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Abstract The biology of migratory plant parasitic nematodes has been less studied
than that of the sedentary endoparasites. The damage they cause is less obvious,
their presence and number are more difficult to quantify and they are difficult
organisms to study. Nevertheless, they are economically serious pests of many
crops, from wheat and barley grown in low rainfall areas to horticultural crops
(e.g. Lilium longiflorum) and tropical crops such as coffee, banana and sugarcane.
The most studied migratory nematodes are the root lesion nematodes, Pratylenchus
spp., the burrowing nematode Radopholus similis and the rice root nematode
Hirschmanniella oryzae. In the life cycle of migratory nematodes apart from the
egg, all stages of juveniles and adults are motile and can enter and leave host roots.
They do not induce the formation of a permanent feeding site, but feed from
individual host cells. They create pathways for entry of other root pathogens,
often resulting in lesions, stunted roots, yellowing of leaves and plants showing
symptoms of water stress, leading to yield loss and decreased quality of produce. In
terms of genetic plant defences, no major genes for resistance to migratory nema-
todes have been found, and resistance breeding is usually based on QTL analysis
and marker-assisted selection to combine the best minor resistance genes. Feeding
damage reduces root function, and root damage and necrotic lesions the nematodes
cause can then make them leave the root and seek others to parasitise. Infestation
induces classical plant defence responses and changes in host metabolism which
reflects the damage they cause, although detailed studies are lacking. New genomic
resources are becoming available to study migratory endoparasites, and the knowl-
edge gained can contribute to improved understanding of their interactions with
hosts. Notably transcriptomes of Pratylenchus coffeae, Pratylenchus thornei,
Pratylenchus zeae, R. similis and H. oryzae and the first genomic sequence, for
P. coffeae, are now available. From these data, some candidate effector genes
required for parasitism have been identified: many effectors similar to those
found in sedentary endoparasites are present, with the exception of those thought
to be involved in formation of feeding sites induced by the sedentary parasites.
Belowground defence, in the form of enhanced resistance to migratory parasites,
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may also be achieved by transgenic expression of modified cysteine protease
inhibitors (cystatins), anti-root invasion peptides and host-induced gene silencing
(RNAI) strategies, demonstrating that migratory nematodes are amenable to control
by these technologies. New more environmentally friendly nematicides, combined
with better biological control agents, can be applied or used in seed coatings in
integrated pest management approaches to defend roots from attack by migratory
nematodes.

1 Introduction

The health status of roots at the soil-root interface is thought to underlie about 80 %
of all problems of plant growth: root infestation with plant parasitic nematodes is a
major contributor to these problems. The responses of plant roots to nematode
attack depend on the invading nematode and its lifestyle. Feeding and lifestyle
strategies used by plant parasitic nematodes vary and can be divided into ectopar-
asitic, in which the nematodes remain outside the plant and penetrate tissues with
only a small portion of their body, and endoparasitic in which nematodes enter plant
tissues completely or with a large portion of their body—the latter are subdivided
into migratory and sedentary groups, depending on whether all life stages remain
motile or whether they induce feeding sites and become sedentary (Dropkin 1989).
These parasitic habits are summarised in Table 1.

The sedentary endoparasites which attack plant roots are discussed in chapter
‘Belowground Signalling and Defence in Host—Pythium Interactions’: in this chap-
ter the biology and plant defence strategies against migratory parasitic nematodes

Table 1 Parasitic habits of plant nematodes

Ectoparasites Endoparasites
Nematodes remain outside the plant or there is | Nematodes which enter plant tissues mostly
minor tissue penetration or completely
« Surface tissue feeders * Migratory

For example, Paratylenchus, Trichodorus, Roots, e.g. Pratylenchus,
Tylenchorhynchus Hirschmanniella, Radopholus

Stems and leaves, e.g. Ditylenchus

Buds and leaves, e.g. Anguina,
Aphelenchoides

Trees, e.g. Bursaphelenchus,

Rhadinaphelenchus
« Subsurface feeders « Sedentary, semi-endoparasites in roots
E.g. Belonolaimus, Criconemoides, E.g. Heterodera, Rotylenchus,

Helicotylenchus, Hemicycliophora, Longidorus, | Tylenchulus
Rotylenchulus, Scutellonema, Xiphinema

* Sedentary endoparasites, completely within
roots, e.g. Meloidogyne, Nacobbus
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are discussed. The focus is on migratory endoparasites, in particular Pratylenchus
species usually referred to as root lesion nematodes, the burrowing nematode
R. similis and Hirschmanniella species, which include the rice nematode
H. oryzae. This largely reflects the view that, from an economic point of view,
root lesion nematodes are regarded as the third most important group of plant
parasitic nematodes after root-knot (Meloidogyne spp.) and cyst nematodes
(Heterodera and Globodera), with the burrowing nematode R. similis the fourth
most important (Jones et al. 2013).

This ranking for economic importance perhaps partially reflects the fact that
infestation by the sedentary endoparasites is much easier to recognise than that for
the migratory nematodes, since obvious galls or cysts are not present, and the
ranking clearly does not hold for all crops and environments. Migratory nematodes
are the most damaging nematodes in cereal crops in many areas of dry land
agriculture, such as in the Australian wheat belt (Vanstone et al. 2008) and the
Pacific Northwest of the USA (Smiley et al. 2014): the increasing practice of no-till
agriculture in such regions to preserve topsoil and moisture tends to increase the
occurrence of root lesion nematodes. They are also major pests in tropical regions
for crops such as sugarcane grown on fine-textured soils (Blair and Stirling 2007)
and horticultural crops including coffee and banana (Castillo and Vovlas 2007). In
addition, migratory endoparasites such as Hirschmanniella spp. are significant pests
of rice crops in flooded ecosystems (Bauters et al. 2014; Kyndt et al. 2014).

2 The Biology of Migratory Parasitic Nematodes

Three genera of the Pratylenchidae family are documented as significant pests:
these include genera belonging to the subfamilies Pratylenchinae,
Hirschmanniellinae and Radopholinae (De Ley and Blaxter 2002; Haegeman
et al. 2010). Although many of the root lesion nematodes (Pratylenchus species)
have been described as economically significant plant pests, of the Radopholinae
only R. similis is regarded as a major pest, particularly of banana, citrus and black
pepper, and of the Hirschmanniella species (rice root nematode), H. oryzae is the
predominant pest (Kyndt et al. 2014).

