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ABSTRACT

The southern root-knot nematode, Meloidogyne incognita, is sedentary endoparasite
with an adverse social and economic impact worldwide. The cuticle and pharynx of
plant-parasitic nematode is a less studied area of research with only few
developmental genes identified till date. In this study, key genes involved in cuticle
and pharynx development of M. incognita were identified and characterized. An
orthologue of Caenorhabditis elegansdpy-10 (dumpy), dpy-31 and glp-1 (abnormal
germline proliferation) genes were identified in M. incognita. The phylogenetic
analysis revealed evolutionary conserved nature of these genes throughout the phylum
Nematoda. Successful partial mRNA cloning of these three genes in pGEMT-Easy
vector confirms their presence in M. incognita. Temporal regulated expression of
dumpy genes was revealed by qRT-PCR expression analyses. Mi-dpy-10 showed
higher expression at the second stage juveniles (J2s) of the nematode development in
comparison to eggs and adult females. However, Mi-dpy-31 gene revealed higher
expression in adult females in M. incognita suggesting different roles of dumpy genes
during moulting process in nematode development. While Mi-gilp-1 showed
differential expression throughout the lifecycle of M. incognita, with relatively higher
expression in the egg stage. The functional analysis of Mi-dpy-31 and Mi-glp-1 was
conducted in a host-mediated gene silencing strategy by developing gene-specific
dsRNA expressing RNAi lines. There was no significant reduction in terms of
nematode infection in Mi-dpy-31-RNA1 lines as equal number of galls, females and
eggs were observed in RNAi1 and wild-type plants. The Mi-glp-1-RNA1 lines on the

other hand showed 47-50% reduction in the numbers of galls, females and egg

vii



masses. Intriguingly, an adverse effect on the phenotype of second-generation J2s,
which were descendants of the infected females from the glp-/-RNAi lines, was
noticed. These J2s exhibited a significant decrease in the overall distance from the
stylet to the metacorpus region, and disruption around the metacorporeal bulb of the
pharynx. This indicates a role for this gene in organ (pharynx) development during
embryogenesis in M. incognita. In Toto, these findings suggest that Mi-dpy-10 and
Mi-dpy-31 play role in cuticle and Mi-glp-1 in pharynx development in M. incognita
and their potential use as a target in controlling plant-parasitic nematode infection in a

host-mediated gene silencing approach.
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1. INTRODUCTION

With an estimated rise of the global population to about 10 billion by 2050 (Elling,
2013), the world faces one of the biggest challenges of meeting the food requirements.
There are major biotic and abiotic factors affecting both the yield and quality of
economically important crops. There have been many practices adopted in order to
enhance agronomical traits of these crops. With the advancements in improving crop
yields, significant measures have been taken in improving stress management qualities
of crop plants for better production (Atkinson and Urwin, 2012). Apart from abiotic
stresses like drought, heat, cold, and salinity; biotic factors also play significant role in
affecting the crop productivity around the world. Plant-parasitic nematodes (PPNs) are
primary pests affecting the crop productivity, resulting in a loss of hundreds of billion

dollars worldwide (Elling, 2013).

Nematodes, the most abundant multi-cellular animals, occupy nearly every habitat on
earth owing to their resistant cuticle and ability to adapt. These are also known as round
worms. Depending upon the species, nematodes are beneficial as well as parasites that
are detrimental to plants, animals, and human health. PPNs are amongst the most
damaging pest of the world causing serious problems in crop production. There are
wide genera of PPNs depending upon their feeding organ and tissue type. The
ectoparasitic nematodes that feed on plant tissues from outside, semi-endoparasitic
nematode feeding on the plant tissue from inside by embedding its anterior portion
inside the host and its posterior part remaining free in the soil and lastly, endoparasitic
nematodes that feed from inside the host tissue. Endoparasitic nematodes feed on

almost every part/tissue of vascular plants viz. bulb and stem (Ditylenchus dipsaci),
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Bud and leaf (Aphelenchoides spp.), stems (Bursa phelenchus) and root (Heterodera
and Meloidogyne spp.). Amongst them the sedentary root-knotand cyst nematodes are
of great concern to biologists. Most widely studied species are Meloidogyne spp.,

Globodera and Heterodera spp(s).

Root-knot nematode (RKN) (Meloidogyne spp.) are obligate endoparasite, that locate
the host, invade it through roots, select the site and then establish a feeding site inside
the plant before being able to reproduce. At the time of infection infective juveniles
pierce the root cell-wall through secretions to enter the host cells. In the pericycle it
hacks the plant auxin pathway for inducing increased cell divisions. This results in the
enlargement of cells in vascular cylinder. Development of a typical nurse cell system
called “‘Giant cell’ or ‘syncytium’ or gall is triggered as a result of action of feeding by
nematode. These galls are the underground symptom of root-knot nematode disease
whichare multinucleated with dense cytoplasm. These cells also consist of enlarged
nuclei along with numerous mitochondrial and Golgi bodies that are metabolically
active. By virtue of the broad host range RKN are one of the most hardened foes to

almost every economically important crop.

The conventional approaches to managing the PPN infection are not enough. Nematicides
used for preventing PPN are highly toxic and environmentally unfriendly. Agricultural
practices like soil sanitization; crop rotation is insufficient and cannoteffectively control
the nematode infestation. Biological agents like nematode eating fungus and bacteria are
not available for every nematode pathogen. For successful prevention of nematodes
infection, a thorough study of their morphology, biology and host parasitic relationship is

necessary. Exploitation of genetic approaches to parasitism, as advocated by Bird (Bird et
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al. 1999), could be a powerful route for novel methods of controlling PPNs. Nematode
parasitism is based on a series of signaling events that leads to various changes in the
nematode and complimentary in the host plant. Different plants have nematode resistance
genes occurring naturally as a means of defense against PPNs. Use of host-plant
resistance has been successful against nematode infection and is one of the most preferred
method. But the nematode resistance is restricted against specific species of a particular
nematode. In some cases, the genetic diversity within the nematodes limits the

effectiveness of existing resistant cultivars.

Knowledge of genetic compliment of many crop plants and the availability of new
molecular techniques has lead to the development of genetically based resistance to
nematode diseases. In a classical piece of genetic engineering, a cyst resistant gene
against H. schachtii was introduced from wild Beta species into sugarbeet (Cai et al.
1997), transgenic plants expressing proteinase inhibitors can impart effective resistant
against several nematodes species (Atkinson et al. 2003). Use of resistant plant has been
successful against nematode infection but it mainly depends upon the presence of
resistance genes in the gene pool of crop plant that can be transferred via conventional
breeding. For instance, the Mi gene for resistance in tomato against few species of
Meloidogyne viz M. javanica, M. anenari and M. incognita, is very effective
(Williamsonet al. 1994a; Kaloshian et al. 1995; Milligan et al. 1998). But breaking
down of resistance in the field population of M. incognita and M. javanica has been

reported (LOpez-Pérezet al. 2006).

In the last decade, a new biotechnological approach i.e. RNA interference (RNAI) has

attracted much attention from the researchers all over the world. The fundamental idea
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includes an effective post-transcriptional gene silencing with complementary sequences
by a potential double-stranded RNA (dsRNA) molecule. It was originally determined in
free-living nematode, Caenorhabditis elegans (Fire et al. 1998). There is increasing
documentation of RNAI efficiency against PPNs both in RKN and cyst nematodes
(Heterodera glycine and Globodera pallida) (Urwin et al. 2002). Urwin et al (2002)
targeted Cysteine protease and C-type lectin like genes in second juvenile stage of life
cycle of M. incognita. A significant decrease in infection level along with the
phenotypic effects like modified sexual fate, lower levels of specific transcript of these
genes was noticed. 16D10, a conserved parasitism gene inRKN species, when targeted
for gene silencing via host-mediated gene silencing showed 63% to 90% decrease in
number of galls in M. incognita (Huang et al. 2006a). Similar affects were observed in
M. javanica, M. arenaria and M. hapla (Huang et al. 2006a). Thus, pointing as a broad

range resistance mechanism against RKNs.

Diverse secretory and effector genes were reported as efficient targets for developing
nematode resistance for example, Misp12 expressing in the dorsal esophageal gland,
SXP/RAL-2 secretory protein expressed in subventral pharyngeal glands (Xie et al.
2016; Tytgat et al. 2004). Several studies on specific gene knockdown through RNAI
for secretory genes influencing parasitism in PPNs are present (Kohli et al. 2018). But a
few of the development genes have been targeted for RNAI based silencing for
managing the PPNs. Rpn7 gene, important for the integrity of 26S proteasome was
targeted for controlling RKN M. incognita (Niu et al. 2012). Mg-pat-10 and Mg-unc-87
genes functioning in muscle contraction and maintenance of structure myofilaments,

knock-downed in vitro through soaking, showed 91% and 87% reduction, respectively
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in infected M. graminicola (Nsengimana et al. 2013). nhr-48, a nuclear receptor gene
was suppressed in M. incognita as a resultdelayed development and reduction inits
reproduction was observed (Lu et al. 2016). Research on RNAI based controlling of
RKN is also focused on targeting secretory and effector proteins. There is a limited
research documenting the potential of key developmental genes for host-mediated

RNAI approach based nematode resistance.

