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Abstract: Citrus nematode (Tylenchulus semipenetrans) is one of the dominant plant-para-
sitic nematodes in citrus-growing regions, resulting in an average yield loss between 10 
and 30%. Tylenchulus semipenetrans is a sedentary semi-endoparasitic nematode that in-
fects the roots of citrus trees, causing stunted growth, reduced fruit yield, and poor fruit 
quality; collectively this pathology and thus the disease caused is referred to as the slow 
decline of citrus. Despite its huge importance, the citrus nematode is regarded as a ne-
glected parasite, and most research focuses on biological control and integrated pest man-
agement. Advancements in understanding the molecular mechanisms of other plant-par-
asitic nematodes, such as sedentary endoparasites with biological similarities to citrus 
nematodes, can be leveraged to gain deeper insights into the molecular mechanisms of 
citrus nematodes. In this review, we examine the biology, and integrated pest manage-
ment of citrus nematodes, and explore future research directions toward understanding 
the role of genomics, gene-editing tools, and the molecular mechanisms of host-seeking 
and effectors used by other plant-parasitic nematodes to cause infection, which can serve 
as a foundation for future work in citrus nematode management. 

Keywords: Tylenchulus; slow decline; nurse cell; integrated management; plant breeding; 
genomics; defense mechanism; effector; immunity 
 

1. Introduction 
Many species of plant-parasitic nematodes (PPNs) are associated with citrus roots 

but very few of them can successfully reproduce and cause significant damage to the trees. 
Some of the major PPNs associated with citrus are Tylenchulus semipenetrans, Pratylenchus 
coffee, Radopholus similis, and Meloidogyne spp. Some of the minor species of PPNs that 
cause damage to citrus but only occur in small geographic areas are Pratylenchus brachy-
urus, P. vulnus, Hemicycliophora arenaria, H. nudata, Paratrichodorus lobatus, P. minor, 
Xiphinema index, and X. brevicolle [1]. While there are numerous nematode species that 
infect citrus, T. semipenetrans is the predominant pathogenic nematode in most citrus-
growing regions and across a wide range of soil types, which may have contributed to T. 
semipenetrans being commonly referred to as citrus nematode [1–4]. It is estimated that 
citrus nematode infestation is present in 50–90% of citrus-growing orchards in California, 
Arizona, Florida, and Texas [5], resulting in an average yield loss of between 10% and 
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30%, depending on the level of infection [1,5–8]. T. semipenetrans is a sedentary endopara-
sitic nematode that infects the roots of citrus trees, causing stunted growth, reduced fruit 
yield, and poor fruit quality [9]. Additionally, the infection in citrus roots caused by T. 
semipenetrans can lead to subsequent invasions of plant pathogenic fungi and/or bacteria 
leading to additional damage to citrus trees [8]. 

Most studies of citrus diseases and pathogens focus on Citrus tristeza virus (CTV) (ge-
nus Closterovirus, family Closteroviridae), Phytophthora species (P. citrophthora, P. parasit-
ica, P. syringae, and P. hibernalis), and Huanglongbing (HLB). HLB is also known as citrus 
greening, which is the most devastating disease of citrus [10–13]. Given the substantial 
losses caused in citrus production by CTV, Phytophtora, and HLB, these crucial pathogens 
have received significant research attention. Despite the absence of effective control 
measures for some of these pathogens, there is a thorough understanding of the molecular 
mechanisms of pathogenicity [10,12,14–17]. Due to the considerable threat these major 
pathogens pose to citrus crops, research on the impacts of PPNs tends to receive less at-
tention in citrus. 

The economic impact of T. semipenetrans infestations is significant but the genetic ba-
sis of T. semipenetrans pathogenicity and the response of citrus towards nematode infec-
tion remains poorly understood. It can be referred to as a neglected pathogen of citrus, as 
this nematode is not listed among the top 10 economically important parasitic nematodes 
in molecular plant pathology [18,19]. Most research on the citrus nematode has concen-
trated on integrated pest management and biological control. There is a lack of infor-
mation on host-seeking behavior, molecular infection mechanisms, effector proteins, and 
potential targets for gene-editing tools to manage T. semipenetrans. However, substantial 
progress has been made in understanding these mechanisms in other PPNs with similar 
biology, such as the formation of specialized feeding sites and the sedentary nature of 
mature females in root-knot nematodes (Meloidogyne spp.) and cyst nematodes (Heterodera 
spp. and Globodera spp.). Advances in other PPNs have opened new avenues to address 
the challenges posed by T. semipenetrans in citrus, which share similar biology. A compa-
rable strategy has been highly effective in identifying mechanisms and creating toolkits 
for studying animal parasites (Strongyloides spp., Brugia malayi, and Ascaris suum). These 
tools, originally adapted from the free-living model nematode Caenorhabditis elegans, are 
now poised for wider use [20]. Recent advances in genome sequencing, annotation, re-
sistance breeding, integrated pest management, and molecular biology technologies fur-
ther add new opportunities to unravel the genetic basis of citrus nematode pathogenicity 
and develop novel control strategies. 

In this review, we will (i) outline the biology of nematodes, including symptoms of 
infection, advancements in assessing these parameters, and future directions to improve 
the accuracy of nematode infection estimation; (ii) highlight achievements in integrated 
pest management through the use of resistant varieties, chemical, cultural and biological 
control; (iii) explore potential future research areas enabled by nematode genomics and 
genome sequencing of T. semipenetrans; (iv) provide details on gene-editing tools for tar-
geting T. semipenetrans in citrus; (v) outline the molecular mechanisms of host-seeking be-
havior in sedentary endoparasitic nematodes (Meloidogyne spp., Heterodera spp., Globodera 
spp.) that may be conserved in citrus nematodes; (vi) explore the molecular mechanisms 
of nematode-associated molecular patterns (NAMPs) and damage-associated molecular 
patterns (DAMPs) in host plants; and (vii) discuss nematode effectors and target proteins 
studied in Meloidogyne spp., Heterodera spp., and Globodera spp. that could serve as poten-
tial targets for T. semipenetrans management. 
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2. Biology and Symptoms of Tylenchulus semipenetrans Infection  
in Citrus 