The number of species of root lesion nematodes (Pratylenchus spp.) described so
far is between 70 and 89 (Castillo and Vovlas 2007; Subbotin et al. 2008). They are
mostly polyphagous, as evidenced by the ability of species such as P. thornei and
P. zeae, isolated, respectively, from the monocots wheat and sugarcane, to be
maintained on dicot carrot discs (Tan et al. 2013; Jordaan and De Waele 1988).
Pratylenchus spp. are migratory, intracellular root endoparasites, and depending on
species, host and temperature, their life cycle lasts between 3 and 9 weeks.

A diagrammatic representation of the life cycle of a root lesion nematode is
provided in Fig. 1 (from Jones and Fosu-Nyarko 2014), and the life cycles of
R. similis and Hirschmanniella spp. are essentially similar. These migratory nem-
atodes develop within the eggshell to the first stage juvenile (J1), which moults to
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Fig. 1 A diagrammatic representation of the life cycle of Pratylenchus (from Jones and Fosu-
Nyarko 2014, with permission)

the second-stage juvenile (J2) and then emerges from the eggshell (Fig. 1). How-
ever, the difference between migratory and sedentary nematodes is that all subse-
quent juvenile and adult stages (J2, J3, J4, adults) of the former are worm-like and
mobile, and both juvenile and adult stages can enter and leave host plant roots.
Some migratory species also infest tuber tissues, and nematodes such as P. coffeae
and the migratory Scutellonema bradys cause major losses when infesting yam
tubers in West Africa, in which they continue to multiply in storage. Although these
species are migratory endoparasites which usually spend most of their life cycle in
host plant roots, they can also be found at the root surface and in nearby soil. Mature
females lay eggs both inside infested roots and in nearby soil, and under adverse
conditions, these nematodes can survive in soil for several years (Castillo and
Vovlas 2007). Reproduction is usually by parthenogenesis, but males occur in
some species.

As for other plant parasitic nematodes, root-feeding migratory parasitic nema-
todes feed by puncturing cells using their hollow mouth stylet. For root lesion
nematodes, the J2s tend to feed from the epidermis and root hair cells, but with
maturity the nematodes enter roots using their mouth stylet, possibly aided by
secretion of plant cell wall-modifying enzymes, and migrate within the root cortex,
feeding from the cytoplasm of individual cells, which subsequently die. Dead cells
become necrotic, and with additional feeding and tissue damage, typical dark
lesions develop in the roots. Development of lesions and further root damage occurs
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because the nematodes provide entry points for other soil pathogens, such as
bacterial (e.g. Pseudomonas spp.) and fungal pathogens (e.g. Fusarium and
Verticillium spp.), developing disease complexes which add to the necrosis and
root damage (Castillo and Vovlas 2007). The nematodes may leave the roots,
particularly from necrotic areas, to feed from new cells or find new host roots.
Affected plants are stunted, leaves show early signs of yellowing and roots are short
and stubby, with dark lesions. Field infestation is often manifested as patches of
poor growth, with more severely affected plants at the centre. Severity is greater
under conditions of poor nutrition or water stress.

3 Diagnosing Migratory Nematodes

Understanding the effects of migratory nematodes and finding appropriate strate-
gies for their control first require their identification, and conventional taxonomy
based on morphometric measurements is a specialist activity. This has been largely
superseded by the development of molecular diagnostic tests, based on differences
in ribosomal gene DNA, particularly the Internal Transcribed Spacer (ITS) regions
(Al-Banna et al. 2004; Subbotin et al. 2008; Holterman et al. 2009; De Luca
et al. 2011; Subbotin et al. 2013), further developed as quantitative polymerase
chain reaction (PCR) tests (e.g. Sato et al. 2007; Berry et al. 2008; Yan et al. 2012).
Correct identification of the species present is important, because plant resistance to
one species does not mean it will be resistant to any other species. For example,
wheat cultivars with resistance or tolerance to P. thornei are not necessarily
resistant or tolerant to P. neglectus and vice versa: resistance and tolerance to
each species are genetically independent (Smiley and Nicol 2009). A measure of
nematode numbers is also important, because overall crop damage reflects the
number of nematodes present, and the number of nematodes per gramme of soil
at the start of a growing season can be used to predict potential losses and can
determine the best cultivar to grow or treatment to apply. The reason why each plant
resistance, tolerance or susceptibility may differ when attacked by different root
lesion species may be explained partly by differences in the effectors that different
nematodes use to enable successful parasitism, and for root lesion nematodes, this is
still a developing research topic (see Sect. 5.2).

4 Virus Transmission by Migratory Ectoparasitic
Nematodes

It is now well established that many species of migratory ectoparasitic nematodes
from the Dorylaimida (Longidorus, Paralongidorus, Xiphinema) and Triplonchida
(Trichodorus, Paratrichodorus), such as the dagger nematodes Xiphinema index
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and Xiphinema diversicaudatum, can act as vectors to transmit viruses of the viral
genera Nepovirus and Tobravirus. They acquire and transmit the viruses by feeding
on infected and then uninfected roots, either persistently or non-persistently: viruses
they transmit include Tobacco ringspot virus (TRSV) and Tobacco rattle virus
(TRV). The nepoviruses Grapevine fanleaf virus (GFLV) and Arabis mosaic
virus (ArMV) are transmitted in a non-circulative manner and are economically
important viruses of vines: precise interactions are required between the compo-
nents both of the virus and the nematode stylet for virus transmission
(Schellenberger et al. 2011). The main defence against virus diseases transmitted
by these migratory nematodes is to avoid the introduction of virus-transmitting
nematodes using plant biosecurity strategies, if infested to eradicate the nematodes
using chemical nematicides or if available to use nematode resistance germplasm or
rootstocks.