1.1 Relevance of the study

Since M. incognita resides in host body throughout the life cycle, several significant
changes in the organs and eventually at transcript levels of PPNs occur. Such infection-
responsive genes are central to successful invasion by PPNs. Cuticle and pharynx
developmental genes were considered as a target because it is by virtue of these organs
that M. incognita enables to survive inside the host tissue withstanding plant defense
attack. Thus, identifying and characterizing such genes that play a crucial role in the
development of these vital organs will broaden our understanding of M. incognita
development. The present study was aimed at identification and characterization of glp-
1, dpy-10 and dpy-31 genes involved in development of M. incognita. The study also
describes expression profiling of these genes at different development stages in M.
incognita. The host-mediated RNA. silencing strategy was also adapted to evaluate the
ability of Mi-glp-1 and Mi-dpy-31 as a probable candidate gene for control of nematode

infection by developing nematode resistant transgenic Arabidopsis plants.

Thus, the present study entitled “Identification of key genes involved in root knot
nematode (M. incognita) development for effective resistance in plants using RNAI"

was undertaken with following objectives:
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l. In silico identification of the critical gene(s) of Meloidogyne incognita involved in
development.

Il.  Cloning and characterization of cuticle and pharynx genes and their transcript
profiling.

I1l. Evaluating the efficacy of these genes in Arabidopsis thaliana for nematode

resistance against M. incognita.



Chapter 2

Review of Literature



2. REVIEW OF LITERATURE

2.1 Nematodes and its phylogeny

Members of phylum Nematoda (or Nemathelminthes) are a large group of
invertebrates with over 25,000 species, including free-living, plant-parasitic and
animal-parasitic species. These were once classified with a considerable divergent
cluster of animals. These were all classified in a group based on their overall worm-
like appearance, a pseudocoelom (structure of an internal body cavity), and absence of
features such as cilia and a head that are present in nearly all animals. Nematodes,
diversely accepted as Aschelminths or Pseudocoelomata, was once recognized as a
natural one but not anymore. Presence of pseudocoelom as underived feature and a
simple body plan is thought to have resulted most likely from reduction and
simplification from more than one group of ancestral organisms (Wallace et al. 1996).
Prevailing studies impliesa close relation of nematodes to the arthropods and are
recognized in a clade, the Ecdysozoa (Aguinaldo et al. 1997). These were further
classified under the phylum “Nematoda”due to bilateral symmetry, triploblastic,
unsegmented and pseudocoelomates body like features. Nematodes lack specialized

circulatory or respiratory system.

Nematodes are multicellular animals having a soft body and can shed cuticle by a
process known as moulting (Lambert and Bekal, 2002). After insects these are
remarkably plenty in number and distinct animals exceeding their diversity. Majority of
nematodes are free-living feeding on bacteria, fungi and protozoans (40% of the

reported species). Most of them are beneficial nematode species which are recognized


http://www.ucmp.berkeley.edu/phyla/phyla.html
http://www.ucmp.berkeley.edu/arthropoda/arthropoda.html
http://www.ucmp.berkeley.edu/phyla/ecdysozoa.html
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as pollution indicators, there are others that aid in circulation of nutrients. However,
many are parasites of animals (among vertebrates 44% of the described species) and
plants (15% of the reported species). The PPNs were first identified in wheat seeds by
Needham (1743). But it is after the discovery of root-knot nematodes on cucumber by
Berkeley (1855) and cyst nematodes causing “beet-tired” disease on sugar beets by
Schacht (1859), plant nematology came forth as a significant branch of scientific

speciality.

Nematodes are present in almost every habitat viz. in marine, in freshwater and
terrestrial environment. They are placed under clade Ecdysozoa in phylum Nematoda
(Dunn et al. 2008). Due to diversity in the structure and feeding habitats of nematodes
scientists resolve to small subunit ribosomal DNA (SSU rDNA) sequence analysis for
establishing a phylogenetic relationship among the nematodes (Aleshin et al. 1998;
Blaxter et al. 1998). Recently, Van Megan presented a phylogenetic tree based on 1,215
SSU rDNA sequences across the nematode species resembling that of constructed by
Holterman dividing Nematoda into 12 clades (Holterman et al. 2006). It can be seen
that PPNs have emerged independently in phylum Nematoda (Figure 2.1). The
infraorder Tylenchomorpha is comprised of economically most important plant

parasites which are a potential threat to world agriculture (van Megen et al. 2009).

It is very difficult to classify nematodes due to diversity in their structure and feeding
habitats. Thus, prompting scientists to resolve to better and more authentic system for
phylogenetic studies. Small subunit ribosomal DNA (SSU rDNA) sequence study is
one such established method for developing phylogenetic relationship among

nematodes (Aleshin et al. 1998; Blaxter et al. 1998).
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Figure 2.1: Phylogenetic tree constructed on the basis of SSU rDNA sequences across
nematode species. The species inside dotted boxes represents major parasitic nematodes.
Source: Holterman et al. 2006.

2.2 Plant-parasitic nematode (infraorder— Tylenchomorpha; Order-
Rhabditida; Suborder- Tylenchina)

Nearly all species of PPNs belongs to the class Chromodorea, order Rhabditida and

suborder Tylenchida. It is the most extensively investigated group within this order.
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Several evolutionary relationships of Tylenchida were presented using various
strategies. According to the Holterman phylogenetic tree, Meloidogynidae,
Heteroderinae, and Pratylenchidae comprise of clades with most important plant-
parasites (Bert et al. 2011) (Figure 2.2). PPNs are recognized as major pathogens
causing an estimated world-wide crop loss of $US157 billion per year (Singh et al
2015). They are usually small, soil borne pathogens with an extensive host range. There
are 4100 PPNs species reported (Decraemer and Hunt, 2006). Plant-parasitic nematodes
range from 250 um to 12 mm in length, and about 15-35 um in width. The outer
appearance of nematode body appears to be segmented because of presence of
annulations (accordion-like transverse grooves) on the cuticle. This helps PPN in
binding without producing any kinks. Nematodes have an un-segmented body structure

with no replication of any parts throughout its body (Lambert and Bekal, 2002).
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Figure 2.2: Evolution of parasitic nematodes based on ribosomal DNA. Source: Bert et al. 2011.

10



Review of Literature

PPNs can be further classified on the basis of their different feeding strategies as
Ectoparasites, Semi-endoparasites, migratory endoparasites and sedentary endoparasites.
Ectoparasites derive their nutrition through specialized structures called stylet for
ingesting food material while remaining outside its host plant. For example, Xiphinema
(Class- Enoplea) is an example of ectoparasite. They are motile in nature due to which
are known to transmit viruses. Semi-endoparasites for example, Rotylenchulus
reniformis are able to partially penetrate the root and form a permanent feeding cell. It
is the anterior part of the nematode that remains inside the host. Another class of PPNs

is of migratory endoparasites.

As the name suggests they remain motile and migrate through root tissues inducing a
massive plant tissue necrosis. They feed through stylet only which helps in simply
sucking out the plant cytoplasm. Thus the need for a permanent feeding site does not
arise in this type of feeding strategy (for example, Pratylenchus or lesion nematode).
But the most damaging nematodes are the sedentary endoparasites including two main
groups of plant-parasitic nematodes viz. root-knot nematodes (RKNs) and cyst
nematodes (CNs). These nematodes have a sedentary lifestyle i.e. once penetrating their
host they complete their life cycle within the host tissue by forming a permanent
feeding cells resulting from a repeated divisions as is the case in RKN or by the
incorporation of neighboring cells into a syncytium which is formed by the breakdown
of neighboring cell walls in case of CNs. Because of this type of feeding behavior host
plants suffers a severe damage leading in a permanent loss of movement of fluids across

the plant tissues.
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2.3 Root-knot nematode (Meloidogyne incognita) and its general features

Root-knot nematodes (RKN), Meloidogyne spp., are obligate, biotrophic, sedentary
endoparasites with majority of their life-cycle occurring within host-plant roots with an
expansive plant host-range (Sasser, 1980). Thus this makes them the most damaging
and economically important group of parasitic nematodes among the PPNs worldwide
(Chitwood, 2003; Lilley et al. 2007). Following is the phylogenetic classification of

Meloidogyne incognita as per Escobar et al (2015):

Phylum: Nematoda
Class: Chromadorea
Order: Rhabditida
Suborder: Tylenchina
Superfamily: Tylenchoidea
Family: Heteroderidae
Subfamily: Meloidogyninae

Genus: Meloidogyne

Meloidogyne is a Greek word meaning ‘apple-shaped female’. This genus with more
than 90 species is comprised of three clades as defined by Tandingan et al (2002)
(Figure 2.3). There are three particular Meloidogyne species that are deemed to have a
stable existence in warm countries (ranging between 35 °S and 35 °N latitudes of the
world) namely, Meloidogyne javanica, Meloidogyne incognita and Meloidogyne
arenaria (Taylor and Sasser, 1978). Thus, four Meloidogyne spp. namely, M. incognita,

M. javanica, M. arenaria (belonging to Mediterranean and tropical areas) and M. hapla
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(the temperate species) are the four most important polyphagous species with most

damaging effect on agriculture.

