA-A features six ORFsS,
encompassing two in the virion sense (AV1 and AV2) and four in the complementary sense (AC1,
AC2, AC3, and AC4) (Figure 2). DNA-B comprises two ORFs, the virion-sense BV1 and
complementary-sense BC1 (Figure 2). The presence of the AV2 OREF is a distinctive trait of Old
World bipartite begomoviruses, while it is absent in New World viruses. The AV1 and AV2 ORFs
encode the capsid protein (CP) and pre-coat protein, respectively (76,79).

Meanwhile, AC1, AC2, and AC3 serve as the replication initiator protein (Rep) (80-87),
transcription activator protein (TrAP) (88-94), and replication enhancer protein (REn) (95-98),
respectively. The AC4-encoded protein is essential for symptom production (99,100). On the other
hand, the DNA-B molecule carries the BC1 and BV1 ORFs, functioning as the movement protein
(MP) (101-103) and nuclear shuttle protein (NSP) (104-107), respectively. Monopartite
begomoviruses' ORFs consist of the virion-sense V1 and V2 genes, along with the complementary-
sense C1, C2, C3, and C4 genes (Figure 2). The comprehensive details of ORFs and their
respective functions is outlined in (Table 1) (78).
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Protein Function Reference
Names
Replication- Essential for the replication of viral single-stranded DNA (ssDNA), | Akbar Behjatnia, 1998;
associated Rep plays a crucial role in converting the closed circular ssSDNA | Bagewadi et al., 2004;
protein; ACL, | genome into superhelical double-stranded DNA (dsDNA). By binding | Castillo et al., 2003;
AL1 to a specific region at the genome origin of replication, Rep introduces | Fontes et al., 1994;

an endonucleolytic nick within the conserved sequence 5'-
TAATATTAC-3' in the intergenic region shared by all geminiviruses.
This action initiates rolling circle replication (RCR). Following
cleavage, Rep binds covalently to the 5'-phosphate of DNA in the form
of a tyrosyl ester. The cleavage event produces a free 3'-OH, serving as
a primer for cellular DNA polymerase. The polymerase then
synthesizes the positive strand DNA through the rolling circle
mechanism. Upon completion of one replication round, Rep catalyzes
a nucleotidyl transfer reaction, releasing a circular single-stranded
virus genome and thereby terminating the replication process. Notably,
Rep exhibits activities such as origin-specific DNA cleavage,
nucleotidyl transferase, ATPase, and helicase.

Horvéth et al., 1998;
llyina & Koonin, 1992;
Kong, 2000; Koonin &

llyina, 1992;
Kushwaha et al., 2017;
Lugue et al., 2002;

Sanchez-Duran et al.,
2011; Steinfeldt et al.,
2006; Wawrzyniak et
al., 2017; Wu et al.,
2021; L. Zhao et al.,
2019.

Transcriptional
activator
protein;
AL2

AC2,

Strong activator of the late viral genes’ promoters. Enhances the
expression of the capsid protein and nuclear shuttle protein. Acts as a
suppressor of RNA-mediated gene silencing, also known as post-
transcriptional gene silencing (PTGS). Suppresses the host RNA
silencing by inhibiting adenosine kinase 2 (ADK?2), a kinase involved
in a general methylation pathway. Also suppresses the host basal
defense by interacting with and inhibiting SNF1 kinase, a key regulator
of cell metabolism implicated in innate antiviral defense. Determines
pathogenicity (By similarity)

Babu et al., 2018;
Castillo-Gonzalez et
al., 2015; Guerrero et
al., 2020; L. Liu et al.,
2014; Lozano-Duran &
Bejarano, 2011,
Rajeswaran et al.,
2007; Sun et al., 2020

Capsid protein;

Encapsidates the viral DNA into characteristic twinned (‘geminate’)

Oda et al., 2000; B. V.

AR1, AV1 particles. Binds the genomic viral SSDNA and shuttles it into and out | V. Prasad & Schmid,
of the cell nucleus. The CP of bipartite geminiviruses is not required | 2012; B. V Prasad et
for cell-to-cell or systemic movement. al., 1999; Rojas et al.,

1998; Liu et al., 2001

Protein  AC4; | Symptom development, cell cycle regulation, suppression of RNA | K. Chen et al., 2019;

AC4, AL4 silencing, disruption of host disease resistance signaling, virus | Fondong, 2019, 2022;
movement in infected cells, and viral DNA accumulation. Jupinetal., 1994; H. Li

et al., 2018; Mei et al.,
2023

Replication Increases viral DNA accumulation. Enhances infectivity and symptom | Pasumarthy et al.,

enhancer expression. 2011; Pedersen &

protein; ACS3, Hanley-Bowdoin,

AL3 1994; Settlage et al.,

1996; Wijaya et al.,
2023

Movement Transports viral genome to neighboring plant cells directly through | Aberle et al., 2002;

protein BC1; | plasmosdesmata, without any budding. The movement protein allows | Frischmuth et al.,

BC1, BL1 efficient cell to cell propagation, by bypassing the host cell wall barrier. | 2004, 2007a; Kleinow

Begomovirus genome is shuttled out of nucleus by nuclear shuttle
protein (NSP) and the movement protein transports the DNA-NSP
complex to cell plasmodesmata and facilitates further movement across
the cell wall.

etal., 2008; Padidam et
al., 1996; Qin et al.,
1998; Rojas et al.,
1998b, 2001a; S. C.
Zhang et al., 2001,
2002
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Nuclear shuttle | Binds to the genomic viral ssDNA, shuttles it into and out of the cell | Florentino et al., 2006;
protein; BR1, | nucleus. Begomoviruses use 2 proteins to transport their DNA from | E. P. B. Fontes et al.,
BV1 cell to cell. The nuclear shuttle protein (NSP) shuttles it between | 2004; Frischmuth et
nucleus and cytoplasm and the movement protein (MP) probably | al., 2007; Happle et al.,
transports the DNA-NSP complex to the cell periphery and facilitates | 2021; Mariano et al.,
movement across the cell wall. 2004; Martins et al.,
2020; Sanderfoot et al.,
1996; Yu et al., 2019;
Y. Zhou et al., 2011

MYMV DNA A MYMV DNA B

2730 bp I 2675 bp

Figure 7 Genomic organization of bipartite begomoviruses.
A representative schematic of Mungbean yellow mosaic virus (MYMV) DNA A and B along with
their open reading frames (ORFs). DNA A: AC1, AC2, AC3, AC4, AC5; DNA B: BV1, and BC1.
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Recent investigations have brought attention to the presence of additional ORFs in
geminiviral genomes (108,109). Example: Tomato yellow leaf curl virus (TYLCV), have unveiled
additional ORFs. The largest of these newly discovered ORF, designated as V3, exhibits specific
subcellular localizations, predominantly in the Golgi apparatus, and plays a vital role in ensuring
the success of the viral infection process by serving as an effective RNA silencing suppressor
(110). Another noteworthy ORF, C5, has been identified as a pathogenicity determinant and an
additional RNA silencing suppressor, highlighting the multifunctional nature of these viral
proteins (Figure 7) (111).

1.3.3.2  Transcription Regulation

Geminiviruses share common features in their genomic organization and transcriptional
regulation. The coding regions on both virion-sense and complementary-sense strands diverge
from an intergenic region (IR), initiating bi-directional transcription with independently controlled
transcripts within the IR (112). Geminiviruses known to employ multiple overlapping transcripts
and may utilize transcript splicing for gene expression regulation (113,114). A thorough analysis
and review is available regarding the regulation of geminivirus transcription (115).

The replication initiator protein (Rep) in geminiviruses undergoes auto-regulation by
binding to the iteron between the TATA box and the Rep transcription start site, leading to down-
regulation of its own expression (87,116,117). This auto-regulation, specific to the homologous
Rep protein, involves the C2 terminus domain, which contains a trans-activation domain in
Mastrevirus Rep (118). Importantly, auto-regulation is not dependent on a functional viral ori,
suggesting an independent action of the Rep binding site during both transcription and replication
(117).

In the case of TGMV, the AL4 protein plays a role in repressing the AL1 promoter,
involving elements such as a TATA box and a G-box upstream of the Rep binding site. Mutations
affecting these motifs underscore the G-box's significance as the primary Rep transcriptional
activating sequence. Both the TATA box and G-box elements contribute to replication and
transcription, potentially facilitated by a host G-box transcription factor (119). In various
geminiviruses, the AC2 protein serves as a recognized trans-activator for viral-sense promoter
transcription (120,121). Geminivirus transcription sees early Rep activity, followed by repression
upon Rep and AC4 accumulation, likely limiting interference with downstream TrAP promoters.
TrAP and MP promoters activate midway, regulating virion sense genes as late genes in the
infectivity cycle (122-124).

1.3.3.3 Replication

In host plants, geminivirus replication unfolds in three distinct phases: initiation, elongation, and
termination (44). The replication processes have been thoroughly documented, with detailed
mechanisms reviewed comprehensively (27,125-127). Geminiviruses lack a DNA polymerase and
depend entirely on host factors recruited during the early stages of replication (86). These
processes occur through double-stranded replicative intermediates, employing both
recombination-dependent and rolling circle mechanisms (128-130). The mechanism of rolling
circle replication (RCR) is depicted (Figure 8). Complementary-sense DNA synthesis on the
virion-sense (encapsidated) strand, leading to dsDNA production, relies solely on host factors
(131). Within the nuclei of infected cells, virus ssDNA synthesis is initiated by cleavage of the
virion-sense strand by the virus-encoded Rep (132). This cleavage takes place immediately
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Figure 8 Mechanism of rolling-circle replication.

(A) The model illustrates rolling circle replication (RCR) based on the study of plasmid pT181.
Leading (+) and lagging (-) DNA strand synthesis cycles, initiated at the dso and sso origins,
respectively, are depicted with red dotted arrows. The RCR initiation protein (RepC) initiates (+)
strand replication at the nick site (highlighted by a yellow rectangle). Nascent DNA strands are
indicated by dashed blue lines, and the direction of synthesis is denoted by blue arrows. Black
dotted arrows represent nucleophilic attacks during the synthesis process. (B) ssDNA breakage
and joining reactions at the dso catalyzed by HUH and Rep_trans endonucleases. The yellow
rectangle indicates the nick site in a hairpin-like structure. The red star marks the phosphotyrosine
bond between the enzyme and the 5’-end of the DNA. The HUH/Rep_trans catalyzed reaction is
reversible, as the released 3’-OH DNA end can act as a nucleophile on the phosphotyrosine bond
(Image taken from Wawrzyniak et al., 2017).

OH
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downstream of the 3’-thymidine residues in a conserved 5-TARTATT | AC-3’ sequence located in
the loop of a potential stem-loop structure within the IR (133). RCR generates large amounts of
heterogenous sub- and extra-genome length geminivirus DNA (hDNA) (44,84,134). The viral
REn, also referred to as C3, plays a significant role in enhancing the accumulation of DNA in
begomovirus and curtovirus (135). It is presumed to be a component of the viral replisome. Both
Rep and REnN have the ability to bind to proliferating cell nuclear antigen (PCNA), which serves
as the processivity factor for host DNA polymerase-6 (82,83,85).

An alternative mode of replication termed recombination dependent replication (RDR) has
been identified for certain begomoviruses, their satellites, and curtoviruses complexes
(128,130,136). Unlike traditional replication mechanisms, RDR does not depend on a specific
origin of replication. Instead, it utilizes any available free 3’ end of sSDNA or ssDNA overhangs
in a dsDNA to initiate replication within a homologous stretch of supercoiled master DNA. The
direct involvement of geminiviral proteins in RDR, excluding the necessity of AC2 and AC3,
requires further investigation. TYLCSV Rep's helicase activity, as described earlier, aligns with
this model, akin to the RecBCD helicase in bacterial recombination. Consequently, extended 3’
ends of viral ssSDNA can potentially invade homologous dsDNA with the assistance of host
recombination enzymes, such as the RecA-like eukaryotic protein Rad51 in plants (137,138). This
mechanism allows for the repair of geminiviral DNA fragments resulting from incomplete
synthesis or nucleolytic attack with high fidelity. Furthermore, RDR may facilitate recombination
in cases where two partially related viruses coexist in the same nucleus, providing insights into the
recombinogenic potential of geminiviruses.

1.3.3.4 Infection Cycles

The initial phase of the infection cycle involves the introduction of viral sSDNA into a plant cell
by an insect vector such B. tabaci while feeding on plant leaf (Figure 5). Geminiviruses undergo
replication through a dsDNA intermediate within the nucleus of infected cells. Upon entering a
host cell, the virus relies on the CP for movement to the nucleus, exploiting the host's transport
mechanism. The mechanism by which the virus moves to the nucleus, either as an encapsulated
virion or a decapitated nucleoprotein complex, is not entirely clear. CP is thought to play a role in
this transport stage, likely through interactions with the host transport network (139,140).

Once inside the nucleus, the viral ssDNA transforms into a transcriptionally active dsSDNA
intermediate, serving as a template for both transcription and replication. Complementary DNA
synthesis is entirely facilitated by host proteins. The resulting viral dsSDNA associates with histones
and forms mini-chromosomes. Similar to other viral systems, the expression of geminiviral genes
follows a precisely regulated temporal sequence. It is hypothesized that genes encoding proteins
involved in replication and transcription (e.g., Rep, TrAP, and REn) are expressed earlier than
virion sense genes (e.g., CP and NSP genes).

After the expression of early viral genes, the virus genome multiplies through a RCR
mechanism, generating new viral SSDNA molecules from the dsSDNA intermediate. The final stage
of the cycle involves the acquisition of virions by the insect vector. The CP and likely virus
particles are essential for insect transmission in this phase. The viral SSDNA genome replicates in
the nucleus using dsDNA templates through a rolling-circle mechanism. The viral-encoded NSP
binds to progeny ssDNA genomes and facilitates their transportation between the nucleus and
cytoplasm. The viral cell-to-cell movement protein (MP) traps NSP-genome complexes in the
cytoplasm and directs them to and across the cell wall via modified plasmodesmata. In adjacent
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Figure 9 The begomovirus life cycle.

The infection process in plant cells initiates with the release of viral single-stranded DNA (ssDNA)
from virions, followed by its conversion into double-stranded DNA (dsDNA). The assembled
dsDNA, associated with nucleosomes, undergoes transcription by host RNA polymerase II,
leading to the production of the replication initiator protein (Rep). Rep induces rolling-circle
replication by introducing a nick into a viral dsDNA molecule, creating a free 3'-hydroxyl end that
primes ssSDNA synthesis. This process displaces the parental strand (inset). The liberated sSDNA
is then converted back to dSDNA, re-entering the replication cycle. Subsequently, viral replication
shifts to recombination-dependent replication, initiated by homologous recombination between a
partially replicated ssDNA and a closed, circular dSDNA. This forms a looped molecule acting as
a template for both ssDNA and dsDNA synthesis (inset). Later in infection, Rep suppresses its
own transcription, leading to the activation of transcriptional activator protein (TrAP) expression.
TrAP, in turn, activates the expression of coat protein (CP) and nuclear shuttle protein (NSP).
Circular ssDNA is encapsidated by CP into virions, available for whitefly acquisition. NSP binds
to viral DNA, facilitating its movement across the nuclear envelope, with the movement protein
(MP) transporting it through a plasmodesma. The mode of viral DNA movement, whether as

ssDNA versus dsDNA or as a linear versus a circular molecule, remains unknown.
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uninfected cells, NSP-genome complexes are released, and NSP targets the viral sSDNA to the
nucleus, initiating new rounds of replication and infection, same has been shown in Figure 9 (27).

1.3.3.5 Movement

To replicate within the nucleus, spread between cells, and disseminate between plants,
geminiviruses and their satellites have developed a coordinated network of movement-associated
proteins. Various proteins, such as V1, V2, AV1, C4, BV1 (NSP), BC1 (MP), and BetaC1, play
roles in geminivirus movement functions (139,141,142). A proposed movement model for
bipartite begomoviruses involves the coordinated actions of NSP and MP, where NSP shuttles
ssDNA from the nucleus to the cell periphery's plasma membrane, and MP transfers the viral DNA
to adjacent cells through plasmodesmata (143-145). The viral DNA movement complex in
begomoviruses can bind both ssSDNA and dsDNA, facilitating transport to neighboring cells (146).
While BC1 and BV1 have specific limitations in binding viral DNA, their interaction is crucial for
virus movement. For monopartite begomoviruses like TYLCV, CP and C4 proteins act similarly
to BV1-BC1 interaction, contributing to virus movement. The MP encoded by MSV (AV2)
interacts with CP for viral DNA movement, and both localize in the nucleus, resembling the NSP
of begomoviruses (147). This coordination emphasizes the interaction of nuclear-targeting and cell
membrane trafficking proteins for geminivirus movement. Recent studies suggest that BetaC1,
encoded by betasatellites, can serve as an alternative to DNA-B components. However, more
experimental evidence is needed to determine whether the coordinated action of CP and BetaC1
or BetaC1 alone facilitates viral DNA movement. BetaC1, like other geminivirus DNA-binding
MPs, can bind to both dsDNA and ssDNA in a sequence-independent manner and localizes in the
nucleus (148). The current model depicting the intra- and intercellular movement of the bipartite
begomovirus is illustrated in Figure 10.

1.3.4 Geminivirus Diagnosis

Geminiviruses, pose significant threats to global food security, causing substantial economic
damage to crops. Unfortunately, there is no practical method for curing infected plants. Early
detection is essential for effective management and disease spread reduction (10). Recognizing
distinctive foliar symptoms like golden mosaic, leaf curling, and vein discoloration helps identify
geminivirus-induced diseases. Involvement of vectors like leafhoppers and whiteflies underscores
potential geminivirus etiology. However, acknowledging similar symptoms from alternative viral
sources emphasizes the need for precise virus identification. Relying solely on symptomatology is
insufficient, necessitating diagnostic tests to conclusively confirm geminivirus infections (149).
Today, disease estimation is crucial for management decisions, plant breeding, and crop
protection. In this context, the development of rapid, specific, and innovative techniques for virus
detection is crucial (Figure 11) (150). Practical application depends on factors like cost, sensitivity,
speed, instrument availability, and disease stage (151,152). Prior reviews have primarily focused
on comprehensive plant virus detection and diagnosis, spanning i) biochemical, serological, and
molecular methods (151,153), ii) Next-generation technology-based techniques (151,154,155), iii)
remote sensing (RS) techniques (156,157), and precision farming technologies which includes
machine learning, artificial intelligence, deep learning etc. (Figure 11) (158-164). The
development of farmer-friendly, point-of-care diagnostic tools designed to offer high-sensitivity
and rapid diagnosis of plant viruses (165,166).
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Figure 10 The intra- and intercellular movement of begomovirus.

The insect vectors deliver the viral particle into the cytoplasm upon cell infection. Importin-like
proteins aid in translocating disassembled CP-bound single-stranded viral DNA (ssvDNA) to the
nucleus, where host polymerases convert it to double-stranded DNA (dsDNA). NSP within the
nucleus binds to both ssvDNA and dsvDNA, with the exported vDNA form remaining unclear.
CP binds to synthesized ssvDNA for packaging, and NSP recruits NSI to prevent packaging by
acetylating CP, causing its dissociation from vDNA. This NSP-mediated nuclear export of vDNA
occurs through nuclear pores. In the cytosol, NSP interacts with NIG, releasing the vDNA-NSP
complex from the nuclear pore. NSP and NIG interact with endosomal NISP, directing the vDNA-
NIG-NSP complex to early endosomes. MP interacts with endocytosis regulator SYTA in the
endosome and moves to the endoplasmic reticulum-plasma membrane (ER-PM) junctions via
SYPT. From the endosome, the nucleoprotein complex utilizes the SYTA-mediated endocytic
recycling pathway to reach plasmodesmata for cell-to-cell vDNA-NSP movement. CabLCV MP
can relocate SYPT-induced ER-PM junctions to plasmodesmata for efficient cell-to-cell transport
of vDNA. An alternative route may involve the secretory pathway along microtubules and
microfilaments for trafficking to plasmodesmata. The antiviral protein WWP1 sequesters NIG in
nuclear bodies to prevent its proviral function. Nascent vDNA disrupts WWP1 nuclear bodies,
restoring NIG's cytosolic localization and proviral function. (Breves et al., 2023; Silva et al., 2022).

A single-tube duplex and multiplex PCR assay was devised to concurrently detect four
cassava mosaic begomoviruses—African cassava mosaic virus (ACMV), East African cassava
mosaic Cameroon virus (EACMCYV), East African cassava mosaic Malawi virus (EACMMYV), and
East African cassava mosaic Zanzibar virus (EACMZV). In a study TYLCV-specific primers were
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Figure 11 Geminivirus disease diagnosis and detection methods.

developed, enabling the creation of a duplex PCR method (167,168). This method allows for rapid
and large-scale diagnostics, distinguishing between two species of Tomato yellow leaf curl virus—
TYLCV-Israel (TYLCV-Is) and TYLCV-Sardinia (TYLCV-Sar)—directly from infected leaf
extracts. Londofio et al., (2016) evaluated the Recombinase Polymerase Amplification (RPA)
assay for the specific detection of three begomoviruses—Bean golden yellow mosaic virus,
Tomato mottle virus, and Tomato yellow leaf curl virus (TYLCV). The study explored the
potential of RPA as a cost-effective and rapid tool for begomovirus detection in plant diagnostic
clinics. Seepibam et al. (2017) developed triple antibody sandwich enzyme-linked immunosorbent
assays (TAS-ELISAs) for the detection of various begomoviruses, including Tomato yellow leaf
curl Thailand virus (TYLCTHV) (170). These assays provide sensitive and high-throughput
detection, offering valuable tools for virus surveillance and screening virus-resistant cultivars.

Mahas et al., (2021) introduced a loop-mediated isothermal amplification (LAMP)-
coupled Cas12-based assay for the rapid and highly sensitive detection of Tomato yellow leaf curl
virus (TYLCV) and Tomato leaf curl New Delhi virus (TOLCNDV). This method provides easy-
to-interpret visual readouts, making it suitable for point-of-use applications. Lavanya et al. (2021)
reported the development of a visual detection method based on functionalized gold nanoparticles
(AuNP assay) (172). This assay demonstrated effectiveness in detecting begomoviral infection
across various plants, showecasing its utility and versatility. Studies have shown the efficacy of
rolling-circle amplification (RCA)-enrichment coupled with RFLP, conventional (Sanger)
sequencing (173), and high-throughput sequencing with bioinformatic analysis (174,175) for
selectively amplifying and identifying new geminiviruses (176-179).

Hossain et al., (2023) utilized spectral reflectance analysis with a handheld spectrometer,
coupled with machine learning, for accurate prediction of Turnip yellows virus content in
Nicotiana benthamiana plants (175). This approach demonstrates the potential for non-destructive
and informative monitoring of virus spread in greenhouse or field settings. A handheld active
multispectral imaging (A-MSI) device, integrated with machine learning algorithms, was
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developed for the early and real-time detection of Cassava Brown Streak Disease (CBSD) (181).
Prabhakar et al., (2013) employed hyperspectral remote sensing, utilizing optimal spectral
reflectance ratios, for the rapid and non-destructive estimation of leaf chlorophyll and severity of
YMD in blackgram (177). Raji et al., (2016) demonstrated the application of photochemical
reflectance index (PRI) imaging for detecting and assessing varying levels of Cassava Mosaic
virus Disease (CMD) infection in cassava plants (178). Feng et al., (2023) investigated the
application of reflectance spectroscopy with preprocessing methods like 3SV for detecting Wheat
Yellow Mosaic Disease (179). The study employed spectral indices and machine learning models,
such as SVM, achieving high accuracy in disease prediction during field validation. Uke et al.,
(2019) monitored the spread of CMD in Southeast Asia using the AGRIBUDDY smartphone app
(180). Farmers uploaded CMD photos and location data, enabling the identification of Sri Lankan
cassava mosaic virus (SLCMV) in Cambodia. These advanced diagnostic methods collectively
contribute to a comprehensive toolkit for efficient geminivirus detection, enabling precise disease
management and surveillance strategies in diverse agricultural settings.

1.3.5 Mungbean and Begomoviruses: Economic importance and distribution

Mungbean (Vigna radiata (L.) Wilczek) is a self-pollinated, short-duration grain legume crop,
ranking third in importance after chickpea and pigeonpea. It is recognized by various names such
as greengram, greenbean, mashbean, goldengram, and greensoy (186). Mungbean boasts a
relatively small genome size of 579 Mb with 22 chromosomes (2n) (187). The seeds, with 24%
protein, low flatulence factors, and high iron content (40-70 ppm), are an ideal choice for a
balanced diet (1,188,189). Particularly in Asia, it plays a crucial role in alleviating protein
malnutrition, catering to impoverished populations (2,190). Growing consumer preference for
plant-based proteins, such as pea, soybean, and mungbean, is reflected in the rising U.S. sales of
plant-based meats, exceeding $1 billion in 2020 (191). Notably, mungbean features prominently
in popular products like Beyond Meat's burger substitute, Eat JUST's vegan egg, and McPlant was
also developed for McDonald’s contributing to a broader shift towards sustainable plant-derived
alternatives of meat products (191). In Asian cuisine, mungbean sprouts are widely enjoyed for
their high vitamin C and folate content, while the foliage serves as fodder, feed, and hay.
Mungbean roots' association with Rhizobium and Bradyrhizobium bacteria enhances soil fertility
via atmospheric nitrogen fixation, providing benefits to subsequent crops. Mungbean cultivation
spans a wide range of latitudes, covering tropical and sub-tropical regions globally and adapting
well to various cropping systems (192). Cultivated over 7.0 million hectares worldwide, mungbean
production exceeds 3.5 million tons, primarily in Asia, with major producers including India,
China, Pakistan, Bangladesh, and others (3). India leads in global mungbean production, yielding
2.17 million tons from around 4.32 million hectares (3). However, the average productivity of
mungbean in India remains relatively low at approximately 502 kg/ha (193,194).