Infestation by Tylenchulus semipenetrans causes a disease called the ‘slow decline’ of 
citrus [3]. Second-stage juveniles (J2) of T. semipenetrans enter the root cortex, establish 
feeding sites, and become sedentary (Figure 1). Cortical cells at feeding sites develop into 
6-10 specialized non-hypertrophied nurse cells. These cells have unique characteristics, 
including an expanded nucleus and nucleolus, and the central vacuole is replaced by cy-
toplasm [21,22]. Nematodes feeding on these nurse cells reduce the amount of water and 
nutrients available to the growing plant. When T. semipenetrans infects roots, and the roots 
are stained, the adult females appear as typical semi-endoparasites, with their anterior 
body section embedded in the root and the posterior, swollen region extending outside 
the root tissues (Figure 1). However, unlike root-knot nematode infections, no visible galls 
form on the citrus roots due to T. semipenetrans infestations, while root-knot nematode 
infections produce easily visible galls [3,23]. Morphologically, the mature female T. semi-
penetrans has a slender, irregular anterior body portion that stays embedded in the root 
tissues, while its smooth, swollen, and digitate posterior portion protrudes from the root 
surface (Figure 1). The excretory pore and vulva are located at the posterior end, whereas 
mature root-knot nematode females are pear-shaped. Both nematodes are approximately 
0.01 inches long [24,25] A new T. semipenetrans infection causes a gradual decline in tree 
quality, resulting in smaller, less productive, and weaker trees over time. However, when 
young citrus seedlings are transplanted into soil heavily infested with nematodes, poor 
tree growth is immediately evident after planting [9]. As the tree’s growing conditions 
worsen, the effects of nematode parasitism become more pronounced [8,26–29]. 

Several studies have shown that infestation of T. semipenetrans negatively affects 
plant growth through several processes: Alteration of root physiology, reduction of pho-
tosynthesis, change in water and mineral status, and disruption of hormonal balance [1]. 
Broadly, T. semipenetrans infection symptoms can be classified into two categories: Above-
ground and below-ground symptoms. The aboveground symptoms include leaf chlorosis 
and curling, poor growth, lack of vigor, small fruit, and leaf size, and twig dieback in 
severe cases [2,4,28]. The wilting of the tree is observed following early water stress and 
pronounced leaf shedding resulting in exposed branch terminals. Excess sodium may 
build in leaves under saline conditions [3,30]. 

In terms of below-ground symptoms, nematode-infected trees have fewer and 
shorter feeder roots with many rootlets. Feeder roots that have been substantially parasi-
tized are slightly thicker than healthy roots and appear dirty because of soil particles stick-
ing to gelatinous egg masses on the root surface [8]. Nematode feeding induces the loss of 
integrity at the epidermis and feeding sites in the cortex, and feeder roots decay quickly, 
allowing for secondary invasions by pathogens [2,8,31,32]. Mild nematode parasitism 
causes lesions in citrus roots, but severe infections cause cortical sloughing and root death 
[3,8]. 
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Figure 1. The generalized life cycle of T. semipenetrans. Eggs are deposited in the soil or in egg 
masses. First-stage juveniles (J1) inside the eggs molt into second-stage juveniles (J2), hatch, and 
search for the host plant. Second-stage juveniles find the citrus roots and enter the root. The female 
J2 molts into the J3 and J4 stages and finally into the sedentary female. Female juveniles develop 
into mature females by feeding on the epidermis and outer layers of the cortical parenchyma in 
roots. As the immature female grows, it starts to penetrate the outer surface of the root and reaches 
the deeper cortical layers, though it typically does not reach the central cylinder, and sometimes the 
endodermis. Once settled, it establishes a permanent feeding site made up of specialized cells 
known as nurse cells, which provide essential nutrients. A mature female has a swollen posterior 
part of its body and protrudes from the root surface, while its elongated neck and head remain 
embedded in the cortex. Males, however, undergo the third stage of molting before departing from 
the egg mass, and they can reach adulthood within a week without feeding. Fully grown females 
produce eggs that are enclosed in a gelatinous matrix. The entire life cycle of the female, from egg-
to-egg production, spans from four to eight weeks [33]. 

Most of the time symptoms may not be noticeable in lightly infected roots, allowing 
infected nursery stocks to go unnoticed [9]. Diagnosis of the disease is difficult as field 
symptoms are like physiological diseases or other plant diseases. Etiolation symptoms of 
the disease are often misdiagnosed as HLB. As a result, developing adequate detection 
techniques and identifying nematode damage thresholds is critical. Currently, for T. sem-
ipenetrans, the population density in soil is used to determine the damage level and is 
based on the number of nematodes observed per 100 g of soil. If the number of nematodes 
is less than 1600 per 100 gm of soil, then it is considered to have no economic damage. If 
the population is more than 1600 but less than 3600 per 100 g of soil, then it is at the Eco-
nomic Damage Threshold (ET). If the population exceeds 3600 per 100 gm of soil sample, 
it is considered to have reached the Economic Injury Level (EIL) [34]. Determining dam-
age thresholds for nematode population densities that affect tree growth is complex and 
dependent on various factors such as nematode aggressiveness, soil, rootstock suscepti-
bility, management practices, seasonal variability of the nematode population, nematode-
plant host interactions, and presence of other pathogens [1,7,9,23,26,29,35,36]. The tech-
nique currently used to determine the nematode threshold is outdated. With the advance-
ment of new techniques, future research should focus on developing more sensitive meth-
ods to quantify nematodes, such as qPCR [37], artificial intelligence [38,39], and digital 
image analysis to identify and assess nematode populations, above and below-ground 
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symptoms, and predict the potential outbreak of disease before they cause economic dam-
age [1,40–42].The use of molecular techniques for nematode identification offers the ad-
vantage of precise identification and can be carried out by individuals with limited exper-
tise in nematode morphology. However, it has the drawbacks of being costly and techni-
cally demanding [43]. 

3. Integrated Management Strategies for Tylenchulus semipenetrans in 
Citrus Production 
3.1. Breeding Strategies Against Tylenchulus semipenetrans 

