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Plants face constant threats from insect herbivores, which limit plant distribution and abundance in nature and crop productivity in agricultural ecosystems. In recent decades, the whitefly Bemisia tabaci, a group of phloem-feeding insects, has emerged as pests of global significance. In this article, we summarize current knowledge on plant defenses against whitefly and approaches to engineer plant resistance to whitefly. Physically, plants deploy trichome and acylsugar-based strategies to restrain nutrient extraction by whitefly. Chemically, toxic secondary metabolites such as terpenoids confer resistance against whitefly in plants. Moreover, the jasmonate (JA) signaling pathway seems to be the major regulator of whitefly resistance in many plants. We next review advances in interfering with whitefly-plant interface by engineering of plant resistance using conventional and biotechnology-based breeding. These breeding programs have yielded many plant lines with high resistance against whitefly, which hold promises for whitefly control in the field. Finally, we conclude with an outlook on several issues of particular relevance to the nature and engineering of plant resistance against whitefly.
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1 Introduction

Plants, whether wild or cultivated, are constantly confronted with many biotic and abiotic threats (Wilkinson et al., 2019). The biotic threats encompass pathogens such as viruses, bacteria and fungi, as well as herbivores including insects and large animals. Among these biotic factors, insect herbivores are particularly significant due to their remarkable diversity and abundance (Savary et al., 2019; Wilkinson et al., 2019). Extensive research in recent decades has revealed general principles underlying the intimate interactions between insect herbivores and their plant hosts (Erb and Reymond, 2019; Snoeck et al., 2022). Insect herbivores employ a range of behavioral and molecular strategies to facilitate nutrient extraction (Dussourd, 2017; Stahl et al., 2018), while plants deploy various defense responses to deter insect herbivores (Erb and Reymond, 2019; Snoeck et al., 2022). The long-lasting and ongoing arms race between plants and insect herbivores has shaped the ecology and evolution of both groups of organisms in nature (Bergelson et al., 2001; Zust et al., 2012). In agricultural practices, insect herbivores, alongside other pests, pose serious threats to global food security (Savary et al., 2019). Therefore, an improved understanding of plant-insect herbivore interactions is crucial, from both scientific and applied perspectives.

Many insect herbivores such as the whitefly, have specialized in feeding on plant phloem and thus are referred to as phloem-feeding insects. Despite their small size (around 1.0 mm in length for adults), whiteflies are highly prolific, with females each capable of producing dozens to hundreds of eggs depending on environmental conditions (Byrne and Bellows, 1991). Whiteflies cause significant losses to crop through direct sap feeding, inducing plant physiological disorders and promoting the growth of sooty mold (Oliveira et al., 2001; Farina et al., 2022). Moreover, whiteflies can indirectly harm plants by transmitting plant viruses, particularly begomoviruses and criniviruses, resulting in severe viral disease epidemics (Gilbertson et al., 2015; Fiallo-Olivé et al., 2020; Wang and Blanc, 2021). For example, whiteflies are known to vector over 400 viruses belonging to the genus Begomovirus through a persistent circulative manner, leading to the occurrence of numerous viral diseases (Gilbertson et al., 2015; Fiallo-Olivé et al., 2020; Wang and Blanc, 2021; Fiallo-Olivé and Navas-Castillo, 2023).

As a group of piercing-sucking insects, the feeding behavior of whitefly differs significantly from that of insects with chewing mouthparts. Correspondingly, the responses of plants to whitefly infestation differ significantly from those mounted against chewing insects (Kaloshian and Walling, 2005; Kempema et al., 2007; Zarate et al., 2007; Walling, 2008; Wang et al., 2017). Additionally, when compared to some other closely-related piercing-sucking insects including aphids, whiteflies are unique in many ways with regard to interactions with plants due to their distinctive size, feeding habits and life history (Walling, 2008; Wang et al., 2017). Therefore, explorations of plant resistance against whitefly may add to our knowledge of insect-plant interactions. More importantly, the distinctiveness of whitefly-plant interactions urges more efforts in resistance engineering as plant cultivars obtained from breeding programs against other groups of insect herbivores may fail to control whitefly. Under this scenario, innovations to specifically augment plant resistance against whitefly are required and will be invaluable in sustaining the production of whitefly-susceptible crops.

The continuous research efforts and rapid development of novel research tools such as omics, have promoted the dissection of plant resistance against whitefly (Zogli et al., 2020). Additionally, in recent years, significant advances have been made in interfering with the whitefly-plant interface through the engineering of plant resistance. In this article, we aim to summarize and review these recent advances. First, we will describe current understanding of plant traits that confer resistance to whitefly. Next, we will summarize the progress made in engineering plant resistance to whitefly using conventional and biotechnology-based breeding. Finally, we will highlight several issues related to the investigation and engineering of plant resistance against whitefly.




2 Plant physical traits that confer resistance to whitefly

Physical traits of resistance impact insect herbivores physically, such as restricting their movement or hindering their feeding. When whiteflies feed on plants (Figure 1A), trichomes and acylsugars serve as major physical traits that confer resistance to whitefly (Figure 1B).




Figure 1 | Plant resistance against whitefly Schematic representation of whitefly feeding a plant (A), and plant resistance against whitefly at physical (B), chemical (C) and signaling (D) level. Physically, plants may use trichome and acylsugar to constrain whitefly feeding. Chemically, plants may synthase a repertoire of secondary metabolites such as terpenoids, glucosinolates, phenolic compounds and lignin, and defense proteins such as glucosidase, glucanase and chitinase to inhibit whitefly herbivory. Plants may also synthase and release volatile organic chemicals (VOCs) such as ocimene, myrcene, methyl salicylate and tetradecane, to attract natural enemies of whitefly. At signaling level, jasmonates (JA) controls the expression of defense genes to inhibit the ingestion of plant nutrients by whitefly.





2.1 Trichomes

Trichomes are specialized hairs on the surface of plants that can be epidermal protuberances of different sizes, shapes and arrangements. They can be classified as glandular and non-glandular based on their ability to synthesize, secrete and store substances (Tissier, 2012). The role of trichomes in whitefly-plant interactions has been intensively studied in wild relatives of cultivated tomato, in which trichomes were categorized into seven types with four of them being glandular (types I, IV, VI, and VII) and three being non-glandular (types II, III, and V) (Simmons and Gurr, 2005). Glandular trichomes and their exudates play an important role in plant defense against whitefly (Figure 1B). The entrapment of whitefly on tomato leaves was first reported by Kisha (1981). Further exploration revealed a key role of glandular type IV and VI trichomes in reducing whitefly adult survival and oviposition rate (Channarayappa et al., 1992; Snyder et al., 1998). Detailed profiling of whitefly feeding activities revealed that type IV glandular trichomes disrupted whitefly probing behavior (Narita et al., 2023).

Compounds in the exudates of these trichomes such as acylsugars were identified to be vital in conferring resistance to whitefly in plants including tomato and Nicotiana benthamiana. High resistance against whitefly was mechanically transferable by applying the trichome exudates from resistant S. pennellii accessions (LA716, LA1340, LA1674 and LA2560) onto the leaves of susceptible tomato plants (Liedl et al., 1995; Muigai et al., 2002). Significant, positive correlations were found between acylsugar content and whitefly resistance when analyzing tomato genotypes with varying acylsugar contents (Dias et al., 2016; Marchant et al., 2020; Dias et al., 2021; de Lima Filho et al., 2022). Furthermore, acylsugar compositions from several S. pennellii accessions with high whitefly resistance were characterized, revealing synergistic interactions between different kinds of acylsugars (Leckie et al., 2016). In N. benthamiana plants, CRISPR/Cas9 mutagenesis of acylsugar acyltransferase genes significantly decreased acylsugar contents and resistance against whitefly while maintaining the structure and abundance of trichomes on the leaf surface (Feng et al., 2022).

The role of trichomes in other plants has also been explored. Many studies analyzed the correlation between whitefly resistance and overall trichome density without classifying trichomes into specific types such as glandular or non-glandular. Results have shown that the role of trichomes varies depending on the plant species, highlighting intrinsic variation between plant species. For example, in tobacco and cassava, negative correlation was observed between whitefly resistance and overall trichome density (Li et al., 2014; Pastório et al., 2023), whereas in black gram a positive correlation was found (Taggar and Gill, 2012). On the other hand, no significant correlation was identified between whitefly resistance and trichome density in cucumber (Novaes et al., 2020). In some cases, the correlation may vary among cultivars of the same plant species. Field trials on cotton cultivars, for example, showed higher whitefly population density on cotton plants with higher trichome density, indicating a negative correlation between trichome density and whitefly resistance (Zia et al., 2011; Prado et al., 2016; Siddiqui et al., 2021; Suthar et al., 2022). However, positive correlations between overall trichome density and whitefly resistance in cotton have also been reported (Thomas et al., 2014; Zhu et al., 2018). Similar variations have been observed in studies on soybean (McAuslane, 1996; Baldin et al., 2017). Furthermore, the contribution of trichome length to plant defenses against whitefly has been investigated, revealing negative correlation between trichome length and plant defenses against whitefly in eggplant and black gram plants (Taggar and Gill, 2012; Hasanuzzaman et al., 2016).

So far, studies conducted on tomato indicate that trichomes exhibiting defenses against whitefly have been observed only in wild relatives of cultivated tomato and tomato cultivars obtained from breeding programs involving wild relatives of tomato. For other plant species, studies have been mostly focused on crop cultivars, and the results generally suggest a lack of contribution of trichomes to plant defense. To clarify the role of trichomes in plant defenses against whitefly in plant species beyond tomato, it is necessary to investigate the trichomes of wild relatives of these crop species. Furthermore, in studies involving non-tomato plants, the correlation between whitefly resistance and overall trichome density is often analyzed. However, this approach may mask the function of specific trichome types, such as glandular trichomes, which play a significant role in whitefly resistance. Therefore, further empirical studies are needed to gain a better understanding on the role of trichomes in plant defense against whitefly.




