


Host plant resistance to important viruses in cucurbits- current challenges and advances


ABSTRACT
Cucurbit crops like cucumber, melon, squash, and watermelon are vital vegetables grown globally. Their production is under serious threat by viral diseases caused by a wide array of plant viruses including Cucumber mosaic virus (CMV), Zucchini yellow mosaic virus (ZYMV), Watermelon mosaic virus (WMV), and Papaya ringspot virus (PRSV). They cause severe yield losses and reduced fruit quality, forming a significant challenge for sustainable cucurbit production. Host plant resistance (HPR) provides a viable, environmentally friendly, and economically sound approach for controlling viral diseases in cucurbits. The present review presents an overview of the status of host resistance to major cucurbit-infecting viruses, including the origin of natural resistance, the pattern of inheritance, and the progress of breeding strategies. Conventional breeding, marker-assisted selection (MAS), transgenic methodology, and genome editing tools have all played roles in generating virus-resistant varieties. Nonetheless, the speedy development of viral strains, collapse of resistance, and narrow genetic diversity in certain cucurbit crops are still challenges. Combining genomic resources, high-density phenotyping, and bioinformatics is enabling the discovery and deployment of enduring resistance genes. In addition, utilization of wild relatives and landraces as a source of resistance is receiving increased interest. This review highlights the importance of interdisciplinarity to engineer broad-spectrum and lasting resistance. Host plant resistance will be critical for food security and decreasing the dependency on chemical controls in cucurbit production systems.
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1. INTRODUCTION
Plant viruses are a major cause of worldwide agricultural loss, leading to over USD 30 billion in crop damage annually (Sastry and Zitter 2014). With the present situation of global warming, the cost of these viral diseases is bound to rise (Jones et al., 2016). Cucurbits, such as watermelon, cucumber, melon, zucchini, pumpkin, squash, and gourd, are among the most critical horticultural crops globally, with four of the first twelve crops being members of the Cucurbitaceae family [FAOSTAT, 2020]. Also, minor cucurbits, grown in many countries, benefit human health (Rolnik and Olas 2020) The Cucurbita spp. are varied, from Argentina to southern North America, whereas recent research indicates that melon originated in Asia but was domesticated in Asia and Africa (Endl et al. 2018) Watermelon, however, has African origins, whereas cucumber has its origins in East Asia and India (Chomicki et al. 2020).Cucurbit crops are prone to many viruses transmitted either mechanically or through a range of vectors (Lecoq & Desbiez 2012; Velasco et al. 2020). Several of Potyviruses, such as,  Papaya ringspot virus (PRSV, previously Watermelon mosaic virus), Watermelon mosaic virus (WMV), and Zucchini yellow mosaic virus (ZYMV), are transmitted through aphids. The range of cucurbit crops and the occurrence of viruses that infect them present them with critical challenges to their growth and yields. It is important to comprehend the interactions between these viruses and plants in order to establish suitable methods for controlling viral diseases and ensuring world food security. In this regard, studies on virus-resistant varieties and the genetic components of resistance in cucurbit crops become important for sustainable agriculture against emerging environmental challenges.
Cucurbit crops are attacked by a broad range of viruses, and certain virus families are excessively widespread and have created serious epidemics in significant production regions. Cucumoviruses such as Cucumber mosaic virus (CMV) and Moroccan watermelon mosaic virus (MWMV) and poleoviruses such as Cucurbit aphid-borne yellows virus (CABYV) are recognized as the highly prevalent ones. Further, criniviruses such as Cucurbit chlorotic yellows virus (CCYV) and Cucurbit yellow stunting disorder virus (CYSDV), and ipomoviruses such as Cucumber vein yellowing virus (CVYV), which are transmitted by the whitefly Bemisia tabaci, are increasingly becoming destructive. Begomoviruses have recently become a major threat to cucurbits, with Bemisia tabaci as the primary vector. The most severe is tomato leaf curl New Delhi virus (ToLCNDV), followed by squash leaf curl virus (SqLCV), watermelon chlorotic stunt virus (WmCSV), and melon chlorotic mosaic virus (MeCMV). Melon necrotic spot virus (MNSV), spread by Olpidium, is also increasing due to emerging strains. In addition, some tobamoviruses, such as Cucumber green mottle mosaic virus (CGMMV) and Zucchini green mottle mosaic virus (ZGMMV), are transmitted mechanically and are usually region-specific, affecting some areas with a comparatively lesser economic impact.
Cucurbit crops face a wide range of viral threats, with some virus families causing severe epidemics in major growing regions. Notably, cucumoviruses like Cucumber mosaic virus (CMV) and Moroccan watermelon mosaic virus (MWMV), along with poleoviruses such as Cucurbit aphid-borne yellows virus (CABYV), are particularly prevalent. Furthermore, criniviruses such as Cucurbit chlorotic yellows virus (CCYV) and Cucurbit yellow stunting disorder virus (CYSDV), and ipomoviruses such as Cucumber vein yellowing virus (CVYV), vectored by the Bemisia tabaci whitefly, are increasingly problematic. More recently, begomoviruses have become a major problem for cucurbit crops, inducing intensities of virulence ranging from mild to severe and vectored by B. tabaci. Among them, the most virulent is the tomato leaf curl New Delhi virus (ToLCNDV), and other begomoviruses such as squash leaf curl virus (SqLCV), watermelon chlorotic stunt virus (WmCSV), and melon chlorotic mosaic virus (MeCMV). The other virus of concern is the Melon necrotic spot virus (MNSV), carried by the fungus Olpidium, which has been on the rise in frequency because of the introduction of new virus strains. Additionally, some tobamoviruses, such as Cucumber green mottle mosaic virus (CGMMV) and Zucchini green mottle mosaic virus (ZGMMV), are transmitted mechanically and are region-specific in their impact, affecting some regions with a relatively lesser economic impact.
The variety of viruses that infect cucurbit crops emphasizes the need for constant investigation and monitoring in order to develop efficient virus control methods. Virus-resistant lines, vector management, and stringent biosecurity protocols are critical to protecting cucurbit production and global food security. In fact, majority of cucurbit crops such as cucumber, melon, watermelon, zucchini, squash and pumpkin are prone to several viruses, but the seriousness and effect of the viruses may differ depending on different crops. Potyviruses, for instance, can affect all the popular cucurbits, with CMV being a universal host for all the crops. But melon and cucumber infections are more serious in comparison to those in watermelon (Seminis 2015). CYSDV affects the melon and cucumber more and damages the crops more severely. ToLCNDV, however, largely affects the pumpkin and the zucchini, with more drastic effects in both these crops (Velasco et al. 2020; Romay et al. 2019). Among begomoviruses, cucumber seems to be least susceptible to CGMMV and CVYV, and other cucurbits can be more susceptible to these viruses (Lecoq & Desbiez 2012; Seminis 2015; Romay et al. 2019). MNSV infects watermelon mildly, whereas cucurbita species are largely unaffected by it (Seminis 2015). In addition, some viruses are more likely to occur at certain cycles of growth or under specific conditions. For example, in open-field farms, co-infections of ZYMV and CMV might harm squash and melons, reducing crop quality. Likewise, the very minor effects that each virus separately has on zucchini can be amplified by co-infections of CYSDV and CVYV.
Viral epidemics can be controlled using cultural methods, but a more effective and long-lasting management program may be possible with the use of resistant cultivars based on integrated disease management techniques tailored to agro-ecological conditions.  Overall, defining the precise host-virus interactions of the virus with cucurbit species is critical for creating efficiently managed plans and preserving the sustainability and productivity of cucurbit production worldwide. 
This review article examines the current state of vial host plant resistance (HPR) in cucurbits like melon, cucumber, watermelon, squash, pumpkin and zucchini. It provides a comprehensive global perspective, drawing on research from diverse regions including Asia, Africa, Europe, and the Americas highlighting the latest breakthroughs and challenges in managing viral diseases. Since various viruses severely limit growth and yield, this article explores the specific genetic markers used to develop resistant varieties, serving as a valuable resource for future breeding research.