The use of resistant citrus cultivars is essential for an economical and environmen-
tally friendly integrated nematode management strategy. Developing citrus varieties re-
sistant to nematodes requires extensive knowledge of cultivars and their relatives. Addi-
tional important production issues include germplasm screening methods, sources of re-
sistant germplasm in the primary, secondary, and tertiary gene pools, breeding strategies 
and methods, and growing and preservation resources over an extended period. Some 
efforts to develop citrus varieties that are resistant to citrus nematode have been initiated. 
Breeding against citrus nematode has primarily focused on the use of tolerant rootstocks, 
which can tolerate infection and maintain the health of the grafted scion. Several resistant 
rootstocks have been developed through conventional breeding, but the existence of sev-
eral biotypes of T. semipenetrans that differ in their host preference and geographical dis-
tribution poses a limitation to rootstock selection. One of the widely used rootstocks is 
Poncirus trifoliata, which has been reported to exhibit tolerance to several citrus diseases 
[44–50]. Hybrids of P. trifoliata also provide tolerant rootstocks against citrus nematode 
[51–54]. The first and most common hybrids are Carrizo citrange (Citrus sinensis × Poncirus 
trifoliata) and ‘Swingle’ citrumelo (Citrus paradisi × Poncirus trifoliata) rootstocks that have 
been widely used in citrus production due to their tolerance to T. semipenetrans [55,56]. 
Swingle citrumelo is a commercially acceptable rootstock with a high degree of tolerance 
to most populations of T. semipenetrans. In Iran, P. trifoliata, Swingle citrumelo, and Citrus 
aurantium are recommended for managing T. semipenetrans [57]. In addition, hybrids of P. 
trifoliata × Citrus reticulata have inherited tolerance to T. semipenetrans [50,58]. Poorman 
orange (Citrus × hybrid of undetermined origin) × P. trifoliata hybrids were found to be 
tolerant to more than one biotype of T. semipenetrans [51,52]. In another study, Carrizo 
citrange, Savage citrange, and Yuma citrange [59] Citrumelo and grapefruit [60] were re-
ported as tolerant to T. semipenetrans in Pakistan. In Western Australia, Troyer and Carrizo 
citrange are used as tolerant rootstock to citrus nematode [55]. The cultivars C22, C57, and 
C146 exhibited tolerance to the T. semipenetrans in Texas USA [61]. The rootstock Forner-
Alcaide 5 is a selection of Cleopatra mandarin that exhibits tolerance to T. semipenetrans 
[62,63] (Supplementary Table S1). 

There are three T. semipenetrans biotypes currently known: The citrus and Mediterra-
nean biotypes which infect a wide range of citrus cultivars, and the Poncirus biotype which 
reproduces better on P. trifoliata and its hybrids [62,64]. However, any biotype can develop 
pathogenicity to any tolerant rootstocks [65], for example, populations of T. semipenetrans 
capable of reproducing well on Swingle citrumelo have been reported in Florida [66]. 
Also, a progressive adaptation of the nematode to reproduce on rootstocks previously 
described as moderately resistant (i.e., Troyer and Carrizo citranges) can occur because of 
their continuous cultivation [62]. The presence of high nematode levels at the time of re-
planting or when interplanting moderately resistant and susceptible rootstocks can re-
duce their relative resistance level to T. semipenetrans [58]. For example, Carrizo citrange 
is currently more susceptible to T. semipenetrans in some areas than others [56]. 
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3.2. Chemical Control Against Tylenchulus semipenetrans 

For a long time, methyl bromide was the standard fumigant to manage soil-borne 
diseases including PPNs and weeds in high-value crops like vegetables and citrus [67]. 
After the phase-out of methyl bromide, some of the registered preplant nematicides to 
control T. semipenetrans are Metam Sodium, 1,3-Dichloropropene/Chloropicrin, and 1,3-
Dichloropropene. Post-plant nematicides are Fluopyram and Oxamyl [1,68–70]. For chem-
ical control of the PPNs, two types of nematicides are being used: Non-fumigants (Organ-
ophosphorus, Carbamate, Abamectin, Fluoroalkenyl) and fumigants (Isothiocyanates, 
halogenated aliphatic). The mechanism of action for these nematicides includes respira-
tory inhibition (Isothiocyanates, halogenated aliphatic), neurotoxicity (Organophospho-
rus, Carbamate, Abamectin), or interference of steroid metabolism (Fluoroalkenyl) [71]. 
Similarly, the fluorinated nematicide fluazaindolizine, with an unknown mode of action 
and very low mammalian toxicity, has shown promising results in controlling various 
species of PPNs, such as M. incognita and T. semipenetrans, even at non-lethal concentra-
tions and with short-term exposure to the nematicide [72]. Most studies examining the 
effects of nematicides on root-knot nematodes suggest that their use does not prevent re-
infection and instead leads to an increase in nematode resistance to these chemicals [73–
76]. Therefore, finding new nematicidal targets should be a priority. The use of rootstock 
that is nematode-resistant or -tolerant can lessen the effects of the infection. If the planting 
location is infested with citrus nematodes, pre-plant fumigation is recommended despite 
using a tolerant rootstock [23]. Trees planted on fumigated orchard grounds often have 
higher fruit growth and yields. Post-plant nematicides are costly [23]. Growers should 
consider application costs, orchard age and health, and estimated crop loss [68]. Regular 
sampling of the nematode population might help evaluate the situation. If sampling indi-
cates moderate to high population levels in established orchards, it may be advisable to 
consider the use of a nematicide [1]. When selecting a nematicide, it is vital to consider 
factors such as the properties of the pesticide, the timing of its application, persistence in 
the field, and its potential impact on honeybees, human health, and the environment [77]. 

3.3. Cultural and Biological Control Against Tylenchulus semipenetrans 

Implementing good cultural practices and utilizing biological control agents can help 
reduce the negative impacts of chemical pesticides while effectively managing T. semipen-
etrans in a new orchard through exclusion. This can be accomplished by cultivating new 
transplants in uninfected soils [78–80], using nematode-free plant materials like cuttings 
and transplants [1,35], irrigation with uninfected water [81,82], and creating regulatory 
mechanisms through quarantine and certification programs [1,78,80,81,83]. Once a nema-
tode infestation has been confirmed in a citrus grove, eradication measures should be im-
plemented. Good crop husbandry can aid in the prevention of nematode infection. Grow-
ing citrus trees in suboptimal conditions can exacerbate the situation [1,26,84]. The man-
agement of citrus nematode is dependent on optimal orchard management [82]. Soil is 
another important limiting factor for citrus nematode. Some physicochemical soil varia-
bles like soil properties, organic matter, nutrition, fertilizer, and pH can support or hinder 
the development of high nematode populations either directly or indirectly [9,85–88]. The 
citrus nematode can attack around 75 plant species, predominantly in the Rutaceae family, 
with only a few non-rutaceous hosts such as grapevine, persimmon, lilac, and olive [82]. 
Because of its narrow host range, this nematode can be managed through proper orchard 
sanitation, equipment management, and low-volume irrigation or drip irrigation [1,8,89]. 
Some strategies, such as soil solarization, crop rotation, mulching, soil tillage, and weed 
control can have significant impacts on nematode management [1,8,23,90,91]. Soil biofu-
migation using Brassicaceae, green manure, botanical plant extracts, composts, animal 
manure plant debris, oilseed cakes, and crustacean shells are cheaper and 
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environmentally friendly alternatives to chemical pesticides nematode management but 
warrant further investigation [92–98]. The use of biological control measures to control T. 
semipenetrans is still in its infancy [82]. Several fungi and bacteria isolated from citrus fields 
have shown promising but varying effects in controlling the nematode [99–108]. Parasitic 
fungi used for plant-parasitic nematode control such as citrus nematodes include Pur-
pureocillium lilacinum (previously known as Paecilomyces lilacinus), Trichoderma spp., my-
corrhizae (Glomus spp.), and Pochonia chlamydosporia. Additionally, several nematopha-
gous species, such as Drechslerella dactyloides, Arthrobotrys superba, A. oligospora, Dactylaria 
leptospora, Da. brochopaga, Catenaria anguillulae, Dactylellina ellipsospora, Myzocytzum spp., 
Nematoctonus concurrens, and Monacrosporium spp., also target nematodes in citrus or-
chards. Among all the listed species Trichoderma spp. are among the most used fungi for 
combating citrus nematodes, there are currently few commercial products approved for 
use against citrus nematodes. These fungi decrease the number of J2 entering the roots, 
leading to fewer females in the citrus roots [6]. 