5 Natural Mechanisms of Plant Resistance to Nematode
Attack

Under natural growing conditions, plants are exposed to a range of biotic and
abiotic stresses. Among the biotic stresses are various herbivorous organisms
feeding on the aboveground and belowground parts of the plant. Belowground
attack involves various microorganisms which include nematodes, a diverse and
abundant group of multicellular organisms. Plants normally have structural barriers
and physiological processes in place that are able to exclude some microbes,
parasites and pests from attack or invasion. Conversely, some parasites and pests
have evolved mechanisms which aid successful parasitism or infestation of host
plants. A compatible parasite—host interaction is when development and reproduc-
tion of the parasite are fully supported: the host plant is then referred to as
susceptible to infection or infestation. When the development of a parasite is still
supported because the host defences do not confer resistance but the parasite grows
reasonably well with little apparent damage to the host plant, then the host is
tolerant. However, in an incompatible interaction, in which a plant is considered
resistant to infection or infestation, its natural, structural, biochemical or physio-
logical defences can prevent invasion, development and/or reproduction of the
invading organism. The strategies used by plants to defend themselves against the
arsenal of effectors employed by migratory nematodes are discussed in the next
sections.
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5.1 Root Structure and Barriers to Nematode Infection

For higher plants the root is the main belowground organ and can be invaded by
soil-inhabiting migratory parasitic nematodes (although other belowground organs
such as tubers can also be attacked). Plants have many natural physical and
chemical barriers which can provide protection against pathogens and pests. During
root growth in soil, border cells of the root cap become detached (a process termed
rhizodeposition) and can secrete antimicrobial proteins, phytoalexins,
arabinogalactan proteins and pectins into the extracellular matrix or rhizosphere
(Driouich et al. 2013). Border cells or associated extracellular matrix can both
attract and repel pathogenic microorganisms. There is ample evidence that
M. incognita second-stage juveniles (J2) are attracted to and accumulate rapidly
around a 1- to 2-mm apical region of pea roots ensheathed by border cells, whereas
no such reaction occurs at the root tip of snap bean, indicating possible differences
in the perception or response of different plant species to similar root parasites
(Zhao et al. 2000). A similar study on the mechanism of resistance to R. similis
examined the effect that rhizodeposition (root cap cells and exudates) has on
infective nematodes: rhizodeposition from both susceptible and resistant cultivars
of banana (Musa acuminata) attracted nematodes, but the susceptible cultivar
appeared to induce temporary quiescence in R. similis which lasted for 24 h,
whereas nematode quiescence lasted for up to 3 days for the resistant cultivar
Yangambi km5 (Wuyts et al. 2006a). Although these authors concluded that overall
there was no indication that rhizodeposition played a part in preformed resistance of
Yangambi kmS5 against R. similis, the relatively longer period of induced quies-
cence, and cellular responses of border cells to other factors such as aluminium and
fungi, suggests that the tightly regulated production of border cells and associated
extracellular matrix may play a role in the protection of root tips from some biotic
and abiotic stresses (Hawes et al. 2000).

For migratory nematodes or pathogens that reach epidermal cells of the root of
host plants, the next physical barrier to overcome is the cell wall. For both monocots
and dicots, the plant cell wall is complex: it is composed of polysaccharides, mainly
held together by non-covalent bonds, and cell wall proteins. Cellulose constitutes the
most abundant polysaccharide and forms the framework to which matrix compo-
nents are bound. These cellulose microfibrils are composed of associated linear p-1,
4-glucan chains linked by hydrogen bonds, to form an inelastic and insoluble
structure. The cellulose microfibrils are embedded in a matrix of non-cellulosic
sugar polymers, which include pectins and hemicelluloses, which is further
reinforced by structural proteins such as glycoproteins and aromatic compounds
(Carpita and Gibeaut 1993; McCann and Roberts 1994). The matrix of primary cell
walls of higher plants consists of pectic substances, and the matrix of secondary cell
walls are composed of hemicelluloses. Although the overall structures of cell walls
of higher plants are similar in both monocots and dicots, there are substantial
differences in polysaccharide composition that vary with cell type, cell function,
phase of growth and differentiation. Differences in wall composition may well
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account for some level of resistance/inhibition to invading nematodes (Carpita and
McCann 2000). However, the variation in cell wall composition in many instances
seems not to present an insurmountable barrier to migratory endoparasitic nema-
todes, as reflected by the wide host range of many nematodes, encompassing both
monocot and dicot plants. With the exception of some migratory ectoparasites, such
as dorylaimids with long stylets, which may only use mechanical penetration of host
cells, this suggests that successful invasion of host roots reflects strategies that
enable invading nematodes to modify cell walls with a range of differences in
composition. The latter seems to be a specialty for plant parasitic nematodes in
general and migratory endoparasitic nematodes in particular.

5.2 How Migratory Endoparasitic Nematodes Overcome
Plant Defences

Many migratory endoparasites have wide host ranges: for this they must have
physical attributes, and physiological and evolutionary strategies, that enable them
to avoid detection and successfully parasitise many plants. In a compatible interac-
tion, a nematode can breach the barriers presented by cell walls, feed from host cell
cytoplasm and suppress host defences. However, in reality, not all available infec-
tive juveniles actually succeed in finding and penetrating roots and develop to adults:
this suggests that after the initial invasion, host plants may still employ structural,
molecular or physiological defences to limit nematode growth and reproduction.

Secretions of the pharyngeal gland cells are thought to play a number of roles.
These include suppression of host defences, enabling migration in plant tissues,
promotion of nematode feeding (e.g. anticoagulation for migratory endoparasites,
formation of feeding tubes for sedentary endoparasites) and digestion of ingested
cytoplasm. (Additional functions are proposed for effectors of endoparasites which
are involved in processes of host cell modification in the induction of syncytia or
giant cells.) The secreted components which are responsible for these activities are
generally described as ‘effectors’. Here we include cell wall-modifying enzymes as
effectors, since they are an important component of the gene products required for
plant parasitism and are a unique feature of plant parasitic nematodes.

Study of sedentary endoparasites has been underpinned by the availability of
genomic and transcriptomic resources for the bacterial feeding model nematode
Caenorhabditis elegans and more recently for root-knot and cyst nematodes:
similar studies on migratory endoparasites are now emerging. Sequencing of
ESTs of R. similis and the application of ‘next-generation’ sequencing technologies
to sequence transcriptomes of H. oryzae and mixed stages of P. coffeae, P. thornei
and P. zeae and more recently the genome of P. coffeae now provide the opportu-
nity to identify and characterise effectors that make these migratory nematodes
successful parasites (Jacob et al. 2008; Haegeman et al. 2010, 2011;
Nicol et al. 2012; Bauters et al. 2014; Fosu-Nyarko et al. 2015; Burke et al. 2015;
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Fosu-Nyarko and Jones 2016). Putative effectors of migratory nematodes can now
be predicted using software that identifies sequences for proteins likely to be
secreted, combined with in situ hybridisation to identify transcripts expressed in
gland cells, and sequence similarities and common structural features with effectors
already characterised for sedentary endoparasites. Although the focus of nematode-
secreted effectors has been on proteins or peptides secreted from the pharyngeal
gland cells, other sources of secretions include the chemosensory amphids, the
hypodermis, the cuticle, the excretory system and the rectal glands (Truong
et al. 2015). For migratory nematodes, little is known about possible secretions
from these sources. The current status of potential effectors of migratory nematodes
is provided in Table 2.