2.2 Other physical traits

In addition to trichomes, other physical traits such as leaf shape, color and lamina thickness have been investigated for their potential contribution to plant defenses against whitefly. For example, cotton varieties with okra-shaped leaves exhibited higher whitefly resistance compared to broad-leaved varieties (Chu et al., 2002). Narrow and thinner leaves were associated with increased whitefly resistance in tomato breeding lines (Pal et al., 2021). Leaf color also plays a role, as eggplant varieties with leaves reflecting more green light and exhibiting higher overall brightness displayed higher whitefly resistance (Hasanuzzaman et al., 2016). Conversely, in common bean, luminosity and the intensity of green and yellow colors were negatively correlated with whitefly resistance (Santos et al., 2020). Regarding leaf lamina thickness, field tests involving green gram, cotton, cucumber and eggplant, consistently reported higher whitefly populations on varieties with thicker leaf lamina, indicating a negative correlation between leaf lamina thickness and whitefly resistance (Butter and Vir, 1989; Shibuya et al., 2009; Jindal and Dhaliwal, 2011; Hasanuzzaman et al., 2016). Although these morphological traits have been implicated in contributing to resistance in many studies, their precise roles in whitefly-plant interactions have yet to be determined. Further detailed investigations are necessary to dissect the specific functions of these traits, categorize them and consider them in resistance breeding programs.





3 Plant chemical traits that confer resistance to whitefly

In plant resistance against insect herbivores, plant chemicals play a significant role either directly or indirectly by attracting natural enemies of the herbivores, thereby providing protection to the plants (Yactayo-Chang et al., 2020). In the context of whitefly-plant interactions, several chemicals that contribute to direct or indirect defenses against whitefly have been identified (Figure 1C).



3.1 Direct chemical defense



3.1.1 Secondary metabolites

Secondary metabolites play a major role in plant defense against insect herbivores (Luo et al., 2023), yet only a few have been examined for their contribution to resistance against whitefly. Luan et al. (2013) found that whitefly feeding increased the contents of several terpenoids including cedinene in tobacco plants, and manipulation of cedinene contents through gene silencing or over-expression of 5-epi-aristolochene synthase indicated that cedinene positively regulated resistance against whitefly. As revealed by metabolites profiling and feeding assays, many phenolic glycosides from tomato plants were identified to contribute to plant defenses against whitefly (Xia et al., 2021). Glucosinolates are a major group of secondary metabolites in crucifers, and are shown to contribute to resistance against whitefly when they accumulated to unnaturally high levels, but not under natural conditions. Elbaz et al. (2012) found that the survival and developmental rate of whitefly nymphs significantly decreased with the accumulation of aliphatic glucosinolate through AtMYB29 overexpression. Whitefly oviposition preference for Arabidopsis thaliana plants was significantly reduced when the contents of aliphatic and total glucosinolates were increased to unnaturally high levels through AtMYB28 and AtMYB51 over-expression (Markovich et al., 2013). Using Brassica crops that vary in glucosinolate profile and Arabidopsis mutants defective in glucosinolate biosynthesis or hydrolysis, Li et al. (2021) revealed that the performance of invasive MEAM1 whiteflies and indigenous Asia II 3 whiteflies was unaffected by glucosinolates when these chemicals were maintained at natural levels in these plants.

Additionally, other secondary metabolites have been implicated in plant defense against whitefly. Studies have reported a positive correlation between the total content of phenolic components and whitefly resistance in eggplant and tomato (Hasanuzzaman et al., 2016; Pal et al., 2021). In tobacco plants, it was observed that certain phenolic compounds, such as chlorogenic acid, catechin, cafeic acid, p-coumaric acid, rutin and ferulic acid, increased in response to whitefly infestations, suggesting their potential role in resistance (Zhang et al., 2017). Similarly, in soybean and cassava, rutin and lignin (along with its derivatives) showed positive association with whitefly resistance (Vieira et al., 2016; Perez-Fons et al., 2019). Furthermore, whitefly infestation has been found to induce callose deposition, which may contribute to plant defense by plugging sieve pores (Kempema et al., 2007; Li et al., 2017).

Many plant secondary metabolites have been shown empirically to contribute to plant defense against insects with chewing mouthparts (Yactayo-Chang et al., 2020; Luo et al., 2023). However, research on the contribution of secondary metabolites to plant defense against whitefly has been limited. There are still many unanswered questions regarding the induction and mechanisms of action of secondary metabolites in whitefly defense. To address these gaps, it would be valuable to draw upon the abundant information available from studies on chewing insects (Yactayo-Chang et al., 2020; Luo et al., 2023). A better understanding of how plant secondary metabolites function in whitefly resistance could have practical implications for the development of novel pesticides.




3.1.2 Defense proteins

Upon infestation by insect herbivores, plants can activate the expression of defense proteins, which can disrupt the normal physiological processes of the insects, including digestion and absorption of nutrients (Howe and Jander, 2008). The role of defense proteins in resistance against whitefly has been extensively studied, particularly focusing on CYS6, a protease inhibitor in tobacco plants. Genetic manipulation of CYS6 and feeding assays using purified CYS6 have demonstrated its direct contribution to plant defense against whitefly (Du et al., 2022). Additionally, whitefly infestation has been found to induce the expression of various plant defense proteins. For example, increased local expression of β-glucosidase was found in squash plants infested by whitefly (van de Ven et al., 2000). Tomato and cassava plants, when infested by whitefly, showed significant increases in the expression of β-1,3-glucanase, chitinase and peroxidase (Mayer et al., 1996; Antony and Palaniswami, 2006). Furthermore, whitefly infestation led to increased activity of polyphenoloxidase in cucumber and pepper plants, as well as superoxide dismutase, peroxidase and polyphenoloxidase in tomato and soybean plants (Zhang et al., 2008; Latournerie-Moreno et al., 2015; de Lima Toledo et al., 2021; Harish et al., 2023). Additionally, the expression of several pathogenesis-related proteins in tomato was also found to be upregulated in response to whitefly infestation (Puthoff et al., 2010).

The accumulation of defense proteins in response to whitefly infestation is widely acknowledged, but their precious role in plant defenses against whitefly remains largely unknown. To address this knowledge gap, additional case studies, similar to the work of Du et al. (2022) are necessary. Assays involving genetic manipulation of plant genes that encode whitefly infestation-inducible defense proteins and feeding experiment with purified proteins would provide valuable insights into the genuine contribution of these defense proteins to resistance against whitefly.





3.2 Indirect defenses

In addition to direct defense, whitefly feeding can induce the release of plant volatile organic compounds (VOCs) in plants, which attract the natural enemies of whitefly and help protect the plants (Figure 1C). In terms of predators, Nomikou et al. (2005) found that two predatory mites Typhlodromips swirskii and Euseius scutalis showed a significant preference for whitefly-infested cucumber plants compared to non-infested plants, and this preference was mediated by the volatiles emitted by plants. Silva et al. (2018) showed that the predatory mirid Macrolophus basicornis was attracted to tomato plants infested by a mixture of whitefly eggs, nymphs and adults. As for parasitoids, Zhang et al. (2013) demonstrated that whitefly infestation in Arabidopsis plants led to the accumulation of ocimene/myrcene, which effectively attracted the whitefly parasitoid Encarsia formosa. In response to whitefly herbivory, melon plants released methyl salicylate and tetradecane, which facilitated the attraction of the whitefly parasitoid E. desantisi (Silveira et al., 2018). Similarly, whitefly infestation of tomato plants resulted in the emission of β-myrcene and β-caryophyllene, which mediated host location of the parasitic wasp E. formosa (Chen et al., 2020).

Due to the differences in feeding behavior, the quantity and quality of VOCs produced by whitefly-infested plants are expected to vary compared to plants attacked by other insects. For example, whitefly may interfere with the indirect plant defense mounted against spider mites in Lima bean (Zhang et al., 2009). It should be noted, however, whitefly-induced VOCs have been identified only in a few case studies (see above). In addition to VOCs, other plant traits such as architecture and glandular trichomes also contribute to indirect defenses against insect herbivores (Pearse et al., 2020). Therefore, further research is required to fully explore the potential of indirect defenses in whitefly control, by investigating plant characteristics that facilitate natural enemy-mediated plant protection.





4 Plant signaling pathway against whitefly

The jasmonate (JA) signaling pathway, as a conserved core pathway regulating plant response to insect herbivory (Erb and Reymond, 2019), plays a major role in plant defense against whitefly (Figure 1D). Studies using Arabidopsis mutants with varying levels of JA defense have demonstrated the control of basal defense against whitefly by JA signaling pathway (Zarate et al., 2007). Manipulation of JA signaling pathways in tobacco plants through virus-induced gene silencing or genetic mutation of MYC2 resulted in increased whitefly survival and fecundity (Zhang et al., 2012; Li et al., 2014). In tomato, when compared to control, whitefly survival and fecundity increased on JA-deficient spr2 mutant plants and decreased on JA-overexpression 35S-prosystemin transgenic plants (Sun et al., 2017). Exogenous application of JA on tomato plants significantly reduced whitefly survival and fecundity (Shi et al., 2017). Additionally, several downstream defense genes involved in JA signaling pathway against whitefly have been identified, including terpenoid synthesis genes, the expression of which is positively modulated by JA treatment (Li et al., 2014).




5 Engineering of plant resistance to whitefly

Both conventional and biotechnology-based breeding approaches have been employed in the engineering of plant resistance against whitefly. These research endeavors have resulted in the development of numerous genetic resources that can be utilized to enhance plant resistance against whitefly.



5.1 Naturally occurring resistances and their utilization in resistance breeding

Whiteflies exhibit variability in their host plant range, with different species showing variations in survival and fecundity on different plant species, as well as cultivars or ecotypes of the same plant species (Zang et al., 2006; Xu et al., 2011). Wild relatives of cultivated crops often exhibit higher resistance to insect pests compared to crop cultivars (Li et al., 2018; Ferrero et al., 2020). The naturally occurring resistance found in these plants, including genes or quantitative trait loci (QTLs) associated with resistance, can be directly utilized in resistance breeding (Broekgaarden et al., 2011). Consequently, significant research efforts have been dedicated to the identification of plant resistance genes or QTLs and their application in breeding initiatives.