2. POTYVIRUS
The genome size varies between 8 Kb to 11 Kb (Wylie et al. 2017). P3N-PIPO (Pretty interesting Potyviridae ORF) is produced by translational slippage from a short overlapping open reading frame, which is present in all potyvirid viral genomes except for bymoviruses (Chung et al. 2008). P1 protease, Helper component protease (HC-Pro), P3, 6K1, cylindrical inclusion (CI), 6K2, viral protein genome linked (VPg), nuclear inclusion a (NIa) protease, nuclear inclusion b (NIb), and coat protein (CP) are the three viral proteases that break down the large ORF-derived polyproteins into ten mature proteins. Table 1 summarizes the genetic resources for resistance against potyvirus in cucurbits. 
	Virus group
	Virus
	Crop
	Resistant accession/lines/variety/genotypes        
	Origin
	Genetic control
	Gene
	References

	Potyvirus
	WMV
	Melon
	TGR-1551
	Zimbabwe
	Recessive
	wmv-1551
	Pérez-de-Castro  et al. 2019

	
	
	
	PI 414723
	India
	Monogenic and dominant
	Wmr
	Gilbert  et al. 1994

	
	
	Cucumber
	Kyoto 3 feet
	Japan
	Monogenic and dominant
	Wmv
	Cohen  et al. 1971

	
	
	
	TMG-1
	China
	Polygenic
	wmv-1, wmv-2
	Wai and Grumet 1995a

	
	
	
	Dina-1
	Dutch hybrid
	Polygenic
	
	Grumet  et al. 2000

	
	
	Watermelon
	PI 244019, PI 255137
	South Africa
	
	
	Gillaspie and Wright 1993

	
	
	
	PI 189317, PI 189318
	Nigeria
	
	
	Gillaspie and Wright 1993

	
	
	Cucurbita moschata
	Nigerian local
	Nigeria
	Monogenic and dominant
	Wmv
	Brown  et al. 2003; Provvidenti R, 1997; Gilbert-Albertini  et al. 1993

	
	
	Cucurbita moschata
	Menina
	Portugal
	Monogenic and dominant
	Wmv
	Brown  et al. 2003; Provvidenti R, 1997; Gilbert-Albertini  et al. 1993

	
	PRSV
	Melon
	PI 414723
	India
	Dominant
	Prv 2
	Anagnostou  et al. 2000; Brotman  et al. 2013

	
	
	
	PI 180280, WMR-29
	India
	Dominant
	Prv 1
	Brotman  et al. 2013; Pitrat & Lecoq 1983 

	
	
	Cucumber
	Inbred line 02245
	China
	
	
	Tian  et al. 2015 

	
	
	
	TMG-1
	China
	
	
	Grumet  et al. 2000;  Kabelka and Grumet 1997

	
	
	
	Dina-1
	Dutch hybrid
	
	
	Grumet  et al. 2000;  Kabelka and Grumet 1997

	
	
	
	Surinam
	South America
	
	
	Wai and Grumet 1995b

	
	
	
	Inbred line 02245
	China
	
	
	Tian  et al. 2015 

	
	
	Watermelon
	PI 244017, PI 244018, PI 244019
	South Africa
	
	
	Strange  et al. 2002

	
	
	
	PI 482342, PI 482318, PI 482379
	Zimbabwe
	
	
	Strange  et al. 2002

	
	
	
	PI 485583
	Botswana
	
	
	Strange  et al. 2002

	
	
	
	PI 595203
	Nigeria
	
	
	Strange  et al. 2002 

	
	
	Cucurbita moschata
	Nigerian local
	Nigeria
	Monogenic and recessive or oligogenic
	Prv
	Brown  et al. 2003; Miranda-Vélez  et al. 2019 

	
	
	Cucurbita maxima
	Zapatillo redondo
	Uruguay
	
	
	Provvidenti R, 2000

	
	
	Cucurbita ecuatoriensis
	PRSV
	Ecuador
	
	Digenic or oligogenic
	Provvidenti R, 2000 

	
	ZYMV
	Melon
	PI 414723
	India
	Monogenic/ Oligogenic
	Zym-1, Zym-2, Zym-3
	Pitrat & Lecoq 1984; Danin-Poleg  et al. 1997

	
	
	Cucumber
	TMG-1
	China
	Monogenic and recessive
	zym-1
	Provvidenti R, 1985;  Ramírez-Madera and Havey 2017

	
	
	
	Formosa
	Brazil
	Monogenic and recessive
	
	Cardoso  et al. 2010

	
	
	
	192-18
	Japan
	Recessive
	zym-1
	Ramírez-Madera and Havey 2017; Svoboda  et al. 2013; Amano  et al. 2013

	
	
	
	G22
	Japan
	
	
	Svoboda  et al. 2013 

	
	
	
	A202-18
	Japan
	
	
	Svoboda  et al. 2013 

	
	
	
	R10
	Japan
	
	
	Svoboda  et al. 2013 

	
	
