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Abstract 

Plant-parasitic nematodes (PPNs) cause big crop losses globally. Safe and reliable methods for their 
durable management strategies can astutely harness various beneficial relationships among plant 
immune system and related microbiomes. The molecular mechanisms basic to these relations reveal 
wide arrays of significant roles for plant-healthy growth. This review focuses on such relations to 
prime and immunize plants against PPNs. It highlights molecular issues facing PPN-resistant 
varieties with possible genetic breeding as solutions. Few resistant plant varieties, emergence of 
resistant pathotypes, fitness costs, and specific settings that may hinder the resistance are exemplified 
issues. These issues call for optimal uses of the microbiome to bridge the gap for boosting plant 
immunity. In contrast, widely spread microbiomes of plant growth-promoting rhizobacteria, 
biological control fungi, and arbuscular mycorrhizal fungi can immunize plants against PPNs. 
Related plant signaling hormones and transcription factors that regulate gene expression and 
modulate nematode-responsive genes to ease positive/negative adaptation are presented. Relevant 
genome editing and other molecular techniques are discussed to attract further attention for 
improved microbiome’s usage. They are promising, but only under specific biotic/abiotic settings. 
Hence, proper abiotic/biotic factors related to systemic acquired resistance (SAR) that impact plant–
microbe interactions to immunize plants against PPNs are emphasized. For PPN control, the 
microbiomes can be added as inoculants and/or steering the indigenous rhizosphere ones. 
Consequently, SAR is mediated by the accumulation of the salicylic acid and subsequent expression 
of pathogenesis-related genes. To activate SAR, adequate priming and induction of plant defense 
against PPNs would rely on closely linked and crucial factors. They include the engaged microbiome 
species/strains, plant genotypes, existing fauna/flora, and compatibility with other involved 
biologicals as well as methods and rates/concentrations of the inoculants. Thus, it is suggested herein 
to test the related microbiomes on a case-by-case basis to avoid erratic results. A few reports focused 
on root-knot nematodes, but this review offered attractive examples for the related gains in 
immunizing plants to other key PPN species. The end in view is to optimize the related molecular 
plant defence and expand the use of the microbiomes against PPN species. Achieving such goals 
needs to raise growers’ awareness to harness advanced strategies tackled herein to boost the roles of 
SAR-inducing microbes. These microbes enjoy wide spectrum efficacy, low-fitness cost, and 
inheritance to next generations in sustainable agriculture. 

Keywords: acquired resistance; biotic/abiotic factors; molecular plant defence; yield 

1. Introduction

The cost for international development that can adequately mitigate the current localized food
and war crises as well as global tariffs will finally get to levels that require close scrutiny to identify 
the most profitable investment goals. Apparently, agricultural development will top that list where 
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integrated plant-parasitic nematode (PPN) management is increasingly demanding further 
optimization [1]. Obviously, the unmistakable demand to accelerate perfecting crop production 
without further unhealthy and polluting nematicidal usage is calling for realizing the reformed 
integrated PPN management plans [2]. Developing plant resistance/immunity against numerous 
abiotic and biotic stresses in many economically important crops is broadly being challenged. 
Activating and fortifying plant immune systems rank high as benign and reliable alternative 
approaches to long-used and unhealthy nematicides. The danger of these latter has led to banning 
prominently effective but unsafe related chemicals as aldicarb [3] and carbofuran [4].  

In contrast, a considerable part of plant microbiomes can employ its well-defined rhizosphere 
habitat via distinguished physico-chemical attributes to safely offer benefits to their companion 
plants. Many microbial communities could be anthropogenically harnessed to boost and enforce 
plants-immunity response. In addition, plants under different types of stresses may deliberately seek 
and choose from their rhizospheres such useful communities/microbiomes [2]; e.g. arbuscular 
mycorrhizal fungi (AMF) and plant growth-promoting rhizobacteria (PGPR). Surely, the plants’ 
ability to perceive/react to biotic and abiotic pressures is crucial for their health and productivity. Yet, 
the related mechanisms are still far to be fully disclosed. The complex balance of plant–microbiome 
interactions is not limited to different beneficial/harmful nematode groups. It also engages 
abundance of other microbes, their cellular composition/exposure time, and soil traits in intimate 
contact with plant roots. They collectively govern the extent of the plant response. 

Admittedly, PPNs are the most spreading and harming soil-borne pests. They mostly cause out 
of sight subterranean infections and non-specific symptoms [5]. So, the related interspecific 
interactions in the plant rhizosphere and crop losses are frequently unknown or largely 
underestimated. Therefore, this review initially clarifies molecular/cellular mechanisms of 
economically important plants to control PPNs. Drawbacks of PPN-resistant varieties and possible 
genetic breeding-based solutions are presented. This review addresses chemical nematicides-
alternative approaches that strengthen plants-immune system via beneficial microorganisms. It helps 
to molecularly clarify the extent of microbiome ability and contribution in combating nematodes 
infecting plants. Direct/indirect mechanisms induced by microbiome activities for general 
improvement of this ability against PPNs are highlighted. Because of the limited review-space, it 
focuses on factors that boost molecular activities of microbiomes against only PPN species especially 
from the standpoint of expanding their related management. So, raising stakeholders’ awareness to 
make these microbiomes familiar and easy to use should enhance their wider application while 
supplying safe control tactics and enhanced crop yields. 

2. Molecular Plant Mechanisms for Combating Nematodes Infecting Crops 
It is well-established that plants possess several modes of action for protecting themselves. 

Initially, recognition of specific PPN-molecule signatures induces innate immune reactions in the 
attacked plants. The common term for naming this ordinary innate or basal immune system is the 
primary layer or first line of defense against PPNs [6]. It can detect nematode-associated molecular 
patterns (NAMPs) using pattern recognition receptors (PRRs) as special protein receptors (receptor-
like kinases [RLKs] and receptor-like proteins) that can act to initiate this innate immunity, e.g., 
against root-knot nematodes (RKNs, Meloidogyne spp.) [7]. A striking example of an NAMP is 
ascaroside (Asc#18) that is secreted by PPNs; e.g. the cyst nematode (CN) Heterodera glycines Ichinohe 
 (Tylenchida: Heteroderidae) [8]. On the other, the Arabidopsis leucine-rich repeat (LRR) 
receptor-like kinase NILR1 (nematode-induced LRR-RLK1) acts as the PRR for this ascaroside. 
Activating NAMP-triggered immunity (NTI) by ascr#18, induces distinct plant defences [9]. In order 
to offer plant protection, Klessig et al. [10] stated that NTI comprises consequent activation of 
mitogen-triggered protein kinases, salicylic acid- and jasmonic acid-interceded defence signalling 
pathways, and defence gene operation. Although Ascr#18 is a member in a family of PPN signalling 
molecules, its exogenous application in low nanomolar/micromolar concentrations could offer 
protection against a wide spectrum of pests/pathogens. These latter included not only PPN species 
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but also viruses, fungi, bacteria, and oomycetes [10]. For PPN control, the NTI results in generating 
reactive oxygen species (ROS) and secondary metabolites, cell death encompassing the PPN-
migratory tunnel, and/or strengthening plant-cell walls [11]. These plant responses may slow down 
the early stages of nematode infection. They contribute in tangible defenses in non-host plants. 
However, PPNs can defeat NTI by secreting effector proteins called effector-triggered suppression 
(ETS) to impede the innate immune reactions in nematode-susceptible plants. Such effectors as 
Ha18764, RHA1B, GrVAP1, and GrCEP12, are formed by the nematodes in their esophageal glands 
and transferred by PPN stylet into the plant roots regarding soil PPNs [8]. Having suppressed the 
basal immune responses, endoparasitic sedentary nematodes become able to establish feeding sites. 
These sites represented by giant cells for RKNs and syncytia for CNs are essential for RKNs and CNs 
to develop and reproduce on their susceptible hosts [9]. 