Mungbean faces various globally recognized diseases, with foliar diseases standing out as
the main culprit for yield loss (191). Among foliar diseases, fungal and bacterial pathogens are
prevalent (195). Notably, viruses which cause YMD emerge as the most impactful biotic
constraint, exerting a significant impact on overall mungbean yield (8). YMD in legumes is caused
by four distinct species of bipartite begomoviruses (family Geminiviridae) and it was first reported
from western India (9,51,196,197). This disease poses a significant threat to mungbean crops,
particularly in South and Southeast Asia (59,62), causing yield losses ranging from 10 to 100%,
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depending on the mungbean genotype and the stage of infection (10,198). YMD spreads through
the whitefly (Bemisia tabaci Gennadius), serving as an insect vector for YMVs (58,199,200).

The genus name Begomovirus is derived from Bean Golden Mosaic virus (BGMV), the
causative agent of golden mosaic disease in beans. The identified begomoviruses, including
Mungbean yellow mosaic virus (MYMYV) (14,201,202) and Mungbean yellow mosaic India virus
(MYMIV) (203,204), are prevalent across the Indian subcontinent, with overlapping host ranges
affecting various legume crops (204-207). Dolichos yellow mosaic virus (DoYMYV) has a narrow
host range, primarily infecting Dolichos (Lablab purpureus) (208), while Horsegram yellow
mosaic virus (HgYMV) is the least characterized among the four viruses. The virus enters the
phloem cells of the host through the whitefly proboscis, leading to visible symptoms such as
scattered yellow spots on young leaves, progressing into a yellow mosaic pattern. This ultimately
results in complete yellowing, drying, leaf curling, and withering of leaves, accompanied by
reduced pod size and decreased photosynthetic efficiency, leading to severe yield penalties (Figure
12) (209). These four begomovirus species responsible for legume YMD and will be referred to as
legume yellow mosaic viruses (LYMVs) (9).

MYMV particles were first identified and purified in the leaf cells of mungbean by (209)
and (210), respectively. The genomes of MYMV isolates from Thailand (79) and North India (211)
displayed less than 89% similarity (212), leading to their classification as a distinct species,
subsequently named MYMIV. A comprehensive historical perspective on YMD in Vigna species
is provided by Mishra et al., (2020). For a detailed understanding of Begomovirus genome
architecture (Figure 2), replication (Figure 8), transmission (Figure 9), and systemic movement
(Figure 10), please refer to previous sections.

1.3.6  Yellow Mosaic Disease (YMD) Management

Geminivirus disease management adopts a comprehensive strategy throughout the growing season
(10). Pre-planting involves cultivar selection, obtaining virus- and vector-free planting materials,
and strategic farming. During the season, key strategies include vector management, roguing, and
biological control. Post-harvest practices encompass sanitation and host-free periods. The
integrated approaches such as conventional, molecular, insecticides, and disease-free planting aims
to effectively control YMD in mungbean and mitigate economic losses (8,63,193). However, it is
important to note that these approaches do not guarantee complete success (213). Consequently,
YMD management heavily relies on utilizing resistant cultivars and use of innovative
biotechnological strategies.

1.3.6.1 Identification of YMD Resistant Cultivars

The evaluation of germplasm entries for disease resistance is a crucial step in managing plant
diseases through host plant resistance (214). Routine screening procedures, including germplasm
evaluation, play a vital role in identifying genes that confer resistance to a certain extent. While
the impracticality of mechanically transmitting YMV has led to the predominant screening of
mungbean for YMD resistance in YMV hot spots, there is a growing trend towards more precise
screening methods using viruliferous whiteflies and agroinoculation techniques (215).

1.3.6.1.1  Screening of Genotypes at YMV Hot-Spots
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The assessment of mungbean resistance to YMD in hot-spot conditions employs the infector-row
technique within a specific standard statistical experimental design. Typically, a row of the most
susceptible spreader genotype in that region is sown after every two, three, or 10 rows of the test
genotypes (26). To encourage the whitefly population for sufficient infection and YMD spread,
insecticide spraying is not recommended. Since whiteflies begin infecting the plants soon after
germination, and YMD symptoms become visible during the 2nd to 6th week after planting,
constant monitoring is essential. The assessment of YMD severity involves visually scoring the
infected plants (216,217).

One limitation of hot-spot screening is the unknown identity of the causative viruses and
whitefly biotypes (218). Moreover, non-uniform disease development may occur due to variations
in whitefly populations, dependent on planting locations and seasons (219). Field conditions reveal
that whitefly buildup is higher at elevated temperatures, while increased rainfall and humidity
negatively impact whitefly populations (220). Additionally, a negative correlation between high-
altitude regions with low humidity and YMD incidence underscores the influence of various
environmental factors on YMD severity (221). Hence, the development of an efficient artificial
inoculation technique using specific virus(es) at an early stage will prove more useful in
phenotyping plant materials against the specific virus and breeding for enhanced resistance.
Genotype evaluations in field or natural condition have been documented in various studies (222—
227).

1.3.6.1.2  Screening Genotypes Using Viruliferous Whiteflies

Utilizing net-houses for screening genotypes against YMD using viruliferous whiteflies proves to
be an effective method (218). Whiteflies are made viruliferous through force-feeding on YMV
infected mungbean plants during a 24-hour acquisition access period (AAP). Subsequently, these
whiteflies are used for inoculating healthy plants during a 24-to-48-hour inoculation access period
(IAP). Whiteflies, being highly efficient vectors, can transmit YMV within 24 hours of AAP and
IAP, with even a single viruliferous adult causing transmission (201). Transmission efficiency is
reported to be 70.50% with 10 viruliferous adult whiteflies after 24 hours each of AAP and IAP,
increasing to 85% with 20 viruliferous whitefly adults after 48 hours of AAP and 24 hours of IAP
(5). Genotype evaluations using viruliferous whiteflies have been documented in various studies
(24,228-231). Despite low densities of adult whiteflies effectively spreading YMD, no correlation
has been established between the number of whiteflies and YMD severity (232). Therefore,
efficient artificial inoculation techniques using specific viruses was developed to phenotype plant
materials against the targeted virus.

1.3.6.1.3  Screening Genotypes Using Agroinfection

In 1986, the groundbreaking technique of Agroinoculation was developed, employing
Agrobacterium-based binary vectors for the efficient delivery of viral genomes into plants (233—
236). By circumventing the reliance on unpredictable insect vectors, agroinoculation ensures
highly efficient and reproducible infections, revolutionizing the study of plant viruses (237). Its
versatility is evident in its broad host range, encompassing diverse plant species that were
previously inaccessible (238). The technique provides unprecedented control over the viral
inoculum, allowing researchers to dissect viral functions meticulously (239,240). In the laboratory,
agroinoculation establishes a controlled environment, emancipating research from field condition
vagaries. This confined landscape ensures consistent disease development, facilitating rigorous
experimentation and hypothesis testing (241).
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The agroinoculation-based germline screening methodology is depicted in Figure 13.
Briefly, the process begins by extracting total plant DNA from symptomatic tissues (242,243). The
viral genome is then amplified through polymerase chain reaction (PCR) (244) or rolling circle
amplification (RCA) (245), leading to the formation of multimers (246) or full-length viral
genomes (247) with tandem repeats or concatemers with two viral origins of replication (248,249).
These multimers are linearized, ligated into plasmids, and transformed into Agrobacterium
tumefaciens using methods like electroporation, freeze/thaw, or triparental mating (250). The A.
tumefaciens containing the infectious clone is introduced into host plants through leaf infiltration
techniques such as syringe or vacuum infiltration (251) providing a cost-effective alternative to
biolistic methods (252). Agroinfection based screening of resistant genotypes have been
documented in various plants such as mungbean (11,13,14,252-255), blackgram
(211,223,256,257), tomato (206,258-261), soyabean (262), N. benthamiana (263,264), and rice
(265).

Additionally, agroinoculation serves as a method for strong transient protein expression in
targeted plant tissues using virus-based vectors (266) and as a tool for mutational and gene function
analysis (267-270). It has also emerged as a trending method for precise and efficient genome
editing in plants when coupled with CRISPR/Cas technology (241). Furthermore, agroinoculation
is widely employed for delivering VIGS (Virus-Induced Gene Silencing) vectors into plants
through vacuume-infiltration (271) or agrodrench (272) methods, facilitating RNA silencing and
functional genomic studies (273-275).

1.3.6.2 Biotechnology-based Approaches to Control YMD

Facing the limitations of traditional virus control methods in plants, genetic engineering emerges
as a powerful tool. Our deepening understanding of viral biology and host-pathogen interactions
has given rise to two main strategies: pathogen-derived resistance (PDR) and host genetic
resistance. PDR introduces viral sequences like coat protein, AC1 (Rep) (276,277), AC2 (TrAP),
AC3 (REn) (278), and AC4 (gene silencing suppressor) into the plant genome, triggering a
defensive response (279). This concept, pioneered by Sanford & Johnston, led to the successful
CP-mediated resistance (CPMR) approach, culminating in the first commercially available virus-
resistant squash in the 1990s (280-282). Furthermore, genome editing tools like clustered regularly
interspaced short palindromic repeats/CRISPR-associated (CRISPR/Cas) technologies (283-287)
and RNA interreference (RNAI) technology (288-295) enabled the creation of genome edited
geminivirus resistant crops (296,297). These advancements hold immense potential, even as
traditional methods like resistant cultivars and integrated management remain crucial. However,
concerns about chemical pesticides and the limitations of genetically modified organisms (GMOs)
(298,299), despite their benefits like pest and pathogen resistance, spurred the search for
environmentally sustainable and alternative innovative solutions (300,301). Enter non-GMO
dsRNA-based strategy: a novel technology utilizing RNAI or RNA silencing to target pests and
pathogens without modifying plant genomes (302). This approach holds promise in addressing
both conventional limitations and GMO challenges (303,304).
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Figure 12 Typical YMD symptoms induced by begomoviruses on different crops.

A) tomato plants infected with Tomato yellow leaf curl Thailand virus (TYLCTHYV), B) Pepper
plants infected with Pepper yellow leaf curl Thailand virus (PepYLCTHYV), C) Cucurbits plant
infected with Squash leaf curl China virus (SLCCNV), D) Weeds from Malvastrum genus
infected with Sida chlorotic leaf virus, E) Okra plants infected with Bhendi yellow vein mosaic
virus (BYVMV), F) Cucurbits plants infected with Zucchini yellow mosaic potyvirus (ZYMV),
G) Capsicum annuum infected with chilli leaf curl virus (ChiLCV), H) Mungbean infected with
Mungbean yellow mosaic virus (MYMV). A), B), C) Photograph was obtained from
Charoenvilaisiri et al.,, 2020; D) Photograph was obtained from Navas-castillo, 2016; E)
Photograph was obtained from Shuja et al., 2022; F) Photograph was obtained from Desbiez &
Lecoq, 1997; G) Photograph was obtained from Bhatt et al., 2016; H) Photograph was obtained
from Dhobale et al., 2023.

1.3.6.3  Gene Silencing Strategies

Gene silencing processes within plant cells orchestrate the downregulation of transcript levels
through two distinct mechanisms. The first, known as transcriptional gene silencing (TGS),
operates at a transcriptional level. In contrast, the second, post-transcriptional gene silencing
(PTGS) or RNAI, involves the degradation of accumulated mRNA (Figure 14) (305).

e Transcriptional Gene Silencing (TGS):
TGS, an epigenetic gene silencing form, is characterized by the methylation of promoter
DNA sequences. This initiates the formation of a heterochromatin region surrounding the
gene, resulting in the repression of gene transcription (306,307).
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Figure 14 The two primary mechanisms of gene silencing in plants.

The figure provides a schematic representation of gene silencing, illustrating (a) Post-
Transcriptional Gene Silencing (PTGS) and (b) Transcriptional Gene Silencing (TGS). It
emphasizes the interconnected nature of PTGS and TGS, focusing on these mechanisms while
excluding the pathway of translation inhibition for simplicity. Notably, the mechanistic strategy
predominantly derives from animal studies. Abbreviations used include AGO (argonaute), DCL (Dicer-
like), DRM2 (DNA methyltransferase 2), dSRNA (double-stranded RNA), mRNA (messenger RNA), Pol
(polymerase), PTGS (post-transcriptional gene silencing), RDR (RNA-dependent RNA polymerase), RISC
(RNA-induced silencing complex), siRNA (small interfering RNA), and TGS (transcriptional gene
silencing). Image source: Voloudakis et al., 2022.
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e Post-transcriptional Gene Silencing (PTGS)/RNAI:

Its molecular mechanism and applications, has been thoroughly reviewed in several
literature sources (308-311). Briefly, the initiation of this mechanism involves two types
of small RNAs: microRNAs (miRNAs) and small interfering RNAs (siRNAs) (312,313).
These are produced from various precursor elements, including hairpin RNAs (hpRNAS),
double-stranded RNAs (dsRNAs), artificial microRNAs (amiRNAs), and small RNAs
(15). Both siRNA and miRNA silencing pathways converge in a unified biochemical
pathway within plant cells (314). In plant cell cytoplasm, this intricate mechanism relies
on Dicer-like proteins (DCLs) to process dsSRNAs, whether endogenously expressed (host-
induced gene silencing; HIGS) or exogenously introduced (spray-induced gene silencing;
SIGS), into small interfering RNA (siRNA) duplexes (315-317). These siRNA duplexes
then associate with ARGONAUTE proteins (AGOs), leading to the degradation of the
passenger strand. The resulting multiprotein complex, guided by AGOs, forms the RNA-
induced silencing complex (RISC) with the remaining guide strand. Subsequently, the
RISC binds to complementary transcripts, facilitating their cleavage and consequent
downregulation of gene expression (318,319). Furthermore, the number of SiRNA
molecules are amplified through the action of RNA-dependent RNA polymerase (RDR)
enzymes (320,321). This finely orchestrated process highlights the sophisticated
machinery plants employ to regulate gene expression through PTGS/RNAI (322).

1.3.6.3.1 Different Types of Gene Silencing

Virus-Induced Gene Silencing (VIGS): In VIGS, the viral genome is modified by removing
disease-causing genes and inserting the modified viral genome cDNA into a binary vector (323).
Viruses lacking strong gene silencing suppressors serve as potential VIGS vectors (324). The
vector includes multiple cloning sites (MCS) for inserting targeted gene fragments. The
recombinant virus enters plant cells through Agrobacterium-mediated transformation or DNA
bombardment eventually triggering PTGS against target molecules (325). The commonly used
VIGS vector is Tobacco rattle virus (TRV), known for its wide host range infection and systemic
transmission (326,327). VIGS serves as a crucial tool for understanding gene functions (328,329).

Host Induced Gene Silencing (HIGS): It exploits the natural immune system of plants through
biotechnological applications of RNA interference (RNAI) to combat viral infection (330).
Initially, HIGS has proven effective against nematodes (331). The most efficient induction of
HIGS involves transgene constructs that produce dsRNA, commonly in the form of hpRNA (332).
Plant viruses, equipped with silencing suppressors, are effectively countered by HIGS, achieving
an average control rate of 90%, particularly against intracellularly replicating viruses accessible to
plant RNAi. Numerous studies have applied HIGS in crops to confer resistance against diverse
plant pathogens and diseases (333-342). Various review papers, summarize current knowledge
about the molecular mechanisms underlying HIGS and its applications in disease control (342—
346).

Strategies involve target gene identification, aiming for RNAi-mediated knockdown with
high lethality, durability, low resistance risk, and minimal off-target effects. Advances in
sequencing and bioinformatics aid target selection, but broader applications heighten the risk of
off-target effects. Effective RNA.I trigger design considers dsSRNA sequence complementarity and
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length, emphasizing the need for integrating molecular knowledge and pathogen-specific RNAI
mechanisms in successful HIGS strategies. Following the identification of the target sequence, the
subsequent step involves the construction of RNAI vectors. This entails cloning the sense and
antisense sequences (332), separated by a spacer sequence (347), and subsequently sub-cloning
them into suitable plant binary vectors such as pHANNIBAL, pKANNIBAL, pHELLSGATE,
pANDA, pSAT, and pSH (346). The resulting RNAI vector is then transformed into
Agrobacterium tumefaciens. The transfer of RNAI constructs to plants is facilitated using A.
tumefaciens. Efficient induction of PTGS against geminiviruses can be achieved through stable
transgene integration in host plants (288,348-352), expressing self-complementary hpRNA, or by
transient expression within the plant (353-355). However, the broader adoption of HIGS faces
challenges, including limited transformation protocols in various crop species, time-consuming
processes, high costs, public concerns about GMOs, and the instability of engineered RNA
silencing traits.

Exogenous dsRNA (hpRNA)-Induced Gene Silencing: The limitations associated with HIGS
and other transgenic approaches for achieving virus or pathogen resistance may find potential
solutions in the exploration of non-transgenic pathogen resistance derived from RNAI. This
resistance can be induced by topically or foliarly applying environmental dSRNA molecules (356).
Previous work has shown that fungal pathogens, such as Botrytis cinerea and Fusarium
graminearum, can efficiently take up environmental dsRNAs, which are then processed into
siRNA and induce the silencing of pathogen genes with complementary sequences (357,358).
These discoveries have led to the development of an innovative crop protection strategy known as
spray-induced gene silencing (SIGS) (Figure 15). Serving as a non-GMO alternative to HIGS,
SIGS inhibits pathogen infection by topically applying dsRNA or small RNA (SRNA) molecules
onto plants to silence pathogen virulence-related genes (359). Various reviews papers explore the
challenges, risks, and successes of non-transformative RNAI application, specifically exogenous
dsRNAs-induced RNAI, in managing pest insects, viruses, and plant diseases in agriculture
(17,304,360-368). Methods for producing exogenous dsRNA without genetic transformation
include in vitro transcription (IVT) (369), microbial expression in bacteria or fungi, and cell-free
synthesis. Conversely, transformative methods involve creating transgenic plants (GM crops)
(360). dsRNA synthesis can be accomplished by transforming the Escherichia coli HT115 (DE3)
with a suitable vector, such as L4440 and pGEM/IR 54, designed to express a dSRNA/hpRNA.
This bacterial strain is recognized for its capacity to generate significant quantities of dsRNA in
vivo due to the absence of the dsSRNA-specific RNase 111 enzyme (370,371). The choice of delivery
system for dsSRNA varies depending on the target organism and crop, including options such as
foliar spray (362), irrigation, trunk injection, baits, and others (366). The selection of appropriate
delivery strategies plays a crucial role in achieving effective control results and determines the
success of the technology. Hoang et al, reviewed the uptake of dSRNA molecules by plants through
foliar and cellular processes, addressing key barriers and potential overcoming methods (372).
Recently, a study demonstrated that loading RNAi-inducing dsRNA into layered double hydroxide
(LDH) nanoparticles (BioClay) and applying it to plant surfaces through spraying facilitated
sustained release of the dsRNA, leading to increased protection compared to applying naked
dsRNA (367,373). Ongoing efforts in nanotechnology have explored various innovative
approaches to efficiently deliver nanoparticle composite dsRNA into plants.

The application of dsRNA vaccination has been well-established against various plant
RNA viruses (374-381), but limited studies have explored its efficacy against plant DNA viruses,
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particularly begomoviruses. Recently, a study demonstrates the effectiveness of a single dsSRNA
molecule in conferring protection against two tomato-infecting viruses: the bipartite geminivirus
Tomato leaf curl virus (ToLCV) and the tripartite RNA virus CMV (382). Notably, topical
application of dsRNA has shown promise against monopartite geminiviruses as well, such as
Tomato yellow leaf curl virus (TYLCV) (383) and Chilli leaf curl virus (ChiLCV) (384). The study
by Rego-Machado et al. revealed the failure of resistance against Tomato severe rugose virus
(ToSRV), a Begomovirus, in tomato plants (385). In a similar investigation, Delgado-Martin et al.
explored whether exogenously applied dsSRNAs could confer protection against Tomato leaf curl
New Delhi virus (TOLCNDV), resulting in the failure to elicit protection in TOLCNDV infections
(378).
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Figure 15 The RNAI activation by HIGS and SIGS.

The siRNA pathway begins with Dicer's cleavage of double stranded (dsSRNA) or hairpin RNA
(hpRNA) of exogenous or nuclear origin. The resulting siRNA duplex is loaded onto Argonaute
by the RISC-loading complex, which comprises Dicer, a dsRBP protein such as TRBP, and an
Argonaute protein. The passenger strand (blue) is cleaved and ejected. The guide strand (brown)
remains bound to Argonaute, forming the RISC. The RISC binds to complementary target
sequences (green) and silences them via the slicing activity of Argonaute.
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Chapter 2: Molecular Epidemiology of Begomoviruses Infecting

Mungbean from Yellow Mosaic Disease Hotspot Regions of India

2.1 Abstract

Yellow Mosaic Disease (YMD), induced by Begomoviruses with bipartite genomes (DNA-A and
DNA-B), poses a significant threat to mungbean (Vigna radiata L.) cultivation in the Indian
subcontinent. This study addresses the epidemiology of begomoviruses affecting mungbean in
YMD hotspot regions of India. Full-length genomic components from symptomatic leaves were
cloned using rolling circle amplification (RCA) and sequenced. Mungbean Yellow Mosaic Virus
(MYMV) was identified in Bihar, while Mungbean Yellow Mosaic India Virus (MYMIV) was
found in Assam and Orissa. The population structure and genetic diversity of MYMV and MYMIV
isolates from Vigna species in India were examined. Phylogenetic analysis revealed independent
evolution of DNA-A and coevolution of DNA-B in MYMV and MYMIV. This observation was
supported by a high mutation rate and recombination events in DNA-B, particularly in BV1 and
BC1 genes over DNA-A, with a notable transition/transversion bias (R) for DNA-A over DNA-B.
To assess the impact of Begomovirus infection, infectious clones (MYMV and MYMIV) were
constructed and agroinfiltrated into eight mungbean genotypes, cowpea (Vigna unguiculata L.),
and tobacco (Nicotiana benthamiana). The infected plants exhibited varying degrees of YMD
symptoms. Mungbean genotypes were categorized based on disease severity score and viral titre,
with cv. ML267 highly susceptible to MYMV, cv. K851 to MYMIV, and cv. PDM139 and cv.
SML668 showing immunity to MYMV, and cv. Pusa Vishal to MYMIV. In conclusion, this study
provides insights into the molecular characteristics, evolution, and population structure of
begomoviruses affecting Vigna species in India. The identified genotypic variations in
susceptibility to MYMV and MYMIV could contribute to breeding programs aimed at developing
mungbean genotypes resistant to YMD, thereby aiding in the prevention of YMD epidemics in
Vigna species.

Keywords: Agroinoculation - Begomovirus - Epidemiology - Mungbean - RCA - gqRT-PCR
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2.2 Introduction

Mungbean, the third most important grain legume crop in the Indian subcontinent, provides a
cheap source of high-quality dietary protein and essential nutrients (386). Despite India's position
as the world's largest producer and consumer of mungbean, it faces challenges with a low average
yield of 0.5 to 1.5 t/ha (3). Yellow Mosaic Disease (YMD) caused by mungbean yellow mosaic
virus (MYMV) and mungbean yellow mosaic India virus (MYMIV) contributes to yield losses
ranging from 10% to 100%, prevalent globally, especially in India, Bangladesh, and Pakistan (3).
Transmitted by whiteflies, YMD exhibits symptoms like leaf yellowing, necrosis, stunted growth,
and deformed pods with small, immature seeds (58). The bipartite genome of begomoviruses
consists of two components, DNA-A and DNA-B, each approximately 2.8 kb in length. The DNA-
A component encompasses seven overlapping genes that encode proteins responsible for
transcriptional regulation, replication, and packing. Meanwhile, the DNA-B component encodes
two proteins facilitating inter- and intracellular movement of the virus (6).

Legume-infecting begomoviruses MYMIV and MYMV in India show a specific and
overlapping host range, with MYMIV more prevalent in the north, central, and east, and MYMV
in the south and west (232,387). Recent reports indicate a shift in this pattern. Horsegram yellow
mosaic virus (HQYMV) is reported to cause YMD in Vigna crops, including mungbean, in the
Indian subcontinent.

YMD management utilizes pre-planting, in-season, and post-harvest strategies, with a
focus on developing resistant mungbean varieties as the most sustainable approach (10). Breeding
progress faces challenges in identifying resistant varieties under natural conditions, particularly
due to weather-dependent whitefly activity in hotspot screening (202). Variation in whitefly
populations impacts disease development, and using viruliferous whiteflies for screening has
limitations. Agroinoculation-based genotype screening is advantageous, offering efficient
identification of YMD-resistant mungbean genotypes independently of whiteflies (11). This
approach, validated by molecular diagnosis, proves effective in numerous studies, screening for
susceptibility or resistance (254).