	
	S93-18
	Japan
	
	
	Svoboda  et al. 2013

	
	
	
	Dina-1
	Dutch hybrid
	
	zym-1
	Ramírez-Madera and Havey 2017;   Abul Hayja et al. 1991; Kabelka et al. 1997

	
	
	Wild Watermelon (Citrullus mucosospermus)
	PI 482261
	Zimbabwe
	Monogenic recessive
	zym-FL
	Provvidenti R, 1991

	
	
	
	PI 595203
	Nigeria
	Monogenic recessive
	zym-CH, zym-FL
	Boyhan et al. 1992; Xu et al. 2004; Guner et al. 2018b; Ling et al. 2009 

	
	
	
	PI 494528, PI 494532
	Nigeria
	
	
	Provvidenti R, 1986 

	
	
	
	PI 560016, PI 494529
	Nigeria
	
	
	Provvidenti R, 1986

	
	
	Citrullus amarus
	PI 482322, PI 482299, PI 482308, PI 482261
	Zimbabwe
	Monogenic and recessive
	zym-FL
	Provvidenti R, 1991

	
	
	
	PI 485580
	Botswana
	
	
	Provvidenti R, 1991

	
	
	
	PI 596662
	South Africa
	
	
	Provvidenti R, 1991

	
	
	
	PI 386026, PI 386025, PI 386016, PI 386019, PI 386015
	Iran
	
	 
	Boyhan et al. 1992; Guner et al. 2019

	
	
	
	PI 537277
	Pakistan
	
	
	Guner et al. 2019 

	
	
	Cucurbita moschata
	Nigerian local
	Nigeria
	Monogenic and dominant
	Zym-0, zym-4
	Brown et al. 2003

	
	
	
	Menina
	Portugal
	Polygenic and dominant
	Zym-1, Zym-2, Zym-3
	Paris et al. 1988; Paris and Cohen 2000

	
	
	
	Bolina
	Portugal
	
	
	Paris et al. 1988

	
	
	
	Solar
	Puerto Rico
	
	zym-6
	Wessel-Beaver, 2005


Table 1. Genetic resources for resistance against Potyvirus

2.1. Watermelon Mosaic Virus (WMV)
Watermelon mosaic virus (WMV) belongs to the genus Potyvirus.  The virus carries a single strand of RNA in its 760 nm long, flexuous rod-shaped particles.  Aphids are the nonpersistent vector of WMV.  Compared to other potyviruses, it has a rather broad spectrum of natural and experimental hosts.  In temperate and Mediterranean regions, WMV has resulted in significant financial losses in the production of chenopodiaceous, malvaceous, cucurbitaceous, and leguminous crops.  This virus can infect approximately 170 plant species across 27 plant families.
2.2 Papaya Ringspot Virus (PRSV)
Jensen first identified papaya ring spot (PRS) as a disease in Hawaiian papaya in 1949.  Both papaya and cucurbits are susceptible to a severe disease caused by the pathogenic virus, PRSV.  The primary hosts of PRSV are papayas (Caricaceae) and cucurbits (Cucurbitaceae); local lesion hosts include Chenopodium amaranticolor and C. quinoa (Chenopodiaceae) (Gonsalves et al. 2010).  The flexuous, filamentous PRSV virions have a size range of 760–800 × 12 nm.  Their genome is made up of monopartite, single-stranded, positive-sense RNA.  Similar to other potyviruses, certain aphid species spread PRSV nonpersistently.  Both of the two main forms of PRSV are currently considered to be a single plant virus species because they are genetically closely related and serologically identical. While type W (PRSV-W) only infects cucurbits like watermelon, squash, and cucumber, type P (PRSV-P) infects both papaya and cucurbitaceous species.  Initially, Type W was also known as watermelon mosaic virus 1.
2.3 Zucchini Yellow Mosaic Virus (ZYMV)
One of the most dangerous newly discovered aphid-borne plant viruses is the zucchini yellow mosaic potyvirus (ZYMV).  After being first identified in Italy in 1981, it quickly spread to many of the main cucurbit-producing regions of the world and, in less than a decade, had a tendency to cause significant yield decreases.  One of the main cucurbit diseases, particularly in tropical and subtropical regions, ZYMV infects all of the cultivated cucurbit species in the Cucurbitaceae family, including cucumber, pumpkin, rockmelon, squash, watermelon and zucchini (Gal-On, 2007).  For cucurbit crops, ZYMV results in large agricultural and financial losses. Like other potyviruses, ZYMV is spread by mechanical contact and nonpersistent aphid transmission. There is also evidence of virus transmission through seeds in some species (Simmons et al. 2013).
3. IPOMOVIRUS
The genus Ipomovirus belongs to the Potyviridae family of positive-strand RNA viruses.  Plant viruses known as ipomoviruses are spread by whiteflies (Bemisia tabaci).  The genus's name is derived from the sweet potato genus, Ipomoea.  This genus contains seven species.  Whiteflies are semi-persistent carriers of ipomoviruses (Andret and Fuchs, 2005).  Ipomoviruses have a positive-sense single-stranded RNA (+ssRNA) genome that is translated into a polyprotein precursor, just as the majority of Potyviridae members.  As in the case of well-characterized members of the Potyvirus genus, the polyprotein is broken down by viral proteases to produce mature proteins. The total genomic sizes of ipomoviruses range from 10,818 nt (SqVYV) to 9069 nt (CBSV). Ipomoviruses, like other members of the Potyviridae family, have a short overlapping ORF known as the Pretty Interesting Potyviridae ORF (PIPO) and a big ORF of 2902 to 3011 amino acids in CBSV and SqVYV, respectively. Table 2 summarizes the genetic resources for resistance against Ipomovirus in cucurbits.