5.1.1 Plant resistance genes or QTLs conferring resistance to whitefly

Tomato has been extensively studied in the context of resistance genes or QTLs due to the significance of whitefly in tomato production. Several whitefly resistance genes or QTLs have been identified in tomato, providing valuable genetic resources for breeding. Among these genes, Mi-1 has been the focus of extensive research (Nombela and Muñiz, 2010). Mi-1, a member of nucleotide-binding, leucine-rich repeat family of resistance genes, was initially identified for conferring resistance to root-knot nematodes (Roberts and Thomason, 1986). It was later found to also impart resistance to phloem-feeding insects like aphids and whiteflies (Rossi et al., 1998; Nombela et al., 2003). Subsequent analysis revealed a series of plant factors that may affect whitefly resistance conferred by Mi-1, such as Hsp90, salicylic acid and plant age and size (Rodríguez-Álvarez et al., 2015; Rodríguez-Álvarez et al., 2017; Pascual et al., 2023). Additionally, functional characterization of Mi-1.2-like orthologs in cotton demonstrated their potential contribution to plant resistance against whitefly, highlighting the potential of Mi-1.2-like genes in whitefly control in cotton plants (Aslam et al., 2023). Furthermore, several other genes or QTLs that may confer whitefly resistance, such as Wf-1 and Wf-2, have been identified in S. pennellii, S. galapagense and S. habrochaites (Leckie et al., 2012; Firdaus et al., 2013; Lucatti et al., 2014; Santegoets et al., 2021). Notably, a major QTL that controls the density of type IV trichomes, a major contributor to whitefly resistance, was identified in S. pimpinellifolium (Mata-Nicolás et al., 2021).

In contrast, in other crops and their wild relatives, the identification of QTLs related to whitefly resistance is limited, indicating the need for further research. For example, in melon, only two additive QTLs affecting whitefly fecundity, namely BtB-VII.1 and BtB-IX.1, have been identified (Boissot et al., 2010). In soybean, whitefly resistance was found to be controlled by two major genes as well as polygenes, with the major genes showing an inheritability of over 85% (Xu et al., 2010).




5.1.2 Conventional resistance breeding

Conventional breeding for plant resistance involves incorporating resistance traits from highly resistant plant accessions into target crop cultivars. So far, conventional resistance breeding has been reported only in tomato. In the first attempt, a tomato cultivar carrying the Mi-1 gene, Motelle, was obtained from the crossing between S. lycopersicum Moneymaker and S. peruvianum; detailed mapping revealed that Motelle differed from Moneymaker only in the presence of a 650 kb region containing the Mi-1 gene from S. peruvianum (Ho et al., 1992). While Motelle was initially obtained for nematode control, subsequent studies revealed that plants of this cultivar displayed significantly lower susceptibility to whitefly than Moneymaker (Nombela et al., 2000; Jiang et al., 2001). Since then, several more studies have been reported using wild relatives of cultivated tomato as donor of whitefly resistance. For example, plant traits associated with whitefly resistance from the wild tomato S. pimpinellifolium accession TO-937 were introgressed into Moneymaker, resulting in lines with increased whitefly resistance (Rodríguez-López et al., 2011; Escobar-Bravo et al., 2016). Several mini tomato lines that displayed high whitefly resistance were obtained through interspecific crossing between S. lycopersicum mini tomato cultivars and S. pennellii LA-716 (Maciel et al., 2017). Tomato lines obtained from the above attempts were further used in resistance breeding. For example, Gouveia et al. (2018) used two tomato lines that carry the Mi gene and differ in acyl-sugar content in a crossing experiment and obtained several tomato lines with high whitefly resistance.

It is important to note that tomato cultivars obtained through conventional resistance breeding, using wild Solanum species as donors of whitefly resistance, exhibit only partial resistance against whitefly. This may be attributed to the fact that whiteflies are capable of surviving and reproducing on wild relatives of crops, albeit with reduced performance compared to that on cultivated crops. Moreover, conventional resistance breeding is characterized by its unpredictable nature and time-consuming processes, underscoring the need for biotechnology-based approaches in whitefly resistance breeding.





5.2 Biotechnology-based resistance breeding

Biotechnology-based breeding, which entails targeted manipulation or introduction of genetic materials in crops, represents a promising alternative for crop breeding as it is more targeted and efficient (Barrows et al., 2014). In biotechnology-based resistance breeding against whitefly, plant-mediated RNA interference (RNAi) of whitefly genes and ectopic expression of insecticidal proteins or foreign genes that manipulate the production of insecticidal chemicals in plants, have been explored.



5.2.1 Plant-mediated RNA interference of whitefly genes

RNAi, a specific post-transcriptional gene silencing mechanism triggered by double-stranded RNA (dsRNA) or small interfering RNA (siRNA), has been harnessed in resistance breeding for whitefly management (Table 1). Ghanim et al. (2007) demonstrated that injection of dsRNA into whitefly hemolymph activated RNAi and downregulated of the transcription of target genes, confirming the presence and functionality of the RNAi machinery. Subsequently, the efficacy of orally-delivered dsRNAs/siRNAs was compared, showing that targeting the V-ATPase A led to efficient downregulation of the target gene and high whitefly mortality (Upadhyay et al., 2011). Based on these findings, transgenic tobacco plants were generated to produce long dsRNA precursor that would produce siRNAs targeting whitefly V-ATPase A mRNA. Bioassay revealed that expressing the dsRNA precursor significantly downregulated V-ATPase A transcription, increased whitefly mortality, and protected tobacco plants from heavy whitefly infestation (Thakur et al., 2014). Similarly, the expression of dsRNA in lettuce or siRNA in common beans and tomato targeting a whitefly V-ATPase gene, significantly increased resistance to whitefly (Ibrahim et al., 2017; Ferreira et al., 2022; Pizetta et al., 2022). Additional studies have employed RNAi to downregulate whitefly genes, highlighting the promising potential of this approach in whitefly management (Malik et al., 2016; Eakteiman et al., 2018). The expression of dsRNA targeting whitefly acetylcholinesterase, ecdysone receptor and two trehalose-6-phosphate synthase genes in tobacco plants conferred resistance against whitefly (Malik et al., 2016; Gong et al., 2022).


Table 1 | Resistance engineering in plants that targets whitefly genes using RNA interference.



Notably, phloem-specific expression of dsRNA that was achieved through the use of phloem-specific promoters, has shown high effectiveness in combating whiteflies. In tobacco plants, phloem-specific expression of dsRNA targeting two genes responsible for whitefly osmotic pressure maintenance led to a significant increase in whitefly mortality (Raza et al., 2016). Similarly, in A. thaliana, phloem-specific expression of dsRNA targeting whitefly detoxification genes extended the developmental period of whitefly nymphs (Eakteiman et al., 2018).

Manipulation of the expression of intrinsic or artificial micro RNAs (miRNAs) that target whitefly genes in plants was also shown to confer plants with whitefly resistance. Using in silico prediction, a cotton miRNA ghr-miR166b was found to target several whitefly genes involved in mitochondrial ATP synthase. Overexpression of ghr-miR166b in cotton plants significantly increased whitefly mortality and protected plants from whitefly infestation (Wamiq and Khan, 2018). Overexpression of an engineered artificial miRNA targeting three whitefly genes including sex lethal, acetylcholinesterase and orcokinin conferred high resistance against whitefly in tobacco plants (Zubair et al., 2020).

Furthermore, different strategies to generate transgenic plants that express dsRNA have been explored and compared. Currently, there are two main approaches for transforming, namely nuclear transformation and transplastomics (Zhang et al., 2017). Dong et al. (2020) found that transgenic tobacco plants derived from nuclear transformation were more effective for whitefly management than those derived from transplastomics. Further analysis revealed that the lower effectiveness of transplastomic plants could be attributed to the inability of whitefly to ingest dsRNA from plastids. This study not only highlights the difference between whitefly and insects with chewing mouthparts, but also provides reference information for optimizing RNAi-based resistance breeding against whitefly.




5.2.2 Ectopic expression of foreign genes

The commonly-used Bt toxins are ineffective against hemipteran insects like whitefly due to their mode of action (Palma et al., 2014). Therefore, in resistance breeding against whitefly, insecticidal proteins other than Bt have been identified from various sources and utilized for ectopic expression. For example, ectopic expression of the Aspergillus niger β-glucosidase gene in tobacco plants markedly increased resistance against whitefly (Wei et al., 2007). In tobacco plants, expression of Pinellia ternate agglutinin, a protein with lectin and insecticidal activity against whitefly, resulted in a reduction of over 90% in whitefly nymphal survival and population size (Jin et al., 2012). Another study screened proteins from ferns, a group of plants known for their intrinsic resistance to whitefly, and identified Tma12, a protein with chitin-binding and chitinase activity from Tectaria macrodonta. Expression of Tma12 in cotton plants resulted in a reduction of over 90% in whitefly population, decreased the incidence of whitefly-borne cotton leaf curl viral diseases, and disrupted whitefly life cycles (Shukla et al., 2016). Additionally, tissue-specific expression of insecticidal proteins has been explored. Phloem-specific expression of a neurotoxin and an onion leaf lectin in tobacco plants resulted in nearly 100% whitefly mortality (Javaid et al., 2016). Moreover, effective resistance against both whitefly and cotton bollworm were achieved in cotton plants by expressing both Bt and Allium sativum lectin genes (Din et al., 2021). These studies demonstrate that while classical Bt toxins are not effective against whitefly, other insecticidal proteins from diverse sources may hold significant potential in managing whitefly and can be used in conjunction with Bt toxins to control multiple insect pests.

Another strategy for resistance breeding against whitefly involves manipulating the production of plant chemicals that display insecticidal properties. Some chemicals derived from plants have been found to be highly toxic to whitefly. Manipulating the production of these chemicals in plants can be achieved through the ectopic expression of foreign genes. For example, the over-expression of the pectin methylesterase gene from A. thaliana and A. niger in transgenic tobacco plants substantially increased methanol production, resulting in reduction of the whitefly population (Dixit et al., 2013). Ectopic expression of the 7-epizingiberene synthase and Z-Z-farnesyl-diphosphate synthase genes from S. habrochaites in the glandular trichomes of S. lycopersicum plants led to the production of 7-epizingiberene, a chemical with toxic and repellent properties against whitefly (Bleeker et al., 2012).