The present study aims to (i) identify begomovirus species infecting mungbean through
molecular detection in various YMD hotspot regions of India, (ii) explore sequence variability and
phylogenetic relationships, (iii) investigate recombination events and population structure for
understanding genetic distinctiveness of YMVs Vigna isolates, and (iv) identify mungbean
cultivars resistant to both MYMV and MYMIV using agroinoculation, combining symptom
analysis with molecular detection of viral genome accumulation through RCA and qRT-PCR
expression analysis.

2.3 Materials & Methods

2.3.1 Sample Collection, DNA Isolation and RCA

A field survey was conducted during the 2018 and 2019 cropping seasons in mungbean hotspot
regions of Bihar, Assam, and Odisha, India. Mungbean leaf samples, exhibiting YMD symptoms
and containing whiteflies, were collected from 5 to 10 distant fields (approximately 10 km apart).
Samples were frozen with liquid nitrogen and stored at -80°C. Genomic DNA (gDNA) was
extracted using the HiPurA Plant Genomic DNA Purification Kit. Rolling circle amplification
(RCA) was performed on 100 ng of gDNA to amplify the begomoviral genomes. The RCA
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product, containing concatemers of viral DNA, was monomerized through separate restriction with
EcoRl, Hindlll, BamHI, Pstl, and Sacl. The restricted DNA fragments were cloned into pUC18
vector using respective enzymes, transformed into Escherichia coli strain DH5a and sequenced
(AgriGenome Labs Pvt. Ltd. Kerala, India).

2.3.2 Phylogeny and Recombination Analysis

The nucleotide sequences from the samples were compared to NCBI database using BLASTn
(https://blast.ncbi.nlm.nih.gov/BLAST). In silico analyses, including restriction digestion, PCR,
cloning, primer design, and amino acid sequence analysis, were performed using SnapGene
software (Insightful Science). All identified full-length nucleotide sequences were either deposited
in NCBI GenBank or DDBJ database. For bioinformatic analysis, a total of 129 sequences,
including 6 newly characterized ones, were employed in this study. These sequences were
specifically chosen based on their association with begomoviruses causing YMD in Vigna species.
The dataset consists of 68 full-length DNA-A sequences and 68 DNA-B sequences linked with
MYMYV and MYMIV reported in India as of March 2022. Utilizing the ClustalW algorithm in
MEGA X (388), a multiple sequence alignment was conducted. Subsequently, a phylogenetic tree
for DNA-A and DNA-B of MYMV and MYMIV was constructed using the MEGA X program,
applying 1000 bootstrap replicates and the maximum likelihood algorithm.

2.3.3 Population Structure and Substitution Rate Estimation

Transitional and transversional substitution rates, along with transition/transversion bias (R), were
calculated for DNA-A and DNA-B using Mega X software. Sequence Demarcation Tool (SDT
v1.2) assessed pairwise sequence diversity, and a heat map was generated for both genomes with
a 70% homogeneity threshold. Recombination events were screened using seven algorithms
(CHIMERA, RDP, GENECONV, BOOTSCAN, MaxChi, SISCAN, and 3Seq) in the RDP 4.1
program with default settings (389), controlling for multiplicity using Bonferroni adjustment (with
p values cut off of 0.05) and considering a minimum of three algorithms (390).

Genetic variability among the virus population was determined using DNA Sequence
Polymorphism Software (DnaSPv.6.12). Parameters such as total mutations (1), nucleotide
diversity (), average nucleotide difference between sequences (k), total segregating sites (s), and
Watterson's estimate of population mutation rate based on total mutations (6—1) were assessed
(391). Hypotheses, including Tajima's D and Fu & Li's D*, Fu & Li's F*, were evaluated to
estimate neutral mutation under the DNA polymorphism framework.

2.3.4  Construction of Agroinfectious Clones of MYMV and MYMIV

To generate head-to-tail tandem repeats of MYMV Begusarai isolate and MYMIV Odisha isolate
in mungbean, the DNA-B and DNA-A were amplified using a high-fidelity PCR-based method.
The agroinfectious dimer clone construction is schematically represented in Figure 18. For MYMV
DNA-A amplification from the template Beg-MYMV-A_pUC18 (Acc. No. OK431081), forward
primer 5'-GTAAAACGACGGCCAGT-3' and reverse primer 5'-
GGCATGCGAGCTCTACGCATAATG-3' (containing Sacl restriction sites) were used. PCR
conditions included denaturation at 95 °C for 3 min, followed by 30 cycles of 95 °C for 1 min, 60
°C for 1 min, and 72 °C for 3 min, with a final extension at 72 °C for 10 min. The resulting ~2.7
kb PCR products were cloned into the plant binary vector pCambia3300, creating the monomeric
clone named Beg-MYMV-A_pCam. Subsequently, the 2.7 kb Hindlll viral DNA fragment from
"Beg-MYMV-A_pUC18" was re-cloned into Beg-MYMV-A_pCam, generating a complete
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DNA-A dimer in tandem (named Beg-MYMV-2A _pCam). The orientation of the dimeric clones
was confirmed by Hindlll digestion and sequencing. Similar procedures were followed for the
preparation of agroinfectious dimeric clones of MYMV DNA-B (Beg-MYMV-2B_pCam),
MYMIV DNA-A (Bhu-MYMIV-2A_pCam), and MYMIV DNA-B (Bhu-MYMIV-2B_pCam)
(Table 2). All dimeric clones were transferred into Agrobacterium tumefaciens strain EHA105
through electroporation (25 uF, 200 Q, 2500 V) using a Gene Pulser XCell (Bio-Rad, USA).

2.3.5 Agroinoculation

The extensively cultivated high-yielding or resistant mungbean varieties in India were carefully
chosen and subjected to YMD resistance screening using infectious clones of MYMV and
MYMIV. To assess the infectivity of these clones, non-host plants (Cowpea and tobacco) were
also subjected to agroinfiltration. The agroinfectious clones, including MYMIV DNA-A (Bhu-
MYMIV-2A pCam) and DNA-B (Bhu-MYMIV-2B_pCam), as well as MYMV DNA-A (Beg-
MYMV-2A_pCam) and DNA-B (Beg-MYMV-2B_pCam), were cultured separately in YEP
medium containing antibiotics (50 pg/ml kanamycin and 20 pg/ml rifampicin) overnight at 28 °C
until reaching OD600 = 0.8. The cells were harvested, resuspended in a buffer with 10 mM 2-(N-
morpholino) ethanesulfonic acid (MES) and 10 mM MgCI2 at pH 5.8, and 200 uM acetosyringone.
After agitation at 90 rpm at 28 °C for 1 h, the resuspended cells were infiltrated into the abaxial
surface of young trifoliate leaves of 3-4 weeks-old mungbean plants (eight varieties: cv. K851, cv.
Pusa Vishal, cv. Pusa Ratna, cv. Pusa-105, cv. OUM 11-5, cv. PDM139, cv. SML-668, and cv.
ML267), 4-week-old cowpea plants (cv. Pusa Komal), and non-host tobacco plants (cv. Nicotiana
benthamiana) using a 5 ml needleless syringe. The plants were then kept in a greenhouse at 25 +
2°C with a 16/8 h light/dark cycle. Agroinoculation was performed in three combinations: 1) Beg-
MYMV-2A_pCam + Beg-MYMV-2B_pCam, 2) Bhu-MYMIV-2A_pCam + Bhu-MYMIV-
2B _pCam, and 3) empty pCambia3300 as a negative control.

2.3.6  Visual Symptoms and Molecular Analysis-based Detection

Based on the occurrence and intensity of typical YMD symptoms, the disease scoring of mungbean
genotypes was done using the standard 0-5 scale (202). The scoring is based on the percent area
of leaf symptomatic due to YMD, where 0 denotes no visible symptoms or completely immune,
1 denotes less than 5% leaf area infected (Highly resistant; HR), 2 denotes 6-10% leaf area
infected (Resistant; R), 3 denotes 11-20% leaf area infected (Moderately susceptible; MS), 4
denotes 21-50% leaf area infected (Susceptible; S) and 5 denotes >51% leaf area infected (Highly
Susceptible; HS). Total gDNA was isolated from the leaves of agroinoculated plants exhibiting
YMD symptoms, and RCA was performed to amplify the begomoviral genome. In order to detect
virus accumulation in the inoculated test plants, the RCA products were monomerized by
restriction digestion with unique cutter Pstl. The RCA products were also subjected to diagnostic
conventional PCR analysis using DNA A specific primer set (Table 3).

2.3.7  Viral Titer Quantification by gRT-PCR

For gquantification of virus titre in the inoculated plants of each genotype, quantitative real-time
polymerase chain reaction (qQRT-PCR) was employed. Standard curves facilitating the absolute
quantification of MYMV or MYMIV were established using plasmids containing the cloned full-
length Beg-MYMV-A or Bhu-MYMIV-A genomic components, following the methodology
outlined by (392). Plasmids underwent serial tenfold dilution, covering a range from 107 to 108
copies of the viral genome per sample. DNA extracted from uninfected mungbean plants served
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Figure 16 Mungbean leaf samples collected from several YMD-hotspot fields.

Assam sample Bihar sample Orissa sample

2.7kb

Figure 17 RCA-based amplification of begomoviruses.
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Figure 18 Schematic representation of cloning strategy followed for infectious dimeric clone
preparation.

Infectious dimeric clone preparation of MYMV DNA-A. Similar strategy followed for MYMV
DNA-B as well as for MYMIV DNA-A & DNA-B components in pCambia3300 plant binary
vector. RD: restriction digestion.

Table 2 Set of primers used to construct agroinfectious dimeric clones.

PCR Template ~ Forward primer Reverse primer* Intermediate Final Dimeric
plasmid monomeric clone clone
5°-3’ 5°-3’
Beg-MYMV- 1taaaacgacgaceagt catgcgagctctacgcataat BegyMMV- Beg-MYMV-2A-
Apuclg  l0taaaacgacggocagt - ggcatgogagetetacgeataatg A pCam oCam
Beg-MYMV-  tassacgacggccagt  cgtcgectacageettctqgeataagtaa Beg-MYMV- Beg-MYMV-2B-
B puclg  'dtaaaacgacggecagt — cgiegectgeageetictygeataagtaag B. pCam oCam
Ori-MYMIV - tgtaaaacgacggccagt agtcgacgagctctgatgctctc Ori-MYMIV- Ori-MYMIV-2A-
A puClg  lotaaracgacggocagt - gagtogacgagetetgatg A pCam oCam
Ori-MYMIV- tgtaaaacgacggccagt cce ctgcagctggagattca Ori-MYMIV- Ori-MYMIV-2B-
B puClg  lotaaacgacggecag ggggctacagetggagattcag B. pCam oCam
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Table 3 Primers used to detect viral DNA in agroinfected plants via conventional PCR.

Template Forward primer 5°-3’ Reverse primer 5°-3’
RCA product of MYMV infected samples ctatcgccttcaatcacaatg cattcgacatcggggtag
RCA product of MYMIV infected samples cgtccatccataccttacccg gtatgcgtcgttggcagattg

Table 4 Primers used for qRT-PCR to calculate viral copy number in agroinfected plants.

AC1 gene specific forward primer ~ AC1 gene specific reverse primer

Template
5°-3 5°-3
Total gDNA of MYMV infected leaf agtgctgtgttatcagectcg ggcagtctaacgtcaagtacgg
Total gDNA of MYMIV infected leaf ctaataggtctatctggccgeg cggatattcacagagcctgtcc

as standards. Each gRT-PCR reaction comprised a 20 pl volume, incorporating 10 pul SYBR Green
mix (PowerUp™ SYBR™ Green Master Mix, Applied Biosystems™), 1.6 ul (0.5 uM) of Rep
(AC1) gene-specific primers (Table 4), and 1 ul of template DNA. Optimization of qRT-PCR
reactions for both primer sets involved initial denaturation at 95 °C for 2 min, followed by 40
cycles of 95 °C for 15 s and 60 °C for 30 s, conducted in a Rotor-Gene® Q (QIAGEN). Standard
curves were generated through linear regression analysis of Ct values over the log of total DNA
content in each dilution. All reactions were performed with three technical replicates and three
biological replicates.

2.4 Results

2.4.1 Cloning of Begomoviruses Associated with Mungbean YMD Hotspots in India

Leaf samples exhibiting characteristic yellow spots and leaf curling symptoms were systematically
collected from mungbean hotspot regions in Bihar, Assam, and Odisha, India (Figure 16).
Symptomatic plants displayed reduced pod numbers and stunted growth in comparison to their
healthy counterparts. A total of 17 begomovirus clones were successfully obtained using RCA.
Subsequent restriction digestion and sequencing of RCA products revealed distinctive bands of
~2.7 kb for DNA-A and ~2.6 kb for DNA-B, characteristic of begomovirus genomes (Figure 17).
Notably, samples from asymptomatic plants in close proximity showed consistently negative
results, indicating the absence of RCA products. The genomic sequences of DNA-A and DNA-B
encoded the anticipated ORFs typical of New World begomoviruses. Detailed information on viral
genomic sequences, including accession numbers and sequence identity, is provided in Table 5.
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Table 5 Viral components identified in mungbean collected from YMD hotspot.

O e DA N S U g g e
site Identity with

Bihar MYMV DNA-A OK431081 2730 RCA, HindlII 98.42% JQ398669

MYMV  DNA-B  OK431082 2675 RCA, EcoRl 96.20% JQ398670
Orissa MYMIV DNA-A OK431083 2746 RCA, Pstl 98.03% KU950430

MYMIV DNA-B OK431084 2655 RCA, EcoRI 98.46% KU950431
Assam MYMIV DNA-A OK431079 2746 RCA, Pstl 98.73% KU950430

MYMIV DNA-B  OK431080 2654 RCA, BamHlI 98.00% KU950431

Table 6 Recombination analysis for DNA-A (1 to 13) and DNA-B (14-33).
~ Breakpoint Position Putative '
Recombination Major Putative

S. Sequence Begin End Loci Parent Minor Parent Methods (¥) p value (£)
1 OK431081 378 984 AV1 KC911721 KX363947 RGBMCST  8.277*10%
2 MN698289 412 1188 AV1 MNG698280  Unknown RGMST 5.707*104
3 KC911723 516 1048 AV1 KC911723 Unknown RGBMCST 7.353*10V7
4 MT671430 2746 1739 AC1 MT232629 Unknown RBMCST 8.358*10%0
5 KC911722 1185 2827 AV1 MW436692 KC911717 MST 1.491*10°08
6 AJ416349 2464 695 AC1, AC2 KP779630 KX363947 MCT 2.189*10%
7 MN698295 2678 2087 AC1 AY271896 MN602422 GBMCS 1.112*101¢
8 OK431083 1809 203 AV1,AC3 MT312254 KU950430 MCST 2.345*10°%0
9 MT312254 1433 41 AV1 KP313758 Unknown MCT 1.185*10%
10 MW600934 674 780 AVl NZ235792 MN698280 RGT 2.548*10°%
11 MH324445 1599 2742 ACl1l MT232629 MW917145 MCS 1.532*%10°%°
12 AY?271893 2351 1059 AC2, ACl LC271790 KC911720.1 MCS 9.967*10°%
13 DQ400847 1385 2744 AC1 Unknown KP779630 MCST 3.869*10°%
14 MN698290 499 1906 BV1,BC1 KP319017 MW917146 RGBMCST 1.970*%1028
15 MZ356197 369 2501 BV1,BC1 MN020536 KP319017 RGBMCST 7.020*10*®
16 KP828155 2102 162 BV1,BCl1 EU523.46 MT232630 RMCT 2.880*101
17 MTO027039 371 2666 BV1,BC1 Unknown MN698283 RGMCST 3.828*10°%
18 OK431080 179 2286 BV1,BCl1 AY939925 KC911729 MCST 3.382*10%
19 MNO020536 189 285 A-rich KC911730 0OK431082 RGMCT 4.150*10%
20 LC651663 2505 2620 CR MN698292  OK431082 RGBMCST  1.488*10
21 KC911725 765 2184 BCl DQ400849 KC911730 RGMCST 1.472%10°08
22 MW659820 758 863 BV1 MW659819 KC911730 RGT 1.810*10°08
23 KC911729 226 2302 BV1,BCl1 KC911730 KC911724 MCST 1.162*107
24 MF693402 2200 552 BV1,BCl KP7796331 KX363948 RMS 6.599*10°0°
25 MW659820 2371 2601 CR MF693402 KC911729 RGMCST 9.733*10
26 KC911730 33 178  A-rich Unknown KC911729 MCST 3.007*10%
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27 LC271793 1279 2039 BC1 MT232630  LC271791 MCT 1.185*100°
28 MT232630 189 274 A-rich KC911730 OK431082  RGT 1.650*107
29 KX36398 2161 2317 CR MT671431  AY27189%4 GMS 8.626*10°%
30 KP779634 1416 2236 BC1 MW659820 EU523046 RGMST 4.514*10°¢
31 KC911729 2488 2644 CR Unknown KC911730 GBST 1.755*10%
32 MW917146 1428 2159 BC1 MW659820  AY939925 MCST 9.078*10°%
33 KC911726 20 2575 BV1,BC1 Unknown KP319017 MCST 1.370*10%

* CR, a common region of a begomovirus genome; Methods (¥): R, RDP; G, GeneConv; B, Bootscan; M, MaxChi; C, Chimaera; S, SiScan; £, The
lowest P-value calculated for the underlined method in the column

Table 7 Substitution rate of MYMV and MYMIV isolates of Vigna species.

Virus Transitional substitution Transversional substitution Transition / Transversion bias
componant rate rate (R)
DNA-A 10.71-18.61 4,72-6.65 1.21
DNA-B 9.42-17.90 4,77-7.83 0.99

Table 8 Genetic structure of MYMV and MYMIV isolates of Vigna species.

Virus component* S n T k 06—
DNA-A 493 616 0.091 137.3 0.085
DNA-B 992 1440 0.127 268.5 0.142

*, virus components of all known up-to-date MYMV/MYMIV of Vigna isolate from India; =, the total number of mutations; k, the average number
of nucleotide differences; 1, the total number of mutations.

Table 9 Neutrality tests of MYMV and MYMIV isolates of Vigna species.
Neutrality tests

Virus componant Tajima’s D Fu& Li’s D Fu& Li’s F
DNA-A 0.23823 -0.75845 -0.25674
DNA-B -0.37852 -0.62215 -0.39384

2.4.2  Viral DNA Sequence Analysis

The BLAST analysis and pairwise sequence comparison revealed a sequence similarity of 96—98%
with other begomovirus isolates, indicating that the isolated strains are variants of previously
reported begomoviruses (393). The MYMV mungbean isolate of Bihar [DNA-A OK431081.:
DNA-B OK431082] exhibited the highest sequence identity (96.20-98.42%) with the MYMV
urdbean isolate of New Delhi [DNA-A JQ398669, DNA-B JQ398670]. The MYMIV mungbean
isolates of Assam [DNA-A OK431083; DNA-B OK431084] and Orissa [DNA-A OK431079;
DNA-B OK431080] showed ~98% sequence identity with the MYMIV mungbean isolate of
Meghalaya (Table 5). The DNA-A component encodes seven ORFs, including two (capsid protein
AV1 and pre-coat protein AV2) in the virion sense strand (5°-3”) and five (Rep protein ACI,
transcriptional activator protein AC2, replication enhancer AC3, pathogenicity determinant AC4
and ACS5 gene) in the complementary sense strand (3°-5”). The DNA-B component encodes two
predicted ORFs (nuclear shuttle protein BV1 and movement protein BC1), one in each orientation.
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The MYMV mungbean isolate of Bihar contains three iterons (ATCGGTGT) and a stem-loop
structure (TAATATTAC) within the common region (CR) of 132 bp, whereas the MYMIV
mungbean isolates of Assam and Orissa have four iterons (ATCGGTGT) and a stem-loop structure
(TAATATTAC) in the CR (124 bp). Additionally, the pairwise nucleotide identity matrix suggests
~85% sequence similarity among DNA-A of MYMV and MYMIV and ~75% sequence similarity
for DNA-B.

2.4.3 Phylogenetic Analysis
Phylogenetic analysis of complete DNA-A sequences of begomovirus isolates, including reported
YMD-associated viruses, is presented in (Figure 19). MYMIV DNA-A sequences are categorized
into three groups: Group | include isolates from soybean, urdbean, and pigeonpea from Jabalpur,
Akola, and Raichur, respectively; Group Il contains isolates from french bean and dolichos; and
Group I includes sequences from tomato and soybean isolates from Bengal and Chitrakoot.
MYMIV isolates from Assam (OK431079) and Orissa (OK431083), grouped with MYMIV
sequences from Meghalaya (KU950430), Chirtakoot, and Tirupati in Group I11, show a maximum
sequence identity of ~98%, indicating that these are isolates of MYMIV. The phylogenetic analysis
segregates MYMV DNA-A components into two groups. The majority of the viruses are clustered
in Group |, containing sequences from Dharwad, Belgaum, Namakkal, and Hyderabad, while
Haryana and Tirupati isolates are distantly related within the same group. In Group 1l, the MYMV
isolate of Bihar (OK431081) shares the highest nucleotide identity (~98%) with the MYMV-
Urdbean isolate from New Delhi (JQ398669).

Similarly, DNA-B components form three major groups, as shown in (Figure 20). In Group
I, except for the MYMYV black gram isolate (MZ235793) of Guntur, all sequences belong to
MYMIV of french bean, soybean, urdbean, and pigeon pea isolates from Aligarh, Varanasi,
Jabalpur, and Bhopal. Group Il consists of two clusters: one contains the newly characterized
MYMIV isolates of Assam (OK431080) and Orissa (OK431084), closely related to the MYMIV
isolates of Meghalaya and Chitrakoot, while the other cluster contains MYMYV black gram and
mungbean isolates of Coimbatore, Namakkal, and VVamban. This group likely occurred due to
reassortment between MYMV DNA-B and MYMIV DNA-B [62]. Group Il is also segregated
into two clusters: the larger cluster consists of MYMYV isolates from Belgaum, Raichur, Dharward,
and Hyderabad, and the other cluster includes two sequences, MYMYV isolate of Begusarai
(OK431081) and MYMV Urdbean isolate of New Delhi. This newly identified DNA-B component
of MYMV isolate of Bihar is basal to and distinct from all other MYMV DNA-Bs.

2.4.4 Recombination Analysis

Within the populations of DNA-A or DNA-B, evidence of intertwined evolution suggests
attribution to recombination events. The investigation focused on identifying putative
recombination breakpoints and determining minor and major parental viruses for the sequence
datasets of MYMV and MYMIV. Upon analysis, twenty-four breakpoints were found in sixty-
eight DNA-A sequences, with only 13 breakpoints meeting the minimum threshold. A
recombination breakpoint was observed in the AV1 gene of the MYMYV isolate of Bihar
(OK431081) at nucleotide positions 378 to 984, and one event for the MYMIV isolate of Orissa
(OK431083) indicated a potential recombinant in the AC3 and ACL1 genes (nucleotide positions
1806 to 203).
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Figure 19 Phylogenetic and pairwise nucleotide identity matrix analysis of DNA-A.
Phylogenetic analysis of DNA-A using maximum likelihood tree algorithm with bootstrap values
of 1000 replicate (at nodes) using MEGA X software. Color pairwise nucleotide identity matrix
performed using Sequence Demarcation Tool version 1.2 (SDTv1.2). A) Phylogenetic tree of 68
DNA-A grouped into two clades, i.e. MYMV and MYMIV, where MYMIV further segregated
into 3 major groups; B) Color pairwise nucleotide identity matrix of the full length of DNA-A

-

Figure 20 Phylogenetic and pairwise nucleotide identity matrix analysis of DNA-B.
Phylogenetic analysis of DNA-B using maximum likelihood tree algorithm with bootstrap values
of 1000 replicate (at nodes) using MEGA X software. Color pairwise nucleotide identity matrix
performed using Sequence Demarcation Tool version 1.2 (SDTv1.2). A) Phylogenetic tree of 68
DNA-B is categorized majorly into three groups; B) Color pairwise nucleotide identity matrix of
the full length of DNA-B.
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Figure 21 Systemic infection of MYMV and MYMIV in mungbean and non-host plants.
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Figure 22 PCR-based confirmatory analysis of agroinoculated plants.

Conventional PCR confirmatory analysis of agroinoculated plants performed using internal primer
set which is specific either to Beg-MYMV-A or Ori-MYMIV-A. (NB) N. benthamiana; (A) K851,
(B) Pusa Ratna; (C) Pusa Vishal; (D) PDM139; (E) SML668; (F) Pusa 105; (G) ML267; (H) OUM
11-5; (1) positive control; (M) 100 bp DNA ladder; (PK) cowpea Pusa Komal; (N) no template,
negative control; (W) noninfected mungbean cv. K851; (Z) mock inoculated by pCambia3300 in
mungbean.

Table 10 Infectivity analysis of MYMV and MYMIV infectious dimeric clones.