	Virus group
	Virus
	Crop
	Resistant accession/lines/variety/genotypes        
	Origin
	Genetic control
	Gene
	References

	Ipomovirus                              
	CVYV
	Melon (Cucumis melo)
	PI 164323
	India
	Dominant
	Cyv-1
	Pitrat et al. 2012

	
	
	
	HSD-93-20-A
	Africa
	Dominant
	Cyv-1
	Pitrat et al. 2012 

	
	
	
	HSD 254
	Africa
	Recessive
	cyv-2
	Pitrat et al. 2012 

	
	
	
	Ouzbeque
	Uzbekistan
	Dominant
	Cyv-3
	Pitrat et al. 2012

	
	
	
	PI 164323
	India
	Dominant
	Cyv-3
	Pitrat et al. 2012 

	
	
	Cucumber
	C.sat-10
	Spain
	Monogenic, Dominant and partial
	
	Picó et al. 2003; Picó et al. 2008

	
	
	
	CE0749
	Spain
	Monogenic and incomplete
	Cscys-1
	Pujol et al. 2019 

	
	
	
	Kyoto-3-feet
	Japan
	
	
	Gil-Salas et al. 2009



Table 2. Genetic resources for resistance against Ipomovirus
3.1 Cucumber Vein Yellowing Virus (CVYV)
Acute cucumber disease in the Jordan Valley was caused by the cucumber vein yellowing virus (CVYV), which was first identified in Israel in the late 1950s (Cohen and Nitzany, 1960).  The virus particles were found to be stiff filaments with a length of roughly 750 nm (Sela et al. 1980).  The evaluation of the CVYV genome and its precise taxonomic classification was not carried out until forty years later (Lecoq et al. 2000).  A partial genome sequencing confirmed that CVYV belongs to the family Potyviridae and genus Ipomovirus.  CVYV differs from potyviruses in that it is spread by whiteflies rather than aphids and shares just a small amount of sequence similarity with potyviruses in the region that codes for NIb-CP (Lecoq et al. 2000).

4. CUCUMOVIRUS
The genus Cucumovirus belongs to the Bromoviridae family of viruses.  There are four species in the genus: tomato aspermy virus, peanut stunt virus, cucumber mosaic virus, and gayfeather mild mottle virus.  The spherical and icosahedral morphologies of these non-enveloped viruses have a diameter of around 29 nm and T=3 symmetry, also known as the triangulation number, which describes how the protein subunits are arranged within an icosahedral structure.  The genomes of cucumber viruses are segmented, linear, and typically tripartite. The replication of the viruses occurs in the cytoplasm.  The positive-stranded RNA virus model describes the replication mechanism.  The internal initiation model of subgenomic RNA transcription is used in the transcription of the viral genome. The virus exits from the host cell through tubule-guided transport. Cucumoviruses are transmitted mechanically and by direct contact. Table 3 summarizes the genetic resources for resistance against cucumovirus in cucurbits.

	Virus group
	Virus
	Crop
	Resistant accession/lines/variety/genotypes        
	Origin
	Genetic control
	Gene
	References

	Cucumovirus

	CMV
	Melon
	Freeman’s cucumber
	Japan
	Recessive/ Oligogenic
	cmv1
	Karchi et al. 1975; Pascual et al. 2019

	
	
	
	PI 161375
	Korea
	Recessive/ Oligogenic
	cmv1, cmqw3.1, cmqw10.1
	Essafi  et al. 2009; Guiu-Aragonés  et al. 2014

	
	
	
	C-189
	Japan
	
	
	Diaz  et al. 2003

	
	
	
	Jinsen makuwa
	Japan
	Recessive/ Oligogenic
	cmv1
	Pascual  et al. 2019 

	
	
	
	China51
	China
	Recessive/ Oligogenic
	
	Pascual  et al. 2019 

	
	
	
	Miel Blunc
	China
	Recessive/ Oligogenic
	
	Pascual  et al. 2019 

	
	
	
	Pat81
	Korea
	Recessive/ Oligogenic
	cmv1
	Pascual  et al. 2019 

	
	
	
	Ogon
	China
	Recessive/ Oligogenic
	
	Pascual  et al. 2019 

	
	
	
	Shiro-Uri
	Japan
	Recessive/ Oligogenic
	
	Pascual  et al. 2019 

	
	
	
	Nanbukin
	China
	Recessive/ Oligogenic
	
	Pascual  et al. 2019

	
	
	
	Queen’s pocket
	Afghanistan
	Recessive against SGII strains
	
	Pascual  et al. 2019 

	
	
	
	Yamaturi
	Japan
	Dominant and Monogenic
	Creb-2
	Daryono  et al. 2003

	
	
	
	PI 161375 (Sonwang Charmi)
	Spain
	Oligogenic
	cmv1
	Essafi  et al. 2009

	
	
	Cucumber (Cucumis sativus)
	Chinese long
	China
	Different genetic controls
	
	Wasuwat & Walker, 1961

	
	
	
	TGM-1
	China
	Monogenic and dominant
	
	Provvidenti R, 1985 

	
	
	
	Srinagar local-I, Srinagar local-II, Paprola local
	Southern Himalaya (India)
	Monogenic and dominant
	
	Dhillon, 1992

	
	
	
	Inbred line 02245
	China
	Polygenic and recessive
	cmv 6.1
	Shi  et al. 2018

	
	
	
	Tokio long green
	Japan
	Three incompletely dominant genes
	
	Kooistra E, 1969

	
	
	
	Kyoto 3 feet
	Japan
	
	
	Gil-Salas  et al. 2009

	
	
	
	IC 277048 (var. Hardwickii)
	India
	Monogenic and recessive
	
	Munshi  et al. 2008 

	
	
	Cucurbita moschata
	Nigerian local
	Nigeria
	Monogenic and dominant
	Cmv
	Brown  et al. 2003; Provvidenti R, 1997