M. incognita

M. javanica

M. arenaria

M. morocciens
M. floridensis
M. paranaensis
M. arabicida

M. ethiopica
M. enterolobii

M. hapla

M. microtyla
M. ardenensis
M. maritima
M. spartinae
M. duytsi

M. chitwoodi
M. fallax

M. minor

M. naasi

M. graminicola
M. oryzae

M. exigua

M. artiellia

M. mali
M. ulmi

Meloidogyne sp.

. ichinohei

Figure 2.3: Phylogeny of Meloidogyne spp(s) divided into three clades based on Holterman et
al. (2006) phylogenetic tree. Source: Bert et al. 2011.

The most common above ground field symptoms of RKN infection are the yellowing of
leaves and restricted growth while it is the infected roots that show development of
galls or knot like structure indicating the attack of RKNs. Due to complex life cycle of
Meloidogyne incognita, the body morphology changes from vermiform juvenile to adult
swollen peer-shaped sedentary female (Figure 2.4). The body wall consists of cuticle.

The mouth opening has a specialized structure stylet which is in continuous with

pharynx, the digestive tract.
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Figure 2.4: Representation of anterior part of second-stage juvenile (J2) of root-knot nematode.
Source: Hussey et al.2002.

2.4 Global impact of root-knot nematode on agriculture

PPNs are distributed globally surviving almost in every climatic condition from
Mediterranean to tropical and even in the temperate regions. Some of these PPNs are
cosmopolitan adapted to varied regions such as Meloidogyne spp. whereas; some are
restricted to certain geographical regions like that of Nacobbus spp. And yet there are
few which have highly specific host and hence, specific region such as Heterodera
carotae, infecting carrots only. Thus, the widespread distribution and varied host range
makes PPNs one of the largest dangerous pests (Webster, 1987). Among the RKN,
Meloidogyne incognita is extensively spread in tropical and subtropical regions. It is
known to infect more than 3000 wild and cultivated plant species along with about 138
species of weeds (Hussey and Janssen 2002; Rich et al. 2009). One of the largest
Meloidogyne species i.e. M. hapla is found in northern United States, Europe, parts of

Asia, Canada as well as in South Americathat are known for the cool climates with
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temperature between 0 °C to 15 °C or above. Whereas as the equator approaches, M.
incognita and M. javanica are the most common RKN found. Globally, estimated crop
loss due to plant-parasitic nematode is of $80 billion (Handoo et al. 1998). In USA, up
to 25 % loss to crops is due to nematode attack alone. In economic terms, nematodes
cause loss of about $157 billion annually to world agriculture (Singh et al. 2015).
However, extensive information on accurate economic loss is often lacking. One of the
main stumbling blocks for this is the notable absence of above ground symptoms of
PPN infestation on infected crops. Not only this, damage occurring from PPN is often
difficult to notice than that triggered by other pests or diseases (McCarter, 2009; Nicol

etal. 2011).

2.5 Root-knot nematode distribution and its impact on Indian agricultural

economy

In India, various crops are infested by different species of root-knot nematodes. The
first report of any plant-parasitic nematodes was that of root-knot nematode identified at
that time as Heterodera radicicola, on tea from Kerala (Barber, 1901). Then M.
incognita infecting jute was recorded for the first time in India from West Bengal by
Chattopadhyay and Sengupta (1955). The reports on occurrence of root-knot nematode
(Meloidogyne spp.) on various crops in different states of India were reported by
different biologists thereafter. In India, the loss due to nematode infection is predicted at
about 14.6% going upto as high as 50- 80% in some crops. About $40.3 million is the
estimated amount attributed to nematode attack as the national loss (Singh et al. 2015).
The distribution of M. incognita and other PPNs species infecting major crops in India

is shown in Figure 2.5 indicating the severity of the plight caused by RKN infection.
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Figure 2.5: Area-wise distribution of PPNs infecting primary crops in India (Adapted from
Nematode ATLAS 2011, IARI).
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2.6 Lifecycle of root-knot nematode

As sedentary endoparasite, M. incognitainfects the internal region of host roots and
residespermanently in roots for survival that is to complete its life cycle by
derivingnutrients; it has developed a specialized organ for it called the stylet (Figure
2.6). Females lay eggs into glycoprotein gelatinous matrix which are on the surface of
the feeding site of roots. Apart from providing protection against environment, egg
masses are known to have antimicrobial properties (Orion and Kritzman, 1991). The
first-stage juvenile (J1) is produced inside the egg before moulting to second-stage
parasitic J2. Moulting is a process in which synthesis of cuticle occurs at each
development stage. In the life cycle of RKN moulting is reported to occur five times
during its development (Davis et al. 2004). It is required for the progression between
the larval stages in the life cycle of nematodes. The hatching of these infective J2s is
temperature, moisture and other factors such as availability of root exudates dependent.
Once hatched pre-parasitic J2 then penetrates roots by secreting cell-wall degrading
enzymes through stylet (Abad et al. 2003) and migrates intercellularly between cortical

cells before reaching vascular cylinder to form a permanent feeding site.

In the vascular cylinder both the protoxylem and protophloem cells undergoes
differentiation to develop into nurse cells namely, giant cells functioning as a
specialized sinks, providing nutrient supply to the growing nematode (Caillaud et al.
2008). The giant cells or knots are the only visible symptom of RKN attack on the
infected plant. Once feeding site is established migratory J2s transformed to sedentary
nematode and begins feeding. The giant cell walls thicken and increase in its surface
area for more absorption of nutrients. After this stage nematode increase in size and

undergoes moulting to the third-stage J3 and then to fourth-stage J4 and finally to

17



Review of Literature

another moult to reach to the reproductive mature adult stage. RKN reproduce by
parthenogenesis. Due to unfavourable conditions if males develop, they are vermiform

and migrate out of the plant (Castagnone-Sereno, 2006).
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Figure 2.6: Schematic diagram of events occurring in a life cycle of a M. incognita. (Images
used were taken in lab during the Ph.D. research work).

2.7 Cuticle: essential element for M. incognita morphology and integrity

Root-knot nematodes have a complex life cycle, their morphology changes from one-
celled zygote to a vermiform, juvenile which undergoes four moulting to reach adult
reproductive stage. Size of nematodes ranges from 400-1000 pm (Vanholme et al.
2004). Among the three life stages of RKN, J2s and males are vermiform. It is the
females which are different in shape. Females have pear-shaped body with neck region
musculated. The body wall in female protects her from the environment while in J2s
and males it also helps in movement through the soil. Three major layers in body wall

namely cuticle, hypodermis and somatic muscles are present (Bird, 1971). According to
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the life stages, thickness of these layers varies ranging from 0.3-0.4 pm in J2s to 1.5 pm

thick in males and up to 4-6 pum thick in the females.

The nematode cuticle is a multifunctional exoskeleton which is a highly impervious
barrier between nematode and its environment. It is formed by an underlying

ectodermal cell layer termed as the hypodermis (Figure 2.7).
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Figure 2.7: Structure of a nematode cuticle collagen. a) A transverse section of nematode body.
(b) The internal structure of nematode cuticle during cuticle secretions depicting furrows in
hypodermis and actin filaments. (c) Hypodermis after cuticle secretion and dissociation of actin
bundles. Source: Page and Johnstone, 2007.

Interestingly, in a life cycle of plant-parasitic nematode synthesis of cuticle occurs five
times during its development and this process is known as moulting. It is required for
the progression between the larval stages in the life cycle of nematodes (Davis et al.

2004). The cuticle synthesis occurring second round time and henceforth occurs
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underneath an existing cuticle unlike the initial round of synthesis. It is an extracellular

matrix, where collagen constitutes as one of the major components.

2.7.1 Cuticle collagen genes

Cuticle, one of the major outer layers of nematode is composed of cuticle collagen
proteins. These cuticle collagens proteins are encoded by over 170 members belonging
to a gene family of cuticle collagen. Collagens are structural proteins with glycine-X-Y
tripeptide repeats, where X- proline and Y- mostly hydroxyproline or proline

surrounded by conserved cysteine residues (Johnstone, 2000) (Figure 2.8).

1 2 3
Non-collagen Gly-X-Y collagen domain Non-collagen
91-381 aa 171-178 aa 9-393 aa
ccc cc cc
é
D Signal peptide I cysteine residue . Gly-X-Y collagen repeats

l:l Subtilisin-like cleavage .Imerruption to Gly-X-Y

Figure 2.8: Schematic representation of structure of nematode cuticle collagen. It consists of a
three-domain structure with non-collagenous amino and carboxy domains and a central Gly-X-
Y collagen domain. Source: Page and Johnstone, 2007.

In C. elegans, about 21 cuticle collagen genes were identified through mutants of these
genes (Page and Johnstone, 2007). These mutated genes include phenotype as
DumPY (Dpy), Ray AbnorMal (Ram), RoLler (Rol), BLlIster (Bli), SQuaT (Sqgt) and
LONg (Lon) (Table 2.1). Some of the members belonging to the cuticle collagen
family are expressed throughout the life cycle while many collagen genes are required
at a different time point of the moulting stage thus exhibiting specific function at a

specific time. The studies have revealed cuticle collagen genes are expressed in a
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defined temporal series with a repeated pattern at each synthetic period (Johnstone and
Barry, 1996). Thus on the basis of time expression they are grouped as early,

intermediate, or late, cuticle genes corresponding to their respective mRNA abundance.