Types Severity

! Avg. PC RCA
\F}Z?itety Elant ;::;l:rsl ir_1f(_act Symptf)ms grade R /R.D. GUs /100 Disease rating
-ivity (21 dpi) * (0-5) ® (B ng DNA
1 PDM139 MYMV  0/10 No 0 - - 75.33 Immune
MYMIV ~ 2/10 MY 1 + + 47.33 H. resistant
2 PusaVishal MYMV 9/10 YM, St 4 + + 171208.67  Susceptible
MYMIV  0/10 No 0 - - 36 Immune
3 Pusa Ratna MYMV  8/10 MY 2 + + 12848.67 Resistant
MYMIV ~ 10/10 YM,St 4 + + 174478.33  Susceptible
4 Pusa 105 MYMV  8/10 MY 2 + + 8371.67 Resistant
MYMIV ~ 8/10 YM 3 + + 21163.33 M. susceptible
5 K851 MYMV  10/10 YM,SL,LC 4 + + 130.33 Susceptible
MYMIV  10/10 YM,St,LC,SL 5 + + 696069.33  H. susceptible
6 ML 267 MYMV  10/10 YM,St,LC,SL 5 + + 689031.01  H. susceptible
MYMIV  8/10 MY, LC 3 + + 26796.33 M. susceptible
7 SML 668 MYMV  0/10  No 0 - - 43 Immune
MYMIV ~ 3/10 MY 1 + + 47.33 H. resistant
8 OUM 11-5 MYMV  10/10 YM,LC, SL 4 + + 395148.33  Susceptible
MYMIV  9/10 MY, LC 2 + + 5865.33 Resistant

*Days Post Inoculation (dpi); LC, leaf curling; SL, small leaves; MY, mild yellowing; St, stunting; YM, yellow mosaic; + indicates the presence of
viral components; ¥ Primers specific for MYMV or MYMIV DNA-A; £, RCA restriction digestion using unique site generating 2.7 kb specific to DNA-
A
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Similarly, for DNA-B, out of twenty-five recombination breakpoints among sixty-eight DNA-B
sequences, five breakpoints did not satisfy the threshold. A total of four breakpoints were detected
in the isolates identified in this study. The MYMIV isolate of Bihar (OK431082) is the putative
minor parent in three breakpoint events, and the MYMIV isolate of Assam (OK431080) is the
potential recombinant in the other event (Table 6).

2.4.5 Genetic Structure and Demographic Analysis

Rates of different transitional substitutions of DNA-A ranged from 10.71 to 18.61, and
transversional substitutions ranged from 4.72 to 6.65, with an estimated transition/transversion
bias (R) of 1.21. Similarly, transitional substitutions of DNA-B ranged from 9.42 to 17.90,
transversional substitutions from 4.77 to 7.83, and the estimated transition/transversion bias (R)
was 0.99 (Table 7). The mutation rate plays a vital role in genetic variability to adapt to changing
environments. Here, we calculated the total number of mutations (1) for DNA-A to be 0.091, and
for DNA-B, it was 0.127, whereas the average number of nucleotide differences (k) of DNA-A
was 136.3, and for DNA-B sequences, it was 268.5. For DNA-B, the total number of mutations
(n) is higher than that of DNA-A, i.e., 1440 and 616, respectively (Table 8). Statistical deviations
were calculated using neutrality tests (Tajima's D, Fu & Li's D*, and Fu & Li's F*) for sequence
datasets of DNA-B and DNA-A. These tests indicated negative values for both datasets,
confirming purifying selection and the conserved nature of a gene for MYMV and MYMIV in
India (Table 9).

2.4.6 Infectivity Analysis of Cloned MYMV and MYMIV

The mungbean genotypes were classified based on disease severity determined by percent disease
incidence (PDA), RCA-PCR method, and viral titre quantification. Agroinfectious clones of
MYMYV and MYMIV mungbean isolates, constructed using DNA-A and DNA-B dimers, were
employed to assess their infectivity in selected mungbean, cowpea (Pusa Komal), and tobacco (N.
benthamiana) genotypes. Typical YMD symptoms, such as yellow mosaic spots and leaf curling,
were observed in infiltrated mungbean plants at 22 days post-infiltration (dpi), tobacco plants at
20 dpi, and cowpea plants at 40 dpi (Figure 21). Symptomatic plants were confirmed by PCR using
AC1 and AC2-specific primers (Figure 22). Additionally, absolute quantification of MYMYV and
MYMIV was performed using gRT-PCR, with total DNA from agroinoculated mungbean
genotypes as the template. The standard curve equation was derived by plotting Ct values against
log viral DNA-A (conc= 10" (-0.385*CT + 11.138) [R2=0.99843] for MYMV, and conc= 10" (-
0.293*CT + 9.240) [R2= 0.99783] for MYMIV).

Among the mungbean varieties, PDM 139 and SML 668 exhibited immunity to MYMV,
with a severity score of 0, an absence of viral DNA, and an insignificant viral titre (Table 10). Pusa
Vishal was found to be immune to MYMIV. PDM 139 and SML 668 showed high resistance
against MYMIV, with a severity score of 1, detectable viral DNA, and viral copies/Genomic Units
(GUs). Immune and highly resistant varieties had <100 copies/100 ng of DNA. Resistant varieties,
with 100 — 15,000 copies/100 ng of DNA and a severity score of 2, included Pusa Ratna and Pusa
105 against MYMV and OUM 11-5 against MYMIV. The MYMIV-infected Pusa 105 and ML
267 exhibited moderate susceptibility (15,000-100,000 copies/100 ng of DNA and a severity score
of 3). The mungbean varieties Pusa Vishal, K851, and OUM 11-5 were susceptible to MYMV,
and Pusa Ratna was susceptible to MYMIV, with 100,000-400,000 copies/100 ng of DNA and a
severity score of 4. The highly susceptible varieties to MYMV and MYMIV were ML 267 and
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K851, respectively, with a corresponding viral titre of > 400,000 copies/100 ng of DNA and a
maximum severity score of 5 (Table 10).

2.5 Discussion

Mungbean serves as a crucial grain legume, contributing significantly to the dietary protein supply
in India and other South-Asian nations (394,395). However, it faces various diseases, such as
Bacterial leaf blight (Xanthomonas phaseoli), Cercospora leaf spot (C. canescens, C. cruenta),
powdery mildew (Erysiphe polygoni), and yellow mosaic disease (Viral). Yellow mosaic disease
is attributed to begomoviruses, specifically MYMV, MYMIV, DoYMV, and HgYMV (9). The
impact of YMD caused by MYMV and MYMIV is significant, negatively affecting mungbean
seed quality and overall plant growth. Visible symptoms include yellow mosaic spots on leaves,
leaf curling, and reduced pod size, ultimately leading to a substantial yield penalty (396). The first
reported YMD-associated MYMYV infection in mungbean and blackgram occurred in India, as
documented by Nariani et al. (196). Prevalence of MYMV and MYMIV in mungbean crops has
been reported in various districts of Karnataka, Tamilnadu, and Andhra Pradesh (397,398). In
North India, MYMV isolates were identified as the most active strain (399), while MYMIV was
prevalent in central and northeast India (400,401). This extensive survey conducted in three
different Indian states aimed to identify begomoviruses responsible for YMD in mungbean.

Our study confirms the presence of MYMIV and MYMYV in mungbean YMD in the Eastern
(Bihar and Odisha) and North-Eastern regions (Assam) of India. Multipartite begomoviruses
exhibit rapid evolution through recombination and mutation, emphasizing the need for continuous
surveillance and characterization of virus populations (27). Using RCA for amplification, cloning,
and sequencing, we isolated and characterized variants of MYMIV and MY MV mungbean isolates
from these regions. RCA of 17 symptomatic samples identified 6 DNA components (~2.7 kb),
representing DNA-A and DNA-B of MYMYV and MY MIV. Comparative analysis revealed distinct
relationships, with the Bihar MYMYV isolate closely related to the New Delhi MYMV-Urdbean
isolate, and newly identified MYMIV isolates from Bhubaneshwar and Guwahati showing
similarity to a Meghalaya MYMIV isolate. Our finding aligns with previous consistent
observations, indicating the sustained presence of a MYMV strain genetically most akin to a
MY MV-Urdbean isolate in North India over the years. Similarly, the prevalence of the MYMV
isolate of Vigna is notable in South India, while MYMIV has been documented in East India (402).
Notably, the newly identified MYMIV mungbean isolates from Bhubaneshwar and Guwahati both
exhibit ~98% identity with the MYMIV mungbean isolate from Meghalaya (401). Based on DNA
sequence identity, we highlight new variants of MYMV and MYMIV isolates in mungbean,
currently predominant in mungbean cultivation fields across India.

Phylogenetic analysis unveiled two distinct groups of DNA-A, each associated with
various legume plants across diverse regions of India, confirming the independent evolution of
their genomes. In contrast, DNA-B was observed to co-evolve with MYMV and MYMIV
genomes, likely due to a high rate of mutation and genetic recombination events. The calculated
transitions/transversions bias (R) was greater than one for DNA-A and almost equal to one for
DNA-B, indicating a frequent occurrence of transitions compared to transversions in the selected
viral DNA sequences. This bias is crucial for accurately inferring phylogeny, genome evolution,
and divergence analysis (403). Genetic recombination and a high mutation rate are pivotal factors
contributing to significant genetic variation in geminiviruses (404-406). Mixed infections may
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contribute to virus evolution through recombination events occurring throughout the genomic
sequence in begomoviruses (401,407,408). Our recombination analysis suggests that the AC1 and
AV1 regions could be recombination hotspots in DNA-A, while the BC1 and BV1 regions hold
potential in DNA-B (Table 6). The A-rich and Common region of DNA-B in the MYMV
mungbean isolate from Begusarai (OK431082) were identified as the putative minor parent for
MYMIV mungbean isolates from Pune and Raipur. Similarly, the DNA-A component of the
MY MIV mungbean isolate from Bhubaneswar (OK431083) is a potential recombinant at AV1 and
AC3 genes (1809 to 203), with the MYMIV black gram isolate from Tirupati (MT312254) as the
major parent and the MYMIV mungbean isolate from Meghalaya (KU9504430) as the minor
parent. Detailed genetic variability and the population of other begomoviruses were analyzed to
understand begomovirus evolution (59,406,407,409). Newly identified isolates share 90 to 93%
sequence similarity with MYMV isolates reported until 2015 in India. In contrast, MYMV
sequences reported after January 2015 (available as per the NCBI database) share more than 97%
sequence similarity, potentially due to recombination events during that period. No similar pattern
was observed in the case of MYMIV, as they share a close range of 95+2% sequence similarity.
Genomic structure analysis predicted DNA-B to have encountered more mutations than DNA-A,
with double the number of mutations and nucleotide differences observed in DNA-B. Such genetic
variability evades the plant defense mechanism from time to time. Hence, periodic screening of
genotypes and varieties against newly emerging viruses is crucial for identifying resistance sources
against YMV.

Researchers employ a promising strategy to identify MYMV-resistant sources in
mungbean. Initially, a large number of mungbean germplasms undergo screening under natural
field conditions, and selected resistant genotypes are subsequently re-evaluated under controlled
conditions using the agroinoculation method (410-413). Field screening, dependent on whiteflies,
initially identifies 28 mungbean genotypes as resistant, but when subjected to agroinoculation,
only three genotypes are confirmed as MYMYV resistant (254). The agroinoculation method has
recently been optimized to achieve maximum MYMYV infection efficiency in mungbean plants
(11). Various studies involve the development of infectious clones for MYMV and MYMIV
mungbean isolates using complete dimeric viral DNA in a plant binary vector (11,13,413-416). In
the present study, co-infiltration of DNA-A and DNA-B clones on host mungbean and susceptible
non-host cowpea and tobacco produces typical yellow mosaic symptoms, satisfying Koch's
postulates (254). Confirmation of the viral components' accumulation is achieved through the
digestion of RCA products for size confirmation, followed by PCR with DNA-A specific primers,
validating the virulence of the constructed clones. These clones are then utilized to assess the
susceptibility of eight mungbean genotypes based on the manifestation of typical YMD symptoms.

In 2013, Paul et al. identified mungbean genotypes PDM-139 and SML-668 as moderately
resistant, while Pusa-105, Pusa Vishal, and Pusa Ratna were classified as moderately susceptible
to MYMV in the agro-ecological conditions of West Bengal (417). A previous report categorized
PDM-139 as immune after screening it for resistance against begomoviruses with isolates from
Tirunelveli, Pusa, and Ludhiana (402). Under natural field conditions, mungbean genotypes
displayed diverse responses to MYMV, ranging from highly susceptible (Pusa Vishal and K851)
to resistant (PDM-139) (418). Consistent with earlier findings, we confirm PDM-139 and SML-
668 as immune to MYMV but highly resistant to MYMIV. While Pusa Vishal exhibited
susceptibility to MYMV, as reported by Paul et al. in 2013, it surprisingly displayed immunity to
MYMIV. Consequently, future studies may use the Pusa Vishal genotype as a model plant to
explore its distinct response mechanisms against MYMYV and MYMIV infections, contributing to
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a deeper understanding of plant defense mechanisms. ML-267 and K-851 were highly susceptible
to MYMV and MYMIV, respectively, with altered susceptibility upon infiltration.

Pathogen detection methods based on real-time PCR offer superior sensitivity and accuracy
compared to other approaches. Real-Time PCR assays utilizing SYBR Green chemistry rely on
the binding of SYBR Green dye to double-stranded amplified DNA, enabling the quantification of
target sequences (419). Numerous studies have demonstrated the efficacy of gRT-PCR assays in
quantifying viral titers, coupled with disease symptom severity-scoring methods, to categorize
plant genotypes based on their disease resistance responses (392,420,421). In this study, resistance
screening was further supported by the absolute quantification of viral titers. Highly susceptible
genotypes ML267 and K851 against MYMYV and MYMIV, respectively, exhibited viral titers of
approximately 6.5*10"5 GUs per 100 ng of genomic DNA. Immune and highly resistant genotypes
showed insignificant virus titers for quantification, i.e., less than 50 GUs per 100 ng of genomic
DNA. These cloned sequences can be further employed in resistance screening for various
leguminous crops. Thus, this study provides a comprehensive survey of the genetic diversity of
YMD-associated begomoviruses linked with MYMV and MYMIV isolates of Vigna species in
India, along with resistance screening of eight mungbean genotypes using newly characterized
sequences.

2.6 Summary

In this chapter, we conducted an epidemiological study on Yellow Mosaic Viruses (YMVSs), the
causative agents of Yellow Mosaic Disease (YMD) in mungbeans. Symptomatic mungbean leaf
samples from YMD hotspot regions in Bihar, Orissa, and Assam, India, were assessed for the
presence of YMV. Molecular analysis utilizing PCR and RCA confirmed the presence of viruses
in the collected samples. Viral DNA sequence analysis revealed the presence of the MYMIV
isolate in Assam and Orissa samples, while MYMYV was found to be associated with samples
collected from Bihar. Furthermore, phylogenetic, recombination, and mutation analysis showed
differences in the ancestry of DNA-A and DNA-B. The analysis indicated a higher number of
recombination events in DNA-B compared to DNA-A, resulting in increased genetic variability in
DNA-B.

Additionally, we prepared agroinfectious clones of MYMV and MYMIV to screen YMD-
resistant and susceptible mungbean cultivars. Our findings showed that cultivars PDM-139 and
SML-668 are immune to MYMYV but highly resistant to MYMIV. On the other hand, cultivar Pusa
Vishal exhibited susceptibility to MYMYV but immunity to MYMIV. In contrast, cv. K851 was
highly susceptible to both MYMV and MYMIV. Based on these observations, we proceeded to
develop resistance in cv. K851 using RNA..
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Chapter 3: Hairpin-RNA Spray Confers Resistance to Mungbean

Yellow Mosaic India Virus in Mungbean

3.1 Abstract

Mungbean yellow mosaic India virus (MYMIV) poses a severe threat to mungbean crops,
necessitating sustainable, non-transgenic control strategies. This study investigates the
effectiveness of double-stranded RNA (dsRNA) for RNA interference (RNAI)-based resistance
against MYMIV. Among three intron hairpin RNAI (hpRNAI) constructs - hpTR-1: AC4/AC1,
hpTR-2: AC2/AC3, and hpTR-1+2: AC4/AC1_AC2/AC3 (fusion construct) - the hpTR-1+2
provided 100% protection against MYMIV in mungbean, as demonstrated by a transient
agroinfiltration assay. Consequently, the hpTR-1+2 cassette was chosen for in vivo dsRNA
production. Spraying of plants with dsSRNA resulted in sSiRNA (ranging from 21 to 24 nt in length)
formation in treated and nontreated distal tissues validated by semi-reverse transcription-PCR and
northern blotting. Importantly, naked hpRNA spray conferred resistance to MYMIV in mungbean,
with the most significant inhibition of MYMIV replication observed when plants were treated on
the same day, two days, and four days before viral inoculation. This resulted in disease ratings of
immune, highly resistant, and resistant, respectively, providing valuable insights for optimizing
treatment scenarios.

Keywords: Mungbean yellow mosaic India virus (MYMIV), RNA interference (RNAI), Double-
stranded RNA (dsRNA), Mungbean
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3.2 Introduction

Mungbean (Vigna radiata L. Wilczek) is a crucial legume crop in India and South Asian countries,
providing an affordable source of high-quality dietary nutrients (217,422). Cultivated in tropical
and sub-tropical regions globally, India is a prominent producer and consumer of mungbean (3).
Despite its significance, the average productivity of mungbean in India remains low (3). Yellow
mosaic disease (YMD) poses a major challenge to mungbean cultivation worldwide (62,193).
Caused by yellow mosaic viruses (YMVs) transmitted by the whitefly (5,228), YMD leads to crop
yield losses ranging from 10 to 100% (8). The disease is prevalent in countries like India,
Bangladesh, and Pakistan (193). YMD is caused by four distinct begomoviruses, collectively
known as yellow mosaic viruses (YMVs) (9), including Mungbean Yellow Mosaic Virus (MYMV)
(201), Mungbean Yellow Mosaic India Virus (MYMIV) (257), Dolichos Yellow Mosaic Virus
(DoYMV) (208), and Horsegram Yellow Mosaic Virus (HgYMV), all belonging to the genus
Begomovirus within the family Geminiviridae (6).

The begomovirus genus, comprising 445 distinct species, is the largest in the virosphere
(6). It induces economically significant diseases in crucial crops like mungbean (62). New World
(NW) begomoviruses have bipartite genomes, while Old World (OW) begomoviruses exhibit both
monopartite and bipartite configurations. The genome structure includes bipartite (DNA-A and
DNA-B) or monopartite configurations, each circular single stranded DNA (ssDNA) components
being around 2.7 kb (75). Additionally, begomoviruses are associated with circular DNA satellites:
betasatellites, alphasatellites, and deltasatellites (7,55,142). Begomovirus proteins, play
multifunctional roles crucial for disease development. DNA-A features six open reading frames
(ORFs): two in the virion sense (AV1 and AV2) and four in the complementary sense (AC1, AC2,
AC3, and AC4). DNA-B comprises two ORFs: BV1 and BC1. AV2 is unique to Old World
bipartite begomoviruses, absent in New World viruses. AV1 and AV2 encode capsid protein (CP)
and pre-coat protein, respectively (140). AC1, AC2, and AC3 serve as replication initiator protein
(Rep) (45,132), transcription activator protein (TrAP) (88,91), and replication enhancer protein
(RENn) (85,98,423), respectively. AC4-encoded protein is essential for symptom production
(424,425). DNA-B carries BC1 and BV1 ORFs, functioning as movement protein (MP) and
nuclear shuttle protein (NSP) (107), respectively (101,106).

Among various YMD management strategies deployed, RNA interference (RNAI) is a
highly effective strategy for developing durable resistance against viral diseases in plants (314).
Plants employ post-transcriptional gene silencing (PTGS) to silence or knock down the expression
of specific viral genes, conferring resistance (333). This mechanism involves the sequence-specific
degradation of viral RNA, achieved by processing double-stranded RNA (dsRNA)/hairpin RNA
(hpRNA) or partial overlapping transcripts of DNA viruses into small interfering RNA (siRNA)
of approximately 21-24 nucleotides. Dicer-like enzymes facilitate this process (15). The processed
SiIRNA binds to argonaute (AGO) protein and incorporates into the RNA-induced silencing
complex (RISC), leading to the degradation of target RNA or viral transcripts with sequence
similarity to the siRNA (315-317). Additionally, complementary guide RNA can serve as a primer
for RNA-dependent RNA polymerase (RDR), generating secondary siRNA and ensuring the
amplification of the siRNA signal (321).

The principle of RNAI has been extensively used to engineer transgenic resistance in plants
against viruses (218,288,291,350,352,426). This involves genetically modifying plants with a
segment of nucleotide sequence from the viral genome. Transgenic technology has successfully
produced begomovirus-resistant cultivars in various legume crops, including mungbean (288).
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While stable transgene integration allows efficient RNAI induction against geminiviruses, the
broader adoption of Host-Induced Gene Silencing (HIGS) faces challenges such as limited
transformation protocols, time-consuming processes, high costs, public concerns about genetically
modified organisms (GMOs), stringent regulatory laws, and engineered RNA silencing trait
instability (299). To address these challenges, an alternative approach has emerged, involving the
induction of RNAI in plants against viruses through the external or topical application of
dsRNA/hpRNA derived from the viral genome (15). This non-GMO approach is promising,
efficient, and socially acceptable for viral disease management (303).

The use of externally applied naked dsRNA to prevent infection by various plant viruses
was first reported by Tennellado and Diaz Ruiz in 2001 (377). Subsequent studies confirmed the
efficacy of dSRNA vaccination against several plant RNA viruses (374-376,378-381). Although
limited, there are reports of RNA-based vaccination against DNA viruses like begomoviruses (15).
For instance, Namgiala et al. utilized RNA-based vaccination to confer protection against the
bipartite geminivirus Tomato leaf curl virus (TOLCV) and the tripartite RNA virus Cucumber
mosaic virus (CMV) (382). Recently, the approach was successfully employed in blackgram plants
against MYMV (427). Topical dsRNA application also shows promise against monopartite
geminiviruses such as Tomato yellow leaf curl virus (TYLCV) (383) and Chilli leaf curl virus
(ChiLCV) (384).

In the present study, a non-transgenic approach was employed to induce resistance to YMD
in mungbean. Initially, three hpRNAI constructs were transiently expressed in the MYMIV-
susceptible mungbean cultivar K851, akin to previous studies (288,428), to evaluate their efficacy
in providing protection against MYMIV infection. The most efficient hpRNAI clone was then
selected, and from this single construct, highly efficient in vivo-produced hpRNA molecules were
derived. The study revealed that the spray application of hpRNA derived from DNA A genes
significantly provides protection against MYMIV in mungbean. Importantly, this research
represents the first demonstration of the effectiveness of exogenously applied hpRNA against
YMD in mungbean crops.

3.3 Materials & Methods

3.3.1 Biological Materials and Target Region (TR) selection

Mungbean cultivar (cv.) K851, highly susceptible to MYMIV, was cultivated in plastic pots filled
with vermiculite and soil under greenhouse conditions (~25°C, 16 hours light/8 hours darkness)
was used throughout the study. Infectious clones of MYMIV mungbean isolates of Orissa
(GenBank Accessions: DNA-A, OK431083 and DNA-B, OK431084) were utilized to induce
YMD in the mungbean plants (14).

To achieve broad-spectrum resistance against YMD, a total of 25 representative MYMV
and MYMIV DNA-A components, originating from 10 different host plants in 6 countries were
selected for multiple sequence alignment using the ClustalW algorithm. The sequences were
obtained from the NCBI Viral RefSeq database, ensuring a comprehensive representation of the
YMD causing begomovirus diversity. Two RNAI target regions (TRs) were carefully selected
based on multiple criteria, including the functional significance of viral proteins, overlapping
regions of ORFs, sequence length, and sequence conservation. TR-1, spanning 239 base pairs (bp),
and TR-2, also 239 bp in length, encompass highly conserved regions within the viral genome.
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TR-1 includes the overlapping section of the AC4 and AC1 genes, while TR-2 encompasses the
overlapping region of the AC2, AC3, and ACL1 genes.

3.3.2 Development of hpRNAI Constructs

Three hpRNAI constructs (hpTR-1_pART27, hpTR-2_pART27, and hpTR-1+2_pART27) were
prepared using high fidelity PCR based method. Plasmid DNA containing a full-length DNA-A
genomic component of MYMIV mungbean isolate of Orissa (Acc. No. OK431083) was used as a
template for the amplification of the viral RNAI target regions using primer set with cloning
restriction site (Table 11). To prepare hpRNAI cassettes, for TR-1 and TR-2 the PCR amplified
target fragments were cloned in sense orientation (Xhol and Kpnl) and in antisense orientation
(Xbal and Clal) on either side of PDK-intron of the intermediate vector, pKannibal (CSIRO, Plant
Industry, Canberra, Australia). The constructed clones were named as hpTR-1_pKannibal and
hpTR-2_pKannibal respectively. For construction of hpTR-1+2 stack RNAI cassette, the sense
fragments of TR-1 (Xhol and EcoRI) and TR-2 (EcoRI and Kpnl) interrupted by 8 nt gap, and
antisense fragments of TR-1 (Xbal and BamHI) and TR-2 (BamHI and Clal) interrupted by 8 nt
gaps were cloned on either side of the PDK intron of pKannibal and prepared construct labelled as
hpTR-1+2_pKannibal. To prepare the agroinfectious hpRNAI constructs, each hpRNAI cassette
(from hpRNAI_pKannibal clones) under the control of CaMV35S promoter and OCS terminator
(as Notl fragments) were subcloned into the plant binary vector, pART27. The hpRNAI clones of
pART27 were finally transformed into Agrobacterium tumefaciens strain EHA105 by
electroporation (25 pF, 200 Q, 2500 V) in a Gene Pulser XCell (Bio-Rad, USA).