Table 3. Genetic resources for resistance against cucumovirus
4.1 Cucumber mosaic virus
Cucumber mosaic virus (CMV) is among the oldest known plant viruses, initially described in the United States in 1916. CMV is a small RNA virus whose genetic material is surrounded by 180 identical coat protein (CP) subunits, producing a truncated icosahedral virion of around 29 nm in diameter. The loose fit of the CP subunits is likely the reason why the virions are susceptible to RNase digestion (Smith et al. 2012).
 RNA1, RNA2, and RNA3 are three distinct positive-strand RNA molecules that are individually encapsidated within the genome of the Cucumber mosaic virus (CMV).  Two smaller subgenomic RNA molecules, RNA4 and RNA4A, may also be present in virus particles.  CMV RNAs feature a 5' 7-methylguanylate cap, just like eukaryotic mRNAs.  CMV relies on just five proteins to carry out all of its viral functions due to its very tiny genome.  Protein 1a, a component of the viral replicase complex, is encoded by RNA1. Two proteins found in RNA2 are encoded from partially overlapping open reading frames (ORFs): 2a, an RNA-dependent RNA polymerase (an additional member of the replicase complex), and 2b, which is translated from subgenomic RNA4A and involved in viral movement, RNA silencing suppression (Díaz-Pendón et al. 2005), and preventing the defence responses mediated by salicylic acid (SA) and jasmonic acid (JA). RNA3 is the gene that codes for protein 3a, commonly known as the movement protein, which is a viral agent that moves from cell to cell, and protein 3b, which is derived from subgenomic RNA4.  In addition to encasing the viral RNA, protein 3b, commonly known as the virus coat protein (CP), is involved in mobility, vector transmission, and symptom induction.  These five proteins mediate all viral actions, but certain secondary structures in the viral RNAs also have particular functions. A particular tRNA-like structure is known to fold into the 3' untranslated region (UTR) of all CMV RNAs, and this structure functions as a minus-strand promoter during replication.  Resistance mechanisms based on RNA silencing have targeted this conserved structure.
5. CRINIVIRUS
Criniviruses belong to the family Closteroviridae and the genus Crinivirus.  Although one species of virus has a potential tripartite genome, most viruses are bipartite.  Only whiteflies belonging to the genera Bemisia and Trialeurodes can spread criniviruses.
Similar to other viruses within the Closteroviridae family, criniviruses have two conserved gene modules. The first gene module codes proteins related to replication (ORFs 1A and 1B), whereas the second module, or "quintuple gene block" or "hallmark closterovirus gene array," codes for proteins which are either components of the virion or take part in different biological processes within infection, but not directly in replication. The two gene modules in criniviruses are split between the two genomic RNAs; this partition most likely plays a role in the temporal control of genome replication and gene expression.  The genetic resources for cucurbit resistance to the crinivirus are compiled in Table 4.

	Virus group
	Virus
	Crop
	Resistant accession/lines/variety/genotypes        
	Origin
	Genetic control
	Gene
	References

	Crinivirus

	LIYV
	Cucumis melo
	PI 313970
	India
	Monogenic and Dominant
	Liy
	McCreight 2000

	
	CYSDV
	Cucumis melo
	TGR 1551 (PI 482420)
	Zimbabwe
	Recessive and Oligogenic
	
	Wintermantel  et al. 2017

	
	
	
	PI 313970
	India
	Recessive
	
	McCreight and Wintermantel 2011

	
	
	Cucumis sativus
	PI 250147
	Pakistan
	Partial and quantitative
	cysdv 5.1
	Wang  et al. 2020 

	
	
	
	PI 211589
	Afghanistan
	
	
	Eid  et al. 2006

	
	
	
	PI 605923
	India
	
	
	Eid  et al. 2006 

	
	
	
	Ames 13334
	Spain
	
	
	Eid  et al. 2006 

	
	
	Citrullus colocynthis
	PI 386015, PI 386016
	Iran
	
	
	Lecoq  et al. 1998



Table 4. Genetic resources for resistance against crinivirus
5.1 Lettuce infectious yellows virus (LIYV)
The Lettuce Infectious Yellows Virus (LIYV) belongs to the family Closteroviridae and the genus Crinivirus.  The virus was initially identified in the late 1970s when it severely damaged crops such as sugar beets (Beta vulgaris), melons (Cucumis melo), and lettuce (Lactuca sativa) in Arizona and California.  Over $20 million was lost in a single crop season, indicating significant economic harm (Duffus & Flock, 1982).
LIYV was the first crinivirus to be sequenced and the first virus to use reverse genetics techniques, which allowed for a thorough analysis of protein functions, gene expression, and replication (Klaassen et al. 1995; Klaassen et al. 1996).  Two distinct single-stranded RNA molecules make up the virus's bipartite genome: one comprises 7,193 nucleotides, while the other has 8,118 (Klaassen et al. 1994).
LIYV has a genome that is roughly 17 kb in size.  The genome is divided into two parts, similar to those of other group-2 closteroviruses: RNA1 contains four proteins, whereas RNA2 contains ten.  The normal Crinivirus genus has a bipartite genome and is spread by whiteflies.
5.2 Cucurbit yellow stunting disorder virus (CYSDV)
In the United Arab Emirates, the Cucurbit Yellow Stunting Disorder Virus (CYSDV) was first discovered in 1982 (Hassan and Duffus, 1991).  The elongated, flexible particles that range in length from 825 to 900 nm are what distinguish CYSDV (Celix et al. 1996).  The two RNA molecules that make up CYSDV's bipartite genome are approximately 9.1 kb and 8 kb in size.  The genome and organisation resemble those of other criniviruses, which typically carry proteins linked to virion assembly and replication.  The virus affects a wide variety of cucurbit crops and causes significant yield losses. It is spread by whiteflies, particularly Bemisia tabaci.
6. BEGOMOVIRUS
The Begomovirus genus belongs to the family Geminiviridae and is the largest plant virus genus.  They have either monopartite or bipartite genomes made of circular, single-stranded DNA. In bipartite begomoviruses, the genome is divided into two sections known as DNA-A and DNA-B.  The replication origin is carried via a shared area of about 200 nucleotides between these two components (Brown et al. 2015). Monopartite begomoviruses usually consist of betasatellites or alphasatellites. The genomes of betasatellites and alphasatellites are about half as large as those of begomoviruses. When plants are infected with begomoviruses, betasatellites play a crucial role in producing the disease symptoms. The βC1 proteins encoded by betasatellites play key roles in symptom development, suppression of both transcriptional and post-transcriptional gene silencing, and modulation of genes responsive to jasmonic acid. In order to combat the βC1 protein effect, begomovirus host plants have developed a number of intrinsic defence mechanisms.  Although alphasatellites are typically seen in conjunction with monopartite begomoviruses that have betasatellites, they do not appear to have a role in the pathophysiology of disease complexes involving begomoviruses and betasatellites (Zhou, 2013). Table 5 summarizes the genetic resources for resistance against begomovirus in cucurbits.