Table 2.1: List of cuticle collagen genes identified in C. elegans on the basis of RNAi phenotype.

Gene Cosmid Group Phenotypes
sqt-1 B0491.2 1 Dpy, RRol, LRol, Lon, Dom
dpy-17 F54D8.1 1 Dpy
lon-3 ZK836.1 1 Lon

rol-6 TO1B7.7 1 RRol, Dpy, Dom
dpy-5 F27C1.8 1 Dpy

bli-1 C09G5.6 1 Bli

dpy-9 T21D12.1 2 Dpy

sqt-2 C01B12.1 2 wDpy/ RRol
rol-8 ZK1290.3 2 LRol

bli-2 F59E12.12 2 Bli

dpy-3 EGAPT.1 2 Dpy, DLRol
ram-3 F38A3.1 2 Ram/Dpy
rol-1 Y57A10A.11 3 LRol/wDpy
ram-4 F36A4.10 3 Ram

sqt-3 F23H12.4 3 Dpy, LRol, Dom
dpy-13 F30B5.1 3 Dpy
dpy-4 Y41E3.2 3 Dpy
dpy-7 F46C8.6 dpy-7 Dpy, DLRol
dpy-8 C31H2.2 dpy-7 Dpy, DLRol
dpy-2 T14B4.7 dpy-2 Dpy, DLRol
dpy-10 T14B4.6 dpy-2 Dpy, DLRol, LRol, Dom

Source: Page and Johnstone, 2007

2.8 Pharynx: Organ for feeding and parasitism

The pharynx organ is a bilobed, linear tube structure which is sheathed in a basement
membrane (Figure 2.9). The pharynx structure is continuous with the stylet lumen in
M. incognita (Eisenback and Hunt, 2009) and is one of the vital organ for its
development. Pharynx has six regions which are defined as follows starting from the
stylet - buccal cavity, procorpus, metacarpus, isthmus, terminal bulb and pharyngeal-
intestinal valve. It is composed of 95 nuclei which are grouped into seven cell types:

arcade cells, muscles, epithelia, neurons, glands, marginal cells and valves. The gland
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cells of pharynx are vital for establishing host-parasite relationship (Albertson and
Thomson, 1976). It is the metacarpus region that helps in pumping the secretions from
gland cells into the host and substances from the host into its intestine and these
secretions from gland cells have been of great interest for developing nematode

managing strategies.
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Figure 2.9: Pharynx structure in C. elegans. The schematic diagram represents a detailed
structure of digestive track.Source: Mango, 2007.

2.8.1 Polyclonal development of pharynx during embryogenesis in nematodes

Pharynx development during embryogenesis in C. elegans is very well studied. Two
sister blastomeres, AB and P; are the first product of fertilized eggs after undergoing
first cleavage in C. elegans (Sulston et al. 1983). These two sister blastomeres although
originates from a same egg they differ extensively in their sub sequential development.
For instance, P; produces intestinal cells but AB does not. Asecond round of cleavage,

AB results in ABa and ABp blastomeres, where ABa produces pharyngeal cells (Priess
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et al. 1987). Pharynx composed of cells of different embryonic origins (Mango, 2007)
that is produced by two different cell lineages at 4-cell stage viz. ABa and EMS
pathways (Figure 2.10). These cells produce pharyngeal together with non-pharyngeal
cells. ABa and EMS pathways are responsible for producing pharyngeal cells via atleast

two defined molecular pathways (Table 2.2).
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Figure 2.10: Early pharyngeal development. At 4-cell stage, Aba and EMS, sister blastomeres (as
shown in green) are responsible for generating pharynx. Cells in grey color are lineage of green
cells which do not participate in pharynx cell formation. Source: Mango, 2007.
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Table 2.2: Genes identified in pharynx development in C. elegans.

Cene | Homology

M/Z.

Expression

Pha

Targets

Binding

Upstream

References

pha-4

(initiation) | phenotype SEQJUENCE genes
gi-! |MotchBep | M | ABa@4 Aph rof-| N/ 7 Kalb et al.. 19498;

Mango et al., 19%4;
Priess et al., 1987

fag-1 | Su{H) TF

M

Broadly

raf-l

pha-4

RTGGGAA

gip-1

Christensen et al_,
194%6; Smith and
Mango, 2006

skn-l | Zipper TF

M

EM5E4

raf-l

-1

GIATCAT +
AT

Bowerman et al..
194%2; Maduro et al.,
2005b; Mango et al.,
194%4; Meves amd
Priess, 2005

me- 12

GATA ke
fnTF

M. Z

EMS@E4
amd

amd- 173
k25

RRRAGT-
ATAC

Brotiman-Maduro et
al.. 2005; Maduro et

ARp@4
EMS@24

-2

matermal al.. 2001
rof-l  |BHLHTF | Z | ABa@26 none the-37 | CANNTG fag-1  |Neves and Priess,

2005%; Smith and
Mango, 2006

M5a2g

the-3738|  T-box Z | ABa@24 Aph phad? ? raf-lin  |Good et al., 2004
zome cell
types

phad Fox A, Z | ABa@44 Pha mamy | TRTTKRY fag-1 | CGaudet and Mango,

#w-3708
med- 172
gip-1

2002; Good et al.,
2004; Madhro et al.,
20050; Mango et al.,
194%4; Smith and
Mango, 2006

TF

cof-27

hitz-1 H2AZ Z Broadly | Delaved | myo-2, N/ 7 Updike and Mango,
histone from the | activation | ROVEL O 2006
varlant 2Bcell
stage
thy-2 T-box Z | ABa@BE ABa pha-4 7 raf- 1 in | Chowdhury et al,
muscles | ceh-227 siyme celis | 2006; Smith and
absent - 37387 | Mango, 2006
caf-22 | Nkx2-b Z pm3-5, | Indistinct | myo-2 | CACTTAT | pha-4  |Kalb etal., 1998
Homeobox pml BM cah-22  |Mango et al., 1994;
TF Around cefi-d  |Okkema and Fire,
pharym: pha-Z2 [ 19%4; Okkema et al.,
1947
pab-l |FLYWCH | Z Broadly Clands mwe-2 |YDTGCCRW ? Beaster-Jones and
ZnTF distended (Okkema, 2004;
Thatcher et al., 2001
dai-lZ | NHRZn | Z Broadly Daf mo-2 | AGTGCA daff  (Aoetal, 2004

Source: Mango, 2007.

The ABa pathway is dependent on intercellular signaling between the Notch receptor

orthologue glp-1 (abnormal germline proliferation) and blastomeres (Mango, 2007). Glp-

1 is a notch receptor gene and induces germline proliferation during pharyngeal

24



Review of Literature

embryonic development. While the EMS pathway is glp-1 independent and depends on

two maternal genes, namely skn-1 and pop-1 to develop pharyngeal cells (Mango, 2007).

2.9 Meloidogyne incognita genome

Whole genome sequencing of M. incognita revealed a genome size of 86 Mb that
comprises 2,817 supercontigs using whole-genome shotgun approach (Abad et al.
2008). In the assembly absence of DNA characteristic of any bacterial genome
(specifically endosymbiont) was notable. The study also identified 19,212 protein-
coding genes in its genome. Genes involved in parasitic interactions were identified,
among them were 61 plant cell wall-degrading, carbohydrate-active enzymes
(CAZymes), 21 cellulases and six xylanases from family GH5, two polygalacturonases
from family GH28, 30 pectate lyases from family PL3, and four were secreted
chorismate mutases. The study found similar genes in M. incognita that lead to fatal
RNAI phenotype as reported in C. elegans. It also reported orthologs of several known

nematode nuclear receptors that are present in C. elegans (Abad et al. 2008).

2.10 Dumpy (Dpy) genes

Cuticle genes are categorized into six groups based on the motifs and presence of Gly-
X-Y region. Of the 154 cuticle genes identified in C. elegans, 68 belong to Group 1, 12
to Group 1a, 38 to Group 2 and 31 to Group 3. Apart from these there are two other
groups namely, dpy-7 and dpy-2 group having three and two members, respectively.
Major of the cuticle genes have been identified by mutation using RNAI experiments.
Among them Group 1 genes are bli-1, sqt-1 and rol-6; bli-2 forms Group 2; Group 3
genes are dpy-13 and sqt-3. The other two groups are named based on the genes

constituting these groups namely, dpy-7 Group having single gene dpy-7 and dpy-2
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Groupbut is having two genes, dpy-2 and dpy-10. Group la genes are not identified
based on mutational studies. All the identified cuticle genes by mutation are involved in
formation of the basic collagen structure i.e. main blocks of Gly-X-Y collagen; each

separated by cysteine residues thus forming domains namely I, 1l and I11.