3.3.3 Efficacy Validation of hpRNAIi Constructs Using Transient Assay

Agrobacterium strain EHA105 harboring hpRNAIi_pART27 constructs was used against MYMIV
infection in mungbean cv. K851. For transient bioassay about 5-6 plants were infected and three
biological replicates were performed. Briefly, the A. tumefaciens strain EHA105 harboring
respective clones were cultured separately in YEP medium containing antibiotics (50 pg/ml
kanamycin and 20 pg/ml rifampicin) overnight at 28 °C to reach the ODegoo = 0.6. Cells were
harvested and resuspended in a buffer containing 10 mM 2-(N- morpholino) ethanesulfonic acid
(MES) and 10 mM MgCl,, pH 5.8, and 200 pM acetosyringone. The resuspended cells were
agitated at 90 rpm at 28 °C for 1 h before infiltrating the abaxial surface of two trifoliate leaves of
3-4 weeks-old mungbean cv. K851 plants using a 5 ml needleless syringe and the plants were kept
in greenhouse at 25 + 2°C and a 16/8 h light/dark.

For the efficacy validation of three hpRNAI_pART27 clones, the co-infiltration of viral
infectious clones (MYMIV 2A + 2B DNA components) and hpRNAI clones was performed, i.e.,
an equal volume of each A. tumefaciens cultures were mixed prior to agroinoculation. The plants
were agroinoculated in five combinations, i.e., 1) MYMIV + hpTR-1 pART27, 2) MYMIV +
hpTR-2_pART27,3) MYMIV + hpTR-1+2_pART27,4) MYMIV + empty pART27, and 5) empty
pART27.

3.3.4 Invivo Production of hpRNA in E. coli HT115

To produce hairpin RNA (hpRNA) molecules, the hpRNAI cassette was obtained as an Xhol and
Xbal fragment from the hpTR-1+2_pART27 clone. Subsequently, the L4440 vector, harboring T7
promoters at both ends, was chosen as the recipient vector for subcloning. The hpTR-1+2 cassette
was ligated into the L4440 vector, creating the recombinant vector labelled as hpTR-1+2_1.4440
clone. This recombinant vector was then transformed into E. coli HT115 (DE3) cells, which
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possess an IPTG-inducible T7 RNA polymerase gene and lack RNAse 111 activity due to disrupted
gene by a Tn10 transposon (429).

Following the methodology described by (430) with minor modifications (431), single
colonies of E. coli HT115 transformants carrying the hpTR-1+2_14440 plasmid were cultured at
37°C with shaking for 16 hours in LB medium supplemented with tetracycline (12.5 pg/mL) and
ampicillin (100 pg/mL). Each culture was then diluted 1:100 in a final volume of 0.5 L of LB
medium supplemented with the same antibiotics and incubated at 37°C until reaching an OD600
of 0.5. Subsequently, 0.4 mM IPTG was added to induce T7 polymerase expression for an
additional 3-4 hours. The cells were harvested by centrifugation, lysed using a lysis buffer (0.1%
SDS in 1x PBS), and treated with RNaseA solution (1 pg of RNase enzyme in 5 mM EDTA, 300
mM sodium acetate, 10 mM Tris—Cl pH 8) at 37°C for 30 minutes to degrade single-stranded
RNAs. Finally, dsRNA was extracted using TRIzol™ reagent (Invitrogen, USA, Cat. No.
15596026) following the manufacturer's protocol. The double stranded nature of RNA was
validated by incubating hpRNA molecules with DNase | and RNase A.

3.3.5 Life Span and Systemic Movement of hpRNA and siRNA

In order to evaluate the life-span of hpRNAs and siRNA in the plants, that were not infected with
MYMIV, 30 pg of hpRNAs (hpTR-1+2) was mixed with 1 ml of sterile water and syringe-
inoculated in abaxial surface of trifoliate leaves without any abrasives (1 ml per plant). Five plants
were used for each time point. Just before sampling, leaves were washed with Triton X-100
(0.05%) and water to eliminate residual hpRNAs present on the leaf surface. Treated plants were
kept in the growth chamber as mentioned above. Trifoliate leaves from treated (local) (at time
points 3, 6, 9, 12 dpi) and from non-treated (systemic) leaves (at time points 3, 6, 9, 24 dpi) were
collected from all plants.

To assess the internalization of hpRNA within plant cells and its subsequent systemic
movement, semi-quantitative reverse transcriptase PCR (semi-gRT-PCR) was performed. Total
RNA was isolated from collected leaves using TRIzol reagent, and its quality and concentration
were assessed. cDNAs were generated from 50 ng of total RNA using gene-specific primer pair
AC2_S2 xhol FP and AC4 _S2 kpnl_RP (Table 11). This same primer pair was employed to
identify the presence of hpRNA (for hpTR_1+2) via PCR in both local and systemic leaves.

For the detection of hpRNA conversion to siRNA and its systemic movement, a northern
blot analysis was carried out. Total RNA was isolated using TRIzol extraction and enriched for
low molecular weight (LMW) RNAs in line with the procedure described by Peng et al. (432).
Subsequently, 15 ng of LMW RNA samples underwent electrophoresis in an 18% polyacrylamide
(19:1) gel containing 7 M urea and buffered with 0.5 X TBE using an SE600 standard dual-cooled
gel electrophoresis unit (GE Healthcare, USA) until the bromophenol blue dye reached the bottom
of the gel. Blots were transferred using a trans-blot SD semi-dry electrophoretic transfer unit (Bio-
Rad, Cat. No. 170-3940) onto a Hybond—N membrane (Roche). The membrane was auto-
crosslinked at 120,000 pJ in a Stratalinker 1800 (Agilent Technologies, Belgium). Following
prehybridization in DIG Easy Hyb hybridization solution (Roche Diagnostics, Belgium) at 65°C
for 30 minutes, the membrane was hybridized with a DIG-labeled TR-1+2 RNA probe (spanning
479 nucleotides) at 65°C for 12 hours in a hybridization oven. The DIG-labeled RNA probe was
prepared through PCR amplification with M13-FP and AC4-S2-Kpnl-RP primers (Table 11) using
the hpTR-1+2 14440 plasmid DNA as the template. After purification, 1 ug of the PCR product
was used for RNA probe labeling with T7 RNA polymerase as per the DIG Northern Starter Kit's
Instruction Manual (Roche). Post-hybridization washes and immuno-chemiluminescent detection
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of the bound probe were conducted following the instructions provided in the DIG Northern Starter
Kit manual (Roche). To assess siRNA size via northern blot analysis, three oligos (24 nt, 22 nt,
and 20 nt) with sequences complementary to the hpRNA probe were commercially synthesized
and used as an RNA ladder (Figure 26A).

Table 11 Primers used for amplification of virus sequences for the production of hpRNAI

constructs.
hpRNAi Clone Fragment Primers Sequence* 5’ to 3 Cloning site
hpTR-1 pART27  TR-1 sense AC4-S-Xhol-FP tatattctcgagcctcatctccatgttct Xhol
ACA4-S-kpnl-RP taggaaggtaccgcataagcgtcgttg Kpnl
TR-1 antisense  AC4-AS-Xbal-FP taggaatctagacctcatctccatgttct Xbal
AC4-AS-Clal-RP tattggatcgatgcataagcgtcgttg Clal
hpTR-2_pART27 TR-2 sense AC2-S-Xhol-FP tatattctcgagttctccteegtcgat Xhol
AC2-S-Kpnl-RP tattaaggtaccggaccctgcttgaat Kpnl
TR-2 antisense ~ AC2-AS-Xbal-FP tatacctctagattctcctcegtegat Xbal
AC2-AS-Clal-RP tattggatcgatggaccctgcttgaat Clal
hpTR-1+2 pART27 TR-2 sense AC2-S2-Xhol-FP atgcttctcgagtttctccteecgtegat Xhol
AC2-S2-EcoRI-RP tagtaagaattcggaccctgcttgaat EcoRl
TR-1 sense ACA4-S2-EcoRI-FP tatattgaattcatcctcatctccatgttct EcoRl
AC4-S2-Kpnl-RP gcgcttggtaccgcataagcegtegttg Kpnl
TR-1 antisense  AC4-AS2-BamHI-FP  taatggggatcccctcatctccatgttct BamHlI
AC4-AS2-Clal-RP acagaaatcgatgcataagcgtcgttg Clal
TR-2 antisense ~ AC2-AS2-Xbal-FP taataatctagatttctcctcegtcgat Xbal
AC2-AS2-BamHI-RP  tactggggatccttggaccctgcttgaat  BamHI

* The restriction sites included in primers are underlined.

Table 12 List of primers used to detect MYMIV genome and gRT-PCR.

Template Forward Primer  Reverse Primer

(5' to 3")

(5" to 3"

Purpose

RCA product of MYMIV  cgtccatccataccttac

infected samples ccg

Total gDNA of MYMIV  ctaataggtctatctgge

infected leaf cgcg

c

gtatgcgtcgttggcagattg

cggatattcacagagcctgtc

To detect viral DNA in agroinoculated

plants via conventional PCR (1.2 kb)

To calculate viral copy number (GUs)

in Agroinfected plants by qRT-PCR
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Table 13 TR-1 and TR-2 sequence percent Identity.

Chapter 3

Virus Accession TR-1 Percent Virus Accession TR-2 Percent
Identity Identity

MYMV 0OK431081.1 100 MYMV OK431081.1 100
MYMV JX244176.1 99.16 MYMV MW736042.1 99.16
MYMV KC911721.1 98.74 MYMV MW736054.1 98.74
MYMV MN814423.1 98.33 MYMV AY738104.1 98.33
MYMV OM106038.1 97.91 MYMV MW792466.1 98.32
MYMV MN698275.1 97.49 MYMV MN698295.1 97.91
MYMV MN602427.1 97.07 MYMV KP784665.1 99.12
MYMV MW736048.1 96.23 MYMV AB017341.1 98.68
MYMV FM242701.1 95.82 MYMV KP455992.1 97.07
MYMV MW814714.1 95.4 MYMV MW736046.1 98.67
MYMV OM106037.1 94.98 MYMV AJ421642.1 96.65
MYMV AM932429.1 88.8 MYMV OM106037.1 95.82
MYMV KP752088.1 88.38 MYMV JQ004982.1 95.87
MYMV MW816837.1 87.97 MYMV AY271896.1 95.82
MYMIV MW814709.1 87.92 MYMV FM242701.1 95.4
MYMIV MT027035.1 87.5 MYMV MN885479.1 94.98
MYMIV KP313758.1 87.08 MYMV D14703.1 96.49
MYMIV 0OK431079.1 87.14 MYMV MW792462.1 99.02
MYMIV HF922628.1 87.19 MYMV MW792465.1 99
MYMIV MT300190.1 87.08 MYMV MW792463.1 98.99
MYMIV KX363947.1 86.25 MYMIV AY049772.1 91.18
MYMIV MH255791.1 85.83 MYMIV MW814710.1 90.79
TYLCV MNB842307.1 83.9 MYMIV MN885468.1 98.74
CLCKV AH013913.2 82.08 MYMIV MN885463.1 98.33
TLCBV AF428255.1 82.08 HgYMV MW816839.1 93.72
TLCBV KP164858.1 81.67 HgYMV KR053204.1 92.05
VBSMV FN543425.1 81.03 HgYMV MN698287.1 91.63
TLCBV DQ887537.1 80.33 HgYMV KP752088.1 93.24
TYLCKV MK946454.1 77.69 HgYMV AM932425.1 91.21
TiCV-2 MKO087038.1 78.06 HgYMV MW816837.1 92.79

(Abbreviations: Mungbean yellow mosaic virus (MYMV), Mungbean yellow mosaic India virus (MYMIV), Cotton leaf curl Kokhran virus
(CLCKV), Tomato yellow leaf curl virus (TYLCV), Tomato leaf curl Bangalore virus (TLCBV), Velvet bean severe mosaic virus (VBSMV),

Tomato yellow leaf curl Kanchanaburi virus (TYLCKYV), Tomato interveinal chlorosis virus-2 (TiCV-2), and Horsegram yellow mosaic virus
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3.3.6 hpRNA Spray Assay

The study aimed to evaluate the effectiveness of hpTR-1+2 against MYMIV through five treatment
combinations. These treatments (T1-T5) comprised: (T1) positive control involving MYMIV
agroinoculation into three-week-old mungbean cv. K851 plants without hpRNA; (T2) mock
inoculation with A. tumefaciens carrying empty pCambia3300, followed by a spray (5 ml perfume
spray bottle) of 30 pg of hpTR-1+2; (T3) MYMIV infection, immediately followed by hpTR-1+2
spray on the same day; (T4) topical spray after MYMIV agroinoculation, with hpTR-1+2 sprayed
at 2 days post-inoculation (dpi) and 4 dpi; and (T5) pre-inoculation treatments, where hpTR-1+2
was sprayed 2 days and 4 days before virus infection (Table 15).

3.3.7 Detection of MYMIV and Disease Severity Analysis

The progression of YMD symptoms in the inoculated plants was monitored on a daily basis.
Disease severity scoring was performed according to a standardized 0-5 scale, as described in
previous studies (14,202). Genomic DNA was isolated from the agroinoculated leaves (local) at 7
dpi and from the systemic leaves at 22 dpi. Rolling circle amplification (RCA) was conducted to
amplify the MYMIV genomes. Subsequently, the size of the viral genome, indicative of
geminivirus size (2.7 kb), was determined by monomerizing the RCA products containing
MYMIV genomic DNA through restriction digestion using Pstl, a unique cutter. To detect the
presence of the virus in the inoculated test plants, diagnostic conventional PCR analysis was
performed using a specific primer set targeting the MYMIV DNA A region (Table 12).

To quantify the virus titre in the inoculated plants, an absolute quantification real-time PCR
(QRT-PCR) experiment using the standard curve method was conducted. Standard curves were
generated by utilizing plasmid containing the cloned full-length MYMIV DNA A genomic
component, following the method described by (14,433,434). Tenfold serial dilutions of these
plasmid, ranging from 10? to 10® copies of the viral genome per sample, were prepared in DNA
extracted from non-infected mungbean plants and used as standards. Each gPCR reaction was
performed in a 20 pl reaction volume, consisting of 10 ul of SYBR Green mix (PowerUp™
SYBR™ Green Master Mix, Applied Biosystems™), 1.6 ul of Rep (AC1) gene-specific primers
(Table 12), and 1 pl of template DNA. The reaction conditions were optimized for primer pair,
involving an initial denaturation at 95 °C for 2 minutes, followed by 40 cycles of denaturation at
95 °C for 15 seconds and annealing/extension at 60 °C for 30 seconds, using a Rotor-Gene® Q
instrument (QIAGEN). The standard curve was generated by performing linear regression analysis
of the Ct values plotted against the log of total DNA content in each dilution. To ensure accuracy
and reproducibility, all reactions were performed with three technical and biological replicates.

Finally, viral gene expression analysis carried out using semi quantitative reverse
transcriptase-PCR. Briefly, total RNA extracted from the systemic leaves (22 dpi) using
Invitrogen™ TRIzol™ Reagent (Catalog number, 15596026). Then cDNA synthesis performed
using Thermo Scientific™ RevertAid™ H Minus First Strand cDNA Synthesis Kit (Catalog
number, #K1632) in a 20 pl reaction volume containing random hexamer primer. The reaction
mixture was incubated for 5 min at 25°C followed by 60 min at 42°C. Next, PCR was performed
using 2X G9 Tag PCR Master Mix (Catalog number, #G7117) with the (Rep) or AC1 gene specific
primer to detect target viral gene expression and with the Vigna radiata tubuline gene (vrTubulin)
specific primer as an internal housekeeping gene control.
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3.3.8  Statistical Analysis

The statistical analysis of the experimental data followed a rigorous methodology to ensure robust
and reliable results. Mean values with standard error bars were utilized for clear data presentation.
Statistical comparisons between mean values were conducted using both the Student T-test and
ANOVA F-test, depending on the nature of the analysis. All statistical tests were conducted using
Graph Prism 9.0 analytical software (La Jolla, CA). For gRT-PCR analysis, all treatment
combinations were treated as independent experiments, and statistical analysis was performed by
ANOVA, considering a p-value < 0.05 as indicative of significance.

3.4 Results

3.4.1 Identification of Conserved Target Regions (TRs) in Begomoviruses

The study aimed to establish broad spectrum resistance against YMD in mungbean by identifying
highly conserved genomic regions associated with MYMV and MYMIV. Analysis of these viruses
involved in-depth examination of their complete genome sequences to identify potential targets
for Host-Induced Gene Silencing (HIGS). Multiple sequence alignment analysis unveiled two
conserved target regions, TR-1 (286 to 524 bp, orange color) and TR-2 (1141 to 1379 bp, green
color), situated at distinct positions within the MYMIV DNA A genome (Figure 23). TR-1 and
TR-2 were selected based on their exceptional sequence conservation across various
begomoviruses. TR-1 displayed a high sequence percent identity with MYMV (95 to 100%),
HgYMV (~88%), MYMIV (~86 to 88%), TYLCV (~84%), and Tomato leaf curl virus (TLCV,
~81%) (Table 13). Similarly, TR-2 exhibited robust sequence conservation with MYMV (97-
100%), MYMIV (90-98%), and HGYMYV (91-94%) (Table 13).

3.4.2 Differential Inhibition of MYMIV by Three hpRNAI Constructs in Mungbean

An evaluation was conducted to determine the efficacy of various constructs targeting MYMIV in
the mungbean-MYMIV pathosystem. Response assessment and virus content monitoring were
performed at 7 days post-inoculation (dpi) for inoculated leaves and at 22 dpi for systemic leaves,
utilizing PCR and RCA-based restriction digestion analysis.

When mungbean plants were agroinoculated with MYMIV and hpTR-1 (AC4/AC1
hpRNAI construct), an average infection rate of 1 out of 10 was observed, without any visible
symptoms (Table 14). The infection had a severity grade of 1, and though viral DNA was detected
in local tissue at 7 dpi, it was notably absent in systemic leaves at 22 dpi. The gRT-PCR based
quantification assays indicated a viral titre of less than 100 genomic units (GUs), indicating a
highly resistant condition (Figure 25). In another scenario involving MYMIV and hpTR-2
(AC2/AC3/AC1 hpRNAI construct) agroinoculation, the infection rate was 2 out of 10,
accompanied by mild yellow mosaic symptoms with a severity grade of 2. Both PCR and RCA-
based analyses confirmed viral presence in both local and systemic leaves, with a viral titre
between 1000 and 8000 GUs, suggesting this construct's ability to impart resistance against
MYMIV. Utilizing hpTR-1+2 resulted in no observed infection among the 10 plants. No visible
symptoms were recorded, and both PCR and RCA analyses displayed the absence of viral DNA
in local and systemic leaves at 7 and 22 dpi, with negligible viral titre (Figure 24). Notably, it was
found that hpTR-1+2 effectively restricts the systemic movement of MYMIV and its viral gene
expression (Figure 25C). This illustrated the robust immunity conferred by hpTR-1+2_pART27
construct. Conversely, agroinoculation with MYMIV and an empty vector led to infections in all
plants, exhibiting severe YMD symptoms with a severity grade of 5 (Table 14). Both PCR and
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RCA analyses revealed the presence of viral DNA in both local and systemic leaves, with a viral
titre surpassing 30000 GUs, indicating high susceptibility.

3.4.3  Selection and Synthesis of hpRNA

The mungbean-MYMIV pathosystem, coupled with agrobacterium-mediated transient expression
assays, pinpointed the highly effective hpTR-1+2 construct. This transient assay revealed varied
inhibition levels of MYMIV in mungbean leaves, with the hpTR-1+2 clone demonstrating superior
effectiveness in impeding MYMIV accumulation and systemic movement compared to individual
hpTR-1 and hpTR-2 constructs. Consequently, the hpTR-1+2 cassette was selected for hpRNA
production. The cassette was obtained as an Xhol and Xbal fragment from the hpTR-1+2_pART27
clone and subcloned into the L4440 vector. The resulting plasmid, hpTR-1+2_L4440, was then
transformed into E. coli strain HT115 for in vivo expression (Figure 26A). In the in vivo
experiment, 1 to 1.5 mg of hpRNA was obtained from a 50 ml bacterial culture after RNase A
digestion. The quality of hpTR-1+2 was assessed on a 1.5% agarose gel, and its concentration was
measured using a nanodrop. Purified hpTR-1+2 underwent nuclease treatments to confirm its
double-stranded nature (Figure 26B). Finally, sequence confirmation was achieved through semi-
gRT-PCR analysis, using the AC2-S2-Xhol-FP and AC4-S2-kpnI-RP primer pair, amplifying a
500 bp fragment of the sense strand of hpTR-1+2 (Figure 26A and B).

3.4.4  Cellular Uptake, Systemic Movement, and siRNA Induction by hpRNA

Hairpin RNA (hpTR-1+2) was externally applied to trifoliate of 2-3-week-old mungbean plants
without MYMIV infection to explore its cellular uptake, stability, and systemic movement.
Purified naked hpTR-1+2 at a concentration of 30 pug/ml was sprayed onto the mungbean plants
(Figure 26D). The abundance of hpRNA was assessed at various time points (3, 6, 9, and 12 days-
post-spray) from both local (treated) and systemic (non-treated) trifoliate using semi-quantitative
reverse transcription-polymerase chain reaction (RT-PCR) analysis (performed same as above).
The results demonstrated the presence of hpTR-1+2 in both local and systemic tissues up to 12
days post-spray (Figure 26C).

To assess the potential of exogenously applied hpRNA molecules to generate SiRNAS in
planta, their detection was attempted through northern blot analysis. Its presence was monitored
in treated (local) leaves at 3, 6, 9, and 12 days-post-spray, as well as in systemic leaves at 12 days
post-spray in mungbean. Northern blot analysis utilized both sense and antisense strands of hpTR-
1+2 as a DIG-labeled hybridization probe for siRNA detection. The northern blot data suggested
the presence of siRNAs ranging from 24 to 22 nucleotides in length, with the intensity of sSiRNA
signals markedly increasing from 6 days post-spray in local tissues (Figure 26E). In systemic
tissues at 12 days post-spray, a lower intensity of a similar sSIRNA pattern was observed.
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Figure 23 Schematic of MYMIV DNA A and three hpRNAI constructs.

A) A complete MYMIV DNA A genome (GenBank Accessions: OK431083) showcasing various
ORFs (AC1, AC2, AC3, AC4, AC5, AV1, and AV2) and the two selected target regions (TRS):
TR-1 (AC4/AC1 genes; green color) and TR-2 (AC2/AC3/AC1 genes; orange color) position is
shown. Schematic T-DNA map of pART27 RNAI cassettes of TR-1 (B), TR-2 (C), and TR-1+2
(D) in sense (S) and antisense (As) orientation. Abbreviations: Dual 35S Promoter: Cauliflower
mosaic virus 35S promoter; OCS terminator: octopine synthase terminator, PDK intron: pyruvate
dehydrogenase kinase intron, Restriction enzyme Notl were used for cloning of all the three RNAI
cassettes from the intermediate RNAI vector pKannibal into the plant transformation binary vector
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Figure 24 Resistance imparted by three hpRNAI constructs against MYMIV.

RCA analysis: RCA product generated from total genomic DNA of mungbean leaf collected at
local leaves at 7 dpi (A) and systemic leaves at 22 dpi (C) from hpRNAI transient assay. RCA
product subjected to restriction digestion using a unique cutter (pstl). Appearance of a 2.7 kb
fragment indicates the presence of MYMIV DNA A components; Conventional PCR analysis:
Detection of viral DNA using a MYMIV DNA-A specific primer. Genomic DNA extracted from
mungbean leaf collected at local leaves at 7 dpi (B) and systemic leaves at 22 dpi (D) from hpRNAI
transient assay.
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Figure 25 Efficacy of three hpRNAI constructs against MYMIV infection in mungbean.

A) Systemic symptom analysis: Evaluation at 22 dpi on mungbean plants treated with hpTR-1,
hpTR-2, and hpTR-1+2 transient expression and agroinoculated with MYMIV; B) Viral titre
measurement by gRT-PCR: Quantification in local leaves at 7 dpi and systemic leaves at 22 dpi.
Data points represent means of triplicate measurements, and vertical lines on each bar indicate
standard deviations. Statistically significant difference indicates (p <0.05, ANOVA); C) Viral gene
expression analysis by semi-quantitative RT-PCR: Utilizing AC1 gene-specific primer. Detection
of a 137 bp fragment in systemic leaves at 22 dpi indicates the presence of viral mMRNA.
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Figure 26 In vivo production of hpRNA, persistence, systemic movement, and induction of
siRNA formation.