Additionally, a more sophisticated defense line is owned only by PPNs-resistant plants. It is 
widely assumed that the genetic constitution of such plants can encode for either single dominant 
resistance genes (R-genes) or quantitative trait loci (QTL) to demonstrate a specific defense response 
[8,9]. This assumption is supported as the R-gene may engage a small gene family with thoroughly 
homologous copies that are jointly clustered. The R-genes act using two main modes of PPN 
interaction [9]. First, these R-genes in plants can specifically interact with relevant avirulence (Avr) 
genes in the nematode resulting in an incompatible interaction. In other words, nematode genes 
responsible for effectors that could be recognized by the plant resistance-gene products are called Avr 
genes. Obviously, PPN-resistant crop cultivars with PPN-specific resistance carry R-genes within 
their intracellular immune receptors. The second mode, named the guard hypothesis, as its 
mechanism begins when nematode effectors trigger the plant-virulence factors (protein) which 
stimulates R-gene [12]. Overall, virulent and adapted PPNs can circumvent pathogen-triggered 
immunity (PTI) in nematode-susceptible plants by effectuating PPN-effector molecules directly into 
the plant cells. Conversely, specific PPN effectors can be recognized by nematode-resistant plants. 
These R-genes encode immune receptors that contain nucleotide-binding and LRR domains. Such 
proteins mediate the specific detection and recognition of PPN avirulence effectors to prompt defense 
responses. The implied reactions involve intracellular signaling pathways in order to validate the 
expression of the resistant response [9,13].  

Among their many functions in supporting plant growth, three plant hormones are involved in 
inducing immunity against various stresses, e.g. attacking pests and pathogens. These are salicylic 
acid (SA), jasmonic acid (JA), and ethylene (ET). Their relevant operations engage the overexpression 
of defense genes such as the pathogenesis-related (PR) ones. Generally, effective plant defense for 
biotrophic pests/pathogens is mostly based on programmed cell death in the plant in addition to 
combined activation of defense reactions exerted by the SA-dependent pathway leading to the 
subsequent expression of PR genes. Conversely, necrotrophs are faced by another set of plant-defense 
responses operated by JA and ET signaling. Yet, more complexities/exceptions for these biotrophs 
and necrotrophs were reported [14]. What added to these complications is that both SA and JA 
signaling can commonly crosstalk antagonistically or synergistically, based on their combined 
concentrations [15]. So, it was stressed that the negative interaction between JA and SA signaling can 
be employed by pathogens to boost plant susceptibility [15].    

Tackling families of transcription factors (TFs) can give valuable insights into the genetic and 
transcriptional dynamics associated with PPN invasion and development. Plant TFs regulate the 
expression of instructions contained in its genes in response to PPN attack and growth (Table 1). 
Different comparative gene expression analyses are progressing with functional reviews of plant TFs 
and their relevance in the plant-PPN interaction [16]. Identifying differentially expressed genes 
allows molecular biologists to grasp exact disease mechanisms and discover potential biomarkers. 
Interestingly, such differential expression may even be materialized by the same host plant, Oryza 
sativa L. (Poales: Poaceae) infected by two different PPN species, i.e. Meloidogyne graminicola Golden 
& Brichfield (Tylenchida: Heteroderidae) and Hirschmanniella oryzae (Van Breda de Haan) Luc & 
Goodey (Tylenchida: Pratylenchidae). While rice infection by M. graminicola suppresses the local 
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defense pathways (e.g. of salicylic acid), H. oryzae invasion causes upregulation of biotic stress-related 
genes early in the nematode infection stage [17]. Fortunately, breeding for M. graminicola resistance 
could use CRISPR/Cas9 gene editing system to mutate the susceptibility gene OsHPP04 in rice, 
resulting in improved resistance to the nematode, without affecting desirable agronomic traits [18]. 
The immune responses in the ‘transgene-free’ homozygous mutants of rice plants triggered by flg22, 
involving reactive oxygen species burst, defence-related genes expression and callose deposition, 
were raised. Such responses showed potential in developing M. graminicola-resistant crops to 
contribute in durable agriculture and crop protection. 

Table 1. Molecular transcription factors (TF) engaged in plant responses to invasion and development of five 
key plant-parasitic nematode species. 

TF  Plant  Gene/Genotype/TF  Function /nematode species Ref. 

WRKY Arabidopsis thaliana AtWRKY23 Knocking down its expression lowered 
Heterodera schachtii infection 

[19] 

WOX11 Arabidopsis thaliana LBD16 and other 
WOX genes 

Forming lateral roots to  reduce the 
impact of H. schachtii infections 

[20] 

GT-3a  (a 
trihelix TF) Arabidopsis thaliana TOZ and RAD23C 

Its stabilization by Meloidogyne incognita 
effectors led to suppress related plant 

genes and ease the formation of the giant 
cells.  

[21] 

SlWRKY3 Solanum 
lycopersicum SlWRKY23 Upregulated resistance to M. javanica via 

shikimate pathway activation [22] 

SLWRKY72a/
SLWRKY72b S. lycopersicum Mi-1 induces effector-

triggered immunity 
Upregulating activator of immune 

response against M. incognita [23] 

WRKY Oryza sativa 
OsWRKY34, 

OsWRKY36, and 
OsWRKY62 

Their overexpression suppresses the 
defense-related genes, implying that they 
function as a negative regulator of innate 
immunity against Meloidogyne graminicola 

[17] 

WRKY Oryza sativa 
OsWRKY62,OsWRKY

70 and OsWRKY11 

Their early up-regulation induced 
oxidative stress against Hirschmanniella 

oryzae, that is, up-regulated 3 Peroxidase 
precursors and 2 glutathione S-transferases 

[17] 

 
Trials are ongoing to aid in unravelling and grasping molecular complexities in microbiome-

plant immunity interaction. Five tomato cultivars susceptible to RKN were treated prior to the 
nematode inoculation with a set of chemicals closely related to hormones/processes of plant defence. 
The chemicals comprised inhibitors of SA or JA-mediated defense pathways, hormone generators, 
compounds that interfere with calcium-mediated metabolism, ROS generators and scavengers, and 
inhibitors of ROS generation [24]. Before treatments, it was found that SA-responsive genes tested 
were down-regulated in response to infection by Meloidogyne incognita (Kofoid & White) Chitwood 
(Tylenchida: Heteroderidae). Generally, compounds that reduced SA and/or ROS levels enhanced M. 
incognita infection severity, but those that minimized JA/ET levels did not affect infection rates. Such 
reactions could demonstrate systemic acquired resistance (SAR) where the induced resistance is 
specifically mediated by the accumulation of SA and subsequent expression of PR genes [13,25]. The 
latter authors stated that SAR is activated by the attack of biotrophs, such as PPNs, or by treatment 
with chemical or natural materials. Parallel to this concept, the effect of M. incognita attack on the 
performance of the defense enzymes endoglucanase and endochitinase, encoded by PR-2 and PR-3, 
respectively, changed relying on the tested days post-inoculation (dpi) with RKN-second stage 
juveniles (J2s) [24]. Both enzymes were inhibited in inoculated plants compared to healthy controls 
at 5 dpi. Also, the genes encoding glutathione peroxidase and catalase (CAT), as components of the 
plant-antioxidant system, were highly overexpressed. In the infected roots, the activity of superoxide 
dismutase, CAT, and ascorbate peroxidase, as antioxidant enzymes, was elevated too. Within the 
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context of SAR against biotic stresses, adding ROS generators could encourage resistance against M. 
incognita, but materials that silenced calcium signaling boosted infection symptoms. Such results [24] 
confirmed that SA-mediated plant immune reactions are consistently inhibited in the early stages of 
M. incognita infection to the susceptible cultivars. The inhibition was linked to the stimulation of the 
ROS-scavenging order. On the other, JA-responsive genes were unaffected by the RKN infection. This 
may indirectly agree with the induced systemic resistance (ISR) as JA-responsive genes are mostly 
induced by the necrotrophic pathogens [14]. Yet, some studies stated that ISR can also be induced via 
treating with chemical/natural compounds, attacking pathogens, and beneficial microbes like AMF 
and PGPR [14,25]. Finally, more exploration on exact recognition and signaling pathways linked to 
compounds/genes required for R operations are still needed. 