Probably the best-characterised group of effectors present in plant parasitic
nematodes are the cell wall-modifying enzymes. A cocktail of these enzymes
(including a range of pectinases, hemicellulases, cellulases and expansins,
Wieczorek 2015) appear to be secreted during nematode—host entry and migration
and contribute to modifying the structure of host cell walls. Combined with probing
with the sclerotised stylet, these enzymes enable nematodes to penetrate and move
either intracellularly or intercellularly through root tissues to select appropriate
cells to feed from. In situ hybridisation of transcripts and the presence of granules
(implying secretory activity) in the subventral gland cells of sedentary endopara-
sites during migration suggest that these cells are the source of cell wall-modifying
enzymes. However, for Pratylenchus spp., the subventral glands do not contain
obvious granules. Nevertheless, identification of similar transcripts of effectors
from recent transcriptomes and genome sequencing data of Pratylenchus spp.
indicates that they also employ a similar range of cell wall-modifying enzymes to
those identified for sedentary endoparasites. Their function is expected to be
similar, that is, in hydrolysis of bonds of various polymeric components of primary
and secondary cell walls, including pectins, hemicellulose and cellulose (Table 2,
Jones and Fosu-Nyarko 2014). Current analysis of available sequences for R. similis
(7,726 sequences in NCBI) and published reports suggest that this nematode
employs only four of the cell wall-modifying enzymes identified for sedentary
types; these are beta 1, 4- endoglucanase, xylanase, pectate lyase and cellulose-
binding proteins. More work needs to be done to understand how these wall-
modifying enzymes function, particularly the role of each in the host—parasite
interaction (Jacob et al. 2008; Maier et al. 2013). The transcriptome analysis of
H. oryzae provides evidence for transcripts putatively encoding a similar repertoire
of cell wall-modifying enzymes to that of Pratylenchus spp. (Jones and Fosu-
Nyarko 2014; Bauters et al. 2014).

In considering the roles of other candidate effectors, the presence of genes
encoding proteins secreted by the dorsal glands of plant nematodes further reflects
the battle between plants and invading nematodes. In this battle these nematode
effectors are responsible for counteracting the effects of plant defences. Such
effectors have been characterised better in sedentary nematodes and include pro-
teins suggested to be secreted by nematodes to counter reactive oxygen species
(ROS) produced by plants in response to nematode invasion. For example,
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Table 2 Nematode effectors of the migratory endoparasites Pratylenchus spp., R. similis and

H. oryza
Pratylenchus
Nematode effector spp. R. similis | H. oryzae | Putative or known function
Cell wall-modifying enzymes
Endoglucanases Y Y Y Hydrolysis of beta 1,4-glucan
Pectate lyase Y Y Y Hydrolysis of alpha
1,4-linkages in pectin
Xylanase Y Y Y Hydrolysis of xylan
Expansin-like Y Not Y Cell wall softening or
proteins found extension
Endo- Y Not Unknown | Hydrolysis of beta 1,3-glucan
1,3-p-glucanase found
Polygalacturonase Y Not Y Hydrolysis of alpha 1,4-p-
found galactosiduronic linkages
Arabinogalactan Y Not Unknown | Hydrolysis of pectin
galactosidase/ found
arabinase
Cellulose-binding Y Y Unknown | Promote hydrolysis of crystal-
proteins line cellulose
f-Mannanase Not found Not Y Hydrolysis of -1,4-mannosidic
found linkages
Poly-a-p- Not found Not Y Hydrolysis of pectic polymers
galacturonosidase found
Protection from host defences
Thioredoxin Y Y Unknown | Detoxification of ROS
Peroxiredoxin Y Not Unknown | Detoxification of ROS
found
Superoxide Y Y Unknown | Detoxification of ROS
dismutase
Glutathione-S- Y Y Unknown | Detoxification of ROS
transferase
Glutathione Y Not Unknown | Detoxification of ROS
synthetase found
Glutathione Y Y Unknown | Detoxification of ROS
peroxidase
SPRYSEC-RBP-1/ |Y Y Y Suppression of host defences
SXP-RAL2
Sec-2/FAR Y Y Unknown | Reduction in host defence
response
Transthyretin-like Y Y Unknown | Expressed at parasitic stages,
proteins no functional evidence
available
Venom allergen-like |Y Y Unknown | Suppression of host defences
proteins
Targeting regulation and signalling pathways
Annexin Y Y Unknown | Protection of plant cells against

stress

(continued)
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Table 2 (continued)

Pratylenchus
Nematode effector spp. R. similis | H. oryzae | Putative or known function
14-3-3 and 14-3-3b | Y Y Unknown | No determined function
proteins
SKP-1 Y Not Unknown | Involved in ubiquitination,
found signal transduction
Ubiquitin extension | Y Y Unknown | Involved in ubiquitination
protein
Calnexin/ Y Y Unknown | Calcium spiking
calreticulin/annexin
Beta-galactoside- Y Y Unknown | No functional data available
binding lectin for nematodes
(galectin)
Feeding
Cathepsin L Y Y Unknown | Protein digestion/degradation
Aminopeptidase Y Not Unknown | Protein digestion/degradation
found

Initiation and maintenance of feeding site

C-terminally Not found Not Unknown | Possibly required for giant cell

encoded proteins found formation

(CEPs)

CLE peptides Not found Not Unknown | Mimic plant CLEs, no func-
found tional evidence available

16D10 CLE-related | Not found Not Unknown | Promotion of giant cell

peptide found induction

Chorismate mutase | Unclear Not Y Plant defence suppression, tar-
found gets SA pathway

19C07 effector Not found Not Unknown | Modification of auxin influx in
found syncytium

10A06 effector Not found Not Unknown | Indirect induction of antioxi-
found dant genes in syncytium