The harmful effects of several Bacillus spp. on PPNs have been demonstrated, with 
most studies focusing on the effectiveness of experimental spore formulations against T. 
semipenetrans. Like certain fungi, the production of hydrolytic enzymes such as cellulases, 
proteases, lipases, and β-glucanases is believed to contribute to their pathogenicity [6,109]. 
Several reports have shown that soil application of B. subtilis, either alone or mixed with 
compost, in greenhouse and field experiments resulted in the mortality of T. semipenetrans 
[6,110–112]. Similarly, Pseudomonas fluorescens has shown promising effects in controlling 
both T. semipenetrans and Meloidogyne spp. in citrus. The mode of action includes inducing 
systemic resistance in the host plants and producing various secondary metabolites, in-
cluding pyoluteorin, 2,4-diacetylphloroglucinol (2,4-DAPG), hydrogen cyanide (HCN), 
phenazines, and pyrrolnitrin [6,113–115]. The fermentation product of Streptomyces aver-
mitilis has demonstrated potential against plant-parasitic nematodes by targeting γ-ami-
nobutyric acid receptors in nematodes, triggering an influx of chloride ions into their cells, 
which leads to immobility and death, particularly in the J2 stage of nematode [116–119]. 
The culture filtrate of S. avermitilis has been shown to reduce egg hatching of root-knot 
nematodes and increase J2 mortality. Furthermore, the use of abamectin, isolated from S. 
avermitilis, has proven effective in controlling citrus nematodes under field conditions, re-
ducing their reproduction and increasing crop yield [116,120–122]. Pasteuria penetrans is a 
well-known parasite of Meloidogyne spp. The combined application of P. penetrans and P. 
lilacinum significantly reduced the citrus nematode population in citrus, as these bacteria 
parasitize the J2 and female stages [6]. In addition to bacteria and fungi used to control 
PPNs, some predatory mites (Acari: Mesostigmata) feed on parasitic nematodes. Several 
mite species like Cosmolaelaps simplex, Gaeolaelaps aculeifer, Macrocheles matrius have been 
shown to significantly reduce T. semipenetrans egg masses, limit the penetration of J2 lar-
vae into citrus roots, and promote seedling growth under greenhouse conditions 
[6,123,124]. 

Some work has been initiated to study management strategies for the citrus nema-
tode, but the currently employed strategy is inadequate to effectively manage it. Future 
research should focus on studying the genetic and molecular mechanisms of infection, 
developing resistant or tolerant rootstocks against a broad range of pathogens, and im-
proving plant vigor through sustainable and environmentally friendly cultural tech-
niques. Chemical nematicides are expensive and have a broader impact on non-target 
pests [125,126]. Growers should be encouraged to use resistant varieties and to employ 
safe, non-chemical alternatives whenever possible. 
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4. Genomics of Tylenchulus semipenetrans: Unraveling the Genetic  
Basis of Citrus Nematode Pathogenicity 

Despite being a ubiquitous pathogen of citrus, genomic and genetic aspects of the T. 
semipenetrans nematode infection remain unknown. The identification of potential nemat-
icidal targets and the creation of long-lasting nematode control could be made possible by 
a greater understanding of the genome, comparative genomics, behavior, and physiology 
of these parasites [127,128]. T. semipenetrans feeds from the modified non-hypertrophied 
nurse cells for a prolonged period [22]. Citrus nematode and sedentary endoparasites 
such as root-knot nematodes and cyst nematode (CN) infective juveniles establish feeding 
sites in host roots, employing stylets to break the plant cell walls, inject salivary secretions, 
and withdraw nutrition [21,129–131]. Development of feeding sites occurs after the injec-
tion of secreted effector proteins produced in the nematode esophageal glands [18] Given 
the substantial losses caused in citrus production by CTV, Phytophtora, and HLB, these 
crucial pathogens have received significant research attention [10–13]. Despite the absence 
of effective control measures for some of these severe pathogens, there is a thorough un-
derstanding of the molecular mechanisms of pathogenicity [10,12,14–17]. The evolution-
ary origins of PPN effectors, however, have received little attention. Initially, the focus of 
genomic and transcriptional analysis of PPNs was limited to the genomes of RKN and 
CN, as well as the transcriptome of the esophageal gland. Several essential effector protein 
genes were discovered because of this research [131–137]. However, as sequencing and 
bioinformatics capabilities improved, the focus of research shifted to other PPNs, partic-
ularly several migratory and sedentary nematodes [138–143]. Comparative analysis of se-
quenced PPNs reveals a high degree of conservation in their cell wall modifying effector 
proteins, which are believed to have been acquired through horizontal gene transfer from 
bacteria and fungi [144,145]. 

Given the importance of effector proteins in parasitism, one viable technique for com-
batting PPNs is to silence the expression of effectors and other important genes [146–150]. 
Functional genomic techniques like transgenesis, RNA interference (RNAi), and targeted 
mutagenesis are invaluable in studying the molecular mechanisms by which parasitic 
nematodes locate and infect their hosts. It may result in the development of measures that 
inhibit the parasitism caused by them [151–156]. A comprehensive understanding of the 
effector proteins of PPNs and their roles is crucial. The availability of several RKN ge-
nomes has increased the resources available for finding collections of putative effectors in 
these organisms [127,132,133,157–159]. Developing control strategies for parasitic nema-
todes, including T. semipenetrans infections, presents multiple challenges that cannot be 
dealt with by a single form of information. Nematode genomics, on the other hand, pro-
vides an extensive foundation that includes information on both genomic DNA (gDNA) 
and transcribed sequences (cDNAs). This valuable resource enhances basic and applied 
parasitic nematode research to unveil the genetic basis of citrus nematode pathogenicity. 
Information about the genomics of T. semipenetrans is scarce. Future research should focus 
on genomic analysis, which will be a unique resource to gain deeper insight into the ge-
netic mechanisms behind nematode adaptation to phytoparasitism, which will aid in the 
development of effective nematode control strategies. Similarly, the availability of large-
scale genomics allows for in-silico experiments and the identification of potential targets 
for future research. 