A) Schematic representation illustrates hpTR-1+2_L4440 plasmid: The highly efficient hpRNA
cassette (hpTR-1+2) is subcloned into the L4440 plasmid, a vector with two T7 promoters. This
plasmid construction is achieved through the utilization of Xhol and Xbal restriction sites. The
resulting plasmid, designated hpTR-1+2_L4440, is subsequently transformed into E. coli strain
HT115 to facilitate in vivo expression; B) In vivo production of hpRNA in bacteria: In this step,
the E. coli strain HT115, hosting the hpTR-1+2_L4440 construct, is induced with 0.4 mM IPTG
to initiate the in vivo expression of hpTR-1+2. Post-induction, total RNA was isolated and
subjected to DNase | and RNase A treatment to confirm the double-stranded nature of the RNA.
The hpRNA sequence was verified through semi-quantitative reverse transcriptase PCR (semi-
gRT-PCR) using the AC2-S2-Xhol-FP and AC4-S2-kpnl-RP primer pair, amplifying a 500 bp
fragment of the sense strand of hpTR-1+2. The resulting hpRNAs were electrophoresed through a
1.5% agarose gel and visualized by staining with ethidium bromide. Lane M represents 1 kb Plus
DNA Ladder (Invitrogen); C) Detection of hpTR1+2 in local (treated) and systemic (non-treated)
leaves of mungbean plants by semi-qRT-PCR analysis: This phase involves the validation of
hpRNA internalization into plant cells and the assessment of its persistence and systemic
movement. Leaf samples obtained from both local and systemic regions undergo semi-qRT-PCR
analysis. Positive (P) and negative (N) controls are included for reference, and a DNA ladder (M);
D) Treatment of mungbean plants and sample collection: A comprehensive schematic diagram
outlines the treatment procedure of three-week-old mungbean plants. These plants are sprayed
with a solution containing 30 pg/ml of hpRNA on leaves without MYMIV infection. Subsequent
leaf sample collected at various time points, spanning 3, 6, 9, and 12 days-post-spray, from both
local and systemic trifoliate. These samples are destined for further semi-gRT-PCR and northern
blot analyses; E) Detection of hpTR1+2-derived small interfering RNAs (siRNAs) in local and
systemic leaves of mungbean plants by northern blot analysis: This final step involves assessing
the ability of hpRNA to initiate RNA interference (RNAI) in plant cells, leading to the induction
of small interfering RNA (siRNA) formation. The northern blot analysis meticulously examines
SiRNA size, persistence, and systemic movement. Lane C represents non-treated control plants,
while lane M consists of three oligomers (each with lengths of 24 nt, 22 nt, and 20 nt), serving as
siRNA size references.
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Figure 27 In vivo-produced hpRNA confers resistance to MYMIV in mungbean.

A) Phenotypic response of mungbean plants to MYMIV agroinoculation with in vivo-produced
hpRNA. Inoculation scenarios: MYMIV agroinoculation without hpRNA (positive control); mock
inoculation followed by 30 pg hpTR-1+2 spray; MYMIV infection, with immediate hpTR-1+2
spray; topical hpTR-1+2 spray at 2 and 4 dpi after MYMIV agroinoculation; pre-inoculation hpTR-
1+2 spray 2 and 4 days before virus infection. Systemic symptoms were photographed at 24 dpi;
B) Conventional PCR analysis: Detection of viral DNA using MYMIV DNA-A specific primer.
Genomic DNA extracted from mungbean leaf collected at systemic leaves at 24 dpi from hpRNA
spray assay. N, negative control (water); P, positive control (pCambia 3300 harboring MYMIV
DNA A); and M, DNA Ladder; C) RCA analysis: RCA product generated from total genomic
DNA of mungbean leaf collected at systemic leaves at 24 dpi from hpRNA spray assay. RCA
product subjected to restriction digestion using a unique cutter (Pstl). Appearance of a 2.7 kb
fragment indicates the presence of MYMIV DNA A components.

3.4.5 Efficacy of Spray-Induced Gene Silencing Against MYMIV in Mungbean
To optimize the efficacy of hpRNA-based vaccination, five treatment combinations (refer to Table
15) were employed with MYMIV inoculation. Disease incidence was assessed at systemic leaves
24 days post-MYMIV inoculation using PCR and RCA-based restriction digestion analysis.
Mungbean plants inoculated with MYMIV without hpRNA spray exhibited typical YMD
symptoms at 18 dpi, consistent with the expected timeframe for symptom appearance (Figure
27A). All plants in this treatment displayed 100% disease incidence, as confirmed by conventional
PCR analysis, revealing the anticipated 1.2 kb fragment (Figure 27B). Additionally, RCA-based
restriction digestion identified a characteristic 2.7 kb band (Figure 27C), affirming the infectious
nature of the MYMIV inoculum and suitable environmental conditions for symptom development
on mungbean plants. In contrast, mock-inoculated plants treated with hpRNA spray, using an
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empty pCambia3300 vector instead of the vector carrying the infectious dimeric clone of MYMIV,
remained healthy without exhibiting any symptoms.

Despite the topical application of single hpRNA molecules with sequence homology to key
genes of MYMIV, variable levels of protection against MYMIV infection were observed in three
repeated experiments. The co-application of in vivo produced hpTR-1+2 together with MYMIV
on plants provided 100% protection, as evident by absence of DNA fragments in PCR and RCA
based analysis and complete lack of YMD symptoms. Notably, this data suggests that spraying
hpRNA on the same day as infection provides highest protection (Table 15).

The protective efficacy of hpRNA was further assessed by topical spray of hpRNA after
MYMIV agroinoculation, performed at 2 dpi and 4 dpi. In this treatment, at 2 dpi, 30% of plants
exhibited a disease severity of scale 3 out of 5, indicating moderate susceptibility to MYMIV.
Conversely, when hpRNA was sprayed after MYMIV inoculation at 4 dpi, even less protection
activity was observed. Nevertheless, hpRNA spray delayed the onset of YMD symptoms by six
days, and viral DNA was detected by PCR and RCA-based analysis in systemic leaves at 24 dpi
instead of 18 dpi.

The hpRNA-based vaccination activity of hpTR-1+2 was validated by topical spray of
hpRNA before MYMIV agroinoculation, administered at 2 and 4 days before virus infection.
Interestingly, spraying hpRNA two days before virus infection increased plant’s ability to
significantly restrict viral accumulation and decreased disease severity by many folds in this
treatment, only 10% of the plants were infected, exhibiting high resistance to MYMIV., viral DNA
was detected by molecular analysis after delayed symptom appearance at 24 dpi. More
interestingly 4 days before hpRNA spray also provided help combat virus infection showed
MYMIV resistance with an average infectivity of 40% and disease severity of scale 2 out of 5.
Viral DNA was detected by molecular analysis after delayed symptom appearance at 24 dpi. From
these results, it can be inferred that the hpRNA spray treatment before virus infection provided a
certain level of protection against MYMIV infection in mungbean (Table 15).

Intriguingly, spraying hpRNA two days before virus infection significantly enhanced the
plant's ability to restrict viral accumulation and decreased disease severity by many folds. In this
treatment, only 10% of the plants were infected, exhibiting high resistance to MYMIV, with viral
DNA detected after a delayed symptom appearance at 24 dpi. Similarly, spraying hpRNA 4 days
before virus infection provided moderate protection, resulting in an average infectivity of 40% and
a disease severity of scale 2 out of 5. Viral DNA was detected after delayed symptom appearance
at 24 dpi. These results collectively suggest that hpRNA spray treatment before virus infection
confers a certain level of protection against MYMIV infection in mungbean.

3.5 Discussion

RNA interference, triggered by dsRNA molecules, is a potent method for controlling plant viruses
in transgenic plants (332). However, global approval of transgenesis is lacking, and concerns about
potential adverse effects on the natural environment exist. As an alternative, a non-transgenic
approach utilizing RNAI, known as 'RNA-based vaccination,' has been developed for the control
of plant viruses (377). Tenllado and Diaz-Ruiz, 2001 were pioneers in reporting antiviral
protection through the topical application of homologous dsRNA (377). Since then, various studies
have reported the effectiveness of directly applying dsRNA to confer resistance against a broad
spectrum of RNA viruses (376,377,379,381,382,435-439).
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Table 14 Infectivity analysis of MYMIV in hpRNAI transient expression assay in mungbean.

Virus hpRNAI_ Avg. Types Severity Viral GUs /100 ng Disease rating
strain pPART27  infectivity Symptoms grade DNA
(22 dpi) * (0-5) 7 dpi 22 dpi

MYMIV hpTR-1 1/10 No 1 15 29 H. resistant
MYMIV hpTR-2 2/10 MY 2 7,617 1,192 Resistant
MYMIV ~ hpTR-1+2 0/10 No 0 10 24 Immune
MYMIV - 10/10 YM, St, LC, SL 5 13,979 34,731 H. susceptible

Mock - 0/10 - - 10 31 N/A

*Days post inoculation (dpi); LC, leaf curling; SL, small leaves; MY, mild yellowing; St, stunting; YM, yellow mosaic.

Table 15 Overview of hpRNA spray treatment combinations and YMD incidence.

Disease Symptom

Treatment Time of Avg. Disease )
Treatments A ) L ) severity  appearance
combinations hpRNA spray infectivity rating )
score (0-5) (dpi)*
T1 MYMIV N/A 10/10 H. susceptible 5 18
T2 Mock + hpRNA Same day = = = -
T3 MYMIV + hpRNA Same day 0/10 Immune 0 -
After 2 days 3/10 M. Susceptible 3 24
T4 MYMIV_hpRNA
After 4 days 8/10 Susceptible 4 24
Before 2 days 1/10 H. resistant 1 24
T5 hpRNA_MYMIV
Before 4 days 4/10 Resistant 2 24

*Days post inoculation: dpi
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In the context of DNA viruses, the first study came from Namgial et al. (2019), they
reported protection against a bipartite geminivirus, ToLCV in tomato plants through the direct
application of dsRNAs. Their study demonstrated significant protective effects, with 45%, 60%,
and 50% reductions in disease incidence when dsRNAs targeting AC1/AC4, AV1/AV2, and
AC1/AC4_AV1/AV2, respectively, were applied directly (382). On the other hand, Melita et al.
2021 provided the first report on monopartite geminivirus protection. In their study, dSRNAs were
synthesized in vitro, targeting the C4 and V2 genes of TYLCV. When these dsSRNA molecules
were topically applied onto tomato plants along with the virus (via agroinfiltration), they observed
a significant reduction in disease incidence to 23% and 46%, respectively, against TYLCV (383).
Spray application of a in vivo produced dsRNA cocktail targeting suppressor genes C2, V2, and
C4 reduced ChiLCV (a monopartite begomovirus) incidence by up to 66.7% in Nicotiana
benthamiana (384). In a recent study (Krishnamoorthy et al., 2023), in vitro synthesized dsSRNA
targeting the coat protein gene (CP) and replication initiator protein gene (Rep) of MYMYV was
exogenously applied (2.5 pug of dsRNA) to blackgram plants showing MYMV symptoms. This
treatment led to a reduction in disease severity for several days. Among plants treated with dsRep,
80% exhibited symptom remission at the 21st day post dsRNA treatment, while for dsCP
treatment, 73% of plants showed symptom remission at the 15th day (427). Though, exogenously
applied dsRNA presents a promising tool for virus control, its efficacy may vary across different
viruses. For DNA viruses like the begomoviruses Tomato Severe Rugose Virus (ToSRV) in
tomatoes (385) and Tomato Leaf Curl New Delhi Virus (ToLCNDV) in zucchini squash (378),
the application of exogenous dsRNA has shown limited effectiveness. Considering the existing
research gap, this study aimed to assess the effectiveness of exogenously applied hpRNA for the
control of a bipartite begomovirus, MYMIV, in economically significant mungbean plants.

In this study, two RNAI target regions for HIGS in the MYMIV genome were identified:
TR-1, targeting AC4/AC1 genes, and TR-2, targeting AC3/AC2/ACL1 genes (Figure 23A). In most
studies, these regions were selected due to their high conservation within the viral genome (Table
13), as demonstrated in previous studies that achieved effective resistance against begomoviruses
through both transgenic and transient HIGS approaches (288,353,440-445). Three hairpin RNA
interference (hpRNAI) constructs were prepared using these two target regions to evaluate their
efficacy against MYMIV in a transient HIGS assay (Figure 23B, C, and D). The data indicated
that the hpTR-1+2 clone (a stacked clone of AC4/AC1_AC3/AC2/AC1) was the most effective,
providing immunity against MYMIV in mungbean compared to individual clones (Figure 24),
(Figure 25), and (Table 14). Consequently, the hpTR-1+2 clone was selected for in vivo hpRNA
synthesis for the spray induced gene silencing (SIGS) assay.

In the process of inducing RNAI through topical application, the preparation of dsSRNA is
a crucial step. The dsRNA can be efficiently produced in vivo using bacterial expression systems
(446,447), which offer convenience and economic advantages compared to in vitro methods
involving RNA polymerase (448). Here, we employed a E. coli HT115 expression system to
generate hpRNA (hpTR-1+2) in large quantities. The dose of exogenous dsRNA varied across
studies: 40 to 60 pg against Zucchini Yellow Mosaic Virus (ZYMV) (379), almost 200 pug/plant
against Tobacco Mosaic Virus (TMV) (376), 2.5 pg/plant against MYMV (427), 250 pg/plant
against Tomato Spotted Wilt Virus (TSWV) (439), 60 ug/plant against Cucumber Green Mottle
Mosaic Virus (CGMMYV) (378), 15 pg/plant against ChiLCV (384), 100 pg/plant against Pepper
Mild Mottle Virus (PepMoV) (375), 12 to 16 ug/plant against Cucumber Mosaic Virus (CMV)
(381), 10 pg/plant against TSWV (437), and 20 to 30 pg/plant against ToLCV (382). Machado et
al. (2020) found a threshold, with concentrations below 16 pg/plant providing no protection in
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Tobacco Mosaic Virus (ToMV)-dsRNA tests, and a dose-dependent response ranging from 50 to
400 pg/plant (380). Given this context, we utilized 30 pg/plant of hpRNA against MYMIV in
mungbean (Figure 26D).

To optimize the effectiveness of hpRNA in suppressing MY MIV multiplication, the timing of
virus and dsRNA application is crucial. In this study, mungbean cv. K851 was treated with the
virus and hpRNA separately to determine the optimum treatment scenario. The most significant
inhibition of MYMIV replication occurred when plants were treated with hpRNA on the same day,
two days, and four days before viral inoculation, resulting in disease ratings of immune, highly
resistant, and resistant, respectively (Figure 27) and (Table 15). These treatments demonstrated
higher protection efficiency compared to post-treating plants at two or four days after virus
inoculation. The earlier introduction of hpRNA proved more effective, suggesting that prior
treatment allows for the generation of sSiRNAs and the formation of RISC in advance, facilitating
an immediate response upon virus infection. This underscores the importance of a certain period
for hpRNA processing within cells to observe the RNAI effect of exogenous hpRNA treatment.
This observation is consistent with findings from previous studies on other viruses treated with
dsRNA (375).

The uptake mechanisms of exogenously applied dsSRNAs remain partially understood, with
absorption capacity varying among plant organs. Overcoming physical barriers like the wax layer,
cuticle, cell wall, and cell membrane, successful external application of dsRNA in plants for
inducing RNAI involves methods such as mechanical rubbing, pressure spray, infiltration,
injection, root or petiole absorption, and nano-carrier conjugation (449). Here, leaf spraying was
chosen as the method for its recognized effectiveness in inducing RNAI (450). The cellular
mechanism of dsSRNA-induced RNA interference (RNAI) in plants involves several steps: Cellular
uptake of dsSRNAs, followed by rapid cleavage by DICER-LIKE (DCL) endonucleases into 20 to
25-nucleotide siRNAs with 2-nt 3" overhangs at both ends. Subsequently, one strand of sSiRNAs is
incorporated into an ARGONAUTE (AGO) protein to form an RNA-induced silencing complex
(RISC). Finally, the siRNA molecules guide the RISC to scan the cytoplasm for recognition and
cleavage/degradation of complementary transcripts, leading to post-transcriptional gene silencing
(PTGS) (451,452).

Despite the transient nature of protection, both hpRNA and siRNA molecules (21 to 25
nucleotides long) remained detectable on local and systemic leaves for at least 12 days, as shown
in (Figure 26C and E). This observation suggests that a significant portion of hpRNA may have
entered the leaf apoplast through spray application as it is the first barrier before entering inside
cells, facilitating systemic transport to other parts of the plants. Microscopic analyses have
demonstrated the presence of spray-applied dsRNAs in various plant structures, including the
apoplast (453). Subsequently, this transport might have triggered RNAI in receiving plant cells,
leading to the formation of siRNA from hpRNA. Our results indicate the need for a gradual and
continuous introduction of dSRNA/hpRNA into the cells or the implementation of a sustained
amplification mechanism for specific RNA processing machinery to achieve durable and efficient
resistance in plants.

In this study, we report a short protection window with the use of naked hpRNAs spray
approach. This limitation could be addressed by exploring alternative delivery methods, such as
high-pressure spraying, and investigating nanoparticle-based delivery approaches (454). These
methods have the potential to enhance the stability and efficacy of exogenously applied dSRNAs
when compared to naked dsRNA delivery (455,456).
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3.6 Summary

In this chapter, we explore a non-transgenic approach to induce resistance against YMD in
mungbean. Multiple viral target regions were identified for gene silencing using RNAI. Transient
expression analysis identified the hpTR-1+2 stack clone (AC4/AC1_AC2/AC3) as an efficient
target construct against MYMIV. In vivo-synthesized hpRNA (hpTR-1+2) was found to induce
RNAI in planta, as validated by siRNA detection. The study reveals a protective window with the
naked hpRNA spray approach, demonstrating significant inhibition of MYMIV replication when
applied on the same day, two days, or four days prior to viral inoculation.
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Chapter 4: Identification of Mungbean Yellow Mosaic India Virus
and Susceptibility-associated Metabolites in the Apoplast of

Mungbean Leaves

4.1 Abstract

The apoplast, an extracellular space surrounding plant cells, is integral in plant-microbe
interactions, influencing signaling, defense mechanisms, and nutrient transport. While the
involvement of the apoplast and extracellular vesicles (EVs) in RNA virus infection is well-
documented, the role of the apoplast in plant DNA viruses remains uncertain. This study
investigates the apoplast's involvement in Mungbean yellow mosaic India virus (MYMIV)
infection. Our results reveal the presence of MYMIV genomic components in apoplastic fluid,
suggesting potential cell-to-cell movement of begomoviruses through the apoplast. Additionally,
MYMIV infection induces heightened secretion of EVs into the apoplast. Metabolomic analysis
using NMR indicates altered metabolic profiles in both apoplast and symplast in response to
MYMIV infection, with notable changes in metabolites associated with stress and defense
responses. Elevated levels of a- and B-glucose in both apoplast and symplast suggest a shift in
glucose utilization. Surprisingly, this increase in glucose does not correlate with the synthesis of
phenolic compounds, potentially impacting mungbean susceptibility to MYMIV. Fructose levels
increase in the symplast, while apoplastic sucrose levels rise significantly. Symplastic aspartate
levels rise, and apoplastic proline concentration increases while cytosolic levels decrease,
indicating a potential role in triggering a hypersensitive response. These findings underscore the
significant role of the apoplast in begomovirus infection and offer insights for targeted viral disease
management strategies.

Keywords: Apoplast, Exosomes, Mungbean yellow mosaic India virus (MYMIV), NMR,
Metabolomics
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4.2 Introduction

Geminiviruses (Geminiviridae), a plant-infecting virus family, pose a substantial threat to crucial
agricultural crops (10), including mungbean, an important legume crop (3). Within this family, the
Begomovirus genus is the largest, comprising over 450 species (6), with a particular emphasis on
mungbean yellow mosaic India virus (MYMIV) in this study. These viruses encapsulate their
single-stranded DNA (ssDNA) genomes into twin icosahedral particles [dimensions of
approximately 18 to 22 x 38 nm, composed of two incomplete icosahedra (T=1)], with mono- or
bipartite (DNA A and DNA B) genomes ranging from 2.5 to 3 kb each (27,136). These viruses are
transmitted by the whitefly (Bemisia tabaci), in a circulative and persistent manner (200). Because
of their limited coding capacity, they heavily rely on the host's cellular machinery for replication
and other essential processes (457). Replication of their ssDNA genomes occurs by rolling circle
replication, and recombination-dependent replication via double-stranded intermediates
(122,127,458,459). Viral movement proteins (MPs) and nuclear shuttle proteins (NSPs) play
multiple roles by of begomoviruses interacting with host factors to facilitate both intra- and
intercellular viral movement (460).

Plant viruses, functioning as intracellular parasitic pathogens, utilize a symplastic route via
PD for cell-to-cell movement. Whereas, RNA viruses like turnip mosaic virus associate their RNA
genome and proteins with multi-vesicular bodies (MVBs), releasing them into the leaf apoplast
(19). In the case of potato virus X-infected plants, virus particles and RNAs are detected in the
apoplast, although they are not associated with extracellular vesicles (EVs) (20). The presence of
viral proteins, RNA, and virus particles in the plant apoplast highlights its crucial role in viral
infection, particularly in the systemic spread of the virus within the host. However, the role of the
apoplast and EVs in the cell-to-cell genome transmission in begomoviruses, is still not known.

The apoplast, situated beyond the plasma membrane, is a pivotal extracellular space in
plant physiology, hosting dynamic apoplastic fluid (AF) with a diverse composition, including
EVs (461-464). The plants' secretome comprises proteins (465,466), RNA (467,468), metabolites
(469), antimicrobial molecules (470), antioxidants (471,472), reactive oxygen species (473,474),
and enzymes (475,476) exported from the symplast. This apoplastic components plays essential
roles in growth regulation (477), cell wall maintenance (465), stress protection (478),
transportation, cell signaling (478-480), and gas exchange. Proteomics approaches have identified
roles for secreted proteins in the AF (479,481-484), while metabolomic investigations in the plant
apoplast face challenges due to lower abundance compared to intracellular components. The
vacuum-infiltration-centrifugation (VIC) method is commonly used to extract AF from in planta
systems (485).

The primary objective of the study is to investigate the role of the mungbean leaf apoplast
in MYMIV infection. We aim to study the presence of MYMIV in AF through the molecular
detection of the viral genome using RCA and PCR analysis. We explore whether MYMIV
infection induces vesicle formation by employing TEM, dynamic light scattering, and fluorescent
quantification using DiOCs dye. In addition, we investigate apoplastic and symplastic metabolites
related to stress and defense in response to MYMIV infection using NMR-based metabolomics.

4.3 Materials & Methods

74
TH-3436_176106003



Chapter 4
https://doi.org/10.1007/s00299-024-03247-2

4.3.1 Plant Selection and Agroinoculation

Agro-infectious clones MYMIV DNA-A and DNA-B (Acc. no. OK431083 and OK431084) were
used to agroinoculate mungbean cv. K851 (susceptible host) plants from our previous study (14).
The abaxial surface of young trifoliate leaves of 3—4-week-old mungbean plants were virus
inoculated. Three biological replicates were maintained in an insect-free greenhouse and
monitored for the appearance of YMD symptoms. After 30 days post-infection (dpi), symptomatic
leaf samples were collected and total genomic DNA (gDNA) was isolated using HiPurA plant
Genomic DNA Purification Kit (HiMedia). To confirm viral infection, we employed rolling circle
amplification (RCA) using TempliPhi™ DNA amplification kit (GE Healthcare). The RCA
products were then monomerized through restriction digestion using the unique cutter Pstl.
Additionally, PCR was conducted to validate the presence of MYMIV DNA-A, utilizing a DNA-
A specific primer set (Table 17).

4.3.2 Recovery of Apoplast Wash Fluid (AWF) and Leaf Without Apoplast (LWA)

To obtain apoplastic wash fluid (AWF), leaves from MY MIV-infected and uninfected mungbean
plants were collected at the same time of day after 30 days post-infection (dpi). The isolation of
AWEF followed the protocol outlined by Rutter et al. (2017) with slight modifications (486). Leaves
were initially rinsed with double-distilled water, tap-dried, and subsequently placed in a 60 mL
syringe. Infiltration was carried out using vesicle isolation buffer (VIB) containing 20 mM 2-(N-
morpholino) ethanesulfonic acid (MES) at pH 6, 2 mM CaCl2, and 0.1 M NaCl. After infiltration,
the samples were blotted dry, transferred to a 30 mL syringe, and then centrifuged in a 50 mL
falcon tube at 1800 x g for 15 minutes at 4 °C. The flow-through was carefully transferred to a
fresh tube and subjected to centrifugation at 10,000 x g for 30 minutes at 4 °C to eliminate any
remaining large particles from the AWF. This step was executed assuming the extraction of the
majority of apoplastic fluid, designated as the "apoplastic fraction.” The residual leaf tissue,
labeled as leaf without apoplast (LWA), represented plant intracellular components and is now
referred to as the “symplast fraction”. The AWF and LWA were immediately frozen with liquid
nitrogen and stored at -80 °C for future use (487).

4.3.3 NMR Sample Preparation and Experiment

For metabolite extraction from the AWF, 1 mL of AWF was rapidly frozen using liquid nitrogen,
lyophilized, and dried. The AWF sample was resuspended in an equal volume of aqueous
methanol solution (80% v/v) and vortexed for 20 seconds (488). After centrifugation at 12,000 x
g for 30 minutes at 4 °C, the supernatant was transferred to a fresh tube, evaporated using a
SpeedVac concentrator (Eppendorf AG) at room temperature for 9 hours. The dried sample was
dissolved in 600 pl of D20 with TMS and immediately transferred to a 5 mm NMR tube (Sigma-
Aldrich). In contrast, for metabolite extraction from LWA samples, 100 mg of LWA tissue was
homogenized with liquid nitrogen in a sterile mortar and pestle. The powder was suspended in a
1.5 mL aqueous methanol solution (80% v/v), vortexed for 20 seconds, and further extracted by
ultrasonication for 5 minutes (Pulse ON: 20 sec; Pulse OFF: 10 sec) in ice-cold conditions. The
extracted LWA sample was then prepared following the same protocol as the AWF sample. All
experiments were conducted in triplicate.