In C. elegans more than 50 genes affecting overall biological structure have been
identified by mutation and genetic mapping (Von Mende et al. 1988). The most
common mutant class is DumPY (Dpy) and genes responsible to this phenotype have
been characterized as cuticle collagen genes as identified in C. elegans. Dumpy class of
genes is a family of zinc metalloproteases also known as Astacins. A member of astacin
family was first time described in crayfish and was revealed as a digestive enzyme
(Titani et al. 1987). Astacin family is a divergent group having digestive enzymes,
hatching enzymes with other astacins that are determined in C. elegans (Park et al.
2010). C. elegans zinc metalloproteases were distinguished into six subgroups formed
as per the domain organization, especially that are present in C-terminal extensions next
to the catalytic site. In C. elegans astacins, three basic structural and functional moieties
can be distinguished: pre pro portion, the central catalytic chain and long C-terminal
extensions with apparently regulatory functions. In these the regulatory moiety certain
domains and motifs have been distinguished namely, astacin domain, EFG-like, CUB
domainsand others. Subgroup | members (nas-1 to nas-5; Nematode astacin protease
(nas)) lack additional domains. Subgroup Il (has-6 to nas-15) is indicated by SXC/ShK
toxin domains. Members of subgroup Il (nas-16 to nas-30) mostly known for one EGF
as well asone CUB domain. Subgroup IV (nas-31 and nas-32) comprised of single
SXC/ShK toxin domain besides EGF and CUB domains, while subgroup V (has-33 to

nas-38) are identified by presence of TSP1 domain instead. Subgroup VI (nas-39) has
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only one BMP- 1/Tolloid domain as studied in C. elegans (Park et al. 2010). Among the
identified C. elegans astacin genes, the members of Subgroup V, majorly nas-36 and
nas-37, are found to play role in moulting process. Another member of this subgroup
viz. nas-35 or dpy-31 is very well characterized in parasitic nematodes for example in
B. malayi. Dpy-31 gene is reported to be involved during shedding of cuticle layer (Park

et al. 2010).

2.11 Glp-1 (abnormal germline proliferation-1) gene

Glp-1, abnormal germline proliferation gene, is one of the key gene associated with
pharynx development via ABa pathway during embryogenesis. This pathway is
determined by intercellular signaling between blastomeres and glp-1, the Notch
receptor orthologue. The product of glp-1 gene induces certain AB descendents to
differentiate into pharyngeal cells. Glp-1 is a homolog of the Drosophila Notch gene
and induces germline proliferation during pharyngeal embryonic development (Priess et
al. 1987; Priess and Thomson, 1987; Roehl et al. 1996). Glp-1 is crucial for cell
interactions during embryogenesis in nematodes. It is a part of conserved family
comprising transmembrane proteins such as LIN-12 in C. elegans (Yochem and
Greenwald, 1989), Notch in Drosophila (Wharton et al. 1985b; Kidd et al. 1986), and
several homologs in vertebrates that includes humans (Stifani et al. 1992). It is
structurally and functionally identical to another Notch-related receptor, lin-12, which
has similar conserved motifs, imparting functional roles to both of them as membrane-
bound receptors required in Notch signalling. Studies have shown that both the notch
signalling receptors namely, GLP-1 and LIN-12 have binding sites for LAG-1 (Yochem
and Greenwald, 1989). During early embryogenesis, GLP-1 is required between the 4-

to 28-cell stages. There are evidences that suggest the involvement of GLP-1 in
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inductive interactions between posterior and anterior blastomeres to specify several
anterior cell fates (Evans et al. 1994). In embryo, Glp-1 RNA is contributed maternally
which is then carefully translated in ABa and eventually to its sister ABp blastomere
(Mango, 2007). Thus, the glp-1 gene donates a regulated maternal mRNA to the early
embryo (Figure 2.10). It is reported that glp-1 mRNA is distributed in anterior region.
GLP-1 function in the embryo is stringently dependent on maternal glp-1 expression
(Austin and Kimble, 1987; Priess et al. 1987). By Northern blot analysis, glp-1 mRNA
is found to be present in both the germline and early embryo (Ahringer et al. 1992). In
the C. elegans germline, function of GLP-1 is related with mitosis and/or in repression
of meiosis. Loss of glp-1 creates a critical germline proliferation deformity and entry

into meiosis (Austin and Kimble, 1987).

2.12 Conventional methods for RKN management

There are numerous ways that are broadly practiced in managing these parasitic
nematodes. The conventional approaches to manage the PPN infection are not enough.
Albeit usage of chemical nematicides in regulating nematode infection is a useful method
of late, controversies related to contagious groundwater, environmental poisoning and its
remnant in food have led to formulation of rigorous mandates of their use in agriculture.
Not even this certain countries have also prohibited the commercialization of nematicides
(Tamilarasan and Rajam, 2013). Other cultural practice like crop rotation, non-host crop
are generally enough by itself in regulating nematode infection overextending at
economically devastating state. Nonetheless, correct determination of nematode species is
crucial for recognizing its hosts and non-host plants (Yepsen, 1984; Mary, 1996; Wang et
al.2004). Method like crop rotation is not enough in eliminating nematode infestations

completely due to the wide host range of root-knot nematodes. Another method is
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fallowing i.e. leaving land for a period of time. Although it is most effective when done
during hot, dry weather has some negative effects such as soil erosion and loss of soil
moisture and nutrients. Soil sanitation involves destroying infested plant thereby
restricting expansion of infected soil to un-infected one. But this alone is not enough for
eliminating the pathogen. Other control measures like use of biological agents such as
nematode fungal parasites (Dactylella oviparasitica) or bacterial parasites (Pasteuria

penetrans) that feed on PPNs are not effective worldwide (Sayre, 1986).

Genetic engineering method involves identification and manipulation of natural
occurring defense genes like R genes, proteinase inhibitors, lectins and Bt toxin genes
which imparts resistance against nematodes in plants. For instance, Mi-1 gene identified
in tomato was used against parasitic nematode to generate nematode resistance plants
(Williamson et al. 1994a; Milligan et al. 1998). This gene have been used against few
species of Meloidogyne for example, M. javanica, M. anenari and M. incognita but
there are already reports of breaking down of resistance in the field population of M.
incognita and M. javanica (Lopez-Perez et al. 2006). Resistance genes against cyst
nematodes have been well identified. Hs1"®* gene identified from Beta procumbens
showed resistance against H.schachtii (Cai et al. 1997). Transgenic potato plants
expressing Hero A gene (isolated from tomato) showed >95% and 80% reduction
against G. rostochiensis and G. pallida, respectively (Sobczak et al. 2005). Use of host
resistant plant has been successful against nematode infection but it mainly depends
upon the availability of resistant genes in the gene pool of a crop plant that can be
transferred via conventional breeding. Thus, the plant resistance is restricted to specific
species of a particular nematode. In some cases, the genetic diversity within the

nematodes limits the effectiveness of existing resistant cultivars. Hence, the natural
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resistance against PPNSs is unavailable for every crop. Not only this, certain nematode

species have the ability to infect even the resistant host.

2.13 RNAI - A strategy to leash the nematode infestation

For successful management of nematodes, a thorough study of their morphology,
biology and host-parasitic relationship is necessary. An integrated approach combining
cultural, biological, and chemical methods towards controlling these devastating
pathogens is needed. The constraints associated with the conventional methods cater a
scope for biotechnologists to initiate new compelling but persistent strategy for
nematode inhibition. RNA interference (RNAI) is new biotechnological strategy in
managing nematodes infection. RNAi mechanism was originally observed in plants
where this phenomenon was named as post-transcriptional gene silencing- PTGS
(Jorgensen et al. 1996; Waterhouse et al. 1998). However, it was initially discovered in
C. elegans by Fire and his group (1998). It is a defense mechanism exhibiting naturally
against double-stranded RNA (dsRNA) targeting cellular and viral mRNAs. It is a
specific and sequence-dependent targeted gene silencing activity. Once double-stranded
RNA enters the cell, it is cleaved by an RNaselll endonuclease like enzymes, Dicer into
short double-stranded fragments of 20-25 basis pairs. In an ATP dependent step, the
dsRNA become integrated into a protein complex, known as RNA induced silencing
complex (RISC) which guides the siRNA to target sequence with assistance from other

proteins majorly Agronautes (Nykanen et al. 2001; ketting, 2011).

2.13.1 Mechanism of siRNA
The basic RNAI pathway involves initiation and effector phase. In the initiation phase,

the dsSRNA molecules are cleaved by Dicer (ribonuclease Ill) and produce small
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interfering RNAs (siRNAs) (21-23 nucleotides) which bear 5' phosphate groups and 2
nucleotide overhangs at 3' essential for subsequent siRNA induced silencing through
RNA induced silencing complex (RISC). The second phase i.e. effector phase consists
of events involving, unwinding of SIRNA presumably by RNA helicase enzyme
resulting in RISC assembly. This result in activation of protein complex, which
recognizes the target by sSiRNA-mRNA base pairing and cleaves the target gene leading

to sequence-specific mMRNA degradation (Figure 2.11) (Hannon, 2002).
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Figure 2.11: Schematic diagram of sSiRNA mechanism in eukaryotes. Source: Majumdar et al. 2017.