7TE12 effector Not found Not Unknown | Promotion of giant cell
found formation

(Data derived from Jacob et al. 2008; Bauters et al. 2014; Haegeman et al. 2010, 2011; Nicol
et al. 2012; Jones and Fosu-Nyarko 2014; Fosu-Nyarko and Jones 2016; Burke et al. 2015)

superoxide dismutase and glutathione peroxidase present at the surface of plant and
animal parasitic nematodes have been associated with the role of neutralising
oxyradical attack by their host (Waetzig et al. 1999; Robertson et al. 2000; Jones
and Fosu-Nyarko 2014). There is also ample evidence that sedentary endoparasites
secrete effectors that modulate host cellular functions during establishment and
functioning of feeding sites. Some effectors found in root-knot nematodes are
involved in the formation of giant cell formation, such as 7E12, CLE peptide and
16D10 CLE-related proteins, whereas others interact with host metabolism to
facilitate development of syncytia by cyst nematodes, such as the Hs/9CO07,
Hg30C02 and 10A06 effectors (Huang et al. 2006; Hewezi et al. 2010; Lee
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et al. 2011; Souza et al. 2011; Hamamouch et al. 2012). Because migratory
nematodes do not induce such intricate feeding structures in host tissues, it is not
surprising that homologues of the effectors thought to be required for giant cell or
syncytium formation have not been identified in migratory nematodes. Neverthe-
less, in addition to cell wall-modifying enzymes which have now been found in all
plant nematodes where there is sufficient molecular data, other common effectors
have been identified in secretions and genomes of both sedentary and migratory
nematodes. Some are thought to be expressed highly at the parasitic stages
(e.g. venom allergen-like proteins, transthyretin-like proteins) or to have roles in
other interactions with plant hosts, including targeting and modifying plant signal-
ling pathways (e.g. calreticulin, galectin) (Table 2). Haegeman et al. (2010) suggest
a note of caution when extrapolating molecular insights from one group
(e.g. Pratylenchus spp.) to another (e.g. Radopholus spp.) because the taxonomic
relationship of R. similis and Pratylenchus spp. is not firm. Nevertheless, with
increasing genomic information on migratory nematodes, our understanding of
the function of demonstrated and candidate effectors from specific nematodes
will shed more light on how plants defend themselves against migratory nematodes
and how in turn the nematodes overcome plant defences.

5.3 Pathogen- and Damage-Associated Molecular Patterns
During Nematode Infection

Apart from physical barriers and other basal mechanisms that contribute to resis-
tance to plant pests and pathogens, several defence responses are triggered follow-
ing root parasitism, including the innate immunity response. Host plants can detect
the presence of pathogens using molecules present on the exterior or secreted by the
invaders. These molecular signatures, often referred to as pathogen- or microbe-
associated molecular patterns (PAMPs or MAMPs), are detected by cell surface
receptors or pattern recognition receptors, PRRs. When PRRs of plants survey the
apoplast and detect the presence of PAMPs, a PAMP-triggered immunity (PTI) is
induced against the invading pathogen (Zipfel 2009). Characteristics of PAMPs and
PTI defence against fungi and bacteria have been well studied, and parallels of the
process have been drawn for nematode—host interactions. It has been suggested that
derivatives of chitin of plant parasitic nematodes may induce PTI, although the
nematode cuticle does not contain chitin (Libault et al. 2007). It is however possible
that chitin or some of its derivatives may be present in nematode stylets, and on
insertion into the plant cell walls, these molecular signatures could be detected by
plants, which could lead to responses such as callose deposition which may reduce
further invasion by the pathogen (Golinowski et al. 1997). Another facet of PAMP
is effector-triggered immunity (ETI), which is specific to strains of a pathogen
which secrete unique effectors. As part of the continuing battle between pathogen
and host, there is good evidence that fungal plant pathogens and pests can evolve to
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counteract PAMP-induced plant defences, by selection of mutations of effectors
such that they are no longer recognised by the plant or by secreting proteins which
prevent PAMP recognition by plant receptors (De Jonge and Thomma 2009).
Candidate ETI suppressors or genes linked to possible ETI to nematodes have
been reported for sedentary endoparasitic nematodes (Semblat et al. 2001; Sacco
et al. 2009; Rehman et al. 2009). For example, the SPRYSEC 19 effector, secreted
by the cyst nematode Globodera rostochiensis, is known to interact with the
leucine-rich repeat domains of receptor proteins in tomato and in doing so possibly
suppresses receptor activity (Rehman et al. 2009). At present there is no functional
evidence that migratory nematodes secrete such an effector, and for Pratylenchus
spp., H. oryzae and R. similis for which transcriptomic and/or genomic sequence
data are available, no such specific effector that could trigger ETI has yet been
identified (Haegeman et al. 2011; Nicol et al. 2012, Fosu-Nyarko et al. 2015).
Plants also respond to cell damage and stresses that cause mechanical injury to
aboveground and belowground parts. This response is mostly against damage-
associated molecular pattern (DAMP) molecules released following cellular injury
or damage caused by pathogens such as bacteria and fungi (Lotze et al. 2007).
Responses to DAMPs are usually systemic and can include the release of redox-
sensitive proteins as well as trigger induction of hormone signalling pathways.
Movement of migratory nematodes through host roots and the mechanical probing
of host cells with the stylet during feeding are likely to cause injury that may elicit
such responses from host plants. Generally, plant hormone signalling pathways
such as salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) pathways are
activated upon infection by many pathogens. While biotrophic pathogens would
normally induce the SA pathway, wounding or infection by necrotrophic pathogens
often activates the JA and ET pathways (Pieterse and van Loon 1999). It has been
suggested that ETI initially activates all three signalling pathways and the plant
mobilises resources to support the most effective pathway in combating a particular
pathogen (Katagiri and Tsuda 2010). On infection of rice with the migratory
nematode H. oryzae, JA and ET pathways are activated, while the SA pathway is
suppressed, but one week after infection, JA and ET signalling is repressed. Foliar
application of JA and ethephon, an exogenous ET, induces systemic defence
response in roots against the sedentary endoparasite Meloidogyne graminicola,
whereas for the migratory endoparasitic H. oryzae in rice, all three SA, JA and
ET hormonal pathways appear to be essential for defence (Nahar et al. 2011, 2012).