3. Current Problems Linked to Using R-Genes with Possible Genetic Solutions 
As the spread of PPNs increases and their related losses are worse, it becomes clearer that the 

number of nematode-resistant plant species/cultivars is insufficient, especially in key crops. 
Moreover, an individual R-gene in the cluster may be employed for resistance, but multi-gene 
background is typical for plant R-genes [9]. For example, Mi-1 contains a limited gene cohort with 
seven homologous copies jointly grouped on the small arm of chromosome 6 in the tomato-genetic 
constitution with RKN resistance [26]. Nonetheless, various Mi genes are exist which differs from Mi-
1 in specificity, functional characteristics, and genetic locations [27,28]. In RKN-resistant tomatoes, 
out of ten R genes dedicated for the resistance, only seven genes can function at high temperatures, 
i.e., above 32 °C [7]. Recently, Devran et al. [29] found a tomato line, MT12, that can offer resistance 
to M. incognita at 32°C soil temperature. Mapping RRKN1 to chromosome 6 using Kompetitive Allele 
Specific PCR markers provides a genetic resource and open novel avenues for breeding tomato 
varieties with stable resistance under such conditions. On the other hand, a slow decline in the 
effectiveness of R-gene could sometimes be recorded. A striking example is the present issue in 
incorporating resistance derived from plant introduction accession 88788 into almost all H. glycines-
resistant soybean varieties planted in the USA. Although this CN is a key pest of the soybean plant 
there, its relevant resistance - encoded by a high copy number of the rhg1-b allele -has already begun 
to decline. Therefore, incorporating Bacillus thuringiensis (Bt) Berliner (Bacillales: Bacillaceae) delta-
endotoxin (Cry14Ab) into soybean plant could boost H. glycines resistance in the genetically 
engineered soybean [30]. It is still desirable to identify more resistance sources with broad-spectrum 
resistance to H. glycines and favorable agronomic traits. So, by assessing molecular marker haplotypes 
at the rhg1 and Rhg4 loci and testing resistance against multiple H. glycines races, 12 soybean cultivars 
were found to exhibit Peking-type resistance, effective against multiple nematode races [31]. Their 
detection offer valuable genetic resources for breeding H. glycines-resistant soybeans. 

Another problem may be linked to the gene construct itself. Tomato plants with dual genes 
(PjCHI-1 and CeCPI) and synthetic promoters can produce transgenic lines that possess better 
resistance to RKN infection and multiplication than corresponding transgenic plants with a single 
gene [32]. Besides, most plant resistance genes utilized so far are operating against only the 
endoparasitic sedentary nematodes [9]. In contrast, other categories of PPNs are economically 
important, but efforts exerted to develop their resistant plant cultivars/varieties are scanty or fruitless. 
For instance, migratory endoparasitic nematodes such as the rice root nematode Hirschmanniella 
oryzae can cause significant yield losses. While H. oryzae does not induce a feeding structure, it can 
either completely enter the root making damaging tunnels or just embed its head into the root cortex 
to feed on root nutrients. An estimation of rice losses due to H. oryzae infestation in Egypt was 25% 
in infested fields [33]. Chorismate mutase was found to be secreted by H. oryzae to inhibit SA synthesis 
in order to suppress defense of rice plants against H. oryzae [34]. 

Resistance-breaking pathotypes have been widely recorded [7,28,35,36]. For such RKN 
pathotypes, their populations could be sourced from populations recovered from resistant tomatoes-
cultivated fields, natural virulent populations (not from resistant tomatoes fields), and avirulent 
populations selected for virulence in the laboratory [37]. It is apparent that the genetic events leading 
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to the acquisition of these pathotypes or virulent populations against the Mi-gene differ according to 
their source; i.e. selected versus natural populations. Moreover, Molinari [38] speculated that 
selection pressure for virulent population could also acquire another function that enabled the 
nematodes to escape the host reaction, e.g., by boosting activities of antioxidant enzymes. 
Unfortunately, such virulent populations are spreading [7]. There are no definite or clear reasons for 
their spread, but they are frequently found in monoculture systems that may back the events of their 
selection pressure. Other factors may contribute to their occurrence such as ecological complexes 
engaging changes in populations of multiple nematode species [39] and temperature [9]. 
Unfortunately, the resistance to RKNs has frequently failed due to the heat instability or high 
temperature sensitivity of the tomato-resistant gene in many regions worldwide [40]. In Florida 
(USA), threshold soil temperature is defined where gradual decreases in RKN resistance occur for 
each degree above 78°F (25.6 °C). So, at 91°F (32.8 °C), tomato plants with R-gene showed full 
susceptibility to RKNs [41]. The latter author stressed that Mi gene-virulent populations have been 
identified for different RKN species which are capable of damaging and reproducing on tomato 
plants. To make matters worse, many RKNs undergoes obligate mitotic parthenogenesis [i.e., M. 
incognita, M. javanica Treub (Tylenchida: Heteroderidae), and M. arenaria Neal] which would 
maintain virulent strains while others, e.g. M. hapla Chitwood, M. chitwoodi Golden, O'Bannon, Santo, 
& Finley, and M. fallax Karsen, mostly reproduce by facultative meiotic parthenogenesis [9]. For CN, 
their species with facultative multiplication typically have a limited host range. Yet, their sexual 
reproduction improves adaptability and heterogeneity among and within PPN populations [28]. 
Therefore, virulent isolates could be more inducible in sexually multiplied species too.  

Resistance to PPN may also involve other direct plant–PPN interactions. These may engage 
structure and nature of PPN-feeding stylets, their secreted compounds, and consequent plant 
responses to the attacking nematodes. It was recorded that the PPNs-tube orifice of the stylet operates 
as a molecular sieve to absorb only definite molecules during feeding on tomato roots that manifest 
a nematicidal Bt crystal protein. The ultrastructure of the feeding tubes showed that RKNs, contrary 
to CNs, could ingest larger transgenic proteins [42,43]. So, transgenic 54 kDa Cry6A and Cry5B 
proteins were absorbed by and adversely affected M. incognita multiplication on tomato roots [43,44]. 
However, resistance to CNs in roots manifesting protein from B. thuringiensis was not attained. That 
is because the large 54 kDa Cry6A protein could not be absorbed by Heterodera schachtii A. Schmidt 
(Tylenchida: Heteroderidae) due to the small orifice of the tube [43]. This shackle severely traps the 
use of these transgenic proteins against H. schachtii.  

Admittedly, more investigations with proper tools and sophisticated techniques should be 
directed to strengthen plant immunity/resistance. This is especially important as additional options 
seem to be costly and/or require extreme care as well as comprehensive knowledge. For instance, 
exogenously applied SA is generally known to strengthen plant immunity against the attacking 
nematodes [24].  However, its dosages that were lower than optimal cannot perform its assigned 
role, i.e. adversely affecting RKN infection to the plant hosts. On the contrary, fairly higher ones were 
toxic. Meanwhile, other Solanaceous species were stimulated differently against RKN by optimal SA 
rates [13]. 

4. Beneficial Roles of Plant-Associated Microorganisms 
Having said the resistance genes-related issues and defects, it is necessary to search for a 

complementary framework to enhance plant immunity against PPNs. This does not negate the need 
for further research to solve relevant issues of the aforementioned plant–nematode interactions. In 
addition, the fruitful role of microbiome in plant immunity requires close scrutiny to identify their 
best exploitation. Strikingly, a standard type of accrued soil microbiome competitive tasks is assumed 
to function not only against PPNs. It can frequently act against a broad range of soil-borne diseases 
in addition to abiotic stresses [45,46]. Therefore, many firms do not sell numerous of their products 
containing biocontrol agents (BCAs) that can indirectly combat PPNs, e.g. formulated bacteria or 
fungi, as biological nematicides. That is because such beneficial soil-borne microorganisms can 
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strengthen plant immunity in many different ways. Hence, they are preferably addressed herein 
under the following subtitles. 