Amidst of discovery of siRNA-mediated silencing pathway, presence of secondary
SiRNA molecules was reported (Hunter et al. 2002). These secondary molecules were
found to be formed from the action of RNA-dependent RNA polymerases (RARPS) on the
target transcript resulting in the amplification of silencing response. Secondary siRNAs
are antisense to the target mMRNA with a 5'- triphosphate. They function in association

with specific argonaute proteins. Thus, only few dsRNA molecules are enough to trigger
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silencing generating an altered phenotype. Although generation of secondary siRNAs
follows different mechanism in different organisms but transitivity process appears to be
common. This process depends on RARP wherein initial target MRNA acts as template

resulting in transitive RNAI as observed in plants and nematodes.

2.14 Different strategies for silencing a gene

Since PPNs are sedentary endoparasites, they reach out to their respective host and
infect to develop a host-parasite interaction. Hence, various genes play significant role
in establishing such relation between plant and nematode. Secretory genes and other
genes having critical role in development or in signaling are of great interest as a target
for RNAI approach. But firstly developing a dsRNA construct of such genes is of
utmost importance. A number of different strategies have been employed for delivering
dsRNA into host for a successful RNAI experiment. Such strategies are Microinjection,
Feeding, Soaking and Host-mediated RNAI with each having its own advantages and
limitations (Figure 2.12). The silencing efficiency of a gene depends a lot on dsSRNA

delivery method used.

dsRNA delivlery methods
Microinjection Feeding Soaking Host-mediated
{bacterial) ({(dsRNA solution) RNAI

Figure 2.12: Different dSRNA delivery methods.

Methods like microinjection, feeding and soaking are a success in case of C. elegans

but have limitations with respect to parasitic nematodes. The microinjection has not
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proven to be successful and efficient in case of plant-parasitic nematodes. This is due to
fact that infective second-stage J2(s) are smaller in size along with that are unable to
uptake fluid in absence of host plant infection (Banerjee et al. 2017). Similarly parasitic
nematodes do not feed upon bacteria for deriving the nutrients thus is of not much
significance in case of parasitic nematodes. However, soaking the nematodes in dsSRNA
solution has shown some success but this too has a limitation. The infective juveniles of
PPNs do not ingest dsSRNA orally with that ease from the dsRNA solution. There are
reports of inducing oral uptake of dsSRNA via neuroactive compounds like octopamine,
resorcinol and serotonin in PPNs (Urwin et al. 2002; Huang et al. 2006a). This soaking
method using such compounds has proved to be successful in both RKN and CNs
(Rosso et al. 2005). However, this method is concentration dependent and leads to a
transient and unstable silencing as the time duration for which nematodes have been

exposed significantly alters the silencing efficiency.

2.14.1 Host-delivered RNAI (HD-RNAI) method

Host-delivered RNAI is the most successful and efficient method for imparting gene
silencing in nematodes wherein targeted gene belonging to a pathway or organ
development is silenced via host that is being damaged. In this method the first part of
RNAI partially occurs in planta and partially in PPNs ingesting nutrients from the
transgenic expressing dsRNA for the targeted gene (Figure 2.13). Parasitic nematodes feed
on transgenic plants through stylet. The transgenic plants produce siRNAs by their RNAI
machinery which is then ingested by these feeding PPNs (Li et al. 2011). This technique
depends upon the PPNs ability of ingesting macromolecules from the host. This technique
involves construction of dsSRNA for the target gene which is achieved by cloning some part
in sense and antisense direction separated by an intron or spacer region driven by either

constitutive or tissue-specific promoter in binary RNAI vector. DSRNA construct thus
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produced is used for developing transformed plants either by Agrobacterium-mediated
transformation for some crops or by using other screening systems like hairy-root method
employed for producing transgenics for cultivated crops like sugarbeet, tomato and
soybean. Considerable number of reports has successfully produced resistant transgenic

plants against nematode infection by utilizing this time-consuming yet efficient strategy.
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Figure 2.13: Diagram representing mechanism of plant-mediated RNAI in parasitic nematode.
Source: Rosso et al. 2009.

Varied genes involved in development, signaling pathway, associated with mRNA
metabolism, house-keeping genes and most importantly secretory genes are targeted using
this approach. The first successful HD-RNAI experiment came into light in 2006 wherein a
transgenic tobacco line expressing M. incognita integrase and splicing factor gene was
silenced (Yadav et al. 2006). The selected genes were proved as fatal targets against M.

incognita feeding on transgenic Arabidopsis lines (Kumar et al. 2017). Other house-keeping
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genes such as prp-17, ribosomal proteins etc have been effectively silenced against parasitic
nematodes (Banerjee et al. 2017). Reports have shown success of some of the critical
effector genes as efficient targets against Meloidogyne spp(s), for instance, suppression of
16D10 exhibited 63-90% reduction in M. incognita infection in transgenic Arabidopsis,
while a decrease in number of eggs was noticed on silencing 16D10L in M. chitwoodi using
plant-mediated or host-mediated RNAI strategy in transgenic Arabidopsis and potato plants

(Huang et al. 2006a; Li et al. 2011; Dinh et al. 2014a and 2014b).

Not only RKNs, HD-RNAIi mediated nematode management have shown some success
in case of CNs. A 68% decrease in egg number was noticed in H. glycines when
infected on transgenic soybean plants expressing major sperm protein (Steeves et al.
2006). The attenuation of four parasitism genes - ubiquitin-like (4G06), CBP (3B05),
SKP1-like (8HO7) and ZF protein (10A06) in Heterodera schachtti led to reduction in
number of females in RNAI transgenic Arabidopsis plants (Sindhu et al. 2009). Thus,
plethora of studies silencing genes using RNAI methodology for developing nematode
control strategy is present. Suppression of another class of genes i.e. neuropeptides like
flp-14 and flp-18 resulted in 50-80% reduction in terms of M. incognita infectivity on
introducing it to transgenic tobacco lines (Papolu et al. 2013). Esophageal proteins
silenced by HD-RNA. against H. glycines showed reduced reproduction (Bakhetia et al.
2007). In other studiesgenes silenced using this approach are Mj-Tisll, tyrosine
phosphotase and mitochondria stress 70 protein precursor against M. incognita (Papolu

etal. 2013).

Although there are reports of CNs management using this technique, it is more
successful in RKNs due to aspects like more RNAI sensitivity and larger size exclusion

limit of RKNs than in CNs. This plant-mediated based RNAI approach for curbing the

35



Review of Literature

menace caused by PPNs endeavors a new strategy for raising nematode resistant

varieties of cultivated crops.

2.15 Silencing of development genes from M. incognita

In one of the most recent studies conducted by Junhui Niu et al (2012), a developmental
gene, Rpn7 critical for the integrity of 26S proteasome was targeted for controlling root-
knot nematode M. incognita. It resulted in reduced negative impacts on reproduction and
motility rate of M. incognita. These several successful studieson silencing of specific
gene through RNAI for some parasitic genes in PPNs propose that RNAI technology and
other genetic approaches together will be helpful in developing a promising and effective
method for management of PPNs. Nevertheless, a few of the development genes have
been targeted for RNAI based gene silencing for managing plant parasitic nematodes (Li

et al. 2010a; Xue et al. 2013; Kumar et al. 2017) (Table 2.3).

Table 2.3: List of RNAIi mediated gene silencing in PPNSs.

Gene name/  Function of target gene  Nematode Delivery  Phenotype and Plant Reference
accession species method  reduction % system
no.
Col-1, Structure and M .incognita Reduction in Tomato  Banerjee et
Lemmi-5 development of cuticle nematode al. 2018
infection
Pat-10, Muscle contraction and P. penetrans  Invitro Reduction number ~ Soybean Vieiraet al.
unc-87 structure of myofilaments of nematodes 2015
in body wall muscle
Pat-10, Muscle contraction and M. In vivo Inhibition in Nsengimana
unc-87 structure of graminicola nematode motiliy etal. 2013
myofilaments in body
wall muscle
Rpn-7 Integrity of 26S M .incognita  Invivo, Reduction in Tomato  Niuetal.
proteasome In vitro reproduction and 2012
motility
3B05, 8H07, Cellulose binding H. schacbii In vivo Reduction in Arabido  Sindhu et
10A06,4G0 protein, SKP1-like, Zinc female number psis al. 2009
6 finger protein, ubiquitin-
like
Flp FMRF amide-like G. pallida In vivo Inhibition of Potato Kimber et
peptides motility al. 2007
MSP Major sperm protein H. glycines In vitro Up to 68 % Soybean  steeves et
reduction in eggs al. 2006
AY013285 Chitin synthase M. artiellia In vivo delayed egg hatch Fanelli et
al. 2005
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3. MATERIALS AND METHODS

3.1 Materials

Experimental materials used in the present study are mentioned in Table 3.1.

Table 3.1: List of materials used in this study

Materials

Source

Chemicals and Enzymes

From different sources that includes Amersham
Biosciences USA, Applied Biosystems, USA, Fermentas,
Germany; USA; Himedia, India; Invitrogen, USA,;
Thermo Scientific Corp, USA; Merck, Germany; New
England Biolabs Inc., USA; Sigma Aldrich, USA; Qiagen
Inc., USA etc.