6 Future perspectives

In the study and engineering of plant resistance against whitefly, significant progress has been made, but there are still important issues that require further exploration. One such question is the identification of whitefly-derived factors that trigger plant defense responses during whitefly herbivory. Another key area is the improvement of identification and utilization of plant resistance genes, thereby developing more effective breeding strategies. Additionally, the potential use of whitefly horizontally transferred genes (HTGs) as targets for RNAi in resistance breeding is worth investigating. Utilizing HTGs as RNAi targets could potentially enhance the efficacy and specificity of resistance breeding. These areas of research hold great promises in advancing our understanding of plant resistance to whitefly and developing innovative approaches for whitefly management.



6.1 Whitefly-derived elicitors of plant defenses

While physical traits of plant resistances are often expressed constitutively, chemical traits are often induced by whitefly herbivory. In the research to unravel the induction of chemical defense, mechanical damage and elicitors from saliva and eggs were found to mediate the perception of chewing insects by plants (Bonaventure, 2012). For phloem-feeders, a cysteine protease Cathepsin B3 from the saliva of aphids and a salivary protein NlG14 from the rice brown planthopper were shown to serve as elicitors of plant defense responses (Guo et al., 2020; Gao et al., 2022). Whiteflies exhibit distinct behavior and physiology compared to chewing insects and other phloem-feeding insects (Kempema et al., 2007; Walling, 2008). Consequently, the perception of whitefly feeding by plants may differ from that of the other insect herbivores. So far only one case study reported the activation of plant defenses by factors from whitefly. Whitefly may glycosylate salicylic acid ingested from plants and the secretion of honeydew containing salicylic acid glycoside may induce the accumulation of endogenous free salicylic acid and the expression of downstream genes in the salicylic acid signaling pathway (VanDoorn et al., 2015). Therefore, further investigations are necessary to identify whitefly-derived factors that mediate plant perception of whitefly herbivory. These factors could be metabolites or proteins that come into contact with plants during whitefly feeding, oviposition or honeydew secretion. Additionally, whitefly-derived nucleotides, such as small RNAs, have been shown to be transferred into plants during feeding, and may serve as potential elicitors of plants defenses (van Kleeff et al., 2016). Future studies in this area can draw upon research on the other groups of insect herbivores and harness sophisticated techniques including transgenes and RNAi.




6.2 Identification of genetic resources for resistance breeding

Few resistance genes from crops or their close wild relatives have been identified as possible genetic resources in resistance breeding against whitefly, and many of these genes have shown limited effectiveness (as mentioned earlier). Therefore, further efforts are needed to explore genetic resources from these plants. Additionally, it is worth considering alternative sources of genetic resistance. Resistance genes have already been discovered in unexpected sources. For example, Tma12 identified from fern exhibits high resistance to insect herbivores, including whitefly (Shukla et al., 2016). This suggests that resistance genes may be obtained from non-hosts or poor hosts of whitefly. Identification of these plants is relatively straightforward, and various strategies such as mass spectrum identification of insecticidal proteins, distant hybridization and genome-wide association studies can be utilized to identify key genomic loci associated with resistance. By exploring these diverse genetic resources, we can potentially uncover novel resistance genes for effective whitefly management.




6.3 Horizontally transferred genes as RNAi targets in resistance breeding

HTGs are acquired by organisms from other organisms through means other than reproduction. In whiteflies, dozens of HTGs have been discovered since their initial report in 2020 (Lapadula et al., 2020; Xia et al., 2021; Gilbert and Maumus, 2022; Li et al., 2022). Many of these HTGs appear to play important roles in the life history of whiteflies. For example, the HTG BtPMaT1 from plants enables whiteflies to neutralize phenolic glucosides and feed on toxic plants (Xia et al., 2021). HTGs have unique biological importance in whiteflies and the presumably low prevalence of whitefly HTGs in other groups of insects make them ideal targets for RNAi. Recently, two studies targeting whitefly HGTs revealed that they can be used as targets in whitefly control without adverse effects on non-target organisms (Xia et al., 2021; Feng et al., 2023). This progress highlights the need for further exploration of HTGs as RNAi targets in resistance breeding. Additionally, the utilization of phloem-specific promoters can enhance the efficacy and specificity of RNAi technology. By harnessing HTGs and incorporating phloem-specific promoters, researchers can develop more effective and targeted approaches to combat whitefly infestation.






Author contributions

L-LP and S-SL contributed to conception and design of this review. DL, H-YL, and J-RZ collected the references. DL, H-YL, J-RZ, Y-JW, and S-XZ wrote the first of the manuscript, and S-SL and L-LP revised the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.





Funding

Financial support was provided by the National Key R&D Program of China (2022YFD1401200) and the earmarked fund for China Agriculture Research System (CARS-23-C05).





Conflict of interest

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





References

 Antony, B., and Palaniswami, M. S. (2006). Bemisia tabaci feeding induces pathogenesis-related proteins in cassava (Manihot esculenta Crantz). Indian J. Biochem. Biol. 43, 182–185.

 Aslam, M. Q., Hussain, A., Akram, A., Hussain, S., Naqvi, R. Z., Amin, I., et al. (2023). Cotton Mi-1.2-like gene: A potential source of whitefly resistance. Gene 851, 146983. doi: 10.1016/j.gene.2022.146983

 Baldin, E. L. L., Cruz, P. L., Morando, R., Silva, I. F., Bentivenha, J. P. F., Tozin, L. R. S., et al. (2017). Characterization of antixenosis in soybean genotypes to Bemisia tabaci (Hemiptera: Aleyrodidae) biotype B. J. Econ. Entomol. 110, 1869–1876. doi: 10.1093/jee/tox143

 Barrows, G., Sexton, S., and Zilberman, D. (2014). Agricultural biotechnology: the promise and prospects of genetically modified crops. J. Econ. Perspect. 28, 99–120. doi: 10.1257/jep.28.1.99

 Bergelson, J., Dwyer, G., and Emerson, J. J. (2001). Models and data on plant-enemy coevolution. Annu. Rev. Genet. 35, 469–499. doi: 10.1146/annurev.genet.35.102401.090954

 Bleeker, P. M., Mirabella, R., Diergaarde, P. J., VanDoorn, A., Tissier, A., Kant, M. R., et al. (2012). Improved herbivore resistance in cultivated tomato with the sesquiterpene biosynthetic pathway from a wild relative. Proc. Natl. Acad. Sci. U.S.A. 109, 20124–20129. doi: 10.1073/pnas.1208756109

 Boissot, N., Thomas, S., Sauvion, N., Marchal, C., Pavis, C., and Dogimont, C. (2010). Mapping and validation of QTLs for resistance to aphids and whiteflies in melon. Theor. Appl. Genet. 121, 9–20. doi: 10.1007/s00122-010-1287-8

 Bonaventure, G. (2012). Perception of insect feeding by plants. Plant Biol. 14, 872–880. doi: 10.1111/j.1438-8677.2012.00650.x

 Broekgaarden, C., Snoeren, T. A. L., Dicke, M., and Vosman, B. (2011). Exploiting natural variation to identify insect-resistance genes. Plant Biotchnol. J. 9, 819–825. doi: 10.1111/j.1467-7652.2011.00635.x

 Butter, N. S., and Vir, B. K. (1989). Morphological basis of resistance in cotton to the whitefly Bemisia tabaci. Phytoparasitica 17, 251–561. doi: 10.1007/BF02980754

 Byrne, D. N., and Bellows, T. S. (1991). Whitefly biology. Annu. Rev. Entomol. 36, 431–457. doi: 10.1146/annurev.en.36.010191.002243

 Channarayappa, S. G., Muniyappa, V., and Frist, R. H. (1992). Resistance of Lycopersicon species to Bemisia tabaci, a tomato leaf curl virus vector. Can. J. Bot. 70, 2184–2192. doi: 10.1139/b92-270

 Chen, C. S., Zhao, C., Wu, Z. Y., Liu, G. F., Yu, X. P., and Zhang, P. J. (2020). Whitefly-induced tomato volatiles mediate host habitat location of the parasitic wasp Encarsia formosa, and enhance its efficacy as a bio-control agent. Pest Manage. Sci. 77, 749–757. doi: 10.1002/ps.6071

 Chu, C. C., Natwick, E. T., and Henneberry, T. J. (2002). Bemisia tabaci (Homoptera: Aleyrodidae) biotype B colonization on okra- and normal-leaf upland cotton strains and cultivars. J. Econ. Entomol. 95, 733–738. doi: 10.1603/0022-0493-95.4.733

 de Lima Filho, R. B., Resende, J. T. V., de Oliveira, J. R. F., Nardi, C., Silva, P. R., Rech, C., et al. (2022). Relationship between acylsugars and leaf trichomes: mediators of pest resistance in tomato. Insects 13, 738. doi: 10.3390/insects13080738

 de Lima Toledo, C. A., Ponce, F. D., Oliveira, M. D., Aires, E. S., Junior, S. S., Lima, G. P. P., et al. (2021). Change in the physiological and biochemical aspects of tomato caused by infestation by cryptic species of Bemisia tabaci MED and MEAM1. Insects 12, 1105. doi: 10.3390/insects12121105

 Dias, D. M., Erpen-Dalla Corte, L., Resende, J. T. V., Zeffa, D. M., Resende, N. C. V., Zanin, D. S., et al. (2021). Acylsugars in tomato varieties confer resistance to the whitefly and reduce the spread of fumagine. Bragantia 80, e4421. doi: 10.1590/1678-4499.20210022

 Dias, D. M., Resende, J. T., Marodin, J. C., Matos, R., Lustosa, I. F., and Resende, N. C. (2016). Acyl sugars and whitefly (Bemisia tabaci) resistance in segregating populations of tomato genotypes. Genet. Mol. Res. 15, gmr.15027788. doi: 10.4238/gmr.15027788

 Din, S. U., Azam, S., Rao, A. Q., Shad, M., Ahmed, M., Gul, A., et al. (2021). Development of broad-spectrum and sustainable resistance in cotton against major insects through the combination of Bt and plant lectin genes. Plant Cell Rep. 40, 707–721. doi: 10.1007/s00299-021-02669-6

 Dixit, S., Upadhyay, S. K., Singh, H., Sidhu, O. P., Verma, P. C., and Chandrashekar, K. (2013). Enhanced methanol production in plants provides broad spectrum insect resistance. PloS One 8, e79664. doi: 10.1371/journal.pone.0079664