The NMR spectroscopy analysis performed as previously described by Maravi et al. (2022)
and Chen et al. (2019) (489). Briefly, the prepared metabolite samples were tested on Bruker
Avance Il 600 MHz spectrometer ((BrukerBiospin) operating at 600.17 MHz at 25 °C
temperature (acquired data: free induction decay (FID) files; acquisition time: 3 sec.; spectral
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width: 16.0 ppm). The metabolite signals were analyzed using 'H spectrum, 2D COSY
(homonuclear correlation spectroscopy), *H-13C HMBC, and 2D HSQC (*H-1*C, heteronuclear
single quantum coherence spectrometry) (490).

4.3.4  Spectra Processing and Statistical Analysis

The acquired *H-NMR spectrum was phase- and baseline- corrected, normalized and referenced
at TMS peak (0.00 ppm) using MestReNova software (Version 9.0.1, Mestrelab Research). Then
performed region binning with a bin width of 0.02 ppm ranging from 0.5 to 10.0 ppm based on
sum intensities method. The methanol (3.29-3.32 ppm) and water (4.80-4.92 ppm) regions were
excluded from binned dataset prior to multivariate data analysis (MVDA). The SIMCA software
(version 17.0, Umetrics) was used to analyze the *H NMR binned dataset, which was normalized
by Pareto scaling and log-transformation. The classification methods such as principal component
analysis (PCA) and partial least squares discriminant analysis (PLS-DA) were used to explore
class differences and highlight explanatory metabolites in MYMIV-infected and uninfected
samples. Orthogonal partial least squares discriminant analysis (OPLS-DA) was employed to
obtain the maximum class separation and verify the results with R2X and Q? values. The MVDA
methods were validated with 100 permutations analysis and Tukey's test was used to identify
statistically significant differences (P < 0.05) between metabolites.

4.3.5 Metabolite Identification and Pathway Analysis

The metabolites corresponding to the peaks were identified using 1D 'H and 2D *H-*C NMR
spectra, referencing the ChenomX NMR Suite (ChenomX Inc.), human metabolome database
(https://nmdb.ca/) and consulting relevant literatures (491-499). The list of significant metabolites
identified by multivariate data analysis was then used to study the differences in metabolic
pathways by utilizing MetaboAnalyst 6.0 (https://www.metaboanalyst.ca/).

4.3.6 AWF DNA Extraction and Molecular Analysis

To detect viral DNA presence in the AWF solution obtained from both MYMIV-infected and
uninfected mungbean leaves, total apoplastic DNA samples were extracted using the
phenol/chloroform extraction method with slight modifications (500). The extracted AWF DNA
underwent RCA using the TempliPhi™ DNA amplification kit (GE Healthcare) to amplify the
circular DNA genomes of MYMIV. Subsequently, the resulting RCA product, consisting of
concatemers of viral DNA, was utilized as a template for another RCA reaction to enrich viral
genomes. After enrichment, the RCA products were monomerized through restriction digestion
using the unique cutter Pstl for MYMIV DNA A detection and Mfel for DNA B detection.
Additionally, conventional PCR analysis was conducted on the enriched RCA products. PCR
reactions employed MYMIV DNA-A and DNA-B specific primer sets (refer to Table S1) to target
and amplify the respective regions of viral DNA. To identify any potential genomic DNA
contamination, PCR reactions included a mungbean (Vigna radiata) tubulin gene-specific primer
pair (Table 17).

4.3.7 Extracellular Vesicles Extraction

The AWF solution was passed through a 0.2 um membrane and then subjected to centrifugation
at 10,000 x g for 30 minutes at 4°C. The EVs were isolated from the AWF using successive
ultracentrifugation steps. The ultracentrifugation was performed using a rotor (F50L-24 x 1.5) and
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1.5 mL ultra-microtube (Thermo Scientific) in the Thermo Scientific™ Sorvall™ WX+
ultracentrifuge series at 4°C. The two populations of EVs were obtained by centrifuging the AWF
at 50,000 x g for 60 minutes at 4 °C (P50) and 100,000 x g for 60 minutes at 4 °C (P100). After
centrifugation, the pellets were resuspended in vesicle isolation buffer (VIB) for further analysis
(501).

4.3.8 Transmission Electron Microscopy (TEM)

To investigate the shapes and sizes of EVs, TEM was conducted using a JEM-2100 transmission
electron microscope (JEOL) (501). In brief, the AWF solution was diluted 100-fold in VIB buffer
and applied to a 300-mesh carbon-coated copper grid (Ted Pella, Inc.). Subsequently, the grids
were negatively stained with 50 pl of 2% uranyl acetate, air-dried, and imaged at 80-100 kV. The
resulting TEM images were subjected to analysis using ImageJ software.

4.3.9 Dynamic Light Scattering (DLYS)

The hydrodynamic diameter and zeta potential of the isolated EVs were measured using the
Litesizer 500 Particle Analyzer (Anton Paar) (502). Each retained EVs pellet (P50 and P100) was
resuspended in 700 pl of a 50 mM Tris-Cl pH 7.5 solution for DLS analysis. The particle size
measurement was carried out in a polystyrene 10 x 10 x 45 mm cuvette, using the default settings
for exosome analysis. The analysis allows for the determination of the hydrodynamic diameter of
the EVs, which provides information about their size.

4.3.10 Fluorometric Quantification of EVs

The isolated EVs (P50 and P100) were quantified using a fluorometric dye (DiOCse) to assess total
lipid membrane content (503). The EVs were resuspended in 100 pl of 100 uM DiOCs (Invitrogen)
diluted in 50 mM Tris-Cl pH 7.5. The resuspended fractions were then incubated at 37 °C for 10
minutes, washed with 2 mL of the same buffer, pelleted using an ultracentrifuge at the respective
speed, and the resulting pellet was resuspended in 52 pl of fresh buffer. Next, 50 I of each sample
was transferred to a 96-well, black, clear, polystyrene plate (Corning). The fluorescence of the
DiOCs was then recorded using Tecan i-control (Infinite 200Pro), with an excitation wavelength
of 485 nm, an emission wavelength of 535 nm, and a total of 25 flashes.

4.4 Results

44.1 MYMIV Genomic Components are Present in The Leaf Apoplast

To authenticate the infectivity and specificity of MYMIV infectious clones, total genomic DNA
was extracted from newly emerged leaf tissues of agroinoculated plants. Consistent with our prior
observations (14), typical YMD symptoms such as yellow mosaic patches and leaf curling were
noted in plants agroinoculated with MYMIV infectious clones. Furthermore, the presence of viral
DNA in leaf tissues was confirmed through both PCR and RCA. PCR revealed the presence of a
~1.2 kb band, while RCA demonstrated a ~2.7 kb band, characteristic of the typical size of the
begomovirus genome. Hence, these plant trifoliates were denoted as "MYMIV-infected" in this
study. Conversely, plants subjected to mock treatment and water only remained healthy, devoid of
YMD symptoms, and showed no presence of viral DNA, as confirmed by both PCR and RCA.
Therefore, these samples collectively termed as "Uninfected" in this study.
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We aimed to investigate the presence of viral genomic components in the extracellular
space of MYMIV-infected plant leaves using AWF as a sample source. We extracted total DNA
from the collected AWF, but its concentration was found to be very low, likely due to limited DNA
circulation in AF. To overcome this challenge, we utilized the RCA technique, which generated
only a few copies of viral DNA. We then used the RCA product as a template for further
amplification to obtain a higher concentration of RCA product that could be used for subsequent
experiments. Restriction digestion of the RCA product using the MYMIV DNA A specific Pstl
enzyme and DNA B specific Mfel enzyme revealed the presence of a ~2.7 kb band, which is
indicative of the begomovirus genome size (Figure 28D). To identify the presence of both genomic
components of MYMIV, i.e., DNA-A and DNA-B, we performed PCR analysis using specific
primer pairs. We detected MYMIV DNA-A using two sets of primer pairs, namely DNA-A_Mid
primer (PCR-1) and AC1 primer (PCR-11), both of which generated 1.2 kb and 137 bp fragments,
respectively, in infected AWF samples (Figure 28E). We also identified MYMIV DNA-B using
the DNA-B_Mid primer (PCR-I111), which generated a 1.2 kb fragment that produced the expected
size of an amplicon, as confirmed by gel electrophoresis (Figure 28E). To rule out any possibility
of host genomic DNA contamination in AWF DNA samples, we used a housekeeping gene,
tubulin-specific primer pair, which did not show any amplification in AWF samples but showed
an expected band of 308 bp in the positive control (\VVP) i.e., total plant leaf genomic DNA sample
(Figure 28D).

442 MYMIV Infection Enhanced EVs Secretion, and Geminivirus-like Structures are
Detected in Apoplast

TEM analysis of AWF from MYMIV-infected and uninfected mungbean leaves revealed the
presence of numerous circular vesicles. The size and number of vesicles were measured using
ImagelJ software, revealing an increase in both the total number and size of vesicles in MYMIV-
infected AWF compared to uninfected AWF (Figure 29). To isolate potential complete virus
particles, the AWF solution underwent ultracentrifugation at 40,000 x g for 60 minutes at 4 °C,
resulting in a pellet (P40). The pellet was then resuspended in VIB buffer and subjected to TEM
analysis. The objective was to identify twinned quasi-icosahedral virus particles with expected
dimensions of approximately 18 x 30 nanometers (74). However, no exact sized virus particles
were observed. Instead, geminivirus-like structures in a different size range of approximately 35 x
60 nm were detected (Figure 30). Furthermore, we employed fluorometric assays and DLS
analysis to study the concentration and hydrodynamic diameter of different populations of secreted
EVs (P50 and P100). The P50 fraction of MYMIV-infected and uninfected showed an increased
population of EVs in terms of their elevated size and concentration (Figure 31A and D).
Interestingly, the P100 EVs population showed a lowered concentration in infected compared to
uninfected AWF (Figure 31B). However, the MYMIV-infected AWF had two separate
populations of EVs in the range of 70-90 and 120-140 nm, while the uninfected AWF had only
single population of EVs (70-90 nm) (Figure 31E). These findings suggest that MYMIV infection
could have a significant impact on the population and characteristics of EVs.

4.4.3 Untargeted Metabolomics Detected Apoplastic and Symplastic Metabolites

The representative *H NMR spectra of AWF of MYMIV-infected and uninfected mungbean leaf
is presented in (Figure 32A and B). Similarly, *H NMR spectra of LWA of MYMIV-infected and
uninfected mungbean is shown in ((Figure 32C and D). The comprehensive comparative *H NMR
spectra indicated significant variation in metabolite composition between the AWF and LWA in
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MYMIV- infected samples. In both virus-infected and uninfected plants, approximately 21
identifiable metabolites were detected within the apoplast fraction. These included compounds
such as a-glucose, B-glucose, sucrose, alanine, asparagine, fucose, 4-aminobutyrate, isoleucine,
leucine, thionine, valine, proline, citric acid, formic acid, trigonelline, fumaric acid, betaine,
ethanolamine, D-ribose, pipecolic acid, and 2-hydroxybutyrate (Table 16). Moreover, in the
infected AWF samples, various unidentified yet distinct metabolite signals or peaks were detected
at specific chemical shift values, including 1.46 (s) ppm, 1.92 (s) ppm, 2.13 (s) ppm, 2.17 (s) ppm,
2.21 (S) ppm, 2.34 (s) ppm, 2.42 (S) ppm, 2.98 (S) ppm, 3.17 (S) ppm, 3.25 (d) ppm, 3.26 (S) ppm,
3.61 (s) ppm, and 3.87 (s) ppm. Furthermore, a higher number of metabolites were identified in
the symplast fraction, which included the aforementioned 21 metabolites as well as additional
compounds such as tyrosine, phenylalanine, threonine, glutamate, tryptophan, myo-inositol,
caffeoylquinic acid, iso-butyrate, adenine, cytidine, shikimic acid, p-galactose, succinate,
chlorogenate, acetic acid, and chlorine (Table 16). These findings indicate a substantial disparity
between the metabolomic profiles of the plant leaf symplast and their extracellular space,
highlighting the distinct metabolic landscapes of these regions.

4.4.4  Apoplastic and Symplastic Metabolites Change in Response to MYMIV Infection
To study metabolic differences between MYMIV-infected and uninfected mungbean plants, a
statistical modeling tools like PCA, PLS and OPLS-DA were employed. Two sets of samples were
analyzed: one set included the AWF of infected and uninfected plants, while the other set
comprised of LWA of infected and uninfected plants. The unsupervised method, PCA score plot
of apoplast fraction of MYMIV-infected and uninfected mungbean leaf showed good separation
of the groups based on PC 1 = 37.5%, PC 2 = 22.8%, and PC 3 = 16.9 %. Further separation
between the pair was confirmed via OPLS-DA model with statistical values of R>X = 0.755, R%Y
=0.996, and Q? = 0.928 (Figure 34A). The OPLS-DA model was validated by 200 permutations
values of R = (0.0, 0.984), Q% = (0.0, 0.557). Whereas, OPLS-DA loadings S-plot was used to
identify important features of the spectra that drive pair separation (Figure 34C). Then we
employed univariate analysis using the fold change (FC) analysis, which discriminates potentially
significant peak region under study. The up-regulated metabolites in the infected apoplast were
valine, 2-hydroxybutyrate, a-glucose, B-glucose, sucrose, pipecolic acid and the rest of the peaks
were unknown. The PCA model of symplast fraction from MYMIV-infected and uninfected
mungbean groups were separated based on PC 1 = 58.4 %, PC 2 = 22.2%, PC 3 =17.4 %. The
OPLS-DA model with statistical values of R?X = 0.921, R?Y = 0.997, and Q? = 0.965 shown to
aggregate uninfected samples and dispersed samples of infected (Figure 34D). The OPLS-DA
model was validated by 200 permutations values of R? = (0.0, 0.836), Q2 = (0.0, 0.148) (Figure
34E). Whereas, important features of spectra identified using OPLS-DA loadings S-plot (Figure
34F). To discriminate potentially significant peak region the FC analysis was carried out. The up-
regulated metabolites in the infected symplast were valine, threonine, aspartate, alanine, 4-
aminobutyrate, myo-inositol, trigonelline, acetic acid, ethanolamine, a-glucose, B-glucose,
sucrose, fructose, fucose, pipecolic acid and the downregulated metabolites were 2-
hydroxybutyrate, citrate, proline, and succinate.

The affected metabolic pathways in AWF were citrate cycle (TCA cycle), glyoxylate and
dicarboxylate metabolism, arginine and proline metabolism, glycolysis / gluconeogenesis, starch
and sucrose metabolism, and galactose metabolism based on the statistically significant values of
(p < 0.05) and an impact factor threshold > 0 (Figure 33A and Table 18). Whereas, 12 metabolic
pathways were found to be affected in LWA sample i.e., inositol phosphate metabolism,
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phosphatidylinositol signaling system, glycine, serine and threonine metabolism, glyoxylate and
dicarboxylate metabolism, glycerophospholipid metabolism, glycolysis/gluconeogenesis, sulfur
metabolism, pyruvate metabolism, arginine and proline metabolism, butanoate metabolism, TCA
cycle, and alanine, aspartate and glutamate metabolism (Figure 33B).
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Figure 28 Identification of viral genomic components in the mungbean leaf apoplast.

A: Schematic representation of MYMIV DNA-A genome along with two sets of primer pairs (denoted as DNA-A_Mid
and AC1_gene) for PCR detection. The unique cutter of MYMIV DNA A, Pstl, is indicated; B: Schematic representation
of MYMIV DNA-B genome along with a primer pair (denoted as DNA-B_Mid) for PCR detection; The unique cutter of
MYMIV DNA B, Mfel, is indicated; C: Detection of viral DNA and host gDNA contamination in the apoplast of MYMIV-
infected and uninfected leaf samples using PCR analysis. To specifically detect viral DNA, a primer specific to the AC1
gene of MYMIV was used. To check for any potential contamination of cytoplasmic DNA in AWF, a mungbean (Vigna
radiata) tubulin gene-specific primer was used. PCR with the AC1 gene-specific primer produced a 137 bp fragment, while
PCR with the tubulin-specific primer produced a 308 bp fragment. The following samples were used: four biological
replicates (MYMIV-infected AWF sample no. 1, 2, 3, 4) and (Uninfected AWF sample no. 5, 6, 7, 8), L: Thermo Scientific
GeneRuler 1 kb Plus DNA ladder, MP: MYMIV DNA-A_pCambia3300, N: water (negative control), VVP: total gDNA
extracted from a healthy mungbean leaf; D: Confirmation of MYMIV DNA-A and DNA-B genome sizes in AWF samples
from MYMIV-Infected and Uninfected leaf samples. For both treatments, two biological replicative samples were analyzed.
MYMIV DNA-A genome size was confirmed using unique cutter (Pstl) restriction digestion analysis, whereas MYMIV
DNA-B genome size was confirmed using unique cutter (Mfel) restriction digestion analysis. Each separate reaction yielded
a ~2.7 kb band, indicative of the begomovirus genome size. In contrast, AWF from uninfected samples showed the absence
of DNA bands, indicating the absence of viral DNA in control plants.; E: Identification of MYMIV DNA-A and DNA-B
in AWF samples of MYMIV-infected and uninfected leaf samples using PCR analysis. Three sets of primer pairs (PCR-I,
PCR-Il, and PCR-111) were used to detect MYMIV DNA-A and DNA-B in the RCA product of AWF samples. PCR-I
amplified MYMIV DNA-A mid-region (1210 bp), PCR-II amplified MYMIV DNA-A AC1 gene region (137 bp), and
PCR-11l amplified MYMIV DNA-B mid-region (1430 bp). The following samples were used: 1: RCA product of AWF
extracted from MYMIV-infected leaf, 2: RCA product of AWF extracted from uninfected leaf, AP: MYMIV-DNA-
A_pCambia3300, BP: MYMIV-DNA-B_pCambia3300.
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Figure 29 Vesicle-like structures seen in MYMIV-infected and uninfected AWF.
Transmission electron microscopy (TEM) image analysis revealed the presence of circular shaped
extracellular vesicles in the apoplast fluid. a: MYMIV-infected AWF; b: uninfected AWF; c:
vesicles size distribution graph analysis carried out using ImageJ and OriginPro software. Mu:
mean size, sigma: standard deviation.
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Figure 30 Geminivirus-like structures seen in mungbean apoplastic fluid.
TEM analysis of P40 fraction extracted from AWF of MYMIV-infected mungbean leaf.
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Figure 31 EVs secretion enhanced during MYMIV infection in mungbean plants.

The histograms and graphs depict the presence of EVs in MYMIV-infected (orange color) and
uninfected (gray color) samples. The quantification of DiOC6 fluorescence in different EV
fractions is represented in histograms, with (A) indicating the P50 fraction and (B) indicating the
P100 fraction. The data for this analysis are derived from three biological replicates, each with
three technical replicates. Fluorescence intensity measurements are shown, and error bars
represent the standard deviation (sd). Statistical analysis was conducted using a two-tailed
unpaired Student's t-test with a significance level of P <0.001 (n = 3). The hydrodynamic diameter
of EVs in the P50 and P100 fractions is depicted in the graph (C and D, respectively) and was
determined using dynamic light scattering (DLS).
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Table 16 Metabolites identified in the apoplast and symplast of MYMIV-infected samples.

Metabolites Chemical shifts (ppm), multiplicity, J (Hz) @Sgggﬁ— ISO)ggl;:)Igst_
Isoleucine 1.01 (d, J=7) NSC NSC
Valine 0.99 (d, J=7.23), 1.05 (d, J=7) 2.737(1)  1.688 (1)
Leucine 1.71 (m), 0.94 (m) NSC NSC
Tyrosine 6.9 (d, J=8.62), 7.17 (d, J=8.65) Absent NSC
Phenylalanine 7.36 (S), 7.43 (s) Absent NSC
Threonine 1.33 (d) NSC 3.376 (1)
Glutamate 2.13 (p, J=6.86 7.29), 2.37 (dt, J=5.10, 7.92) Absent NSC
Aspartate 2.67 (d, J=8.68), 2.81 (d, J=3.64), 2.84 (d, J=3.8) Absent 1.141 (1)
Tryptophan 7.63 (d, J=8.29) Absent NSC
Alanine 1.48 (d, J=7.4) NSC 1.120 (1)
Proline 2.07 (m), 3.31 (m) 1.040 (1) -1.05(})
4-Aminobutyrate  1.91 (s), 2.31 (t, J=7.30), 3.02 (t, J=7.60) NSC 1.009 (1)
Myo-inositol 3.31 () NSC 1.391 (1)
Trigonelline 9.13(s), 8.84 (t,J=7.19, 7.19), 8.08 (t, J=7.11),4.44 (S) NSC 1.624 (1)
Isobutyrate 1.08 (s) NSC NSC
Adenine 8.25 (s) Absent NSC
Cytidine 7.96 (d, J=8.25) Absent NSC
Adenosine 6.07 (d) NSC NSC
B-galactose 457 (d, J=19.2) NSC NSC
Succinate 2.48 (s) NSC -1.054 ()
Formic acid 8.46 (s) NSC NSC
Fumaric acid 6.57 (s) NSC NSC
2-Hydroxybutyrate 1.37 (S) 2433 (1) -1.911())
Chlorogenate 7.73 (d, J=15.8), 6.96 (d, J=8.1), 7.25 (s), 7.17 (d, J=8.3) Absent NSC
Citrate 2.57 (d, J=17.3) 2.772(}) -1.597(])
Caffeoylquinic acid ~ 6.53 (d, J=5.65) Absent NSC
Acetic acid 1.94 (s) NSC 1.388 (1)
Ethanolamine 3.13 (t, J=9.44, 9.44) NSC 1.816 (1)
Betaine 3.28 (5) NSC NSC
Choline 3.2(s) NSC NSC
Sucrose 5.42 (d, J=3.8), 4.22 (d, J=8.8), 4.06 (t, J=8.5),3.6 (s) 1.130(1) NSC
B-Glucose 4.65 (d, J=7.95) 2.237(1)  2.933 (1)
a-Glucose 5.24 (d, J=3.7), 3.9 (dtt, J=3.43,3.43,7.44, 7.44,9.59) 2237(1) 3.222(})
Fructose 4.11 (d, J=3.8), 4 (t, J=11.74), 3.57 (q, J=1.99, 2.20) NSC 1.975 (1)
Fucose 1.24 (d, J=7.47), 1.17 (d, J=7.11) NSC 1.790 (1)
D-Ribose 2.2 () NSC NSC
Malic acid 2.44 (d, J=11.5), 4.33 (d, J=8.1), 2.71 (d, J=17.4) NSC NSC
Shikmic acid 2.78 (d, J=5.6), 2.75 (d, J=5.5), 6.45 () Absent NSC
Pipecolic acid 3.56 (dd) 1.479 (1) 1.237 (1)

1: up regulated; |: down regulated; NSC: no significant change in metabolite; s: singlet; d: doublet; t: triplet; dd: doublet of doublets; m: multiplet;
AWEF: apoplast washing fluid; LWA: leaf without AWF; log2FC: log2 fold change.
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Table 17 List of primers used to detect apoplastic MYMIV.

Primer label Primer pair Sequence (5°-3°) Leng Amplico
th n
tubulin primer Vr. tubulin_FP aacttatcgattccgtcttggatg 24nt 308 bp
Vr. tubulin_RP gaagggaaaacggaaaacgtcatca 25nt 308 bp
DNA-B_primer MYMIV_DNA-B-Mid_FP  ggactccaatgtgatcgacgg 22nt 1430 bp
MYMIV_DNA-B-Mid_RP gctatacgcactatgtcgttcg 21nt 1430 bp
DNA-A_ primer MYMIV_DNA-A-Mid_FP  cgtccatccataccttaccecg 21nt 1210bp
MYMIV_DNA-A-Mid_RP  gtatgcgtcgttggcagattg 21nt  1210bp
ACL1 primer MYMIV-DNA-A_AC1-FP ctaataggtctatctggccgeg 22nt 137 bp
MYMIV-DNA-A_AC1-RP cggatattcacagagcctgtcc 22nt  137bp

4.5 Discussion
Understanding the strategies employed by pathogens and hosts in the apoplast can potentially
improve specific characteristics and enhance protection for plant cells against pathogens and
various stressors (467,504). This study unveils a significant role of the apoplast, shedding light on
its previously unexplored involvement in DNA virus infection, particularly in begomovirus
infection. The findings are substantiated by the identification of viral DNA and the induction of
EVs. Utilizing NMR-based metabolomics, specific biomarkers associated with MYMIV infection
were identified in both the apoplast (AWF) and symplast (LWA). Notably, this study represents a
pioneering exploration of the leaf apoplast of mungbean in response to MYMIV.