Primers Sigma

Vectors

pHELLSGATE12 Dr. Tushar K Dutta, Scientist, Nematology Division, IARI
pGEMT®-Easy Promega Inc.

pDONR221 Invitrogen, USA

pBC-6 Dr. Subhramaniam, 1T, Kanpur

Nematode strain

Meloidogyne incognita

Available in the lab (NRCPB)

Plant material

Arabidopsis thaliana ecotype Columbia
(Col-0)

Solanum lycopersicumcv Pusa Ruby
(Tomato)

Auvailable in the lab (NRCPB)

National Seeds Corporation, IARI, India

Radioisotope
a-p32 dCTP

JONAKI, Regional Centre, BRIT, Hyderabad

Soilrite

Keltech Energies Ltd.

Other commercial kits and reagents used are mentioned in the text with the respective

description.
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3.2 Instruments

The entire instrument facilities required to carry out this research was available at the
NRCPB, Pusa Campus, New Delhi and Department of Biotechnology, DTU, Delhi.
The microscopic photographs of the plant tissues were taken under stereo zoom

microscope available at Division of Nematology, IARI, New Delhi.

3.3 Methods

3.3.1 Culturing of bacterial cells

All the Escherichia coli (E. coli) cells were grown on Luria Agar (LA) or Luria Broth
(LB) with appropriate antibiotics. The detailed compositions of the LA and LB media
are provided in the (Appendix Table 1 and 2). The E. coli strain DH5a from glycerol
stock was streaked on freshly prepared LA plates containing nalidixic acid (15 mg/ml)
and incubated at 37 °C overnight. A single colony was always used for subsequent
culturing in this study. The Agrobacterium tumefaciens cells (strain GV3101) were
cultured on freshly prepared Yeast Extract Peptone (YEP) medium (Appendix Table 3)
containing rifampicin (25 mg/ml) and gentamycin (15 mg/ml) and incubated at 28 °C
for 48 h in an incubator. The liquid cultures were incubated at a shaking speed of 180 to
250 revolutions per minute (rpm). For storage of bacterial strains and clones, a single
colony was inoculated overnight in liquid medium with appropriate antibiotics. To 1.0
ml of overnight culture, glycerol was added to a final concentration of 15% in 2 ml
sterilized screw cap tubes. The cultures were mixed thoroughly and snap frozen inliquid

nitrogen and stored at -80 °C freezer for long-term storage.

3.3.2 Plasmid DNA isolation by alkaline lysis method
Plasmid DNA was isolated using an alkali lysis method as mentioned in Sambrook et

al. (1989). Overnight grown recombinant E. coli (DH5a strain) culture in LB medium
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(Appendix Table 1) supplemented with appropriate antibiotics was pellet down at 5000
rpm, 10 minutes (min) at room temperature (RT). The supernatant was discarded and
the pellet was re-suspended in100 pl of solution I (Appendix Table 4) and vortex to
lyse the cells. After lysis, 200 pl ofsolution II (Appendix Table 4) was added and
mixed with gentle swirling and was incubated at RT for 5 min with subsequent mixing
after every 2 min. To it, 150 ul of Solution IIT (Appendix Table 4) was added and
mixed gently until the clear solution was formed followed by centrifugation at 13,000
rpm for 10 min. The supernatant was collected then equal volume of phenol:
chloroform: isoamyl alcohol (PCI) was added in the ratio 25:24:1 (volume/volume/volu
-me; v/v/v) and mixed by vortexing followed by centrifugation at 12,000 rpm for 5 min.
The upper aqueous layer was collected and 800 ul of isopropanol was added to it and
incubated at -20 °C for 30 min. The mixture was centrifuged at 13,000 rpm at RT for 15
min and supernatant was discarded. The pellet was washed at 13,000 rpm for 5 min at

RT.The pellet was air dried and suspended in 25 pl of sterile H,O.

3.3.3 E. coli competent cells preparation by calcium chloride method

E. coli strain DH5a was cultured in Luria Broth (LB) media (Appendix Table 1)
containing kanamycin (10 mg/ml). For the preparation of competent cells, a single
colony of E. coli was streaked out on an LB- plate and grown overnight at 37 °C. Next
day a single colony was inoculated into a 10 ml of SOC in 50 ml Falcon tube and
incubated at 37 °C for 250 rpm as starter culture. 1 ml of this starter culture was used to
inoculate 100 ml LB medium in a 500 ml culture flask and again incubated at 37 °C for
250 rpm till mid log phase i.e. O.D. A600= 0.4-0.6 was observed.Growth was arrested
by chilling the cells on ice for 10-15 min before pelleting down at 5000 rpm at 4 °C for
10 min. The supernatant was carefully poured out without disturbing the pellet. The

pellet in each tube was gently suspended in half of the volumes (of initial culture) of ice
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cold 100 mM CacCl, and incubated on ice for 30 min. The cells were collected by
centrifugation as above and suspended in 1 volume of ice cold 100 mM CaCl; by gently
swirling of tubes. Finally, 100ul ofthis suspension was aliquoted into the pre-chilled
microcentrifuge tubes containing 40% glycerol and stored at -80 °C till future use

(Sambrook and Russell, 2001).

3.3.4 Transformation of E. coli cells by heat shock method

Heat shock method (Mandel and Higa, 1970; Cosloy and Oishi, 1973) was employed
for performing transformation throughout out this study. All the steps of transformation
were carried out in laminar hood under sterile conditions. For E. coli transformations,
approximately 100 ng of plasmid DNA was mixed with 100 ul competent cells and
incubated in ice for 30 min. The tube was then transferred to 42 °C water bath for 90
seconds (sec) to give heat shock, and quickly chilled on ice for 5 min. To the sample
tube, 900 ul of LB medium was added under sterile conditions and incubated at 37 °C at
120 rpm for 1 h for the cell recovery. The cells were then pelleted at 6000 rpm at room
temperature (RT), approximately 900 pl of the supernatant was discarded and the pellet
was suspended in the remaining 100 ul of supernatant. It was spread onto LA medium
plates, containing the appropriate concentration of antibiotics. Plates were incubated at
37 °C overnight for the transformed cells to grow. A transformation control was

maintained in which no DNA was added, to check for contamination (if any).

3.3.5 Agrobacterium tumefaciens competent cells preparation

The vector constructs used in this study were cloned into different binary-based plant
transformation vectors and were mobilized into competent Agrobacterium tumefaciens
strain GV3101 prepared by the standard CaCl, method. A single colony of GVV3101 was

inoculated in 5.0 ml of liquid YEP medium with rifampicin (1 pl/ml, 25 mg/ml stock) and
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gentamycin (1 pl/ml, 15 mg/ml stock) and was incubated at 28 °C for 24 h at 250 rpm as
a starter culture. 1.0 ml of the starter culture was inoculated into 100 ml of fresh YEP
media containing rifampicin, gentamycin (1:100 w/w) concentration and incubated at 28
°C in a shaker at 250 rpm for 4-6 h till the ODggy reached to 0.5 to 1.0. The
Agrobacterium culture was chilled on ice for 30 min and centrifuged at 5000 rpm for 10
min at 4 °C. Supernatant was discarded and pellet was rinsed with 1 ml of ice cold 20 mM
CaCl,. The Agrobacterium cells were then centrifuged at 5000 rpm for 10 min at 4 °C to
remove antibiotics. Again supernatant was discarded and cell pellet was dissolved in 2 ml
of ice cold 20 mM CaCl,.To this 500 ul 60% glycerol stock was added. The cells were
dispensed into 100 pl aliquots into fresh pre-chilled 1.5 ml microcentrifuge tubes and

snap frozen in liquid nitrogen. The tubes were thenstored at -80 °C until further use.

3.3.6 Maintaining bacterial strains/clones for long term storage

The bacterial strains/clones were incubated in the respective media with appropriate
antibiotic selection (if any) and grown to mid log phase. In the cryo-vials 1 ml of
culture was mixed with 1 ml of 60% glycerol to get the final concentration of 30% (v/v)

and kept at -80 °C.

3.3.7 Identification and confirmation of M. incognita culture

The M. incognita females were confirmed by studying the perineal pattern (Eisenback
et al. 1980). The females were isolated from the roots of infected tomato plants and
incision at the posterior part was made under the microscope. The cut part was placed in
45% lactic acid and mounted onto the slide. The perineal pattern was observed under
the microscope 10x objectives (Figure 3.1a). The further identification of these females
as M. incognita was examined by carrying out a polymerase chain reaction (PCR) of

DNA isolated from these females using RBC kit (detail protocol is described in section
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3.3.10). The PCR was performed using the species-specific primers (Table 3.2) (Dong

et al. 2001). The amplified product of desired length (1350 bp) as reported confirmed

the worms as M. incognita (Figure 3.1b). These females were used for maintaining the

nematode pure culture.

b)

1350 _|
bp

Figure 3.1: Confirmation of M. incognita culture. a) Section cutting of perineal pattern of M.
incognita under light microscope. b) PCR based confirmation of M. incognita using species-
specifc primers. Here, L — 1 kb plus ladder.

Table 3.2: List of primers used in this research.