5.4 Biochemical Responses in Host Plants Following
Migratory Nematode Infection

In response to mechanical damage caused by nematodes, plants produce a range of
compounds including ROS. These compounds are toxic to nematodes, but both
animal and plant parasitic nematodes are well equipped to metabolise ROS, for
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example, via the secretion of proteins with antioxidant properties such as
peroxiredoxins (Robertson et al. 2000). Production of ROS is associated with a
suite of plant defence responses which include activation of signalling pathways
and processes which can result in cell wall deposition, synthesis of terpenes,
phenolic compounds and nitrogen- and sulphur-containing compounds (Mazid
et al. 2011). These responses can be generic and are normally induced locally to
eliminate or counteract the invading pathogen but can also be systemic in nature
(Bezemer et al. 2004; van Dam 2009). For example, infection of black mustard
(Brassica nigra) by P. penetrans results in increased synthesis of phenolic com-
pounds and glucosinolates in roots, and this innate defence response was also
effective in reducing the growth rate of larvae and number of pupae produced by
the shoot feeding crucifer insect Pieris rapae (L.) (van Dam et al. 2005). The
accumulation of isoflavonoid conjugates in roots of alfalfa (Medicago sativa)
following infection by the stem nematode Ditylenchus dipsaci is a classical exam-
ple of how some plant defence responses are generic and presumptive in nature
(Edwards et al. 1995). Transcriptional changes in genes involved in metabolic
pathways such as the phenylalanine metabolism, carotenoid biosynthesis and
phenylpropanoid biosynthesis following infection by Pratylenchus spp. have been
associated with induction of plant defence mechanisms (Baldridge et al. 1998; Zhu
et al. 2014).

6 Breeding for Resistance to Migratory Nematodes

Some natural genes which confer host resistance to plant parasitic nematodes
have been identified in cultivated and wild relatives of crop plants. For sedentary
endoparasites, several dominant or semi-dominant resistance genes have been
identified, mapped to chromosomal locations or linkage groups, characterised at
the molecular level and implemented in a range of economically important crops
(Fuller et al. 2008). There has been much less study of genes that confer
resistance to migratory nematodes compared to sedentary types, and major
dominant genes conferring resistance to migratory species have not yet been
found. Not surprisingly, research on mechanisms of host resistance to migratory
species has been undertaken mainly in countries and on crops where they cause
most damage. For example, for Pratylenchus spp., the most detailed work to
identify and combine sources of natural resistance to these species has been done
with cereals and in most detail on bread wheat (Triticum aestivum) and barley
(Hordeum vulgare) in Australia and the Pacific Northwest of the USA, where
infection levels of root lesion nematodes and losses in wheat growing areas are
significant (Vanstone et al. 2008; Smiley and Machado 2009; Jones and Fosu-
Nyarko 2014).

Eight Pratylenchus species are known to attack wheat. In the southern and
western wheat belts of Australia, P. neglectus, P. thornei, Pratylenchus
quasiterioides (former species teres), P. penetrans, P. zeae, P. brachyurus and
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P. scribneri are present, with P. neglectus the most important (Vanstone
et al. 2008), whereas in the northern wheat belt, P. thornei and P. penetrans
cause the most damage (Smiley and Nicol 2009). Genotypes of wheat with
different levels of resistance (and tolerance) to specific Pratylenchus species
have been identified in many breeding programmes using tools for marker-
assisted breeding (Table 3). This usually involves large-scale screening of
germplasm from wild ancestors or progenitors of crop plant cultivars and
mapping of quantitative trait loci (Table 3). A recent marker-assisted selection
study for resistance in barley has also identified five QTLs contributing to
resistance to P. neglectus in barley germplasm (Table 3). However, no major
gene conferring resistance to root lesion nematodes has been found, and the
mechanisms that underlie resistance to Pratylenchus spp. in wheat and barley are
not known. Although the identification of QTLs for resistance to migratory

Table 3 Quantitative trait loci of wheat and barley linked to resistance and/or tolerance to
Pratylenchus species

Major QTLs identified on

Nematode species chromosomes Plant | References

P. thornei Examples of QTLs on 2BS, | Wheat | Thompson et al. (1999)
6DS and 6DL, 6D, 1B, 2B, Zwart et al. (2005)
3B, 4D, 6D, 7TA Toktay et al. (2006)

QRInt.Irc-6D.2, QRInt.Irc- | Wheat | Zwart et al. (2005)
6D.1 on chromosome
6DL

P. neglectus Examples of QTLs on
chromosome 2B, 4DS,
6DS, 7AL
QRInn.Irc-4D.1, QRInn.Irc- | Wheat | Zwart et al. (2005)
6D.1 on chromosome
4DS

RlInnl resistance locus on | Wheat | Williams et al. (2002)
chromosome 7A
Pne3H-1, Pne3H-2, Barley | Sharma et al. (2011)
Pne5H, Pne6H and Pne7H
on Chromosomes 3H, 5H,
6H and 7H

P. penetrans Rinnl resistance locus on | Wheat | Williams et al. (2002)
chromosome 7A
P. neglectus and P. penetrans | Examples of QTLs on Wheat | Toktay et al. (2006)
chromosome 1B, 2B and
6D

RInnp6H resistance on Barley | Galal et al. (2014)
chromosome 6H
P. thornei and P. neglectus Xbarc 183 on chromosome | Wheat | Zwart et al. (2005)
6DS
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endoparasites is an important advance, there is a need for further detailed study
to identify new, more effective and durable sources of natural resistance to these
nematodes.

7 Resistance to Migratory Nematodes in Tropical Crops

Banana and plantain (Musa spp.) constitute the eighth most important staple food
crop worldwide. The most damaging migratory nematodes of these crops are the
endoparasites R. similis, Pratylenchus goodeyi, P. coffeae and the spiral nematode
Helicotylenchus multicinctus, together with Meloidogyne spp., with combinations
of these nematode pests varying with locality (Karakas 2007; Tripathi
et al. 2015). The search for resistance genes against these species, especially
against R. similis, has largely focussed on Musa spp. Using traditional nematode
screening methods either by inoculating samples in vitro or in glasshouses or
using existing infection at field conditions, many recent Musa cultivars have been
scored for resistance to nematodes, mainly to R. similis but to a lesser extent to
Pratylenchus spp. and H. multicinctus (Elsen et al. 2002; Moens et al. 2005).
Among the most well-known nematode-resistant Musa spp. are a triploid AAA
cultivar, Yangambi km5, with high resistance to both R. similis and P. goodeyi,
and the AA diploid Pisang Jari Buaya, resistant to R. similis (Pinochet and Rowe
1979; Wehunt et al. 1978; Sarah et al. 1993; Price 1994; Fogain and Gowen
1998). Accessions from gene pools of these resistant cultivars have been used as
sources of resistance in Musa breeding programmes with some success (Pinochet
and Rowe 1979; Viaene et al. 2003). In one of the few reports on genetic
resistance screening, using 81 banana diploid hybrids, it appeared that resistance
to R. similis is controlled by two dominant genes, both with additive and
interactive effects (Dochez et al. 2009).