 Dong, Y., Yang, Y., Wang, Z. C., Wu, M. T., Fu, J. Q., Guo, J. Y., et al. (2020). Inaccessibility to double-stranded RNAs in plastids restricts RNA interference in Bemisia tabaci (whitefly). Pest Manage. Sci. 76, 3168–3176. doi: 10.1002/ps.5871

 Du, H., Xu, H. X., Wang, F., Qian, L. X., Liu, S. S., and Wang, X. W. (2022). Armet from whitefly saliva acts as an effector to suppress plant defences by targeting tobacco cystatin. New Phytol. 234, 1848–1862. doi: 10.1111/nph.18063

 Dussourd, D. E. (2017). Behavioral sabotage of plant defenses by insect folivores. Annu. Rev. Entomol. 62, 15–34. doi: 10.1146/annurev-ento-031616-035030

 Eakteiman, G., Moses-Koch, R., Moshitzky, P., Mestre-Rincon, N., Vassão, D. G., Luck, K., et al. (2018). Targeting detoxification genes by phloem-mediated RNAi: a new approach for controlling phloem-feeding insect pests. Insect Biochem. Mol. Biol. 100, 10–21. doi: 10.1016/j.ibmb.2018.05.008

 Elbaz, M., Halon, E., Malka, O., Malitsky, S., Blum, E., Aharoni, A., et al. (2012). Asymmetric adaptation to indolic and aliphatic glucosinolates in the B and Q sibling species of Bemisia tabaci (Hemiptera: Aleyrodidae). Mol. Ecol. 21, 4533–4546. doi: 10.1111/j.1365-294X.2012.05713.x

 Erb, M., and Reymond, P. (2019). Molecular interactions between plants and insect herbivores. Annu. Rev. Entomol. 70, 527–557. doi: 10.1146/annurev-arplant-050718-095910

 Escobar-Bravo, R., Alba, J. M., Pons, C., Granell, A., Kant, M. R., Moriones, E., et al. (2016). A jasmonate-inducible defense trait transferred from wild into cultivated tomato establishes increased whitefly resistance and reduced viral disease incidence. Front. Plant Sci. 7, 1732. doi: 10.3389/fpls.2016.01732

 Farina, A., Barbera, A. C., Leonardi, G., Massimino Cocuzza, G. E., Suma, P., and Rapisarda, C. (2022). Bemisia tabaci (Hemiptera: Aleyrodidae): what relationships with and morpho-physiological effects on the plants it develops on? Insects 13, 351. doi: 10.3390/insects13040351

 Feng, H. L., Acosta−Gamboa, L., Kruse, L. H., Tracy, J. D., Chung, S. H., Fereira, A. R. N., et al. (2022). Acylsugars protect Nicotiana benthamiana against insect herbivory and desiccation. Plant Mol. Biol. 109, 505–522. doi: 10.1007/s11103-021-01191-3

 Feng, H. L., Chen, W. B., Hussain, S., Shakir, S., Tzin, V., Adegbayi, F., et al. (2023). Horizontally transferred genes as RNA interference targets for aphid and whitefly control. Plant Biotechnol. J. 21, 754–768. doi: 10.1111/pbi.13992

 Ferreira, A. L., Faria, J. C., Moura, M. C., Zaidem, A. L. M., Pizetta, C. S. R., Freitas, E. O., et al. (2022). Whitefly-tolerant transgenic common bean (Phaseolus vulgaris) line. Front. Plant Sci. 13, 984804. doi: 10.3389/fpls.2022.984804

 Ferrero, V., Baeten, L., Blanco-Sánchez, L., Planelló, R., Díaz-Pendón, J. A., Rodríguez-Echeverría, S., et al. (2020). Complex patterns in tolerance and resistance to pests and diseases underpin the domestication of tomato. New Phytol. 226, 254–266. doi: 10.1111/nph.16353

 Fiallo-Olivé, E., and Navas-Castillo, J. (2023). Begomoviruses: what is the secret(s) of their success? Trends Plant Sci. 28, 715–727. doi: 10.1016/j.tplants.2023.01.012

 Fiallo-Olivé, E., Pan, L. L., Liu, S. S., and Navas-Castillo, J. (2020). Transmission of begomoviruses and other whitefly-borne viruses: dependence on the vector species. Phytopathology 110, 10–17. doi: 10.1016/j.tplants.2023.01.012

 Firdaus, S., van Heusden, A. W., Hidayati, N., Supena, E. D. J., Mumm, R., de Vos, R. C. H., et al. (2013). Identification and QTL mapping of whitefly resistance components in Solanum galapagense. Theor. Appl. Genet. 126, 1487–1501. doi: 10.1007/s00122-013-2067-z

 Gao, H. L., Zou, J. Z., Lin, X. M., Zhang, H. H., Yu, N., and Liu, Z. W. (2022). Nilaparvata lugens salivary protein NlG14 triggers defense response in plants. J. Exp. Bot. 73, 7477–7487. doi: 10.1093/jxb/erac354

 Ghanim, M., Kontsedalov, S., and Czosnek, H. (2007). Tissue-specific gene silencing by RNA interference in the whitefly Bemisia tabaci (Gennadius). Insect Biochem. Mol. Biol. 37, 732–738. doi: 10.1016/j.ibmb.2007.04.006

 Gilbert, C., and Maumus, F. (2022). Multiple Horizontal acquisitions of plant genes in the whitefly Bemisia tabaci. Genome Biol. Evol. 14, evac141. doi: 10.1093/gbe/evac141

 Gilbertson, R. L., Batuman, O., Webster, C. G., and Adkins, S. (2015). Role of the insect supervectors Bemisia tabaci and Frankliniella occidentalis, in the emergence and global spread of plant viruses. Annu. Rev. Virol. 2, 67–93. doi: 10.1146/annurev-virology-031413-085410

 Gong, C., Yang, Z. Z., Hu, Y., Wu, Q. J., Wang, S. L., Guo, Z. J., et al. (2022). Silencing of the BtTPS genes by transgenic plant-mediated RNAi to control Bemisia tabaci MED. Pest Manage. Sci. 78, 1128–1137. doi: 10.1002/ps.6727

 Gouveia, B. T., de Oliveira, A. M. S., Ribeiro, G. H. M. R., and Maluf, W. R. (2018). Resistance to whitefly (Bemisia argentifolii) and repellency to the two-spotted spider mite (Tetranychus urticae) in tomato plant hybrids with high leaf contents of acylsugar and the Mi gene. Euphytica 214, 140. doi: 10.1007/s10681-018-2224-1

 Guo, H., Zhang, Y., Tong, J., Ge, P., Wang, Q., Zhao, Z., et al. (2020). An aphid-secreted salivary protease activates plant defense in phloem. Curr. Biol. 30, 4826–4836. doi: 10.1016/j.cub.2020.09.020

 Harish, G. N., Singh, R., Sharma, S., and Taggar, G. K. (2023). Changes in defense-related antioxidative enzymes amongst the resistant and susceptible soybean genotypes under whitefly, Bemisia tabaci (Hemiptera: Aleyrodidae) stress. Phytoparasitica 51, 63–75. doi: 10.1007/s12600-022-01028-9

 Hasanuzzaman, A. T. M., Islam, M. N., Zhang, Y., Zhang, C. Y., and Liu, T. X. (2016). Leaf morphological characters can be a factor for intra-varietal preference of whitefly Bemisia tabaci (Hemiptera: Aleyrodidae) among eggplant varieties. PloS One 11, e0153880. doi: 10.1371/journal.pone.0153880

 Ho, J. Y., Weide, R., Ma, H. M., Vanwordragen, M. F., Lambert, K. N., Koornneef, M., et al. (1992). The root-knot nematode resistance gene (Mi) in tomato-construction of a molecular linkage map and identification of dominant cDNA markers in resistant genotypes. Plant J. 2, 971–982. doi: 10.1046/j.1365-313X.1992.t01-8-00999.x

 Howe, G. A., and Jander, G. (2008). Plant immunity to insect herbivors. Annu. Rev. Entomol. 59, 41–66. doi: 10.1146/annurev.arplant.59.032607.092825

 Ibrahim, A. B., Monteiro, T. R., Cabral, G. B., and Aragão, F. J. L. (2017). RNAi-mediated resistance to whitefly (Bemisia tabaci) in genetically engineered lettuce (Lactuca sativa). Transgenic Res. 26, 613–624. doi: 10.1007/s11248-017-0035-0

 Javaid, S., Amin, I., Jander, G., Mukhtar, Z., Saeed, N. A., and Mansoor, S. (2016). A transgenic approach to control hemipteran insects by expressing insecticidal genes under phloem-specifc promoters. Sci. Rep. 6, 34706. doi: 10.1038/srep34706

 Jiang, Y. X., Nombela, G., and Muniz, M. (2001). Analysis by DC-EPG of the resistance to Bemisia tabaci on an Mi-tomato line. Entomol. Exp. Appl. 99, 295–302. doi: 10.1046/j.1570-7458.2001.00828.x

 Jin, S. X., Zhang, X. L., and Daniell, H. (2012). Pinellia ternata agglutinin expression in chloroplasts confers broad spectrum resistance against aphid, whitefly, Lepidopteran insects, bacterial and viral pathogens. Plant Biotechnol. J. 10, 313–327. doi: 10.1111/j.1467-7652.2011.00663.x

 Jindal, V., and Dhaliwal, G. S. (2011). Mechanisms of resistance in cotton to whitefly (Bemisia tabaci): antixenosis. Phytoparasitica 39, 129–136. doi: 10.1007/s12600-011-0144-x

 Kaloshian, I., and Walling, L. L. (2005). Hemipterans as plant pathogens. Annu. Rev. Phytopathol. 43, 491–521. doi: 10.1146/annurev.phyto.43.040204.135944

 Kempema, L. A., Cui, X. P., Holzer, F. M., and Walling, L. L. (2007). Arabidopsis transcriptome changes in response to phloem-feeding silverleaf whitefly nymphs. Similarities and distinctions in responses to aphids. Plant Physiol. 143, 849–865. doi: 10.1104/pp.106.090662

 Kisha, J. S. (1981). Observation on the trapping of the whitefly Bemisia tabaci by glandular hairs on tomato leaves. Ann. Appl. Biol. 97, 123–127. doi: 10.1111/j.1744-7348.1981.tb03004.x