4.1. General Benefits of These Microorganisms 

Many commercial microorganisms are sold as soil conditioners, plant growth promoters 
(biostimulants), or plant strengtheners. Examples are several products containing Trichoderma spp. 
and Agrinos’ proprietary High Yield TechnologyTM commodities [47]. Addressing progress in the 
commercialization of biological nematicides, the latter authors confirmed that these syntheses may 
improve plants’ ability to withstand PPN infections. Hence, applying microbial inoculants that can 
diminish stresses and enhance plant growth while raising plants’ ability to withstand PPN attacks 
should be considered for sustainable farming. Admittedly, such microbial inoculants may realize 
their final goals of boosting crop yields and growth parameters via direct and indirect mechanisms 
(Figure 1). Furthermore, PPN management by a single species or isolate of such biologicals can 
possibly give effective results [48]. Yet, their implications in multi-functionality and/or favorable 
synergism among two or more agricultural inputs should be exploited [49,50]. 

 

Figure 1. Plant-parasitic nematodes and microbial communities: Various mechanisms induced by microbiome 
rhizosphere to boost plant growth and/or strengthen its molecular biology-based immunity response. 

4.2. Categories of Plant Microbiomes That Activate Its Immunity 

Although BCAs of PPNs comprise a wide array of beneficial soil-borne micro-organisms, only 
definite and related categories can activate plant immunity. For example, different species of trapping 
fungi and predatory nematodes [51] are used against PPNs without activating plant immunity; both 
groups are considered predacious microorganisms. In contrast, nematode parasitic Pasteuria spp. 
initiate their life-cycles when the endospores passively get attached to the outer cuticle layer of their 
specific host nematode population/species, as the individuals move through the soil [52]. Once 
adhered, the bacterial endospore germinates, producing a germ tube which penetrates into the host, 
to infect the nematode body by multiplying bacterial cells. Interestingly, it was postulated that such 
microorganisms attaching to the infective stages of endoparasitic nematodes activate defence 
mechanisms in plants after they enter the roots [53]. Apart from such putative effects, BCAs that can 
colonize roots and stimulate plant immunity to PPNs could generally be divided into three main and 
widespread categories. These are AMF, biological control fungi (BCF), and PGPR [54]. As most PPN 
species are soil parasites, plant roots colonized by useful microorganisms of these categories have 
been recorded to generate SAR-like responses against the nematodes [13].  
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 4.3. Molecular Mechanisms of the Microbiomes to Activate Plant Immunity 

Kour et al. [55] presented the related role of AMF as remarkable example. They reported 
numerous ways that AMF can use to prime and immunize plants against biotic/abiotic stresses. 
Initially, significant plant priming could be obtained by improving one or more of the following: the 
stability of soil aggregates, its water holding capacity and root hydraulic conductivity, plant-water 
uptake and its root exudation, capacity of root surface area, and root development with consequent 
efficient uptake of nutrients/water. Then, AMF immunize plants against biotic stresses, such as PPN 
infection, via optimizing hormonal interplay and osmolyte augmentation, activates signaling 
transduction and phenol generation, and supports ionic homeostasis and impacts of PS-I and PS-II 
(two distinct protein complexes involved in Photosystem-I and Photosystem-II, respectively). These 
effects usually boost the plants’ ability to withstand biotic/abiotic stresses while improving its growth 
parameters and yields [55].  

Although AMF are obligate root symbionts, they behave like pathogenic fungi at first. So, they 
begin with secreting defence suppressors to realize thriving colonization on roots. Thus, AMF are 
faced by SA-regulated defences, which show steady likeness between receptors and processes 
engaged in symbiosis and immunity molecular signalling [56,57]. Hence, SA-dependent PR-1 gene 
was upregulated only 3 days after AMF-treatment suggesting that the inoculated tomato plants had 
firstly recognized AMF as pathogens [58]. Thereafter, AMF could repress this reaction as a routine 
system so that AMF realize good colonization. Eventually, mycorrhiza-colonized plants are primed 
against different pathogens like PPNs. This status, named mycorrhiza-induced resistance (MIR), is 
well-documented for prompt and strong reaction to varying biotic attacks [13,59,60]. For PPNs, MIR 
could prime or immunize plants especially via upregulation of PR- and ACO-genes [58]. Such 
priming/immunizing of plants against RKNs was based on SAR [24]. Avowedly, RKNs not only lead 
a key group of PPNs that are dangerous to economic crops but also rank high among the 
endoparasitic sedentary nematodes. Nonetheless, even for other PPN groups with different infection 
cycle, MIR proved effectiveness. For instance, Vos et al. [61] found that AMF could systemically 
reduce infection by not only M. incognita but also the migratory endoparasitic nematode Pratylenchus 
penetrans (Cobb) Filipjev and Schuurmans Stekhoven (Tylenchida: Pratylenchidae). The overall 
reduction was 45% in the case of M. incognita and 87% for P. penetrans. 

4.4. Examples of Microbiomes That Molecularly Activate Plant Immunity 

Many fungal and bacterial nematicides that usually constitute collective communities are 
ranking high among microbiome groups for use in sustainable agriculture. They can function singly 
but to optimize their benefits, they can mostly be combined with other plant-beneficial microbes 
and/or other compatible inputs [46,47,62]. Their combination in integrated nematode management 
(INM) plans is intended to synergistically or additively act in integrated pest management (IPM) 
schemes [62]. Species of fungal genera in the rhizosphere soil or/and onto plant roots can share in 
setting promising microbial communities for PPN management; e.g. Trichoderma, Pochonia, 
Purpureocillium, Dactylellina, Catenaria, Actylellina, Arthrobotrys, Monacrosporium, Aspergillus, and 
Hirsutella [63].  Definitely, many endophytic fungi of the genera Trichoderma, Fusarium, Alternaria, 
Pochonia, Purpureocillium, and Acremonium are reported to colonize plant roots and boost plant 
defense against various stresses [64]. Ghahremani et al. [65] proved that Pochonia chlamydosporia 
(Goddard) Zare & W. Gams (Hypocreales: Clavicipitaceae) could induce plant-dependent systemic 
resistance to M. incognita while Könker et al. [66] very recently reported synergistic support by P. 
chlamydosporia to systemic defense of Phacelia tanacetifolia Benth. (Boraginales: Boraginaceae) against 
M. hapla Chitwood. Additionally, some Trichoderma spp. are well-known mycoparasites, but several 
species can antagonize PPNs and other plant pests, offering them as promising multifunctional BCAs 
[46,67]. In this context, PR-1, PR-5 and ACO genes were over-expressed 5 days after M. incognita 
inoculation into tomato plants pre-treated with T. harzianum Rifai (Hypocreales: Hypocreaceae) 
strains T908 and T908-5. However, the overexpression was not systemically transferred to leaves, but 
confined to roots [68]. In this case, it was assumed that the T. harzianum strains primed plants for 
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SAR, yet, the entire pathway of SAR was not expressed until the subsequent M. incognita attack [13]. 
In contrast, inducing related SA-dependent defences was needed to restrict the first stages of M. 
incognita attack, when another T. harzianum strain (T-78) was utilized to colonize tomato roots [69]. 
Changes in the related hormones and enzymatic activities at dpi in these studies [68,69] and 
elsewhere [24] would largely answer open questions about how rapidly host plant–microbiome 
relationships can adapt for PPN management. Some studies [68,69] did not detect JA signalling for 
Trichoderma-induced resistance (TIR) against the early stages of M. incognita development, possibly 
because M. incognita is a biotroph (not a necrotroph). Also, JA-responsive genes were unaffected by 
the M. incognita infection [24]. Nonetheless, another study [69] stated that JA signalling was activated 
for this resistance at later stages of nematode infection. This claim was backed by the deficiency of 
TIR in mutants with imperfect JA biosynthesis (def-1) but a few weeks after M. incognita inoculation. 
Comparative analysis of the genomes from different Trichoderma spp. showed that their relevant 
impact was enforced by the existence of genes that enable effective competition and broad 
environmental opportunism [70]. Differently, endophytic non-pathogenic Fusarium oxysporum 
Schlecht. emend. Snyder & Hansen (Hypocreales: Nectriaceae) strains proved ability for controlling 
PPNs. These strains were effective against a wider range of individual PPN species infecting banana 
roots. Indeed, van Dessel et al. [71], Waweru et al. [72], and Mendoza and Sikora [73] proved such an 
effective ability against Helicotylenchus multicinctus (Cobb) Golden (Tylenchida: Hoplolaimidae), 
Pratylenchus goodeyi (Cobb) Sher & Allen (Tylenchida: Pratylenchidae), and Radopholus similis (Cobb) 
Thorne (Tylenchida: Pratylenchidae), respectively. Therefore, Kisaakye et al. [74] stressed the 
multiple benefit of F. oxysporum for PPN management, i.e. it can optimize host resistance to various 
pests/diseases and improve banana productivity. On the other hand, although Purpureocillium 
lilacinum (Thom) Luangsa-ard et al. (Hypocreales: Ophiocord-ycipitaceae), can directly parasitize 
PPNs, it has the ability to boost plant resistance. This could be achieved via activating defense-related 
enzymes such as peroxidase (POD), CAT, and phenylalanine ammonia-lyase (PAL); fortifying plant 
defense against pathogens. Thus, P. lilacinum can promote plant growth and upregulate SA 
biosynthesis genes necessary to build SAR in plants against PPNs [75]. 