Plant viruses, traditionally recognized for utilizing a symplastic route via plasmodesmata
(PD) for cell-to-cell movement, have recently been implicated in the apoplast and the induction of
vesicles. EVs in plants share physical and chemical characteristics with viruses, and their
biogenesis pathways show similarities (505). For instance, RNA viruses like turnip mosaic virus
(TuMV) associate viral RNA and protein with multivesicular bodies (MVBSs), leading to the
release of intraluminal vesicles into the apoplast (19). In potato virus X-infected plants, virus
particles and RNAs are present in the apoplast but are not associated with vesicles (20). Ongoing
studies emphasize the role of EVs in virus transmission. For example, Rice dwarf virus (RDV)
employs the exosomal release pathway for horizontal transmission to leafhopper vectors (506).
Cross-transmission of plant RNA viruses to fungi and the association of fungal viruses with EVs
underscore the importance of extracellular virus transfer (507,508). Certain fungi efficiently
absorb virus particles and viroid RNAs from the apoplast, highlighting their role in the uptake of
secreted macromolecules (509). Our data indicate an increased size and number of EVs in the
MY MIV-infected apoplast (Figure 29), suggesting that these vesicles may carry additional cargo
from the cytoplasm under virus infection. This observation is consistent with previous findings
demonstrating that plants produce EVs, particularly in response to pathogen infection
(19,466,510).
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Figure 32 Comparative 1H NMR spectrum of MYMIV-infected and uninfected leaf tissue.
The spectra obtained at 600 MHz, were scaled in accordance with TSP used as internal standard.
A: infected apoplast; B: uninfected apoplast; C: infected symplast; D: uninfected symplast. The
NMR graph, ranging from 0.8 to 9.2 ppm, is categorized into three regions, namely amino acids,
sugars, and the aromatic region. Identified amino acids include Isoleucine (1), Valine (2), Leucine
(3), Tyrosine (4), Phenylalanine (5), Threonine (6), Glutamate (7), Aspartate (8), and Tryptophan
(9). Organic acids such as Succinate (20), Formic acid (21), Fumaric acid (22), a-
Hydroxyisobutyric acid (23), Chlorogenate (24), Citric acid (25), and Citrate (26) are present.
Various sugars, including B-galactose (19), B-Glucose (37), a-Glucose (38), Fructose (39), Sucrose
(36), and Fucose (40), were also detected. Additionally, D-Ribose (41), Malic acid (42), Shikmic
acid (43), and Pipecolic acid (44) were identified. Other compounds comprise myo-Inositol (13),
Trigonelline (14), Isobutyrate (15), Adenine (16), Cytidine (17), Adenosine (18), caffeoylquinic
acid (27), Acetic acid (28), Methanol (29), Ethanolamine (30), Betaine (31), and Choline (35).
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Figure 33 Metabolic pathways analysis of apoplast and symplast from MYMIV-infected
mungbean.

Analysis carried out using MetaboAnalyst 5.0. Differences were considered statistically significant
with P values < 0.05 and an impact factor threshold > 0. A: Altered metabolic pathways of AWF
samples; B: Altered metabolic pathways of LWA samples. 1) Alanine, aspartate and glutamate
metabolism, 2) Citrate cycle (TCA cycle), 3) Butanoate metabolism, 4) Inositol phosphate
metabolism, 5) Arginine and proline metabolism, 6) Sulfur metabolism, 7) Pyruvate metabolism,
8) Glycine, serine and threonine metabolism, 9) Phosphatidylinositol signaling system, 10) Starch
and sucrose metabolism, and 11) Galactose metabolism, 12) Glyoxylate and dicarboxylate
metabolism, 13) Glycolysis / Gluconeogenesis.
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Figure 34 Statistical analysis of MYMIV-infected and uninfected samples.

OPLS-DA score plot, statistical validation by permutation analysis and loadings S-plot for
discrimination of MYMIV-infected and uninfected samples. A: Score plot of AWF samples; B:
Validation by 200 permutations, R2 = (0.0, 0.985), Q2 = (0.0, 0.566) of AWF samples; C:
Loadings S-plot of AWF samples; D: Score plot of LWA samples; E: Validation by 200
permutations, R2 = (0.0, 0.806), Q2 = (0.0, 0.0361) of LWA samples; F: Loadings S-plot of LWA

samples.
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Table 18 Metabolite pathways majorly affected by MYMIV infection in apoplast and symplast regions of mungbean leaf.

Total Holm

AWEF Metabolic Pathway Cmpd Hits Rawp -log10 (P) adjust FDR Impact
1  Citrate cycle (TCA cycle) 20 1 2.43E-05 4.6144 0.00026732 0.00013366 0.11571
2  Glyoxylate and dicarboxylate metabolism 29 1 2.43E-05 4.6144 0.00026732 0.00013366 0.00702
3 Arginine and proline metabolism 34 1 0.0002703  3.5682 0.0021624  0.00074332 0.06623
4 Glycolysis / Gluconeogenesis 26 1 0.00044789 3.3488 0.0031352  0.00098536 0.00038
5  Starch and sucrose metabolism 22 1 0.0056876  2.2451 0.034126 0.0089377  0.0889
6 Galactose metabolism 27 1 0.0056876  2.2451 0.034126 0.0089377  0.04252

LWA Metabolic Pathway
1  Inositol phosphate metabolism 28 1 1.87E-05 47271 0.0005999  0.00014997 0.10251
2  Phosphatidylinositol signaling system 26 1 1.87E-05 47271 0.0005999  0.00014997 0.03285
3 Glycine, serine and threonine metabolism 33 2 0.18328 0.73689 1 0.18919 0.1204
4  Glyoxylate and dicarboxylate metabolism 29 3 0.0034586  2.4611 0.055337 0.006303 0.00702
5  Glycerophospholipid metabolism 37 1 3.38E-05 4.4706 0.00094738 0.00021654 0.00947
6  Glycolysis / Gluconeogenesis 26 2 0.0098468  2.0067 0.13786 0.016584 0.00189
7 Sulfur metabolism 15 2 0.013598 1.8665 0.16317 0.019868 0.09392
8  Pyruvate metabolism 22 1 0.075791 1.1204 0.75791 0.10545 0.075
9  Arginine and proline metabolism 34 2 0.00024644 3.6083 0.0055597  0.00071693 0.06623
10 Butanoate metabolism 17 2 0.00061265 3.2128 0.012866 0.0015569  0.13636
11 Citrate cycle (TCA cycle) 20 2 0.00063249 3.1989 0.012866 0.0015569  0.15581
12 Ala, Asp and Glut metabolism 22 4 0.00070787 3.15 0.01345 0.001618 0.2554
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The detection of viral proteins, RNA, and virus particles in the plant apoplast emphasizes
its critical role in viral infection, particularly in the systemic spread of the virus within the host. In
bipartite begomoviruses, two crucial proteins cooperate to mediate cell-to-cell movement of the
virus: the nuclear shuttle protein (NSP) and the movement protein (MP) encoded by DNA-B
(144,145,511). In the presence of MP, NSP was observed to be associated with early endosomes,
while MPs were demonstrated to be located at the plasma membrane, plasmodesmata, and in
motile vesicles. These vesicles assist viral DNA complex to move into the next cell, either along
the plasma membrane or via the endoplasmic reticulum (ER) spanning the PD (102,106,512-515).
This report suggests that DNA viruses, such as begomovirus, might exploit the apoplast and/or
EVs for systemic spread. Consistent with previous findings, we report the presence of both viral
genomic components, i.e., DNA A and DNA B, in the apoplast of MYMIV-infected mungbean
leaves (Figure 28). Based on structural observations from TEM, we speculate on the presence of
geminivirus-like structures in the apoplast of MYMIV-infected leaves, as the size of the particles
deviated from that typically reported for geminiviruses. However, further investigations are needed
to confirm this speculation (Figure 30).

The most widely employed method for AF extraction with negligible intracellular
contamination is the VIC method, involving vacuum infiltration with an appropriate extraction
buffer and subsequent centrifugation (485,487). The VIC method is proven effective for AF
protein recovery (465,479,484) and is suitable for apoplast proteomic analyses under various
stresses, including biotic factors like bacterial (516) or fungal (517) infections and abiotic
(481,518,519) or nutritional (520,521) stresses. However, investigating apoplastic metabolites
poses challenges due to their relatively low abundance compared to intracellular or symplastic
components (522). Currently, extracting AF metabolites from in planta systems is commonly
performed using the VIC method. Variations in apoplastic metabolic components have been
observed in response to biotic stresses caused by fungi (517,523) and bacteria (524-527), as well
as abiotic stresses (528,529). Witzel et al. (2011) employed the VIC method to extract proteins
from maize leaf apoplast and symplast, highlighting differential compositions of proteins in their
respective fractions and minimal contamination of symplastic proteins in the apoplast fraction
(530). However, under virus infection, region-specific alterations of metabolite composition in the
apoplast and symplast have not been studied yet.

NMR metabolomics fingerprinting and profiling are highly pertinent for studying plant-
pathogen systems (490,531-533). Recently, metabolomic studies have extensively investigated
the metabolic changes in whole symptomatic plant leaves during virus infections (534-538),
including those involving mungbean and MYMIV (539).

Phenolic acids, a diverse class of plant polyphenols, are primarily synthesized through the
shikimic acid pathway in the phenylpropanoid pathway (540). This process converts simple
carbohydrates into aromatic amino acids (phenylalanine, tyrosine, and tryptophan), serving as key
precursors for phenolic acid and protein synthesis. The shikimic acid pathway is also associated
with the synthesis of various secondary metabolites, including chlorogenic acids and
caffeoylquinic acids (541). These polyphenols play a crucial role in stress protection in plants,
offering antioxidant properties that enhance defense mechanisms and provide biomedical benefits
(542-545). Chlorogenic acids and caffeoylquinic acids are widely distributed secondary
metabolites known for their plant antioxidant properties, bolstering defense mechanisms and
exhibiting biomedical benefits (546-549). While previous studies, based on whole tissue extracts,
associate elevated chlorogenic phenolics with disease resistance (550,551), our investigation
reveals the absence of these metabolites in the leaf apoplast of MYMIV-susceptible mungbean cv.
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K851 (Table 16), consistent with findings in viroid-infected tomatoes and tobacco or potato studies
(552,553). Tomato curly stunt virus (ToCSV) infection significantly impacts the phenylpropanoid
pathway, particularly chlorogenic acids, exhibiting distinct responses in resistant and susceptible
tomato lines linked to chlorogenic acid depletion (537). Upon virus infection, our data reveal an
upregulation of a- and B-glucose in the overall plant cell, encompassing both apoplast and
symplast. However, these glucose molecules do not appear to be involved in the synthesis of
phenolic acids, as indicated by the absence of key precursors like phenylalanine, tyrosine,
tryptophan, shikimic acid, caffeoylquinic acid, and chlorogenic acid in the apoplast (Table 16).
Additionally, there was no significant change in their symplastic concentration upon MYMIV
infection. This suggests that, upon virus infection, glucose molecules may be utilized for other
purposes within the plant cell. From these findings, we hypothesize that the susceptibility of
mungbean cv. K851 may be attributed to this metabolic profile. Elevating the levels of these
metabolites might potentially contribute to developing disease resistance (554,555), necessitating
further validation through comprehensive examinations.

Previous studies have documented elevated sugar levels in virus-infected plants (556). In
this study, we report upregulated levels of a- and B-glucose in both the apoplast and symplast.
Furthermore, there is an increase in fructose levels within the symplast but not in the apoplast,
while we observe a significant increase in apoplastic sucrose levels but not in the symplast (Table
16). We speculate that intracellular fructose is potentially involved in the upregulation of the
abscisic acid (ABA)- and ethylene-signaling pathway, primarily associated with the defense
mechanism (557). Overall, this data indicates that under MYMIV infection, plant cells
intracellularly cleave sucrose into glucose and fructose, which may explain the lack of a significant
change in intracellular sucrose levels. Sucrose, a recognized signaling molecule, constitutes a
major component of phloem sap, typically loaded through the symplastic route. However, in
CMV-infected melon plants, Shalitin et al. (2000) proposed a shift from symplastic to apoplastic
phloem sap loading of sucrose, supported by increased levels of radioactive sucrose (558).
Additionally, the phloem-feeding whitefly Bemisia tabaci, which primarily feeds on phloem sap
containing sucrose, can detect apoplastic sucrose concentrations using the sugar receptor BtabGR1
(559). Itis reported that elevated sucrose concentrations suppress callose deposition in Arabidopsis
thaliana cells (560). Consistent with previous findings, our data reveal a significant increase in
sucrose levels, particularly in the apoplast of MYMIV-infected plants compared to uninfected
ones. This suggests that plant cells synthesize and secrete elevated quantities of sucrose into the
apoplast to suppress callose formation on plasmodesmata, facilitating the unrestricted cell-to-cell
spread of the virus and potentially aiding in the nutrition of insect vectors such as whiteflies.

The amino acid composition in the apoplast undergoes variations based on the plant's
physiological state and in response to both abiotic and biotic stresses (477,561). We report an
increase in symplastic aspartate levels with its absence in the apoplast. Aspartate is a crucial amino
acid used to synthesize many other essential amino acids (562). The elevated cytosolic aspartate
may assist the plant in meeting the heightened demand for other amino acids during virus infection.
Apoplastic proline and GABA act as chemotactic signals, guiding bacterial pathogens into the
tomato apoplast (526). Additionally, proline acts as a crucial osmoprotectant, balancing cytosolic
osmolarity (563). Local proline accumulation during pathogen infection can act as an apoptotic
signal, triggering a hypersensitive response (564). The proline metabolizing pathway plays a
crucial role in providing resistance to begomovirus infection in black gram cultivars (554). Our
findings reveal the upregulation of proline in the apoplast and its downregulation in the cytosol,
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suggesting proline transport out of cells in response to virus infection to trigger a hypersensitive
response (Table 16).

4.6 Summary

In this chapter, we sought to reveal a role for the apoplast in MYMIV infection. Using a standard
method, we extracted AF from MYMIV-infected and uninfected mungbean leaves. Our data
suggest the exploitation of the foliar apoplast by DNA viruses, as we detected MYMIV genomic
DNA, potentially facilitating their systemic movement via the apoplast and inducing alterations in
EVs size and numbers. Furthermore, the metabolic analysis of isolated apoplasts and symplast
revealed distinctive metabolic profiles for both compartments, identifying metabolites associated
with disease susceptibility. These identified metabolites play pivotal roles in stress responses and
defense, emphasizing the importance of apoplast in begomovirus infection.
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Chapter 5
Chapter 5: Conclusion and future perspectives

5.1 Conclusion

Legumes, particularly mungbean, emerge as crucial components among essential human food crops.
As the second most substantial human food crop after cereals, legumes, often referred to as "the poor
man’s meat," provide abundant sources of proteins, bioactive compounds, minerals, and vitamins (1).
Mungbean, cultivated over 7 million hectares, primarily in Asia, plays a significant role in global
agriculture. Despite India's prominence in mungbean production, yielding 2.17 million tons from
around 4.32 million hectares, the productivity of mungbean remains relatively low due to notable
constraints such as YMD caused by begomoviruses (3,8,193).

The genus Begomovirus, a highly successful and emerging group of plant viruses within the
family Geminiviridae, poses a substantial threat to mungbean and other dicotyledonous plants. These
viruses thrive due to their remarkable ability to recombine easily, generating novel variants and species.
Leveraging DNA satellites as pathogenicity determinants and exploiting a broad range of cultivated
and wild hosts, begomoviruses continue to expand globally. This expansion is facilitated by factors
like global plant trade and climate change. Effectively addressing this viral infection necessitates a
comprehensive understanding of its epidemiology, screening for resistant genotypes, and developing
resistance through sustainable agricultural practices.

Our data indicate the prevalence of MYMIV in Assam and Orissa, in contrast to the dominance
of MYMV in Bihar. This underscores significant regional variations in mungbean crops concerning
begomovirus species. Additionally, our investigation into the evolutionary dynamics of these viruses,
employing phylogenetic, recombination, and mutational analyses, has uncovered notable differences
in the ancestry of DNA-A and DNA-B, particularly higher recombination events and genetic variability
occurring in DNA-B. This provides valuable insights into the intricate genomic variations that drive
the evolution of begomoviruses. Further, we screened several mungbean cultivars for resistance and
susceptibility to YMD. The preparation of agroinfectious clones of MYMV and MYMIV facilitated
the identification of the highly resistant (cv. PDM139) and highly susceptible (cv. K851) mungbean
cultivars.

Prompted by this identification, our research took a crucial step towards developing a non-
GMO and sustainable approach to manage YMD in mungbean. Leveraging RNAI technology, we
topically applied hpRNA to trigger RNAI within plant cells against MYMIV. We identify two target
regions to induce RNAI, resulting in the preparation of three hpRNA. clones (TR-1: AC4/AC1, TR-2:
AC3/AC2/AC1, and TR-1+2: AC4/AC1_AC3/AC2/ACL). Transient expression assays, revealed stack
clone i.e., hpTR-1+2_pART27 as a highly efficient construct to counter MYMIV. In vivo synthesized
hpRNA (hpTR-1+2) spray assay, shown to induce formation of siRNA with life span of at least 12
days in systemic leaves. Further we conclude naked hpRNA spray can provide a short but potent
protection window against MYMIV. Specifically, spraying hpRNA on the same day, two days, or four
days prior to viral inoculation resulted in the highest resistance.

Finally, we explore the role of the apoplast under begomovirus infection. Our data indicate the
presence of MYMIV genomes in the apoplast fluid. Additionally, we observe an increase in both size
and numbers of EVs in the apoplast under begomovirus infection, suggesting a potential role in
carrying extra cargo under viral stress conditions. Furthermore, our NMR-based metabolic analysis of
apoplast and symplast reveals distinctive metabolic profiles for both compartments. This analysis
identifies metabolites associated with disease susceptibility, particularly noting low levels of phenolic
compounds and increased levels of apoplastic proline and sucrose. These identified metabolites play
pivotal roles in stress responses and defense, highlighting the significant involvement of the apoplast
in plant defenses against begomoviruses.
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5.2 Future perspectives

e Global Surveillance and Predictive Modeling:
Conducting a pan-India or international survey can provide a more comprehensive
understanding of begomovirus prevalence and evolution. In-depth analysis of geographical
distribution and genetic diversity of mungbean-infecting begomoviruses, coupled with
exploration of ecological factors like climate and insect vectors, is essential.

e Expanded Application of Agroinfectious Clones:
The prepared MYMV and MYMIV mungbean isolate agroinfectious clones, offer their
utility beyond their natural host (i.e., mungbean). Testing their infectivity on other legume
crops such as cowpea and blackgram may facilitate a comprehensive host range analysis
and broader resistance screening.

e Advanced Delivery Methods for hpRNA:

While hpTR-1+2 demonstrated efficacy in conferring resistance to MYMIV, refining the
delivery method is crucial. Exploring advanced strategies such as nanoparticle carriers and
viral vectors holds promise for enhancing the stability and efficiency of hpRNA within
plant cells. These innovations could potentially extend the protective window, providing
long-lasting protection. Furthermore, the success of hpTR-1+2 suggests possibilities for
employing single hpRNA constructs against other begomovirus species, particularly those
causing mixed infections in important crops, leading to broad-spectrum resistance.

e Unraveling the Mechanism of MYMIV Secretion:
Though we detect MYMIV genomic DNA in the apoplast, the mechanism of its secretion
remains a major unanswered question. Understanding how viruses exploit this pathway
may allow the disruption of their entry point, effectively hindering infection and spread.

e Exploring EVs Dynamics:

The observed increase in the size and number of EVs during begomovirus infection
presents an intriguing avenue for further exploration. Investigating whether exosomes play
a role in the secretion of begomovirus and, if so, whether they encapsulate virions or virus
particles could provide valuable insights into how the virus evades the host immune
system. While our study demonstrates the secretion of EVs, a more comprehensive
understanding of their types and potential recipient cells is crucial. Recent research has
uncovered the presence of mRNA in exosomes, suggesting that transcriptomics of
exosomes could help elucidate their RNA cargos, including siRNA, long non-coding RNA,
and more. This exploration would contribute to a deeper understanding of the complex
interactions between begomoviruses and their host cells.

e Comprehensive Metabolomic Analysis:
While NMR analysis provided valuable insights into metabolomes in the apoplast and
symplast, unidentified metabolites present opportunities for further exploration.
Employing complementary approaches like mass spectrometry can unlock the identities of
these unknown players, potentially revealing novel defense pathways or susceptibility
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factors. This deeper understanding of plant-virus metabolic interactions will guide future
research and disease management strategies.
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APPENDICES

Appendix A

TR-1: AC4/ACI:

CCTCATCTCCATGTICTGCTTCAATTCGAAGGAAAGTTGCAAACGAAGAACGAAAGGTTCTTCGACCTGGTITCCCCAA
CCAGATCAGCACATTACCATCCGAACGTTCAGGCAGCTAAAAGCGCATCAGATGTTAAGTCATACATGGACAAAGACG
GAGACGTCCTTGACCATGGAAGTTTCCAAGTCGATGGCAGATCAGCTAGAGGAGGTAAACAGTCTGCCAACGACGCT
TATGC

TR-2: AC2/AC3/ACT:

TTCTCCTCCGTCGATCAAAGCECAACACAAGGTTGCCAAGAAGCGAGCAATTCGACGCTCTCGAATTGATTTAAGCTGT
GGGTGTAGTTATTACATCCATATCAACTGCCGTAACTATGGATTTTCGCACCGEGGACAACATCACTGCAGCTCAACTC
AGGAATGGCGETCTTTATTTIGGGAGGTGCGAAATCCCCTCTCTTTCAAGATCATGCAGCACCGTCAGATTCAAGCAGGE
TcC

Fig. 1. The nucleotide sequence of TR-1 and TR-2 is depicted.
Two selected target regions (TRs), TR-1 and TR-2, for RNA interference (RNAI) induction in
mungbean against Mungbean Yellow Mosaic India Virus (MYMIV).

PCR-I PCR-II

0.8 kb

0.35kb

Fig 2. PCR confirmatory analysis of three hpRNAI constructs in sense and antisense
orientation in pKannibal backbone.

PCR analysis using two different primers set: A: hpTR-1_pKannibal; B: hpTR-2 pKannibal
clone I, C: hpTR-2 pKannibal clone II; D: hpTR-1+2 pKannibal clone I; E: hpTR-
1+2 pKannibal clone II; F: Empty pKannibal; G: Negative control; L: 50 bp DNA ladder.
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A (4450) XhoI EcoRI (46%) (5967) BamHI B
CaMV 355 promoter Kpnl (4%47) (5743) Clal Xbal (6235)

| |
| P @_ PDK intron AC4_as (m 0CS terminator = .

hpTR-1+2_pART27

1

= hpTR-1+2_pKannibal .
(4456) EcoRl BamhI (5273) z s
(4450) XhoI || Kpnl (4466) (5262) Clal, || Xbal (527) £ . I
| &
{ CalV 355 promoter ,“ PDK intron W | 0CS terminator J— e .1l I
¥ ° T T T T

pKannibal (6063 bp) S o 50 1000 150

- T, Position

hol EcoRl EcoRI pnl Clal BamH! BamHI Xbal

FP-ACA-AS-BamHI - - RP-ACA-AS-Clal FP-AC2-AS-Xbal |:> <:| RP-AC2-AS-BamH!
FP-ACA4-S-ECOR! - - RP-ACA-5-Kpnl t FP-AC2-5-Xhol - - RP-AC2-S-ECORI
\
AC1
) T >
AC4-RNA.... AC3
AC2-RNAI...
MYMIV DNA A

Fig 3. Schematic representation of hpRNAi clone preparation and hpRNA structure

prediction.
A) Construction of hpRNAi cassette, example: hpTR-1+2 pART27 clone preparation is

demonstrated; B) Schematic representation of predicted dsRNA secondary structure of hpTR-
142, results have been computed using RNAfold 2.4.18.

Undigested Xhol + Xbal digested

A —_ SV A B

Fig. 4 Restriction Digestion based confirmation of hpRNA _1.4440 recombinant clones.
Analysis carried out using two enzymes i.e., Xhol and Xbal. A: hpTR-1+2_ 14440 clone-I,
B: hpTR-1+2 14440 clone-II, Lane M: 100bp DNA ladder. Appearance of two bands (2.7
kb and 1.7 kb) upon double digestion confirms both sense and antisense fragments are

present in 1.4440 vector backbone.
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Appendix B

A

Fig. 1 Representative images of mungbean leaves and molecular analysis of MYMIV
infected and uninfected leaf samples:

A. Healthy mungbean trifoliate, B. Symptomatic MYMIV-infected leaf, C. PCR analysis of
infected (a), positive control (b), and uninfected (c). Restriction digestion (unique cutter, Pstl) of
RCA product of infected (d) and positive control (e) along with DNA ladder (m).
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a) PCA score plot of apoplast and symplast fractions combined; b) PCA score plot of apoplast fractions; ¢) PCA score plot of symplast

fractions.
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Fig. 3 1H-1H COSY spectrum of a representative aqueous extract of symplast fraction

from MYMIV-infected mungbean cv. K851.
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Fig. 4 1H-13C HMBC spectrum of a representative aqueous extract of symplast

fraction from MYMIV-infected mungbean cv. K851.
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Fig. 5 1H-13C HSQC spectrum of a representative aqueous extract of symplast from

MY MIV-infected mungbean cv. K851.
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The red circles represent features above the threshold. The further its position away from the (0,0),
the more significant the feature is: a) AWF sample group of uninfected and MY MIV-infected; b)
LWA sample group of uninfected and MY MIV-infected.
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