5. Gene Editing Tools for Targeting T. semipenetrans in Citrus 
The CRISPR/Cas9 system is a versatile gene editing tool widely adopted for targeted 

genome modifications in various organisms, including plants. CRISPR/Cas has been suc-
cessfully employed in several plant species to generate resistance against PPNs [160]. 
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Employing CRISPR/Cas for the inactivation of genes that are induced during nematode 
infestation has been shown to reduce nematode infection; these genes have been reported 
in many plants [161,162]. The system consists of a Cas9/12 nuclease and a single guide 
RNA (sgRNA) that directs the nuclease to a specific target site in the genome. Upon bind-
ing to the target site, Cas protein introduces a double-strand break (DSB), which is re-
paired by the cell’s endogenous repair machinery, often resulting in targeted gene disrup-
tion. 

Recently, novel target genes have been identified that could play a role in the estab-
lishment of parasitism between RKN and the plant, especially plant nutrient transporters 
[161]. Inactivation of those genes by RNAi significantly reduced the degree of parasitism 
[163]. Thus, CRISPR/Cas9 is a promising strategy that has been shown to work in other 
systems to inactivate multiple target genes simultaneously. One study recently used soy-
bean hairy roots to study the resistance response of knocking out two serine hydroxy-
methyltransferase genes, GmSHMT08 and GmSHMT05 to confirm the role of these genes 
in soybean cyst nematode (SCN) tolerance [164]. Similarly, another study confirmed that 
t-SNARE proteins are critical to resisting SCN infection using the CRISPR-Cas9 system 
[165]. Another study used CRISPR/Cas to knock out MG1 and its interactor MGBP1, in 
rice and found that this increased susceptibility to M. graminicola [166]. PR10/Bet v1-like 
protein knockout in rice increased the susceptibility to M. graminicola [167]. Disrupting the 
function of the previous genes increased plant susceptibility, indicating that these genes 
are involved in plant tolerance. On the other hand, knocking out other genes increased 
plant tolerance, for instance, one study employed the CRISPR/Cas9 system to specifically 
induce targeted mutagenesis of the rice gene copper metallochaperone heavy metal-asso-
ciated plant protein 04 (OsHPP04), and successfully obtained genetically stable homozy-
gous rice mutants, which conferred enhanced resistance against root-knot nematode in 
rice [168]. Using CRISPR/Cas9 confirmed that FERONIA-like receptor kinase homologue 
in soybean GmLMM1, increased plant susceptibility to nematodes [169]. Other studies 
have found that W-box transcription factor (SlWRKY45) in tomatoes [170], MYB transcrip-
tion factor (SlMYB57) in tomatoes [171], malate synthase in cucumber [172], auxin-respon-
sive transcription factors ARF8A and ARF8B in tomatoes [173], and heavy metal-associ-
ated isoprenylated plant protein (HIPP27) in Arabidopsis all increased plant susceptibility 
to PPN infection [174]. Table 1 contains candidate genes that CRISPR could target to im-
prove citrus resistance against nematodes. 

Despite some developmental work on gene editing tools in root-knot nematodes and 
cyst nematodes, no work has been initiated to identify gene editing tools against citrus 
nematodes. Root-knot nematode, cyst nematode, and citrus nematode are closely related 
species from the same clade of the phylum Nematoda, with somewhat similar biology 
[175]. Root-knot nematodes and cyst nematodes are endoparasitic, while citrus nematodes 
are semi-endoparasitic. Both groups of nematodes have some form of host tissue manip-
ulation for feeding. It has been experimentally verified that DNA-based CRISPR reagents 
might be directly imported from other systems. For example, Cas9 and sgRNA expression 
plasmids from C. elegans work were used in the closely related Caenorhabditis briggsae [20]. 
Information about genes identified in RKN and cyst nematode might be directly applica-
ble to citrus nematode biology. Future research should focus on testing those genes that 
have been validated in previous studies among closely related species of citrus-infecting 
nematodes. 
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Table 1. Detailed list of genes from plants against nematodes and the homologs in citrus adopted 
from Dutta et al., 2023 [176]. 

Gene Name Nematode Species References C. reticulata P. trifoliata C. sinensis 
AtRPE  Meloidogyne incognita [177] Cre5g_011050 Pt3g006190 Cs_ont_5g039790 

AtETR1 
AtEIN2 
AtEIN3 
AtEIR1 

Heterodera schachtii [178] 

Cre5g_016860 
Cre6g_004920 
Cre2g_028110 
Cre4g_023270 

Pt8g005340 
Pt6g017960 
Pt2g008350 
Pt1g022280 

Cs_ont_5g033030 
Cs_ont_6g020590 
Cs_ont_2g030110 
Cs_ont_4g025100 

AtFH6 Meloidogyne incognita [179] Cre1g_020750 Pt7g016330 Cs_ont_1g023750 
AtMAP65-3 Meloidogyne incognita [180] Cre9g_021250 Pt9g017920 Cs_ont_9g024290 

AtPME3 Heterodera schachtii [181] Cre1g_015230 Pt7g011540 Cs_ont_1g018180 
AtWRKY23 Heterodera schachtii [182] Cre5g_040580 Pt3g035620 Cs_ont_5g006680 

AtADF2 Meloidogyne incognita [183] Cre8g_014460 Pt8g009750 Cs_ont_8g003160 
AtbHLH25 
AtbHLH 27 

Heterodera schachtii [184] Cre1g_019860 
Cre4g_023460 

Pt7g015470 
Pt1g022100 

Cs_ont_1g022810 
Cs_ont_4g025270 

AtCCS52A1/B Meloidogyne incognita, Het-
erodera schachtii 

[185] Cre5g_010030 Pt3g007070 Cs_ont_5g040860 

AtKMD3 Meloidogyne incognita [186] Cre5g_024520 Pt3g021540 Cs_ont_5g023080 
AtAAP1 
AtAAP2 
AtAAP8 

Heterodera schachtii [187] 
Cre3g_012800 
Cre1g_006010 
Cre3g_012800 

Pt5g011300 
Pt5g024470 
Pt5g011300 

Cs_ont_3g012730 
Cs_ont_1g006440 
Cs_ont_3g012730 

AtLBD16 Meloidogyne javanica [188] Cre5g_035540 Pt3g030980 Cs_ont_5g011690 
AtFTRc Meloidogyne javanica [189] Cre6g_021980 Pt6g001900 Cs_ont_6g002310 
AtAAP6 Heterodera schachtii [190] Cre8g_008840 Pt5g007900 Cs_ont_3g008880 

AtHIPP27 Heterodera schachtii [191] Cre1g_025260 Pt7g021360 Cs_ont_1g028570 
AtSUC2 Heterodera schachtii [192] Cre3g_005950 Pt5g005340 Cs_ont_3g006170 