Likewise, PGPR represent another group that can function as environment friendly alternative 
to unhealthy chemical nematicides. They can suppress diseases either directly via synthesizing 
pathogen-antagonizing compounds, or indirectly through triggering plant immune responses. 
Clearly, their general merit is to contribute in stimulating plant growth especially by inhibiting plant-
pathogenic organisms. Jiao et al. [76] detailed underlying and diverse mechanisms of rhizobacteria 
for suppressing diseases. One or several mechanisms in combination can be associated with specific 
host plants. Their well-known direct mechanisms in biocontrol scenarios are suppressing pathogens 
via generating different anti-pathogen compounds, e.g. antibiotics, bacteriocins metabolites, 
antimicrobial peptides, toxins, and enzymes. Indirectly, PGPR can boost plant stress tolerance via 
synthesized microbe-plant signal compounds. Such compounds comprise phytohormones and 
specific signal chemicals for plant-microbe communications [77]. Also, bacterial species of genera like 
Pseudomonas and Bacillus are recorded as BCAs that trigger systemic resistance in the plants’ 
rhizosphere [78].  

Consolidated usage of PGPR and other bio-nematicides/chemicals have been commercially and 
experimentally practiced. The plant activator acibenzolar-S-methyl (ASM) showed better persistence 
behavior in the tomato rhizosphere as well as more root uptake systemic translocation ability after 
its combination with certain Bacillus PGPR strains [79]. Furthermore, combined usage of the 
mutualistic endophyte F. oxysporum strain 162 and Bacillus firmus Bredemann & Werner (Bacillales: 
Bacillaceae) was the most effective treatment, among other combinations, in controlling R. similis on 
banana (86.2% reduction in nematode population density), followed by B. firmus alone (63.7%). 
Mendoza and Sikora [73] attributed such high efficacy to the compatibility of the two BCAs and the 
capacity of F. oxysporum to colonize banana roots. Also, they attributed the better R. similis control in 
banana to the combined usage of antagonists with different modes of action. Definitely, the 
combination enabled targeting different R. similis stages during the infection process [73]. 
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Additionally, various microbial groups contained in a commercial formulation (Myco) were more 
effective in limiting RKN damage than a formulation containing the sole AMF [5].  For explanatory 
reconciliation, the exact effect of such beneficial biologicals on PPNs may depend on the involved 
species/strains of both the hosts and the microbes as well as on the related type of mechanism, 
compatibility of the engaged biologicals, methods and rates/concentrations of the inoculants [5,55,80]. 

The stable recognition that enzymes as CAT, PAL, polyphenol oxidase, superoxide dismutase, 
POD, proteinase, b-1,3-glucanase ascorbate, chitinase, and lipoxygenase participate in plant 
resistance mechanism by generating related chemicals as phytoalexins and phenolic compounds [78] 
is being stretched by further mechanism. Rhizobia are basically known for their mutualistic relation 
with plants where they offer the host legume a good service by fixing atmospheric nitrogen. Yet, 
another economic aid of rhizobia has been recently reported. Rhizobial invasion of host roots could 
also trigger an elevated systemic resistance in the host plant [81]. The related mechanism needs to be 
further explored as it contributes to plant health by inhibiting a broad range of pathogens. It can lead 
to developing biotechnological devices for sustainable crop production and optimizing the systemic 
protective impact provided by rhizobia. 

5. Upgrading Microbiome Role against PPN Species 
Beneficial roles of microbiomes against PPNs are not yet widely practiced in conventional 

agriculture, but recent results help to develop their optimum effectiveness. Advancing their efficacy 
will eventually lead toward their expanded field applications against not only PPNs but probably 
also other soil-borne pests. Ambitiously conceived paradigm, research efforts should provide 
sophisticated tools to unravel the related molecular mechanisms empowered by unbounded 
enthusiasm for relevant biotechnology. They should exploit the extraordinary potential biologicals 
offered as environmentally safe alternatives to chemicals. So, this is a timely opportunity for a review 
of our current knowledge, existing gaps, and the challenges ahead in order to upgrade microbiome 
role against PPN species. Beneficial microbes possess a wide array of strategies to target both motile 
and sedentary PPNs life stages [82] and should be fully exploited. However, these strategies are so 
diverse; their details are beyond the scope of the current review. Therefore, the focus herein is to 
exploit and improve emerging strategies related to the microbiome's ability to prime and boost plant 
defence against PPNs. Yet, as these microbiomes can finally act as plant health promoters and BCAs 
against serious PPNs, their role should be astutely expanded for large-scale application.  

5.1. Grasp of Basic Factors Governing Composition and Activity of Microbiomes 

The composition and activity of microbiomes are shaped by dynamic and multifarious 
interactions of ecological factors, host-derived constituents, and microbial interplay [83–85]. 
Environmental assessments especially those related to soil properties as soil type, temperature, pH, 
moisture, mulching/organic matter, and salinity are good indicators of microbiome impact and 
diversity [85]. Likewise, biotic factors governing composition and activity of microbiomes should be 
absorbed to manipulate their improved contribution in plant defence/health. Root bacterial profile 
was examined using sequencing of the bacterial 16S gene across different H. glycines-susceptible and 
resistant soybean genotypes. The change in the microbial community under H. glycines infection 
indicated that this profile of susceptible and resistant soybean roots and their soil samples 
encompassed different bacterial communities though slightly overlapped [83]. This study confirmed 
that the host genotype had significant effect on the diversity of the root microbiome under H. glycines 
pressure in the greenhouse. The authors speculated that such differences may potentially explain the 
impact of beneficial bacteria or/and secondary effects relevant to H. glycines resistance. Hanif et al. 
[85] gave examples to confirm that the microbiome composition varies notably due to varied plant 
species and/or native soils. Clearly, diverse microbial populations may exist even in closely located 
plants of phylogenetically distant species. Moreover, distinct microbial abundances have been linked 
to specific plant genotypes, e.g. chromosomal substitutions in wheat varieties could affect 
rhizosphere microflora [86]. Furthermore, the stage of plant development [87] and genetic 
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modifications like introducing specific genes [88] could change microbial communities, as shown in 
Arabidopsis thaliana (L.) Heynh. (Brassicales: Brassicaceae). On the other hand, plant exudates like 
organic acids, phenolic compounds, amino acids, and sugars as well as volatile compounds 
significantly impact microbial colonization and diversity [85]. In contrast, microbial metabolites 
contain compounds that may enhance the benefits of applying biocontrol strategies [89–91]. To sum 
up, shifts in nematode population densities occur directly/indirectly by the impact of their hosts 
and/or enemies [1,78,92]. So, grasping the above-mentioned terms like NAMPs, PRRs, and RLKs in 
the context of these related basics for plant immunity can help to leverage microbiome community 
composition and activity. These fundamentals should act as backgrounds for the transformational 
technologies needed to adopt upgraded role for the microbiome in PPN control. 