	Virus group
	Virus
	Crop
	Resistant accession/lines/variety/genotypes        
	Origin
	Genetic control
	Gene
	References

	Begomovirus

	CuLCrV
	Cucumis melo
	PI 393170
	India
	Monogenic and recessive
	Culcrv
	McCreight & Wintermantel  2008

	
	ToLCNDV
	Cucumis melo
	PI 414723
	India
	
	
	López  et al. 2015

	
	
	
	PI 124112
	India
	
	
	López  et al. 2015 

	
	
	
	Kharbuia
	India
	
	
	López  et al. 2015 

	
	
	
	WM-7
	India
	Polygenic
	One major QTL and two minor
	Sáez  et al. 2017 

	
	
	
	WM-9
	India
	Dominant
	
	López  et al. 2015 

	
	
	
	IC 274014
	India
	One recessive and two dominant genes
	bgm-1, Bgm-2, Tolcndv
	Romay  et al. 2019 

	
	
	Cucurbita moschata
	BSUAL-252
	Japan
	Dominant
	
	Romero-Masegosa  et al. 2021; Sáez  et al. 2020



Table 5. Genetic resources for resistance against begomovirus
6.1 Cucurbit leaf crumple virus (CuLCrV)
Cucurbit leaf crumple virus (CuLCrV) belongs to the Begomovirus genus and the Geminiviridae family. It is a single-stranded DNA virus.  It is spread in a persistent and circulative manner by many biotypes of the whitefly Bemisia tabaci Gennadius, including the silverleaf whitefly (B. tabaci biotype B, where B = B. argentifolii Bellows and Perring) (Webb et al. 2008).  Cucumber, cantaloupe, yellow squash, zucchini squash, winter squash, pumpkin and watermelon are among the many cucurbit crops that CuLCrV can infect (Webb et al. 2008; Brown et al. 2002).  Bean crops have also reportedly been infected by it (Adkins et al. 2009).
6.2 Tomato leaf curl New Delhi virus (ToLCNDV)
Begomoviruses (family Geminiviridae) are the cause of tomato leaf curl disease (ToLCD), and they are spread by the whitefly Bemisia tabaci.  These viruses feature a circular single-stranded DNA genome (~2.7 kb) and twinned particles (~18×30 nm) (Stanley, 1985, 188).  While DNA A encodes proteins such as coat protein (CP), replication initiator (Rep), replication enhancer (REn), and transcriptional activator (TrAP), DNA B encodes functions associated to mobility. The majority of begomoviruses are monopartite, but few are bipartite.  DNA A-encoded Rep can bind DNA B because the two genomic components share a common intergenic region (IR) that includes the replication origin, a distinctive hairpin loop, and Rep-binding iterons (Hanley-Bowdoin et al., 1999; Rojas et al., 2005).
Betasatellites, commonly associated with monopartite Begomoviruses, encode a pathogenicity factor βC1 (~13.5 kDa), along with an "A"-rich region and a 150 nucleotide conserved satellite sequence (Briddon et al., 2002). βC1 is essential for symptom expression (Cui et al., 2004; Saunders et al., 2004; Saeed et al., 2005; Briddon & Stanley, 2006; Guo et al., 2008; Yang et al., 2008), suppresses RNA silencing (Cui et al., 2005; Gopal et al., 2007; Sharma et al., 2010), and encourages viral DNA accumulation (Mansoor et al., 2003; Saunders et al., 2004). Betasatellites have been detected with bipartite viruses, such as ToLCNDV, although they are usually associated with monopartite viruses (Sivalingam et al., 2010).
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Fig. 1 Disease symptoms caused by Tomato Leaf Curl New Delhi Virus in cucurbits species. Curled and wrinkled Muskmelon leaves in the field (A). Yellow mark pattern on Muskmelon leaf (B). Stunting and yellowing of Muskmelon leaf (C). Vein clearing of Cucumber leaf (D). Crumpling of Cucumber leaf in field (E) and (F).
7. POLEROVIRUS
Positive-sense, single-stranded RNA with a length of 5.6 to 6.2 kb makes up the genome of the polerovirus, which is a member of the Solemoviridae family and the Polerovirus genus.  Five to six overlapping open reading frames (ORFs) make up the viral genome, which is capped by a virus protein genome-linked (VPg) cap at the 5ʹ untranslated region (UTR). Some of these ORFs are translated from subgenomic RNAs. The virus particles have icosahedral symmetry and are approximately 25 nm in diameter, possessing a core with a 5.7 kb single-stranded RNA genome (D’Arcy et al. 2005). The genome contains six open reading frames (ORFs), whose separation is a non-coding intergenic region (IR) of about 200 nucleotides, which separates ORF2 (a likely RNA-dependent RNA polymerase, RdRp) from ORF3 (the coat protein, CP).
Poleroviruses employ the translational coupling of ORF1 (P1) and ORF2 (P2) to encode an RNA-dependent RNA polymerase (RdRp).  The coat protein (CP), which is encoded by ORF3, is necessary for viral mobility, aphid transmission, and virion assembly (Kaplan et al., 2007; Smirnova et al., 2015).  The CP-RT fusion protein, which is connected to vector transmission and virus dissemination, is created when ORF3 is read-through into ORF5 (Smirnova et al., 2015).  Bypassing the ORF3 stop codon, ribosomes add one amino acid during translation before moving on to ORF5 (Xu et al., 2018).  Only the CP-RT fusion has ORF5's read-through domain.  The T=3 icosahedral virions (23–25 nm) contain both CP and CP-RT (Boissinot et al., 2014; Xu et al., 2018). Table 6 summarizes the genetic resources for resistance against Polerovirus in cucurbits.

	Virus group
	Virus
	Crop
	Resistant accession/lines/variety/genotypes        
	Origin
	Genetic control
	Gene
	References

	Polerovirus

	CABYV
	Cucumis melo
	PI 124112
	India
	Recessive and Oligogenic
	cab-1 and cab-2
	Dogimont  et al. 1996; Dogimont  et al. 1997

	
	
	
	PI 313970
	India
	
	
	Dogimont  et al. 1996

	
	
	
	Faizabadi phoont
	India
	
	
	Dogimont  et al. 1996

	
	
	
	PI 255478
	Korea
	
	
	Dogimont  et al. 1996

	
	
	
	PI 282448
	Korea
	
	
	Dogimont  et al. 1996

	
	
	
	PI 414723
	India
	
	
	Dogimont  et al. 1996

	
	
	
	TGR-1551
	Zimbabwe
	One dominant and atleast two modifier genes
	
	Kassem  et al. 2015

	
	
	
	WM 9
	India
	
	
	Romay  et al. 2019

	
	