AtALF4 Meloidogyne javanica,Het-
erodera schachtii 

[193] Cre4g_001860 Pt1g000410 Cs_ont_4g001890 

Annexin Meloidogyne incognita [194] Cre3g_010750 Pt5g009550 Cs_ont_3g010860 
PUCHI Meloidogyne incognita [195] Cre9g_003350 Pt9g003150 Cs_ont_9g003490 

AtGAPC1 Meloidogyne incognita [196] Cre7g_021220 Pt3g010090 Cs_ont_7g022820 
AtABAP1 Meloidogyne incognita [197] Cre9g_005030 Pt9g004780 Cs_ont_9g005150 
AtSmD1 Meloidogyne incognita [198] Cre5g_004500 Pt3g005780 Cs_ont_5g046160 
AtADF3 Aphelenchoides besseyi [199] Cre8g_014460 Pt8g009750 Cs_ont_8g003160 

AtYUC Meloidogyne incognita, Het-
erodera schachtii 

[200] Cre4g_003350 Pt1g005780 Cs_ont_4g003410 

AtPANC Heterodera schachtii [201] Cre5g_033760 Pt3g029210 Cs_ont_5g013390 
AtSWEET1 Meloidogyne incognita [202] Cre3g_007760 Pt5g007110 Cs_ont_3g008000 
AtABI1/2/5 

AtCYP707A1/A4 Heterodera schachtii [203] 
Cre4g_021930 
Cre6g_021150 

Pt1g023450 
Pt6g001140 

Cs_ont_4g023710 
Cs_ont_6g003200 

AtERN1 Meloidogyne incognita [204] Cre2g_006010 Pt2g026820 Cs_ont_2g006310 

6. Host-Seeking Behavior in Plant Parasitic Nematodes (PPNs) 
Nematodes use receptors and ion channels to sense small molecules in the surround-

ing environment and transduce the signals starting from receptors to ion channels. 
Among these receptors, G-protein coupled receptors (GPCRs) are significant as olfactory 
receptors that trigger cellular responses by interacting with intracellular heterotrimeric G 
proteins [205]. In M. incognita, putative homologs of four core C. elegans proteins for chem-
otaxis towards water-soluble and volatile chemicals were identified: odr-1 (rGC), odr-3 
(GPCR), and tax-2/tax-4 (cyclic nucleotide-gated ion channel). These genes exhibited the 
highest expression levels in infective juveniles [206]. Knocking down their expression via 
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RNAi altered nematode chemotaxis towards root exudates and other behaviors [206]. A 
similar expression pattern was noted for guanylate cyclase (rGC) homologs in SCN [207]. 
Screening the four proteins ODR-1, ODR-3, TAX-2, and TAX-4 against the proteomes of 
other PPNs such as Meloidogyne, Heterodera, and Globodera revealed the presence of 
orthologues with high similarity, indicating that these proteins are likely conserved across 
nematode species. The molecular mechanisms involved in sensing small molecules and 
transmitting signals, mediated by these proteins, might be a functional feature across nem-
atode species including citrus nematode (Figure 2 and Supplementary File S1). 

 

Figure 2. Different receptors and ion channels are used by plant-parasitic nematodes to sense their 
environment. The figure was created using Biorender.com. 

The behavior of PPNs toward plant extracts, attractants, and repellants determines 
the interaction between PPNs and their host plants. While volatile compounds serve as 
long-distance cues for infective RKN juveniles to locate suitable hosts, water-soluble 
chemicals act as signaling cues within the root region [208]. Recent studies have identified 
various compounds, such as methyl salicylate, as significant attractants for nematodes in 
Capsicum annum, while others like certain flavonoids exhibit repellant effects [209]. The 
influence of ethylene on nematode behavior varies depending on the nematode species, 
with ethylene generally repelling RKN but showing less effects on cyst nematodes [208]. 
However, specific compounds often repel only particular nematode taxa in specific plant 
species, indicating the need for specific research about citrus root exudates to understand 
the spectrum of citrus nematode repellents and their mechanisms of action. Studies of 
citrus root metabolites under salt stress found a significant amount of palmitic acid, 
myristic acid, and linoleic acid, which have been previously reported as nematode-repel-
lents [208]. This work highlights the need to test these compounds against citrus nema-
tode. Also, erucic acid, oleic acid, and geraniol have been reported to have nematocidal 
effects [208] (Figure 3). 
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Figure 3. A summary of the general behavior of plant-parasitic nematodes toward plant extracts, 
attractants, and repellants that determine the interaction between PPN and their host plants. The 
top box in the figure illustrates the various cues nematodes use for sensing hosts over long and short 
distances. The middle box presents different plant-associated repellents , while the bottom box high-
lights various chemicals that serve as nematode attractants. The figure was created using Bioren-
der.com. 

6.1. Perception of Nematode-Associated Molecular Patterns (NAMPs) and Damage-Associated 
Molecular Patterns (DAMPs) by the Host Plant 

Damage-associated molecular patterns (DAMPs) represent an aspect of plant defense 
mechanisms against nematode infections [210]. These DAMPs can originate from various 
sources within the plant-nematode interaction such as stylet thrusts and nematode body 
movements [211]. PPNs employ several strategies to mitigate plant defenses by producing 
cell wall-degrading enzymes, including cellulases, pectate lyases, and polygalacturonases 
[212–214]. 

These enzymes facilitate the breakdown of plant cell walls, releasing fragments such 
as oligogalacturonides (OGs) that function as DAMPs. OGs are fragments resulting from 
the degradation of cell wall homogalacturonan (HG) [215]. Polygalacturonase-inhibiting 
proteins (PGIPs), are a class of cell wall proteins that inhibit the pectin-depolymerizing 
activity of polygalacturonase enzymes, leading to the accumulation of OGs [216]. These 
OGs can then serve as elicitors of plant immune responses via interactions with wall-as-
sociated kinases (WAKs). Studies have demonstrated the differential expression of PGIPs 
in response to nematode infection in various host genotypes, influencing susceptibility or 
resistance and OGs contribute to defense against cyst nematodes [217,218]. 

Proline-rich extensin-like receptor kinases (PERKs) have emerged as key players in 
the plant defense response against nematodes [219]. Their induction following infection 
by cyst nematodes (CNs) and root-knot nematodes (RKNs) suggests their involvement in 
plant-nematode interactions. Experimental evidence, including studies with perk mutants, 
confirmed the role of perk genes in attenuating nematode infection by recognizing OGs, 
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indicating their function as damage-triggered immune receptors. Plant elicitor peptides 
(PEPs) represent another facet of plant defense against nematodes. Derived from precur-
sor proteins known as PROPEPs, these small peptides are perceived by membrane-bound 
receptors called PEP receptors (PEPRs). The PEP-PEPR system has been shown to contrib-
ute to defense against CNs, as evidenced by experiments with soybean seeds treated with 
PEPs resulting in reduced infection rates. However, this system does not appear to confer 
defense against RKNs, indicating specificity in the plant’s response to different types of 
nematode infections [220] (Figure 4). Little is known about the perception of citrus nema-
todes by plants, but the same or similar pathways are likely used to detect root-knot nem-
atodes, cyst nematodes, and citrus nematodes. 