Otherwise, investigations on mechanisms of resistance of Musa spp. to R. similis
and Pratylenchus spp. have largely focussed on characteristics of root structures
and the biochemical responses of resistant and susceptible cultivars on infection.
The presence of more preformed phenolic cells in roots of the resistant cultivar
Yangambi km5 suggests that the formation and this type of cell play a role in its
defence (Fogain and Gowen 1998). However, resistant cultivar Pisang Jari Buaya
may have a different resistance mechanism, because it has fewer preformed phe-
nolic cells in roots, but appears to have more cells with lignified walls than cultivars
susceptible to R. similis (Fogain and Gowen 1998). A possible role of cell wall
lignification may also be evident for other resistant and partially resistant Musa
cultivars, and this suggests that infection by migratory endoparasites may induce
lignification and suberisation of endodermal cells, so limiting invasion of the
vascular bundle (Collingborn et al. 2000; Valette et al. 1998). Differential accumu-
lation of the secondary metabolites phenylalanine ammonia-lyase, peroxidase and
polyphenol oxidase in roots of resistant and susceptible cultivars of banana infected
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with R. similis has been associated with levels of resistance to the nematode pest
(Wuyts et al. 2006b).

8 Cultural, Biological and Chemical Control of Migratory
Nematodes

8.1 Rotations with Non-host Crops

Apart from natural resistance genes or transgenic approaches, the three main
approaches used to control plant parasitic nematodes are cultural, biological and
chemical. Cultural control relates to developing crop rotation systems which
include one or more crop plants which are non-hosts for a particular nematode.
The nematode population should then be reduced substantially during the non-host
period of the rotation, with the aim of reducing the threshold levels of the damaging
nematode to levels below those that result in crop losses. Rotation is more effective
if more than one non-host crop species is available in the rotation, and the
effectiveness depends on the nematode species and also whether it has an ability
to survive for long periods in the absence of a good host. For migratory nematodes
with a wide host range, this strategy may not always work well.

In order to study alternative crops suitable for rotations with wheat in the
Pacific Northwest of the USA, Smiley et al. (2014) surveyed 30 crop species and
cultivars to look for cultivars with reduced reproductive efficiency or as potential
non-hosts of P. neglectus and P. thornei. Poor hosts of both species were
identified in chickpea, pea, safflower and sunflower cultivars and some grasses,
but more crop cultivars were found to be good hosts for both species: the latter
included cultivars of oat, chickpea and lentil. Ten brassica species (canola,
mustard, camelina), sudan grass and a sudan grass/sorghum hybrid were good
hosts only of P. neglectus, and other cultivars of lentil and pea were good hosts
for P. thornei. The defence mechanisms of these non-host plants to migratory
nematodes have not been investigated: such information would contribute to
development of resistance to economically important hosts of these damaging
nematode pests. Similar studies have been undertaken in Australia, which
showed, for example, that densities of P. neglectus, but not of P. thornei, were
likely to be increased after canola (Taylor et al. 2000; Hollaway et al. 2000),
although in Australian environments the choices available for alternative cash
crops to wheat or barley are relatively limited. The use of non-host crops in
rotations to reduce populations of migratory nematodes is a simple approach but
needs further study. Smiley et al. (2014) commented that it is likely that reduced
efficiency of wheat production is associated with rotations that include multiple
crops that are each good hosts of Pratylenchus spp., such as now appears to be
very likely for some wheat—food legume or wheat—brassica rotations.
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8.2 Biological and Chemical Control of Migratory
Nematodes

A range of nematophagous bacteria and fungi can be found in nematode-
suppressive soils, but in the past the success of biological control agents, such as
natural predators or pathogens, used to reduce nematode numbers, was limited
(Kerry 1997). Biological control was more inconsistent, less effective and slower
acting than control normally achieved with chemicals. The use of nematicidal
chemicals for nematode control is not always cost effective or environmentally
acceptable, especially for broadscale agriculture or for small-scale farms in devel-
oping countries. In addition, the phasing out of long-standing chemical nemati-
cides, such as Temik (aldicarb), Mocap (ethoprophos) and Nemacur (fenamiphos),
has spurred research to develop more effective and environmentally benign
methods of chemical and biological control of plant nematodes. Research by
various commercial organisations has led to the development of new seed coating
technologies and biocontrol agents which are now commercially available and are
much more effective than previous generations of biological control agents. For
example, Bayer CropScience now markets VOTiVO, based on Bacillus firmus root
colonising bacteria which colonises root surfaces and reduces nematode access to
root-feeding sites, and Velum (fluopyram), a new class of chemical nematicide
which inhibits mitochondrial respiration in nematodes; Syngenta markets AVICTA
(abamectin), which has broader anthelmintic and insecticidal properties; and a
contact nematicide Nimitz (fluensulfone) has been passed for nematode control
for vegetable crops. Other biological control agents such as the entomopathogenic
fungus Paecilomyces and the parasitic bacterium Pasteuria penetrans are also
available commercially (the latter was initially developed to control sting nema-
todes in turfgrass by Pasteuria Bioscience, which was acquired by Syngenta in
2012). Such biological control agents can be included in an integrated pest man-
agement approach and are stable enough to be applied as a seed coating, so reducing
the chemical load on the field: most are toxic to migratory nematodes. Early
protection and establishment of crop seedlings provides a much greater opportunity
for a crop to reach its full yield potential.

9 Transgenic Approaches to Migratory Nematode
Resistance

Much research has been undertaken to develop transgenic (biotechnological) strat-
egies for nematode control. These include interfering with nematode location of
roots, reducing entry into and migration in roots, preventing formation or disturbing
the functions of feeding cells of endoparasites and delivery of compounds via plants
that interfere with different aspects of nematode life cycles (Fosu-Nyarko and Jones
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2015). The focus of the vast majority of such studies has been on sedentary
endoparasites.