 Lapadula, W. J., Mascotti, M. L., and Juri Ayub, M. (2020). Whitefly genomes contain ribotoxin coding genes acquired from plants. Sci. Rep. 10, 15503. doi: 10.1038/s41598-020-72267-1

 Latournerie-Moreno, L., Ic-Caamal, A., and Ruiz-Sanchez, E. (2015). Survival of Bemisia tabaci and activity of plant defense-related enzymes in genotypes of Capsicum annuum L. Chil. J. Agr. Res. 75, 71–77. doi: 10.4067/S0718-58392015000100010

 Leckie, B. M., D'Ambrosio, D. A., Chappell, T. M., Halitschke, R., De Jong, D. M., Kessler, A., et al. (2016). Differential and synergistic functionality of acylsugars in suppressing oviposition by insect herbivores. PloS One 11, e0153345. doi: 10.1371/journal.pone.0153345

 Leckie, B. M., De Jong, D. M., and Mutschler, M. A. (2012). Quantitative trait loci increasing acylsugars in tomato breeding lines and their impacts on silverleaf whiteflies. Mol. Breed. 30, 1621–1634. doi: 10.1007/s11032-012-9746-3

 Li, X. H., Garvey, M., Kaplan, I., Li, B. P., and Carrillo, J. (2018). Domestication of tomato has reduced the attraction of herbivore natural enemies to pest-damaged plants. Agr. For. Entomol. 20, 390–401. doi: 10.1111/afe.12271

 Li, Y., Lin, H. F., Jin, P., Chen, D. X., and Li, M. Y. (2014). The selectivity of Q-biotype Bemisia tabaci for different varieties of tobacco, Nicotiana tabacum. Chin. J. Appl. Entomol. 51, 1320–1326.

 Li, Y., Liu, Z. G., Liu, C., Shi, Z. Y., Pang, L., Chen, C. Z., et al. (2022). HGT is widespread in insects and contributes to male courtship in lepidopterans. Cell 185 (16), 2975–2987. doi: 10.1016/j.cell.2022.06.014

 Li, J., Qian, H. M., Pan, L. L., Wang, Q. M., and Liu, S. S. (2021). Performance of two species of whiteflies is unaffected by glucosinolate profile in Brassica plants. Pest Manage. Sci. 77, 4313–4320. doi: 10.1002/ps.6460

 Li, P., Shu, Y. N., Fu, S., Liu, Y. Q., Zhou, X. P., Liu, S. S., et al. (2017). Vector and nonvector insect feeding reduces subsequent plant susceptibility to virus transmission. New Phytol. 215, 699–710. doi: 10.1111/nph.14550

 Li, R., Weldegergis, B. T., Li, J., Jung, C., Qu, J., Sun, Y., et al. (2014). Virulence factors of geminivirus interact with MYC2 to subvert plant resistance and promote vector performance. Plant Cell 26, 4991–5008. doi: 10.1105/tpc.114.133181

 Liedl, B. E., Lawson, D. M., White, K. K., Shapiro, J. A., Cohen, D. E., Carson, W. G., et al. (1995). Acylsugars of wild tomato Lycopersicon pennellii alters settling and reduces oviposition of Bemisia argentifolii (Homoptera, Aleyrodidae). J. Econ. Entomol. 88, 742–748. doi: 10.1093/jee/88.3.742

 Luan, J. B., Yao, D. M., Zhang, T., Walling, L. L., Yang, M., Wang, Y. J., et al. (2013). Suppression of terpenoid synthesis in plants by a virus promotes its mutualism with vectors. Ecol. Lett. 16, 390–398. doi: 10.1111/ele.12055

 Lucatti, A. F., Meijer-Dekens, F. R. G., Mumm, R., Visser, R. G. F., Vosman, B., and van Heusden, S. (2014). Normal adult survival but reduced Bemisia tabaci oviposition rate on tomato lines carrying an introgression from S. habrochaites. BMC Genet. 15, 142. doi: 10.1186/s12863-014-0142-3

 Luo, M., Li, B., Jander, G., and Zhou, S. Q. (2023). Non-volatile metabolites mediate plant interactions with insect herbivores. Plant J. 114, 1164–1177. doi: 10.1111/tpj.16180

 Maciel, G. M., Almeida, R. S., da Rocha, J. P. R., Andaló, V., Marquez, G. R., Santos, N. C., et al. (2017). Mini tomato genotypes resistant to the silverleaf whitefly and to two-spotted spider mites. Genet. Mol. Res. 16, gmr16019539. doi: 10.4238/gmr16019539

 Malik, H. J., Raza, A., Amin, I., Schefer, J. A., Schefer, B. E., Brown, J. K., et al. (2016). RNAi-mediated mortality of the whitefly through transgenic expression of double-stranded RNA homologous to acetylcholinesterase and ecdysone receptor in tobacco plants. Sci. Rep. 6, 38469. doi: 10.1038/srep38469

 Marchant, W. G., Legarrea, S., Smeda, J. R., Mutschler, M. A., and Srinivasan, R. (2020). Evaluating acylsugars-mediated resistance in tomato against Bemisia tabaci and transmission of tomato yellow leaf curl virus. Insects 11, 842. doi: 10.3390/insects11120842

 Markovich, O., Kafle, D., Elbaz, M., Malitsky, S., Aharoni, A., Schwarzkopf, A., et al. (2013). Arabidopsis thaliana plants with different levels of aliphatic- and indolyl-glucosinolates affect host selection and performance of Bemisia tabaci. J. Chem. Ecol. 39, 1361–1372. doi: 10.1007/s10886-013-0358-0

 Mata-Nicolás, E., Montero-Pau, J., Gimeno-Paez, E., AGarcía-Pérez, A., Ziarsolo, P., Blanca, J., et al. (2021). Discovery of a major QTL controlling trichome IV density in tomato using K-Seq genotyping. Genes 12, 243. doi: 10.3390/genes12020243

 Mayer, R. T., McCollum, T. G., and McDonald, R. E. (1996). “Bemisia feeding induces pathogenesis-related proteins in tomato,” in Bemisia 1995: taxonomy, biology, damage, control and management. Eds.  D. Gerling, and R. T. Mayer (UK: Intercept), 179–188.

 McAuslane, H. J. (1996). Influence of leaf pubescence on ovipositional preference of Bemisia argentifolii (Homoptera: Aleyrodidae) on soybean. Environ. Entomol. 25, 834–841. doi: 10.1093/ee/25.4.834

 Muigai, S. G., Schuster, D. J., Snyder, J. C., Scott, J. W., Bassett, M. J., and McAuslane, H. J. (2002). Mechanisms of resistance in Lycopersicon germplasm to the whitefly Bemisia argentifolii. Phytoparasitica 30, 347–360. doi: 10.1007/BF02979682

 Narita, J. P. Z., Fatoretto, M. B., Lopes, J. R. S., and Vendramim, J. D. (2023). Type-IV glandular trichomes disrupt the probing behavior of Bemisia tabaci MEAM1 and Tomato severe rugose virus inoculation in tomato plants. J. Pest Sci. 96, 1035–1048. doi: 10.1007/s10340-023-01599-4

 Nombela, G., Beitia, F., and Muniz, M. (2000). Variation in tomato host response to Bemisia tabaci (Hemiptera: Aleyrodidae) in relation to acyl sugar content and presence of the nematode and potato aphid resistance gene Mi. Bull. Entomol. Res. 90, 161–167. doi: 10.1017/S0007485300000274

 Nombela, G., and Muñiz, M. (2010). “Host plant resistance for the management of Bemisia tabaci: a multi-crop survey with emphasis on tomato,” in Bemisia: Bionomics and Management of a Global Pest. Eds.  P. A. Stansly, and E. N. Steven (New York: Springer), 357–384.

 Nombela, G., Williamson, V. M., and Muñiz, M. (2003). The rootknot nematode resistance gene Mi-1.2 of tomato is responsible for resistance against the whitefly Bemisia tabaci. Mol. Plant-Microbe Inte. 16, 645–649. doi: 10.1094/MPMI.2003.16.7.645

 Nomikou, M., Meng, R. X., Schraag, R., Sabelis, M. W., and Janssen, A. (2005). How predatory mites find plants with whitefly prey. Exp. Appl. Acarol. 36, 263–275. doi: 10.1007/s10493-005-6650-0

 Novaes, N. S., Lourencao, A. L., Bentivenha, J. P. F., Baldin, E. L. L., and Melo, A. M. T. (2020). Characterization and potential mechanisms of resistance of cucumber genotypes to Bemisia tabaci (Hemiptera: Aleyrodidae). Phytoparasitica 48 (4), 643–657. doi: 10.1007/s12600-020-00826-3

 Oliveira, M. R. V., Henneberry, T. J., and Anderson, P. (2001). History, current status, and collaborative research projects for Bemisia tabaci. Crop Prot 20, 709–723. doi: 10.1016/S0261-2194(01)00108-9

 Pal, S., Karmakar, P., Chattopadhyay, A., and Ghosh, S. K. (2021). Evaluation of tomato genotypes for resistance to whitefly (Bemisia tabaci Gennadius) and tomato leaf curl virus in Eastern India. J. Asia-Pacific Entomol. 24, 68–76. doi: 10.1016/j.aspen.2021.04.001

 Palma, L., Muñoz, D., Berry, C., Murillo, J., and Caballero, P. (2014). Bacillus thuringiensis toxins: an overview of their biocidal activity. Toxin 6, 3296–3325. doi: 10.3390/toxins6123296

 Pascual, S., Rodríguez-Álvarez, C. I., Kaloshian, I., and Nombela, G. (2023). Hsp90 gene is required for Mi-1-mediated resistance of tomato to the whitefly Bemisia tabaci. Plants 12, 641. doi: 10.3390/plants12030641

 Pastório, M. A., Hoshino, A. T., Kitzberger, C. S. G., Bortolotto, O. C., de Oliveira, L. M., dos Santos, A. M., et al. (2023). The leaf color and trichome density influence the whitefly infestation in different cassava cultivars. Insects 14, 4. doi: 10.3390/insects14010004

 Pearse, I. S., LoPresti, E., Schaeffer, R. N., Wetzel, W. C., Mooney, K. A., Ali, J. G., et al. (2020). Generalising indirect defence and resistance of plants. Ecol. Lett. 23, 1137–1152. doi: 10.1111/ele.13512