 

Figure 4. Overview of nematode-associated molecular patterns (NAMP) and damage-associated 
molecular patterns (DAMP) induced by nematodes in the plant because of nematode infection. The 
image illustrates the various enzymes secreted by nematodes to initiate plant infection, as well as 
the different receptors that recognize these enzymes and activate pathogen-triggered immunity in 
response. 

6.2. Nematode Effectors and Target Proteins 

RKN and cyst nematode (CNs) have evolved parasitism mechanisms in plants, rely-
ing on the secretion of effector molecules. These effectors facilitate nematode invasion of 
the host root, suppressing plant defense responses, and reprogramming root cells to form 
feeding sites [221,222]. Effectors are mainly produced in the esophageal glands of nema-
todes and are delivered into plant cells through the stylet [223]. Effector identification has 
been significantly aided by advancements in sequencing technologies and genomic re-
sources of nematodes. However, these resources are very limited in the case of the citrus 
nematode, as its genome has not yet been sequenced. Proteomic analyses have directly 
identified hundreds of proteins secreted by pre-parasitic and parasitic nematode stages 
[224,225]. Bioinformatic methods, based on the presence of signal peptides for secretory 
small proteins and peptides, the absence of a transmembrane domain, and the presence 
of the post-translation modification motifs like glycosylation sites are commonly used to 
predict candidate effector genes from nematode genomes and other pathogens [226]. Ad-
ditionally, transcriptomic data have furthered our understanding of nematode gene ex-
pression dynamics during parasitism [227]. Previous studies have revealed that nematode 
effectors target various subcellular compartments within plant cells, including the apo-
plast, nuclei, and cytoplasm to promote the infection [221] (Figure 5). 
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Numerous effectors suppress plant immunity by interacting with host proteins in-
volved in the PTI response, such as scavenging reactive oxygen species (ROS) or targeting 
pathogenesis-related (PR) proteins. Moreover, some effectors modulate plant hormone 
pathways, thereby promoting changes in hormonal balance that are favorable for nema-
tode parasitism. Effector functions extend beyond immune modulation to directly influ-
ence plant gene expression, and the cellular processes involved in nematode-feeding site 
formation. 

Effector proteins have been identified to interact with transcription factors, histones, 
splicing machinery, altering gene transcription and mRNA processing in host cells. These 
interactions facilitate the reprogramming of plant gene expression to support nematode 
parasitism. Furthermore, nematode effectors have been found to interfere with ubiquitin-
related processes and suppress cell death responses and hypersensitivity (HR). Certain 
effectors mimic plant defense-related proteins to interfere with known defense signaling 
pathways are listed in Table 2. 
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Figure 5. Overview of characterized plant-parasitic nematode effectors and their plant targets. Effectors are secreted by the nematode’s stylet either 
into the apoplast or directly into the cytoplasm of the host cell. Several effectors target plants, influencing the regulation of reactive oxygen species 
(ROS) levels or their subsequent reactions. some groups of effectors possess nuclear localization signals, enabling them to migrate to the nucleus of the 
feeding site. They can transport plant targets to the nucleus or interact with plant targets already present in the nucleus, thereby altering host responses. 
In certain interactions, the effectors target plant proteins associated with pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) or 
effector-triggered immunity (ETI). The figure was created using Biorender.com. 

Table 2. List of effectors with their target protein in plants involded during interaction of plants and root-knot nematodes (Meloidogyne spp.) or plants 
with cyst-forming nematodes (Heterodera spp., and Globodera spp.). 

A. Effectors Suppressing PTI through ROS Scavenging 
SN. Effector Name Nematode Species Plant Host Target Protein in Plants Symptoms References 

1 MjTTL5 Meloidogyne javanica Arabidopsis AtFTRc ROS scavenging [189] 
2 MjNEROS Meloidogyne javanica Tomato ISP in electron transport chain Suppression of ROS accumulation [228] 
3 MiPDI1 Meloidogyne incognita Tomato SAP12 Antioxidant activity [229] 



Agronomy 2025, 15, 383 16 of 31 
 

 

4 MiCTL1a Meloidogyne incognita Tomato Catalase Antioxidant enzyme interaction [230] 
5 MgMO289 Meloidogyne graminicola Rice OsHPP04 Decreased superoxide radicals in roots [231] 
6 Hs10A06 Heterodera schachtii Arabidopsis AtSPDS2 Spermidine production and ROS scavenging [232] 
7 29D09 Globodera rostochiensis Potato StHXK1 and StHXK7 Suppression of flg22-ROS production [233] 

B. Effectors Targeting PR Proteins 
SN. Effector Name Nematode Species Plant Host Target Protein in Plants Symptoms References 

1 MgMO237 Meloidogyne graminicola Rice OsGSC, OsCRRSP55, OsBetvI Interaction with multiple PR proteins [234] 
2 Mc01194 Meloidogyne chitwoodi Arabidopsis PLCP RD21A Targeting PLCP RD21A [235] 
3 Hg30C02 Heterodera glycines Arabidopsis AtPR2 Increased susceptibility to infection [236] 
4 Hs4E02 Heterodera schachtii Arabidopsis AtPR1, AtSNAP2 Suppression of PR protein expression [237] 
5 HsSNARE1 Heterodera schachtii Arabidopsis SHMT4 Cell wall-modifying enzyme regulation [238] 
6 HgSLP-1 Heterodera glycines Soybean Rhg1 α-SNAP Resistance protein suppression [239] 
7 GrVAP-1 Globodera rostochiensis Potato Unknown Inhibition of PR1 expression [240] 

C. Effectors Involved in Feeding Site Formation by Modulating Cytoskeleton and Hormone Interference 
SN. Effector Name Nematode Species Plant Host Target Protein in Plants Symptoms References 