	
	HSD-2445-005
	Sudan
	
	
	Romay  et al. 2019 


Table 6. Genetic resources for resistance against polerovirus
7.1 Cucurbit aphid-borne yellows virus (CABYV)
Cucurbit aphid-borne yellows virus (CABYV), a member of the Luteoviridae family and Polerovirus genus, is among the most widespread and damaging viruses affecting cucurbits (Kassem et al., 2013; Mnari-Hattab et al., 2009). It was first identified in France in 1992 (Lecoq et al., 1992). CABYV in cucurbit crops can be found in many countries such as Algeria, Greece, Italy, Iran, Lebanon, Spain, Tunisia, and Turkey (Juárez  et al. 2004; Mnari-Hattab  et al. 2009; Tomassoli and Meneghini, 2007). It has more recently also been reported in Germany (Menzel  et al. 2020), Slovenia (Mehle  et al. 2020), and Poland (Minicka  et al. 2020). CABYV is most widely distributed in the northern hemisphere, where it has been reported to induce some of the most devastating viral infections in agricultural crops (Lecoq  et al. 1992).
8. CHALLENGES
Vegetable crops rely on host plant resistance (HPR) as their main approach for controlling pests and diseases. The application of this method faces multiple obstacles which reduce its overall effectiveness. Over time, pests or pathogens develop ways to defeat plant resistance mechanisms. The process occurs because resistant plants eliminate vulnerable pests while resistant pests with mutations that allow them to bypass defenses survive to reproduce. This situation results in reduced effectiveness of the resistance. Certain squash varieties possess resistance to ZYMV through single-gene (monogenic) resistance methods. The resistance against ZYMV became ineffective because the virus developed new virulent strains that could bypass this resistance over time. The viral HC-Pro (helper component-proteinase) and coat protein genes contain mutations which researchers identified as the main cause of resistance breakdown. The emergence of new ZYMV strains has led to epidemics in previously resistant cultivars across Italy and France and the USA thus making resistance genes ineffective (Desbiez & Lecoq, 1997). A wide range of pest species including aphids and whiteflies and fungal pathogens show high genetic diversity which creates challenges for developing resistance that targets all pest variants thus making broad-spectrum virus resistance development difficult. Resistance to particular pests or diseases relies on a limited number of genes which have restricted availability. The restricted availability of resistance genes causes cucurbits to possess defense against limited pests but not others which decreases their value across different agro-ecological environments. Commercial resistance varieties might not be accessible because they exist only in specific crops. Crop breeders typically choose to protect crops against major pests at the expense of other pests that causes the crops vulnerable to attack by other pests (Lecoq and Desbiez, 2012). Certain environmental conditions including drought and excessive rainfall and nutrient stress may weaken resistance mechanisms. The resistance of host plants experiences variability because of soil characteristics and environmental patterns together with other ecological elements. Common agricultural practices including irrigation together with crop rotation and fertilization may not align with resistance found in vegetable crops. Resistance traits within plants often come with compromises between desirable characteristics including yield and taste. The process of developing resistance in plants leads to fitness costs which manifest through diminished growth rates and reproductive capacity and lowered overall crop yields. Resistance as a single management approach becomes less effective over time because of trade-offs that occur. A crop's resistance mechanisms which protect against specific pests may simultaneously increase its vulnerability to other pests and pathogens through cross-resistance. Pest management approaches become more difficult because of this situation. The combination of chemical control methods with host plant resistance sometimes produces contradictory approaches because pesticide resistance continues to increase (Wangari Nderitu et al. 2020). The excessive use of resistance crops may lead to decreased biological control and pesticide application which serve as fundamental elements for Integrated Pest Management (IPM) systems (Jeffers and Chong 2021). The emergence of resistant pest strains does not always match the critical timing of host plant resistance within IPM systems. The mismatch between these factors results in decreased pest control effectiveness (Karlsson Green et al. 2020). The mechanisms which enable plant resistance include various complex processes that need multiple genes to interact with pest biology and environmental conditions. The complex interactions between plant genetics and environmental factors and pest behaviour create difficulties for breeders who require more time and money to develop resistant plant varieties (Andersen et al. 2018). Some forms of resistance exist in quantitative form because they use multiple genes with small effects instead of single genes found in qualitative resistance. The measurement of quantitative resistance proves challenging while breeding because it requires extended selection periods along with extensive testing across large populations (Merrick et al. 2021). Genetically modified (GM) crops which possess enhanced resistance face strict regulatory approval procedures throughout various areas. The approval process creates delays which prevent new resistant varieties from reaching farmers' fields. The preference of consumers toward non-GM products poses challenges for the adoption of resistant vegetable varieties in areas where GM crops remain controversial (Strobbe et al. 2023). The acceptance of resistant cultivars in markets depends on their appearance, taste and yield because these factors determine consumer acceptance. Host plant resistance development requires large financial resources because it involves extensive research and breeding operations. The financial support together with market motivation to create resistant varieties remains limited for many vegetable crops especially minor crops (Singh et al. 2020). Climate change causes pest and disease populations to change their behaviour through migration to a different region, increased pest activity or enhanced disease virulence. The breeding process for resistance becomes more difficult because resistant traits which worked in the past may stop working. Changing temperature levels and rainfall patterns because of climate change can cause sudden pest outbreaks and plant resistance that worked for specific environmental conditions might fail under new climatic conditions (Canto et al., 2009; Subedi et al. 2023). The use of host plant resistance serves as a valuable component of integrated pest management but various biological factors, ecological elements and practical obstacles limit its overall effectiveness. Researchers along with breeders should integrate resistance with various pest control methods and keep track of pest populations while adjusting their strategies to changing environmental conditions.
9. FUTURE PROSPECTS
The prospects for host plant resistance (HPR) in cucurbitaceous vegetable crops are bright, inspired by technological developments, breeding methodology, and enhanced knowledge of pest-pathogen interactions. Nevertheless, for HPR to successfully combat challenges from pests, diseases, and abiotic stresses, a number of trends and innovations have to be incorporated into breeding and management practices. 
9.1. Marker assisted selection (MAS)