5.2. Manipulation of the Plant Microbiome Against PPNs 

5.2.1. Consideration of Biotic and Abiotic Factors in the Settings 

Having grasped fundamental factors that rule composition and activity of microbiomes, careful 
screening of microbial strains under controlled conditions should comply with such basics before 
microbial inoculation. Usually, microbial strains/species that do well in lab assays undergo 
greenhouse tests followed by field estimations. Contrary to lab and greenhouse tests, such field 
evaluations may show variable results with inconsistent microbial efficacy; indicating dire need to 
optimize settings (biotic/abiotic factors). That is because it is quite possible that competition of 
inoculants with native fauna or/and flora, suboptimal strain selection, and ecological variables can 
degrade inoculant performance against PPNs [93,94]. Therefore, microbial formulations of inoculants 
should consider both niche compatibility and cell viability for sustained colonization and perfect 
microbial function [84,92,94]. For instance, B. amyloliquefaciens strain FZB42 should be set but early in 
an adapted niche in order to trigger effective plant defenses [95].  

Emerging techniques like encapsulation, surfactant addition, seed coating, gel, and 
nanotechnology can enhance adherence to root surfaces, reduce biotic/abiotic stresses, and/or be 
inexpensive [85,96]. Using 5% solution of Arabic gum could improve both adhesive capacity and 
distribution of Bacillus species on the outer parts of the treated strawberry roots just before 
transplanting [97]. Also, Ajijah et al. [98] stated that optimizing inoculant functions via proper 
biofilms on plant roots can generally help in thriving plants. They advocated that these biofilms can 
boost plant protection from not only PPNs but also other pathogens by improved root-colonization 
and competition with pathogenic microorganisms, stimulating SAR/ISR, and producing 
antimicrobials effectively. Consequent boosted activities may also include inducing signal substrate 
production, managing phyto-hormone levels, enhancing protein generation, and regulating gene 
expression [82,98]. Eventually, more research is needed to evaluate the reliability of these techniques 
in defending plants against PPNs at various agricultural scenarios under actual field conditions. That 
is presumably because SAR is not an inherent microbial feature by itself, but rather relies on the 
microbe’s interplay with the planted genotype, targeted PPN species/race, and other biotic/abiotic 
settings. 

5.2.2. Examining the Exact Interactions for Components of the Microbial Consortia 

Several advantages of using microbial consortia rather than single-strain inoculants can 
generally be offered to boost plant growth and defence against PPNs under various field settings [1]. 
These are: (1) multiple activities of the consortia along the course of the plant-growing season; (2) 
ability to function against more than one stage in the nematode life cycle; (3) diverse mechanisms to 
control PPN species/races; (4) various ecological niches of the used consortia may boost consistency 
in biocontrol activities over a wide profile of soil conditions; and (5) potential to encompass different 
microbial species/races that negatively affect more than one PPN species/race simultaneously, thus 
improving the spectrum of the used inoculants [99]. The latter authors gave numerous related 
practical examples. To this end, improving multi-functionality and stability of combined inoculants 
is better harnessed via integrating metabolic complementarity with other useful traits.  For example, 
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this integration can allow for functional variation, composition, and redundancy in addition to 
getting systematical inoculation impacts on beneficiary soils and/or plants [78,100]. Abd-Elgawad [1] 
stressed that microbial consumption of various resources in dynamic metabolic strategies is more 
likely to achieve not only merged but also harmonized combination. This is especially important as 
time-related variation in activities among microbial communities in/on the plant roots and the 
rhizosphere can bring about synergistic or additive effects. So, soil amendments combined with 
different Trichoderma spp. caused higher reduction in M. incognita population levels than those 
obtained by single ones [101]. So, several studies [83–88] stressed the importance of tailoring consortia 
to specific ecological conditions and plant genotypes/developmental stage to improve their efficacy. 
Ultimately, the beneficial and well-synthesized microbiome should be harnessed to reliably work in 
multiple useful directions and for a longer period of time. 

On the contrary, antagonism between BCAs in the microbial consortia or product through 
competition and antibiosis may reduce their activities. Single treatments as seedling drenches by 
Burkholderia cepacia strains Bc-2 and Bc-F and of Trichoderma virens strain Gl-3 significantly reduced 
numbers of M. incognita eggs + J2 per gm bell pepper root.  However, these nematode parameters - 
eggs + J2 – were not significantly affected from combining these treatments [102]. Furthermore, a 
single BCA species/strain may be more effective against PPNs than two other merged BCAs. A single 
fungal strain (P. lilacinum MR20) could outperform a mixture of two plant-growth-promoting 
bacterial strains (Pseudomonas fluorescens MR12 and Serratia marcescens MR25) in minimizing M. 
incognita population levels on tomato plants [103]. Also, efficacy of an individual species/strain in a 
microbial consortium may greatly vary even in some commercial products that are documented to 
act as a good plant-defense biostimulant against PPNs. For instance, a single component (B. subtilis) 
in a commercial product referred to as Myco increased M. incognita infection indicators at any tested 
cell density, however, the whole microbial consortium of Myco proved to activate plant immune 
response and prime tomato plants against RKNs [5]. The authors advocated that difference in 
microbial performance may depend on the used species/strains as well as methods and doses of the 
application. Therefore, Myco proved to be reliable for inducing resistance against RKNs but only in 
a dose-dependent manner [104].  

On the opposite direction, specific microbiota naturally linked to PPNs may protect them against 
microbial antagonists [105]. Recently, Trejo-Meléndez and Contreras-Garduño [106] underscored the 
essential functions of some PPN-linked microbial communities in defeating ecological hurdles facing 
the nematodes. Their roles may include aiding in exploiting the plant by suppressing or evading 
plant defenses [106]. Such mixed results in the role of microbial communities should be considered 
in manipulating PPNs-infested soil. Microbial inoculants should be well-tailored to improve the 
synthesized microbiome for priming and defending plants against PPNs. Products containing such 
live organisms are handled carefully as they are more sensitive to biotic and abiotic stresses than 
those with only bioactive compounds. Such non-living products require less stringent handling; e.g. 
the product does not need refrigeration. 

Ultimately, the exact interactions among inoculant components or with biotic/abiotic factors in 
intimate contact with the inocula are preferably done on a case-by-case basis to avoid negative or 
erratic outputs. For instance, the fitness impacts of numerous AMF symbionts remain context-
dependent and can change by different biotic/abiotic factors, e.g. new host backgrounds or existing 
fauna/flora which intricate predictions of their long-term dynamics. Otherwise, an approach that 
explicitly incorporates context-dependent factors in SAR array is direly needed. It enhances the 
predictability of SAR induction under definite field conditions. 