 Perez-Fons, L., Bohorquez-Chaux, A., Irigoyen, M. L., Garceau, D. C., Morreel, K., Boerjan, W., et al. (2019). A metabolomics characterisation of natural variation in the resistance of cassava to whitefly. BMC Plant Biol. 19, 518. doi: 10.1186/s12870-019-2107-1

 Pizetta, C. S. R., Ribeiro, W. R., Ferreira, A. L., Moura, M. D., Bonfim, K., Pinheiro, P. V., et al. (2022). RNA interference-mediated tolerance to whitefly (Bemisia tabaci) in genetically engineered tomato. Plant Cell Tissue Organ Culture 148, 281–291. doi: 10.1007/s11240-021-02185-1

 Prado, J. C., Penaflor, M., Cia, E., Vieira, S. S., Silva, K. I., Carlini-Garcia, L. A., et al. (2016). Resistance of cotton genotypes with different leaf colour and trichome density to Bemisia tabaci biotype B. J. Appl. Entomol. 140, 405–413. doi: 10.1111/jen.12274

 Puthoff, D. P., Holzer, F. M., Perring, T. M., and Walling, L. L. (2010). Tomato pathogenesis-related protein genes are expressed in response to Trialeurodes vaporariorum and Bemisia tabaci biotype B feeding. J. Chem. Ecol. 36, 1271–1285. doi: 10.1007/s10886-010-9868-1

 Raza, A., Malik, H. J., Shafiq, M., Amin, I., Scheffler, J. A., Scheffler, B. E., et al. (2016). RNA interference based approach to down regulate osmoregulators of whitefly (Bemisia tabaci): potential technology for the control of whitefly. PloS One 11, e0153883. doi: 10.1371/journal.pone.0153883

 Roberts, P. A., and Thomason, I. J. (1986). Variability in reproduction of isolates of Meloidogyne incognita and M. javanica on resistant tomato genotypes. Plant Dis. 70, 547–551. doi: 10.1094/PD-70-547

 Rodríguez-Álvarez, C. I., López-Climent, M. F., Gómez-Cadenas, A., Kaloshian, I., and Nombela, G. (2015). Salicylic acid is required for Mi-1-mediated resistance of tomato to whitefly Bemisia tabaci, but not for basal defense to this insect pest. Bull. Entomol. Res. 105, 574–582. doi: 10.1017/S0007485315000449

 Rodríguez-Álvarez, C. I., Muñiz, M., and Nombela, G. (2017). Effect of plant development (age and size) on the Mi-1-mediated resistance of tomato to whitefly Bemisia tabaci. Bull. Entomol. Res. 107, 768–776. doi: 10.1017/S0007485317000281

 Rodríguez-López, M. J., Garzo, E., Bonani, J. P., Fereres, A., FernándezMuñoz, R., and Moriones, E. (2011). Whitefly resistance traits derived from the wild tomato Solanum pimpinellifolium affect the preference and feeding behavior of Bemisia tabaci and reduce the spread of tomato yellow leaf curl virus. Phytopathology 101, 1191–1201. doi: 10.1094/PHYTO-01-11-0028

 Rossi, M., Goggin, F. L., Milligan, S. B., Kaloshian, I., Ullman, D. E., and Williamson, V. M. (1998). The nematode resistance gene Mi of tomato confers resistance against the potato aphid. Proc. Natl. Acad. Sci. U.S.A. 95, 9750–9754. doi: 10.1073/pnas.95.17.9750

 Santegoets, J., Bovio, M., Westende, W. V., Voorrips, R. E., and Vosman, B. (2021). A novel non-trichome based whitefly resistance qtl in solanum galapagense. Euphytica 217, 3. doi:10.1007/s10681-021-02770-7

 Santos, T. L. B., Baldin, E. L. L., Ribeiro, L. P., Souza, C. M., Soares, M. C. E., Fanela, T. L. M., et al. (2020). Resistance sources and antixenotic factors in Brazilian bean genotypes against Bemisia tabaci. Neotropical Entomol. 50, 129–144. doi: 10.1007/s13744-020-00821-7

 Savary, S., Willocquet, L., Pethybridge, S. J., Esker, P., McRoberts, N., and Nelson, A. (2019). The global burden of pathogens and pests on major food crops. Nat. Ecol. Evol. 3, 430–439. doi: 10.1038/s41559-018-0793-y

 Shi, X. B., Pan, H. P., Xie, W., Wang, S. L., Wu, Q. J., Chen, G., et al. (2017). Different effects of exogenous jasmonic acid on preference and performance of viruliferous Bemisia tabaci B and Q. Entomol. Exp. Appl. 165, 148–158. doi: 10.1111/eea.12635

 Shibuya, T., Hirai, N., Sakamoto, Y., and Komuro, J. (2009). Effects of morphological characteristics of Cucumis sativus seedlings grown at different vapor pressure deficits on initial colonization of Bemisia tabaci (Hemiptera: Aleyrodidae). J. Econ. Entomol. 102, 2265–2267. doi: 10.1603/029.102.0631

 Shukla, A. K., Upadhyay, S. K., Mishra, M., Saurabh, S., Singh, R., Singh, H., et al. (2016). Expression of an insecticidal fern protein in cotton protects against whitefly. Nat. Biotechnol. 34, 1046–1051. doi: 10.1038/nbt.3665

 Siddiqui, S., Abro, G. H., Syed, T. S., Buriro, A. S., Ahmad, S., Majeed, M. Z., et al. (2021). Identification of cotton physio-morphological marker for the development of cotton resistant varieties against sucking insect pests: a biorational approach for insect-pest management. Pakistan J. Zool. 53, 1383–1391. doi: 10.17582/journal.pjz/20190703060702

 Silva, D. B., Bueno, V. H. P., Van Loon, J. J. A., Peñaflor, M. F. G. V., Bento, J. M. S., and Lenteren, J. C. V. (2018). Attraction of three mirid predators to tomato infested by both the tomato leaf mining moth Tuta absoluta and the whitefly Bemisia tabaci. J. Chem. Ecol. 44, 29–39. doi: 10.1007/s10886-017-0909-x

 Silveira, T. A., Sanches, P. A., Zazycki, L. C. F., Costa−Lima, T. C., Cabezas−Guerrero, M. F., Favaris, A. P., et al. (2018). Phloem-feeding herbivory on flowering melon plants enhances attraction of parasitoids by shifting floral to defensive volatiles. Arthropod-plant Inte. 12, 751–760. doi: 10.1007/s11829-018-9625-x

 Simmons, A. M., and Gurr, G. M. (2005). Trichomes of Lycopersicon species and their hybrids: effects on pests and natural enemies. Agr. For. Entomol. 7, 265–276. doi: 10.1111/j.1461-9555.2005.00271.x

 Snoeck, S., Guayazan-Palacios, N., and Steinbrenner, A. D. (2022). Molecular tug-of-war: Plant immune recognition of herbivory. Plant Cell 34, 1497–1513. doi: 10.1093/plcell/koac009

 Snyder, J. C., Simmons, A. M., and Thacker, R. R. (1998). Attractancy and ovipositional response of adult Bemisia argentifolii (Homoptera: Aleyrodidae) to type IV trichomes density on leaves of Lycopersicon hirsutum grown in three day-length regimes. J. Entomol. Sci. 33, 270–281. doi: 10.18474/0749-8004-33.3.270

 Stahl, E., Hilfiker, O., and Reymond, P. (2018). Plant-arthropod interactions: who is the winner? Plant J. 93, 703–728. doi: 10.1111/tpj.13773

 Sun, Y. C., Pan, L. L., Ying, F. Z., Li, P., Wang, X. W., and Liu, S. S. (2017). Jasmonic acid-related resistance in tomato mediates interactions between whitefly and whitefly transmitted virus. Sci. Rep. 7, 566. doi: 10.1038/s41598-017-00692-w

 Suthar, T., Gupta, N., Pathak, D., Sharma, S., and Rathore, P. (2022). Morpho-anatomical characterization of interspecific derivatives of Gossypium hirsutum L. x G. armourianum Kearney cross for whitefly tolerance. Phytoparasitica 50, 423–441. doi: 10.1007/s12600-021-00963-3

 Taggar, G. K., and Gill, R. S. (2012). Preference of whitefly, Bemisia tabaci, towards black gram genotypes: role of morphological leaf characteristics. Phytoparasitica 40, 461–474. doi: 10.1007/s12600-012-0247-z

 Thakur, N., Upadhyay, S. K., Verma, P. C., Chandrashekar, K., Tuli, R., and Singh, P. K. (2014). Enhanced whitefly resistance in transgenic tobacco plants expressing double stranded RNA of V-ATPase A gene. PloS One 9, e87235. doi: 10.1371/journal.pone.0087235

 Thomas, A., Kar, A., Rebijith, K. B., Asokan, R., and Ramamurthy, V. V. (2014). Bemisia tabaci (Hemiptera: Aleyrodidae) species complex from cotton cultivars: a comparative study of population density, morphology, and molecular variations. Ann. Entomol. Soc Am. 107, 389–398. doi: 10.1603/AN13124

 Tissier, A. (2012). Glandular trichomes: what comes after expressed sequence tags? Plant J. 70, 51–68. doi: 10.1111/j.1365-313X.2012.04913.x

 Upadhyay, S. K., Chandrashekar, K., Thakur, N., Verma, P. C., Borgio, J. F., Singh, P. K., et al. (2011). RNA interference for the control of whiteflies (Bemisia tabaci) by oral route. J. Biosci. 36, 153–161. doi: 10.1007/s12038-011-9009-1

 van de Ven, W. T. G., LeVesque, C. S., Perring, T. M., and Walling, L. L. (2000). Local and systemic changes in squash gene expression in response to silverleaf whitefly feeding. Plant Cell 12, 1409–1423. doi: 10.1105/tpc.12.8.1409

 VanDoorn, A., de Vries, M., Kant, M. R., and Schuurink, R. C. (2015). Whiteflies glycosylate salicylic acid and secret the conjugate via their honeydew. J. Chem. Ecol. 41, 52–58. doi: 10.1007/s10886-014-0543-9

 van Kleeff, P. J. M., Galland, M., Schuurink, R. C., and Bleeker, P. M. (2016). Small RNAs from Bemisia tabaci are transferred to Solanum lycopersicum phloem during feeding. Front. Plant Sci. 7, 1759. doi: 10.3389/fpls.2016.01759