1 MiPFN3 Meloidogyne incognita Tomato Actin Favors parasitism [241] 
2 MiMSP32 Meloidogyne incognita Arabidopsis 12-oxophytodienoate reductase 2 (OPR2) Favors parasitism [242] 
3 8D05 Root-knot nematode Arabidopsis TIP-2 Facilitation of giant cell formation [243] 
4 GpSPRY-414-2 Globodera pallida Potato CLASP Microtubule modification [244] 
5 Hs25A01 Heterodera schachtii Arabidopsis AUF1, CHS, eIF-2bs Regulation of auxin levels [245] 
6 Hs2D01 Heterodera schachtii Arabidopsis HAESA (HAE) Regulation of cell wall-modifying enzymes [246] 
7 Minc00344 Meloidogyne incognita Soybean Hub10 Interaction with microtubules in plant cells [247] 
8 Hs19C07 Heterodera schachtii Arabidopsis LAX3 Modulation of auxin signaling [248] 
9 HaGLAND5 Meloidogyne incognita Arabidopsis Pyruvate dehydrogenase subunit Interference with SA-mediated defenses [249] 

D. Effectors Modifying Plant Gene Expression 
SN. Effector Name Nematode Species Plant Host Target Protein in Plants Symptoms References 

1 Mi16D10 Meloidogyne incognita Arabidopsis SCARECROW-like transcription factors Modulation of ARF expression [147] 
2 MiEFF18 Meloidogyne incognita Arabidopsis SmD1 Alternate splicing modification [198] 
3 MiEFF1 Meloidogyne incognita Arabidopsis SCARECROW-like transcription factors Interaction with transcription factors [250] 
4 MiRALFs Root-knot nematode Arabidopsis FERONIA Modulation of ABA response [251] 
5 7H08 Meloidogyne incognita Arabidopsis LTP gene expression Induction of LTP gene expression [252] 
6 MaMSP4 Meloidogyne arenaria Arabidopsis β-galactosidase 11, pectinesterase Cell wall modification [253] 
7 Mg16820 Meloidogyne graminicola Arabidopsis DIP1 Induction of LTP gene expression [254] 
8 Hs30D08 Heterodera schachtii Arabidopsis Unknown Interference with mRNA splicing [192] 
9 Hs32E03 Heterodera schachtii Arabidopsis HDT1, FKBP53 Altering histone acetylation [255] 
10 Hs4F01 Heterodera schachtii Potato Annexin Interaction with oxidoreductase family [256] 
11 Hs10A07 Heterodera schachtii Arabidopsis IAA16 Modulation of ARF expression [257] 
12 HaVAP2 Heterodera avenaei Barley CYPRO4-like protein Interaction in the nucleus [258] 

E. Effectors Suppressing ETI and HR 
SN. Effector Name Nematode Species Plant Host Target Protein in Plants Symptoms References 

1 SPRYSEC-19 Globodera rostochiensis Tomato SW5F Suppression of defense-related cell death [259] 
2 GpRbp-1 Globodera pallida Potato RanGAP2, UPL3 Suppression of HR [260] 
3 SPRYSEC-15 Globodera pallida Potato NRC2, NRC3 Inhibition of HR-associated cell death [261] 
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Sedentary endoparasitic nematodes, such as RKN and CN, are thought to secrete 
hundreds of effectors. Comparisons of their effector repertoires indicate that while some 
are conserved across different genera, many are unique proteins with likely distinct roles 
at the plant-nematode interface [262]. Given the biological similarities between RKN, CN, 
and citrus nematodes, future research should focus on identifying and analyzing effectors 
conserved among these species. A key next step is the functional characterization of more 
citrus nematode effectors. Understanding how these effectors operate within cells, both 
individually and in combination, as well as identifying citrus-specific plant targets, will 
be crucial for advancing citrus nematode research. 

7. Conclusions 
Citrus is one of the most valuable agricultural commodities. However, these crops 

are constantly threatened by a variety of pests and diseases. The effect and mechanism of 
citrus nematode infection on citrus is an unexplored territory that is responsible for huge 
economic loss. A deeper understanding of various aspects of T. semipenetrans and citrus is 
crucial for addressing the intricate and evolving challenges posed by nematodes. Embrac-
ing resistant breeding allows for the development of citrus varieties with enhanced natu-
ral defenses against parasites, reducing the reliance on chemical pesticides and promoting 
sustainable agricultural practices. Genomic and molecular research unravels the intricate 
genetic mechanisms underlying resistance, facilitating targeted interventions and the 
identification of key molecular markers for breeding programs and potential key targets 
for nematode control. Integrated pest management approaches offer a holistic and envi-
ronmentally friendly solution by combining biological, cultural, and chemical control 
methods, thereby minimizing the ecological impact of pest control practices. Recent re-
search advancements on other sedentary endoparasitic nematodes, such as Meloidogyne 
and Heterodera, focus on key aspects of nematode biology that have long interested nema-
tologists and parasitologists. These studies aim to uncover the genetic and molecular 
mechanisms underlying parasitism and interactions with host plants. The biology of these 
nematodes shares similarities with citrus nematodes. As we learn more about these spe-
cies, it becomes evident that they utilize common developmental strategies to adapt to a 
wide range of environments. This shared biology suggests that insights gained from one 
species could be applicable to others. Such a multidisciplinary approach not only strength-
ens the resilience of citrus crops against pests but also supports long-term agricultural 
sustainability 
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www.mdpi.com/xxx/s1, Supplementary Table S1: Tolerance and susceptibility of a wide range of 
rootstocks. The same rootstocks are tolerant in some areas or studies and sensitive in others, indi-
cating adaptation of T. semipenetrans against the defense mechanism and/or the environmental con-
ditions.[263]. Supplementary File S1: Phylogenetic analysis revealing the similarity of putative hom-
ologs of four essential C. elegans proteins involved in chemotaxis to water-soluble and volatile chem-
icals: odr-1 (rGC), odr-3 (GPCR), and tax-2/tax-4 (cyclic nucleotide-gated ion channels), conserved in 
root-knot and cyst nematodes. 
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Abbreviations 
Ascr Ascaroside 
BAK1 BRI1-Associated Kinase1 
BKK1 BAK1-Like Kinase1 
DAMP Damage-associated molecular pattern 
DORN1 Does not Respond to Nucleotides1 
eATP Extracellular adenosine triphosphate 
EFR Elongation factor Tu receptor 
FLS2 Flagellin sensitive2 
GPCRs G-protein coupled receptors 
HMGB High mobility group box protein 
JA Jasmonic acid 
MAMP Microbe-associated molecular pattern 
MAPK Mitogen-activated protein kinase 
NAMP Nematode-associated molecular pattern 
NMR Nuclear magnetic resonance 
OG Oligogalacturonides 
Pep Plant elicitor peptide 
PEPR Pep receptor 
PGIPs Polygalacturonase-inhibiting proteins 
PERKs Proline-rich extensin-like receptor kinases 
PRR Pattern recognition receptor 
ROS Reactive oxygen species 
SA Salicylic acid 
VAPs venom allergen-like protein 
WAK1 Wall-associated kinase1 
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