5.2.3. Leveraging Plant Microbiomes for SAR Induction in Advanced Strategies 

Common practices as cover cropping, crop rotation, soil mulching, applying biologicals/their 
bioactive compounds, and organic amendments should be upgraded in parallel to recent advances 
in grasping the tri-trophic interactions. Such interactions (embracing host plants, PPN species, and 
natural enemies) would be leveraged to boost proliferation of useful microbial taxa and/or 
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suppressing PPNs within comprehensive strategies [1,107]. Furthermore, techniques to exploit 
microbially induced SAR could be based on not only exogenously added inputs to the required crops 
but also steering the native rhizosphere microbiome within such strategies. Wang and Li [108] 
suggested certain crop rotation to build up positive soil legacies. These latter can steer soil 
microbiomes towards ones that benefit crop growth, e.g., by harbouring a large fraction of biota able 
to induce ISR/SAR. Such soil legacies could be set by previous crops via not only rotated crops but 
also cover crops [109]. Also, incorporating soil amendments can serve plant microbiomes in such 
comprehensive and sophisticated strategies. For example, added cow manure [containing 0.65% total 
nitrogen, 21.2 carbon to nitrogen (C/N) ratio] and poultry manure (0.72% total nitrogen, 20.1 C/N 
ratio) to two Egyptian farms of El-Ismailia governorate resulted in almost zero counts of RKNs in 
loamy sand soils whereas RKNs could thrive in ten other farms. Higher levels of recorded organic 
matter and microbial counts, e.g. recorded Trichoderma spp., in the two farms than in the other ones 
were likely responsible for RKN suppression [110]. Differently, using species within definite group 
of BCAs to simultaneously control pests/pathogens related to different taxa could be involved; e.g. 
entomopathogenic nematodes (EPNs) against both insect and nematode pests [111,112]. In such 
cases, advanced PCR-based techniques could differentiate closely related EPN species to distinguish 
their specific phenotypes; e.g. host specificity, persistence, and habitat adaptation [113]. Although 
cell-free supernatant generated by the EPN-symbiotic bacterial culture of few species showed 
inhibitory effects on RKNs [89], dynamics of such interactions remain largely elusive for many other 
species. So, the merits of such techniques should accurately uncover how molecular processes are 
involved in such nematode control and plant strengthening under various settings. The expected 
results would boost the chances of superior PPN control. Following the same line of thinking, Han et 
al. [114] proposed effective, eco-friendly crop protection strategies. The strategies implement 
multidimensional management of PPNs and other pests. They adjusted spatial dimensions for the 
interactive impacts of soil-crop-pest-natural enemy networks on pest control. Meanwhile, other 
related dimensions deal with time, i.e. pest interactions over the whole crop season. As microbiome-
related enhancing plant immunity is engaged, adopting green IPM tactics like organic farming is 
fortified. They aimed to enhance microbial diversity and abundance to improve ecosystem resilience 
and plant health; gaining ecological benefits too. 

On top of, integrating innovations to common practices can develop superior safe and reliable 
PPN control including relationships between plant microbiome and immunity. For example, useful 
top associations like root exudates or microbial metabolites, enhanced symbiosis, and plant-high 
responses to this symbiosis via plant breeding and targeted genome editing could be employed. They 
can selectively employ useful microbiomes to enhance favorable performance of the plant defence 
[85,109]. Thus, recent calls for designing new microbial systems based on safe microbiome 
engineering should be considered. The call based on setting synthetic microbial consortia that can 
prosper across various ecological conditions is known as Intraspecies Cross Environmental (ICE) 
system. It merges microbial strains with complementary traits in plant roots to optimize nutrient 
cycling and boost plant health/resistance [115,116]. Another Combinatorial CRISPR Array-Guided 
Engineering (CRAGE) system can employ Clustered Regularly Interspaced Short Palindromic 
Repeats (CRISPR) technology to engineer microbial genomes for definite tasks that immunize plants 
and back plant health. Surely, relevant gains in emerging biotechnologies as omics, bioinformatics, 
and high-throughput next-generation sequencing methods could incorporate and express 
endogenous and heterologous genes in plants and relevant microbiomes to upgrade their role in 
immunizing plants against PPNs. Ibrahim et al. [117] suggested to clone and overexpress the genes 
in charge of the PPN control task from the target and corresponding agents. They exemplified 
Paecilomyces javanicus (Friedrichs & Bally) A.H.S. Br. & G. Sm. (Eurotiales: Thermoascaceae) to benefit 
plant protection efforts via fortifying its immune response against PPN infection. Also, computer 
software named CRISPR-PN2 can help in preparing high-throughput gene editing at the given scale 
[118]. This editing may aid in boosting required traits in plants that do not have adequate PPN-
resistance sources [119]. In other words, manipulating genes engaged in useful traits as PPN 
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resistance can lead to microbial strains with optimized capabilities [120]. The methods can also 
facilitate the study of precise gene function in microbial communities. Absolutely, they pave the way 
for more reliable plant/related microbiome engineering strategies [120,121]. To cope with expected 
issues, it was recently affirmed that such techniques would be necessary devices for effective PPN 
control via crop genomics that comply with climate resilient agriculture [122]. 

5.3. Widening Microbiome Role Against Further Important PPN Species  

Current researches on related microbiome activities are mostly focused against endoparasitic 
sedentary nematode species. Such activities should be stretched against other key PPN species. For 
instance, SA biosynthesis genes needed to induce SAR in plants against PPNs were recorded to be 
upregulated by the fungus P. lilacinum [75]. So, this fungus at 108 conidia ml−1 could consistently 
suppress populations of the rice white tip nematode, Aphelenchoides besseyi Christie (Tylenchida: 
Aphelenchoididae) [123], but further and related research against this and other PPN species is 
needed. Vicente et al. [124] speculated that a specific group of Ophiostomatales fungi (genera 
Leptographium, Ophiostoma, and Graphilbum) possess so adaptive reaction with the pinewood 
nematode Bursaphelenchus xylophilus Steiner & Buhrer (Nickle) (Aphelenchida: Parasitaphelenchidae) 
that they can significantly diminish the nematode-population levels. Their results for the functional 
role of fungal communities inhabiting B. xylophilus-infected trees can lead to identifying key points 
in the nematode life cycle to disrupt the disease cycle via more natural alternatives. Exploring 
molecular adaptation of such specific fungi and other bacterial endophytes [125] associated with 
Pinus species to optimize their biocontrol potential against B. xylophilus is suggested. Of special 
interest, Kim et al. [126] examined the potential of chosen pine endophytic bacteria to induce 
resistance against B. xylophilus. Their study could identify bacterial strains that triggered defense 
responses in the infected pine trees through their ability to induce the expression of the PR10 gene; a 
marker of plant defense. Out of 92 bacterial strains, only 15 ones were identified to significantly 
enhance PR10 expression in pine callus cultures. On the other, the interaction of Ditylenchus dipsaci 
Kuhn (Tylenchida: Anguinidae) and Fusarium oxysporum on garlic led to less severe disease in the 
infected bulb and lower D. dipsaci-population densities than when the plants were inoculated with 
the nematode alone [127]. The authors contemplated that suppression of D. dipsaci populations by 
the fungus may be attributed to the formations of physical barriers like a mycelial mat coating the 
basal plate, defence responses (e.g. cell wall thickening), or competition for available nutrients. Also, 
colonization by B. firmus I-1582 on roots of Arabidopsis thaliana could significantly suppress H. schachtii 
reproduction, pathogenicity, and development over two generations [128]. While I-1582 was 
attracted by A. thaliana root exudates and colonized the roots via a strictly pH-dependent 
development, it could protect the plant from infestation by Heterodera schachtii. Ahmed et al. [129] 
proved that B. cereus Frankland & Frankland (Bacillales: Bacillaceae) strain B48 significantly reduced 
H. avenae Wollenweber (Tylenchida: Heteroderidae)-white female development with enhanced 
wheat root length of infected plants relative to the untreated check. The authors confirmed the 
possible strain’s ability of inducing systemic resistance in plant system for protection from various 
soil-borne PPNs. In another study, the effect of AMF Glomus etunicatum (Glomerales: Glomeraceae) 
W.N. Becker & Gerd. on H. glycines resulted in a 28% reduction in nematode females in the soybean 
root system of mycorrhizal plants compared to untreated roots, suggesting that AMF immunized the 
host plant against H. glycines [130]. On testing biological induction of resistance to Globodera tabacum 
solanacearum Lownsbery & Lownsbery (Tylenchida: Heteroderidae) in flue-cured tobacco [Nicotiana 
tabacum L. (Solanales: Solanaceae)], Parkunan et al. [131] found that two Bacillus strains among four 
rhizobacterial combinations - had the most consistent effect in decreasing the nematode cysts under 
greenhouse and field conditions. Other bacterial species of the same genus showed also similar 
adverse effects on Rotylenchulus reniformis Linford & Oliveira (Tylenchida:  Hoplolaimidae) 
infecting soybean plants [132]. Additional species like B. thuringiensis were reported to protect plants 
from Xiphinema index Thorne & Allen (Dorylaimida: Longidoridae) infecting grapevine [133]. For 
other PPN and bacterial genera, the endophytic bacterium Serratia ureilytica Bhadra et al. 
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(Enterobacterales: Yersiniaceae) could negatively affect Nacobbus aberrans Thorne (Tylenchida: 
Pratylenchidae) on Chili plants. This bacterium significantly reduced the number of galls, egg masses, 
eggs, and reproduction factor of the nematode on the plant roots, compared to the control where S. 
ureilytica was not applied [134]. Mycorrhiza-induced resistance has been shown to be efficient against 
other important nematode species as Radopholus similis and Pratylenchus coffeae (Zimmermann) 
Filipjev & Schuurmans Stekhoven (Tylenchida: Pratylenchidae) infecting banana [135]. Therefore, 
AMF are being developed for commercial applications; e.g. Ectovit®, Symbivit®, and Rhodvit® [136]. 