Marker-assisted breeding (MAB) is a potent tool for cucurbit crop improvement that facilitates the effective and accurate introgression of favorable traits like disease resistance, abiotic stress tolerance, and improved fruit quality. The employment of molecular markers to determine resistance genes is likely to speed up the breeding process. MAS, largely applied in melon, (Cucumis melo) (Shahwar et al., 2024) can assist breeders in selected plants with the required resistance characteristics with greater efficiency, shortening the time needed to create new resistant varieties. In cucumber (Cucumis sativus), interspecific hybridization with wild relatives such as C. hystrix, with the aid of MAB, has enhanced genetic diversity and a few characters such as yield and fruit morphology (Behera et al., 2011). Core SNP panel development in cucumber enables the development of a 50-KASP marker set. It has made genome-wide background selection easier, speeding elite genetic background recovery in breeding programs (Lee et al., 2022). In melon, QTLs for fruit morphology, sugar, and stress tolerance have been mapped and confirmed for MAB, while in Cucurbita pepo, markers for rind and flesh color have assisted the selection of preferred fruit types by the consumers. The combination of marker-assisted selection with traditional breeding has also facilitated gene pyramiding for long-term resistance to biotic stresses, placing emphasis on MAB as a valuable tool for speeding up the development of robust and high-yielding cucurbit varieties (Shahwar et al., 2024).
9.2. Genomic selection
Genomic selection, based on whole-genome data, is poised to be an important tool in detecting complex traits such as resistance, including quantitative resistance governed by several genes. This method can enhance the accuracy and efficiency of breeding programs (Sinha et al. 2023). QTL-seq has been utilized successfully for the quick identification of loci of fruit length in cucumber, with scientists using next-generation sequencing-based QTL analysis to identify 8 QTLs for immature and mature fruit length (Du et al. 2022). Recent research has also involved genetic mapping of QTLs of fruit diameter using Genotyping-by-Sequencing (GBS)-based genetic maps with 5,662 markers (Zhan et al. 2023). QTL-seq and RNA-seq have been employed to detect large QTLs for watermelon fruit cracking, which is a critical commercial quality problem (Li et al. 2023). Scientists have also mapped QTLs for fruit size, which is key in commercial watermelon production. Advanced QTL analysis techniques have been established for melon fruit size research using graded bulk segregation analysis, where F2 progenies are grouped into various graded bulks based on their phenotypic information (Wei et al. 2016). GWAS and biparental mapping have been integrated together to detect candidate regions for fruit surface groove traits. 
9.3. Transgenetic technology
Transgenic cultivars of crops are produced via a sequence of processes that involve cloning desirable genes, building expression vectors, gene transformation of target crops, and screening for successfully transformed lines. The process improves current traits or introduces novel useful characteristics. These methods are very useful for introducing resistance genes by introgression and for pyramiding of genes to create crops with long-lasting resistance (Raymond Park et al., 2011; Kamthan et al., 2016). 
9.4. Gene editing
Gene-editing tools, especially CRISPR-Cas9, are on the verge of transforming resistant vegetable crop development (Tek et al. 2022). The cucumber eIF4E gene was edited by the CRISPR/Cas system by Chandrasekaran et al., 2016. This led to a general resistance against the cucumber vein yellowing virus (CVYV), papaya ringspot virus (PRSV), and zucchini yellow mosaic virus (ZYMV). Cucumber mosaic virus (CMV) and tobacco mosaic virus (TMV) are targeted by FnCas9 and its sgRNA in tobacco and Arabidopsis. This research showed that FnCas9's resistance level was determined by its RNA binding capacity as opposed to its capacity to cleave, as argued by Zhang et al., 2018. There is optimism that CRISPR/Cas systems will ultimately develop resistance against several viruses since they are an emerging technology. By editing genes directly that are responsible for resistance or the addition of new genes, breeders can develop crops resistant to pest and disease without the use of classical crossbreeding. 
9.5. Multi stress resistance breeding
Climate change is changing pest and disease dynamics, resulting in the development of new threats. The future of HPR will focus on breeding crops that are not only resistant to pests but also resistant to climate stresses such as drought, heat, and salinity. Both pest and climate stresses resistance will be essential to guarantee food security under an ever-changing environment. Future resistance breeding will be aimed at creating plants with multi-stress resistance, such as resistance to pests, diseases, and environmental stresses. This is especially crucial because the occurrence and severity of climate extremes are expected to rise (Skendžić et al. 2021). 
9.6. Organic horticulture
Host plant resistance has the potential to decrease the use of chemical pesticides, which will make the pest management more sustainable. This is particularly significant in vegetable crops, where residues of pesticides become a health concern for consumers and cause environmental pollution. Pesticides' effects on human health and the environment with their action mechanisms and potential counteractions. Since organic production systems bank on non-chemical means of pest control, resistant varieties can be the key to satisfying consumer demands for organic vegetables. Reducing the reliance on external inputs, resistant varieties can serve the purposes of sustainability of organic horticulture. 
9.7. Comparative genomics
The future of host plant resistance breeding will be enhanced by greater global collaboration and data exchange. CuGenDBv2 has been constructed as a new database for cucurbit genomics with RNA-Seq data from several cucurbit species with reference genomes available (Yu et al. 2023). This resource facilitates comparative genomics and supports breeding applications. 
9.8. Global collaboration and germplasm sharing
Cucurbit crops contribute significantly to world food and nutrition security and are of economic significance to smallholder farmers in Asia, who produce 83% of all cucurbits worldwide. Germplasm banks and shared research can aid in fast-tracking the discovery of resistance sources and the development of resistant varieties for various regions. Even while the private seed industry has created better cultivars, the genetic base has been reduced by the frequent usage of elite hybrid lines, which has limited yield and other characteristic gains.  Breeding programs must incorporate innovative variety in order to increase genetic diversity.  WorldVeg formed a partnership with seed firms to solve this issue, providing access to novel breeding lines originating from underutilised landraces in order to create disease-resistant, high-yielding cucurbit cultivars (Dhillon et al., 2020).
9.9. Exploitation of wild cultivars and diverse germplasm
Wild relatives and lesser-studied germplasm can hold useful resistance factors that can be moved into contemporary crops through introgression or advanced breeding methods. Introgression of wild species resistance into commercial cultivars (By protoplast fusion and somatic hybridization) where crossing is not feasible will benefit the cucurbit improvement program. 
9.10. High-throughput phenotyping
The establishment of high-throughput phenotyping technologies, such as remote sensing and imaging, will allow for rapid and precise identification of resistant characters in breeding populations. Such equipment will render breeding programs more efficient through large-scale screening and selection. Automation in the field as well as laboratory will minimize the time and labour for the task of breeding. This may allow for the development of resistant varieties within a shorter time period, thereby protecting against oncoming pest and disease pressure more quickly. For instance, hyperspectral images to identify TYLCV in tomato (Abebe et al., 2023) can be utilized suitably for cucurbitaceous crops. 
10. Conclusion
Host plant resistance remains a cornerstone strategy for managing viral diseases in cucurbits, despite hurdles like viral diversity, environmental pressures, and limited broad-spectrum genes. This approach provides a sustainable edge over agrochemicals, reducing ecological footprints.
Advances in molecular breeding, including marker-assisted selection (MAS), QTL-seq, and gene editing empower precise engineering of durable, multi-locus resistance. By prioritizing consumer preferred traits like yield and quality alongside sustainability, host plant resistance will anchor future pest management, bolstering crop resilience and food security through innovative plant biotechnology.
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