 Vieira, S. S., Lourencao, A. L., Graca, J. P., Janegitz, T., Salvador, M. C., Oliveira, M. C. N., et al. (2016). Biological aspects of Bemisia tabaci biotype B and the chemical causes of resistance in soybean genotypes. Arthropod-Plant Inte. 10, 525–534. doi: 10.1007/s11829-016-9458-4

 Walling, L. L. (2008). Avoiding effective defenses: strategies employed by phloem-feeding insects. Plant Physiol. 146, 859–866. doi: 10.1104/pp.107.113142

 Wamiq, G., and Khan, J. A. (2018). Overexpression of ghr−miR166b generates resistance against Bemisia tabaci infestation in Gossypium hirsutum plants. Planta 247, 1175–1189. doi: 10.1007/s00425-018-2852-7

 Wang, X. W., and Blanc, S. (2021). Insect transmission of plant single-stranded DNA viruses. Annu. Rev. Entomol. 66, 389–405. doi: 10.1146/annurev-ento-060920-094531

 Wang, X. W., Li, P., and Liu, S. S. (2017). Whitefly interactions with plants. Curr. Opin. Insect Sci. 19, 70–75. doi: 10.1016/j.cois.2017.02.001

 Wei, S., Semel, Y., Bravdo, B. A., Czosnek, H., and Shoseyov, O. (2007). Expression and subcellular compartmentation of Aspergillus Niger beta-glucosidase in transgenic tobacco result in an increased insecticidal activity on whiteflies (Bemisia tabaci). Plant Sci. 172, 1175–1181. doi: 10.1016/j.plantsci.2007.02.018

 Wilkinson, S. W., Magerøy, M. H., Lopez Sanchez, A., Smith, L. M., Furci, L., Cotton, T. A., et al. (2019). Surviving in a hostile world: plant strategies to resist pests and diseases. Annu. Rev. Phytopathol. 57, 505–529. doi: 10.1146/annurev-phyto-082718-095959

 Xia, J. X., Guo, Z. J., Yang, Z. Z., Han, H. L., Wang, S. L., Xu, H. F., et al. (2021). Whitefly hijacks a plant detoxification gene that neutralizes plant toxins. Cell 184, 1693–1705. doi: 10.1016/j.cell.2021.02.014

 Xu, R., Li, W., Zhang, L. F., Lin, Y. H., Qi, B., and Xing, H. (2010). A study on the inheritance of resistance to whitefly in soybean. Sci. Agric. Sin. 43, 80–86.

 Xu, J., Lin, K. K., and Liu, S. S. (2011). Performance on different host plants of an alien and an indigenous Bemisia tabaci from China. J. Appl. Entomol. 135, 771–779. doi: 10.1111/j.1439-0418.2010.01581.x

 Yactayo-Chang, J. P., Tang, H. V., Mendoza, J., Christensen, S. A., and Block, A. K. (2020). Plant defense chemicals against insect pests. Agronomy 10, 1156. doi: 10.3390/agronomy10081156

 Zang, L. S., Chen, W. Q., and Liu, S. S. (2006). Comparison of performance on different host plants between the B biotype and a non-B biotype of Bemisia tabaci from Zhejiang, China. Entomol Exp. Appl. 121, 221–227. doi: 10.1111/j.1570-8703.2006.00482.x

 Zarate, S. I., Kempema, L. A., and Walling, L. L. (2007). Silverleaf whitefly induces salicylic acid defenses and suppresses effectual jasmonic acid defenses. Plant Physiol. 143, 866–875. doi: 10.1104/pp.106.090035

 Zhang, J., Khan, S. A., Heckel, D. G., and Bock, R. (2017). Next-generation insect-resistant plants: RNAi-mediated crop protection. Trends Biotechnol. 35, 871–882. doi: 10.1016/j.tibtech.2017.04.009

 Zhang, T., Luan, J. B., Qi, J. F., Huang, C. J., Li, M., Zhou, X. P., et al. (2012). Begomovirus-whitefly mutualism is achieved through repression of plant defenses by a virus pathogenicity factor. Mol. Ecol. 21, 1294–1304. doi: 10.1111/j.1365-294X.2012.05457.x

 Zhang, X., Sun, X., Zhang, H. P., Xue, M., and Wang, D. (2017). Phenolic compounds induced by Bemisia tabaci and Trialeurodes vaporariorum in Nicotiana tabacum L. and their relationship with the salicylic acid signaling pathway. Arthropod-Plant Inte. 11, 659–667. doi: 10.1007/s11829-017-9508-6

 Zhang, P. J., Xu, C. X., Zhang, J. M., Lu, Y. B., Wei, J. N., Liu, Y. Q., et al. (2013). Phloem-feeding whiteflies can fool their host plants, but not their parasitoids. Funct. Ecol. 27, 1304–1312. doi: 10.1111/1365-2435.12132

 Zhang, S. Z., Zhang, F., and Hua, B. Z. (2008). Enhancement of phenylalanine ammonia lyase, polyphenoloxidase, and peroxidase in cucumber seedlings by Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) infestation. Agr Sci. China 7, 82–87. doi: 10.1016/S1671-2927(08)60025-5

 Zhang, P. J., Zheng, S. J., Van Loon, J. J. A., Boland, W., David, A., Mumma, R., et al. (2009). Whiteflies interfere with indirect plant defense against spider mites in Lima bean. Proc. Natl. Acad. Sci. U.S.A. 106, 21202–21207. doi: 10.1073/pnas.0907890106

 Zhu, L. Z., Li, J. Y., Xu, Z. P., Manghwar, H., Liang, S. J., Li, S. L., et al. (2018). Identification and selection of resistance to Bemisia tabaci among 550 cotton genotypes in the field and greenhouse experiments. Front. Agr. Sci. Eng. 5, 236–252. doi: 10.15302/J-FASE-2018223

 Zia, K., Ashfaq, M., Arif, M. J., and Sahi, S. T. (2011). Effect of physico-morphic characters on population of whitefly Bemisia tabaci in transgenic cotton. Pakistan J. Agric. Sci. 48, 63–69.

 Zogli, P., Pingault, L., Grover, S., and Louis, J. (2020). Ento(o)mics: the intersection of ‘omic’ approaches to decipher plant defense against sap-sucking insect pests. Curr. Opin. Plant Biol. 56, 153–161. doi: 10.1016/j.pbi.2020.06.002

 Zubair, M., Khan, M. Z., Rauf, I., Raza, A., Shah, A. H., Hassan, I., et al. (2020). Artificial micro RNA (amiRNA)-mediated resistance against whitefly (Bemisia tabaci) targeting three genes. Crop Prot 137, 105308. doi: 10.1016/j.cropro.2020.105308

 Zust, T., Heichinger, C., Grossniklaus, U., Harrington, R., Kliebenstein, D. J., and Turnbull, L. A. (2012). Natural enemies drive geographic variation in plant defenses. Science 338, 116–119. doi: 10.1126/science.1226397




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

Copyright © 2023 Li, Li, Zhang, Wu, Zhao, Liu and Pan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1232735-g001.jpg
Adaxial side
e —,

Phloem

Abaxial side

Synthese genes






OEBPS/Images/fpls.2023.1232735_cover.jpg
& frontiers | Frontiers in Plant science

Plant resistance against whitefly and its
engineering





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Plant resistance against whitefly and its engineering

      

        		

          1 Introduction

        



        		

          2 Plant physical traits that confer resistance to whitefly

        

          		

            2.1 Trichomes

          



          		

            2.2 Other physical traits

          



        



        



        		

          3 Plant chemical traits that confer resistance to whitefly

        

          		

            3.1 Direct chemical defense

          

            		

              3.1.1 Secondary metabolites

            



            		

              3.1.2 Defense proteins

            



          



          



          		

            3.2 Indirect defenses

          



        



        



        		

          4 Plant signaling pathway against whitefly

        



        		

          5 Engineering of plant resistance to whitefly

        

          		

            5.1 Naturally occurring resistances and their utilization in resistance breeding

          

            		

              5.1.1 Plant resistance genes or QTLs conferring resistance to whitefly

            



            		

              5.1.2 Conventional resistance breeding

            



          



          



          		

            5.2 Biotechnology-based resistance breeding

          

            		

              5.2.1 Plant-mediated RNA interference of whitefly genes

            



            		

              5.2.2 Ectopic expression of foreign genes

            



          



          



        



        



        		

          6 Future perspectives

        

          		

            6.1 Whitefly-derived elicitors of plant defenses

          



          		

            6.2 Identification of genetic resources for resistance breeding

          



          		

            6.3 Horizontally transferred genes as RNAi targets in resistance breeding

          



        



        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Methods of

Effects on whitefly

Reference

Target genes in whitefl . Test plant
9etg Y targeting P

v-ATPase A Expression of dsRNA Nicotiana
tabacum

Acetylcholinesterase and ecdysone Expression of dsRNA N. tabacum

receptor

v-ATPase Expression of dsRNA Lactuca sativa

FIF0 ATP synthases Expression of miRNA Gossypium
hirsutum

Sex lethal, acetylcholinesterase and ~ Expression of artificial N. tabacum

orcokinin miRNA

v-ATPase Expression of sSiRNA Phaseolus
vulgaris

Trehalose-6-phosphate synthase 1 Expression of dsRNA N. tabacum

and 2

v-ATPase A Expression of siRNA Solanum
lycopersicum

Aquaporin and alpha glucosidase Phloem-specific expression of  N. tabacum

dsRNA
Glutathione S-transferase 5 Phloem-specific expression of = Arabidopsis

dsRNA thaliana

Decreased adult survival

Decreased adult survival

Decreased adult survival and fecundity

Decreased adult survival

Retarded nymph development, decreased population

growth

Decreased adult survival

Retarded nymph development, decreased adult

survival and fecundity

Decreased adult survival and fecundity

Decreased adult survival

Prolonged nymph development

Thakur et al., 2014

Malik et al., 2016

Ibrahim et al.,
2017

Wamiq and Khan,
2018

Zubair et al., 2020
Ferreira et al.,
2022

Gong et al., 2022
Pizetta et al., 2022

Raza et al,, 2016

Eakteiman et al.,
2018