The earliest transgenic strategies for nematode control were based on plant
cystatins, inhibitors of nematode cysteine proteases which interfere with nematode
digestion (Urwin et al. 1997; Vain et al. 1998; Samac and Smigocki 2003). The
range of available cystatins has been expanded, with reports of effective resistance
against the migratory endoparasite Ditylenchus destructor (Gao et al. 2011). The
focus of these and subsequent experimental work was on cyst and root-knot
nematodes.

To find and enter host roots, invading nematodes must respond to root stimuli
and physical and chemical gradients in the rhizosphere: these are mediated by
chemosensory and mechanosensory neurons. Interference with nematode chemo-
receptors can reduce the ability of nematodes to find host roots, and this strategy has
been followed by development of peptides that inhibit acetylcholinesterase, which
appear to be taken up by chemoreceptor sensillae via retrograde transport along
their neurons to cholinergic synapses (Lilley et al. 2011a). Transgenic plants that
secreted this peptide from roots driven by a constitutive promoter (CaMV35S)
reduced establishment of Globodera pallida (Lilley et al. 2004; Liu et al. 2005): the
delivery was refined using expression of the peptide driven by a root cap promoter
(MDK4-20) (Lilley et al. 2011b).

The two experimental approaches outlined above have been progressed to
confined field tests for transgenic plantain (Musa spp.) in Uganda, Africa, to control
key migratory nematode pests, which include R. similis, H. multilinctus, P. coffeae,
P. goodeyi and also endoparasitic root-knot nematodes (Tripathi et al. 2015). In this
work, an antifeedant cysteine proteinase inhibitor from maize and an anti-root
invasion synthetic peptide were expressed either jointly or separately in banana
and subjected to nematode challenge. The results focussing on R. similis and
H. multicinctus showed that the best peptide-expressing transgenic line showed
improved agronomic performance relative to non-transgenic controls and provided
about 99 % nematode resistance at harvest and that the anti-root invasion peptide
appeared to be more effective than the cystatin: in plants expressing both genes, the
cystatin appeared to contribute little additional resistance (Tripathi et al. 2015).
This work demonstrated that expression of cystatins and/or an anti-root invasion
peptide can confer resistance to migratory endoparasites as well as sedentary
endoparasites and provide a potential new mode of control of nematodes for banana
and other tropical crops (e.g. yam, cassava) which are staple foods of small-scale
farmers in Central and West Africa.

As further evidence that root lesion nematode infestation can be reduced by a
cystatin, expression of a modified rice cystatin (Oc-IDD86) in the flower crop
Lilium longiflorum also conferred enhanced resistance to Pratylenchus penetrans,
reducing nematode numbers by about 75 %, resulting in enhanced growth perfor-
mance (Vieira et al. 2014).

An alternative approach to that described above is generally described as ‘host-
induced gene silencing’ (HIGS) and involves using transgenic plants to deliver a
gene silencing (RNAI) signal in the form of dsRNA to silence a vital gene in the
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nematode when it ingests cell contents (e.g. Lilley et al. 2012; Jones and Fosu-
Nyarko 2014). Research in this area on migratory endoparasitic nematodes lagged
behind that on sedentary endoparasitic nematodes, partly because of a lack of
genomic resources, combined with the fact that migratory nematodes are more
difficult to work with than most sedentary endoparasites. However, increasing
genomic and transcriptomic data is now becoming available for migratory endo-
parasitic nematodes, providing a new resource to identify target genes for their
control. As discussed above, ‘next-generation sequencing’ has been used to gener-
ate transcriptome data on P. coffeae, P. thornei, P. zeae, H. oryzae and R. similis
(Haegeman et al. 2011; Nicol et al. 2012; Fosu-Nyarko et al. 2015; Bauters
et al. 2014), and genomic data for P. coffeae is now also available (Burke
et al. 2015). These data now enable identification of new gene targets for RNAi-
based control of migratory nematodes (Fosu-Nyarko and Jones 2015).

The most common approach to determining what target genes to use for nem-
atode control involves (1) a bioinformatics phase to identify potential target genes,
often based on comparative data from the effects of gene knockout in C. elegans, or
identified effectors required for successful plant parasitism; (2) their cloning and
generation of dsRNA to their sequences; (3) in vitro feeding of motile stages with
dsRNA, often in the presence of a neurostimulant to make the nematodes take up
the external solution, and assessment of the effects of gene knockdown in the
nematodes; (4) based on results from in vitro feeding, production of transgenic
plants expressing dsRNA to the nematode target gene; and (5) challenge of the
transgenic plants with nematodes in glasshouse experiments to quantify the effects
on nematode reproduction.

Optimisation of in vitro feeding conditions and treatment with dsSRNA of target
genes show that P. coffeae, P. thornei and P. zeae are all amenable to a level of
control using RNAi (Haegeman et al. 2011; Tan et al. 2013), and this also holds for
transgenic plant resistance (Tan 2015). Thus, there is good reason to expect that all
the migratory endoparasitic nematodes are equally amenable to control by the
RNAi-based HIGS strategy. Such plant-mediated gene silencing traits in nematodes
may be transmitted to the next generation and reduce pathogenicity of nematode
offspring on non-RNAI plants, which suggests that there can be epigenetic inher-
itance of the silencing effect (Elling 2015). The level of resistance obtained by
HIGS, if expressed as the percentage reduction in the number of nematodes present
compared with susceptible controls, is never 100 %, but a percentage reduction in
nematode numbers of up to 90 % or more can be obtained, and this will greatly
reduce nematode populations over time. There are many reasons why 100 %
resistance by this measure is not achieved (Fosu-Nyarko and Jones 2015), but
stacking two (or more) different modes of resistance, such as an RNAI trait and
an antifeedant peptide or cystatin, might provide the most effective and durable
form of transgenic resistance, preferably in a crop cultivar genotype which
expresses the best levels of conventional resistance.
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10 Conclusions

The losses caused to crops by infestation with migratory nematodes are difficult to
quantify accurately, but in many cases they are equal to or more important than
losses caused by sedentary endoparasites. The biology of migratory nematodes is
becoming better understood, especially with the availability of new genomic
resources. In terms of conventional plant breeding, host plant defences can be
improved by marker-assisted selection, which is valuable in combining the best
QTLs contributing to resistance against major species. There is also clear evidence
that migratory nematodes are amenable to various forms of transgenic control, and
new integrated approaches to chemical and biological control are also showing
success in protecting crop plant roots against migratory nematodes. In many ways
understanding of migratory parasitic nematodes and their interactions with host
roots is now emerging from biological darkness into the light.
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