Notwithstanding the utility of microbiomes against such key PPN species, the molecular – 
genetic/epigenetic - mechanisms by which the related plant immunity is triggered need further 
research to leverage and expand their usage. Priority research areas can merge plant microbiome 
profiling with breeding techniques to assemble superior microbiomes against PPNs. Other areas are 
to optimize advantageous effects of root exudates on the microbiomes. Also, research is needed to 
examine the impact of specific inoculants/treatments such as immune hormones especially SA, JA, 
and ET on the composition of microbiomes and how microbiomes shift the plant immune system. 
Eventually, understanding the related ecology, biology, mode of action, and interactions of these 
microbiomes with other agricultural inputs is still needed for future application against key PPN 
species in sustainable agriculture. 

6. Microbiome Merits Serve to Raise Awareness and Increase Its Adoption  
Currently, the consensus is that there is no single PPN control method that has all the relevant 

merits, that is, effective, inclusive, economical, and safe to non-targets [137]. Beneficial microbiome 
that raises plant immunity and offers defence priming is not an exception regarding this fact, i.e. the 
microbiome occasionally provides only partial plant protection. So, its integration with other PPN 
control method(s) is preferable. In contrast, the microbiome can contribute in immunizing plants for 
a long term and plant priming may persist even after removal of the priming agent [138]. That is 
because plants have a non-adaptive immune system that is set by molecular shifts. Epigenetic 
modification implied by induced resistance priming can enable plants to acquire memory of stressful 
conditions. Consequently, it leads to change in gene expression. Such changes are heritable to the 
plant progeny resulting in maintenance of priming up to the next-generation [139]. Tiwari et al. [138] 
assured that such a microbiome-merit in plant immunological memory should be added to other 
related ones. These include its wide-spectrum impact, low-fitness cost, and long-lasting durability 
which make it attractive for sustainable crop protection. On the contrary, plant (R) genes encode 
immune receptor proteins to induce defence responses that are mostly linked to a reduction in growth 
and yield, known as fitness costs [140].  

Commonly, nematode suppression in soil can offer a quick and non-specific defensive line for 
other pathogens too. Yet, plant specific suppression of PPNs needs time to react and it possesses a 
memory to a specific invading pathogen [13,106]. Therefore, to get more benefits of soil microbiome 
and/or upgrade plant defence, activation of beneficial microbial community interfered with the 
specific PPN infection may be initiated or shortened by putting in the “microbial or material kick 
start”. This start could be via mulching the soil [107], adding organic amendments as supplementary 
food sources for the microbiome [141], applying useful endophytic microorganisms sole [142] or 
combined with a plant extract or other materials [1,58]. Moreover, pre-treating plant roots with 
favorable microbial communities or advantageous hormone generators could activate plant defence 
[24].  

Limitations in expanding such processes and consequent merits are mostly stemmed from the 
lack of awareness of efficient implementation methods by stakeholders, especially resource-poor 
farmers. Also, limited knowledge of these beneficial microbiomes by extension personnel who advise 
growers usually aggravates the matter. To optimize household food security and concurrently 
improve their crop yields, related sustainable, low-input and environmentally-friendly PPN 
management strategies have to be simply applied and adapted to suit their needs. This concept has 
been discussed in the frame of conserving and enhancing biocontrol of PPNs [141] and theoretically 
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presented to improve the adoption of green IPM tactics [114]. Nonetheless, thus far, it has not been 
comprehensively attempted in earnest. It could be achieved by means of innovative and applied 
research by appropriately trained nematologists and biologists. They can train, assist and guide 
extension officers and farmers to enhance the quality and quantity of their produce by minimizing 
the adverse effect of the PPNs in their crops. Therefore, relevant efforts for enlightening stakeholders 
will facilitate expanding the benefits of ISR and SAR-inducing microbes to extension agents and 
farmers. Moreover, improving commercial syntheses and formulations of related products and their 
application efficacy should be a continuous process. They should facilitate incorporating the 
beneficial microbiome into IPM plans. As complementary tools for PPN management, such plant 
microbiome and immunity interactions should be exploited for very efficient uses that maintain the 
environment, don’t pollute, and secure the quality/quantity of crops in an inexpensive manner. These 
activities will continually broaden the boundaries of sophisticated approaches and scalability of 
pathogen/pest management while boosting the crop health and yield. 

7. Conclusions 
Beneficial relationships between plant microbiome and molecular immunity can provide 

promising alternatives for safe and reliable PPN control strategies. Plants subjected to PPN--induced 
stresses usually seek and select from the environments beneficial microorganisms. However, steering 
the indigenous rhizosphere/soil microbiomes and/or adding relevant inoculants should be followed 
to optimize PPN management. Within this context, it is critical to properly activate ISR and/or SAR 
via the related factors. These latter comprise the involved strains of the microbiome, plant-genetic 
constitution, manipulating the existing fauna/flora, compatibility with the other engaged abiotic 
elements as well as techniques and doses/concentrations of the inoculants. Therefore, further research 
is required on such factors on a case-by-case basis to avoid unpredictable results. Sustainable IPM 
approaches should seek to boost the role of microbiome rhizosphere against various pests/pathogens. 
These would include immunizing plants against not only endoparasitic sedentary nematodes – RKNs 
and CNs - but also other key PPN species. Therefore, system-level agricultural production 
management is required to induce beneficial microbial shifts in the plant rhizosphere and soil for 
controlling PPNs. These would change the microbial processes occurring mostly at the microscales, 
molecular biology scales. However, harnessing such changes can have fruitful large-scale 
consequences on the crop yields at field and greenhouse levels. So, sufficient mechanistic grasping is 
needed to know how multifarious decisions at these large-scales can model these context-dependent 
molecular processes of beneficial microbiome activities in the long term. Research priorities are to 
genetically seek and upgrade favorable effects. They can include plant microbiome profiling-based 
genetic breeding techniques to synthesize superior safe and effective microbiomes for PPN control. 
Also, further research is needed to know how specific inoculants/treatments such as immune 
hormones can alter the composition of microbiomes, and how microbiome exactly shifts the plant 
immune system. Moreover, impact of plant-genetic constitution on shaping microbiome composition 
and relevant pathways adopted by the host plant should be explored. Gaining such knowledge will 
support the large-scale leverage of relevant microbiome merits. These latter involve its broad 
spectrum effectiveness, low-fitness cost, and inheritance to subsequent generations in sustainable 
agriculture. On the other hand, improved formulations and applications of products containing such 
microbiomes should be expanded. Meanwhile, agricultural extension workers should simplify 
relevant information for their familiar adoption and usage by stakeholders.  
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