Sequences (5°-3’)

Primer

Mi ss-F TAGGCAGTAGGTTGTCGGGa

Mi ss-R CAGATATCTCTGCATTGGTGCa
Mi-G1-F CGTTGTCTCTTTGATGGTTTCG
Mi-G1-R TTAAAGGCATATTTGAAGAAGCAC
dp-10 F GATGGTGAAGAAGAAAGATATAACC
dp-10R CATAAATAGAACTCCCTCCACCT
dp36-31 F GAATTTGACAGCCGAGGAAATG
dp36-31 R AACCTACATTTCGAATTCACC

Mi 18S QRT F 1 GGCTCATGGTGGAAAGTATG
Mi18SQRTR 1 CCCCAGTGTAATGTCCTTTG
Mi-actin_F GCTTTGCTATGTTGCTTTGG
Mi-actin_R TGTAAGAAGTCTCGTGAATACC
qGlp2_F CGTTGTCTCTTTGATGGTTTCG
qGlp2_R CTGATCGCATTGCCCATTTG
gD10_F GCTTATCAATTTGTTGCTGGTATTC
gD10_R TGTTGTTTGTGTTCTACTATGC
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Primer Sequences (5°-3)

gD31 F TGTTGATGGGTGTGCTTCT

gqD31_R CGTGTGCAATAACGCCTAATC

g1 sense —F TCTGCAGGATCCGATGGTGGCGAATGTTCAAC

gl sense —R TCTGCACTCGAGCCTTCCTCATCGACAGAAAGTG
g1 antisense —F TCTGCAGAGCTCGATGGTGGCGAATGTTCAAC

gl antisense — R TCTGCAGGTACCCCTTCCTCATCGACAGAAAGTG
attB1_adapter GGGGACAAGTTTGTACAAAAAAGCAGGCT
attB2_adapter GGGGACCACTTTGTACAAGAAAGCTGGGT
12attB1-DP31n_F AAAGCAGGCTTCAGGAAAGACGATGAGCCTAAAG
12attB2-DP31n_R AGAAAGCTGGGTTATCGTAGGGAACTCCAGAATT
NPTII F GCAATTACCTTATCCGCAACTTC

NPTII R CTCGTCCTGCAGTTCATTCA

CaMV F CAACAAGTCAGCAAACAGACAG

CaMV R TGCATGGCCTTAGATTCAGTAG

Pdk-F AACAAAGCGCAAGATCTATCA

atR2-F TCATAGTGACTGGATATGTTGTGT

G78/260rB-F CGGGAAAAGTTCTTCTGGTTGT

G78/260rB-R AAATGCCCTCGACTAGCTGA

a: sequence as reported in Dong et al. 2001

3.3.8 Maintenance of nematode pure culture and inoculum preparation

Solanum lycopersicum cv Pusa Ruby (Tomato) seeds were sterilized by soaking in
sterile distilled H,O for 20 min followed by treating with 70% ethanol for 5 min. Seeds
were then soaked in 5% NaOCI and 0.1% Tween 20 for 15 min and subsequently
washed four times in sterile distilled H,O. Sterilized seeds were then germinated on a
cocopeat, vermiculite and sand (1:1:1) mixture in glass house at National Phytotron
Facility, Indian Agricultural Research Institute (IARI) (Figure 3.2a). Two-week-old
tomato seedlings were infected with a pure culture of M. incognita (pre-parasitic J2s)
confirmed (section 3.3.8) and maintained in our lab (Kumar et al. 2017). After 35 days
of infection tomato plants were uprooted and roots were washed with double distilled

H,O until absolutely clean (Figure 3.2b). Adult females and egg masses of M.
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incognita were hand-picked from the galled roots of these infested plants under
dissecting microscope.The egg masses kept in a cavity block were placed in the shaker
and maintained until hatching at 28 °C in Petri plates containing 10-15 ml of sterile H,O
to collect second stage juveniles (J2s) of M. incognita. The freshly hatched J2s were
collected in a beaker in suspension and were counted and calibrated per ml. An average
of 3 aliquots was taken and used for further inoculums. These J2s were then used for
expression studies and subsequent inoculation assays using transgenic Arabidopsis
lines. Females hand-picked were immersed in 100 ul Trizol reagent (Invitrogene, USA)

and snap frozen in liquid nitrogen for further studies.

— Eggmass

- Female

Figure 3.2: Maintenance of nematode culture. a) 21-days-old infected tomato seedlings grown
in glass house. b) (i and ii) Harvested tomato roots uninfected and infected with M. incognita
showing galls and egg masses. ¢) Enlarged view of (i) a gall and (ii) female with egg mass.

3.3.9 Identification of development-specific genes in M. incognita genome
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3.3.9.1 Computational analyses for genes identification

The M. incognita genome database was downloaded from http://wwwé.inra.fr/Meloido
gy ne_incognita (Abad et al. 2008). Local nucleotide and protein M. incognita database
was created in a bioedit local BLAST search for identifying the glp-1, dpy-10 and dpy-
31 genes in M. incognita. The C. elegans glp-1, dpy-10 and dpy-31 sequences (retrieved
from NCBI) were used as a query as it is a representative of nematodes. A tblastn
search was conducted using the Ce-glp-1 (CAA79620.1), Ce-dpy-10 (T14B4.7) and Ce-
dpy-31(R151.5) genes as a query against these databases using default parameters. An
e-value and cut off (default parameters) was the selection criterion and hits with lower
e-value were discarded. All sequences that met the requirements were analyzed for gene
prediction using GeneMark and FGENSH analysis, followed by removal of those genes
that did not contain the known conserved domains and motifs using the Pfam database
(http://pfam.janelia.org/) (Finn et al. 2016). Based on this search a contig (Minc15911)
was found as probable dpy-10 and two contigs namely, Minc01936 and Minc03986 as
probable Mi-dpy-31 were obtained. In case of glp-1 gene, MiV1ctg1087 (Minc16055) a
single contig obtained with the maximum possible score was selected as the probable
Mi-glp-1 for further experiments. The sequences were retrieved from the M. inocgnita

genome database and their detailed study was carried out.

For gene conservation, we tried to identify glp-1, dpy-10 and dpy-31 gene in other PPNs
especially in Meloidogyne genus. For this all the available ESTs, transcriptome and
genome databases of PPNs were retrieved from various sites. Along with M. incognita
(Minc16055), we were able to identify glp-1 orthologs in four other Meloidogyne
species (spp.) viz. M. hapla (Mh10g200708 Contig1018), M. floridensis (hMf_1 1 sca

f00321), M. javanica (MJ01378, MJ05005), M. Chitwoodi (MC01544, MC00257), and
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in Globodera pallida (GPLIN_000999900.1), a cyst nematode, using their genome,
transcriptome and/or EST databases. The derived sequences were downloaded from
their genome assembly or transcriptomic databases or EST (Expressed sequence tags)
clusters available at either NCBI, NEMBASE4 (www.nematode.org) and/or
nematode.net V4.0 (Opperman et al. 2008; Elsworth et al. 2011; Cotton et al. 2014;
Lunt et al. 2014; Martin et al. 2014). Similarly, probable dpy-10 and dpy-31 genes were
identified in Meloidogyne spp. and other plant-parasitic nematodes. We able to identify
dpy-31 in M. hapla (MhA1_Contig704.frz3.genel) and M. floridensis (nMf.1.1.scaf077
09-augustus-gene-0.3) and sequences were retrieved. Interestingly, the analysis did not

reveal dpy-10 orthologs in other Meloidogyne spp(s).

3.3.9.2 Prediction of gene and respective protein structure

A gene prediction algorithm GeneMark and FGENSH were employed separately for
prediction of these genes structure. Gene architecture for dpy-10, dpy-31 and glp-1 was
designed using the online Gene Structure Display Server 2.0 (http://gsds.cbi.pku.edu.cn/)
(Hu et al. 2015) with the help of coding sequences and corresponding genomic
sequences, which depict the exon/intron arrangement, gene length, and

upstream/downstream region.

Protein sequences were analyzed with Pfam (http://pfam.sanger.ac.uk/) and SMART
(http://smart.emblheidelberg.de/) databases to confirm the presence of conserved
motifs. SignalP3.0 and TMHMM server v. 2.0 were employed to predict the presence of
signal peptide sequence and the transmembrane domain, respectively. Two other

software programs (Kd and Protscale) based on different algorithms were also used for

46



Materials and Methods

determining the presence of transmembrane domains to further authenticate the results

(Kyte and Doolittle, 1982; Gasteiger et al. 2005).

3.3.9.3 Identification of conserved motifs

The motif-based sequence analysis tool MEME 4.11.2 (http://meme.sdsc.edu/meme/m
eme.html) (Bailey et al. 2015) was used to identify conserved motifs in the glp-1, dpy-10
and dpy-31 genes of M. incognita with the following parameters: optimum width, 10-300
amino acids, and the maximum number of motifs set to 10. NCBI conserved domain
database was used for identifying other conserved domains within the Mi-glp-1, Mi-dpy-
10 and Mi-dpy-31 genes. The Isoelectric Point (pl), molecular weight and grand average
of hydropathy (GRAVY) of the amino acid sequences were predicted by Sequence
Manipulation Suite (SMS) V2 available at gene infinity web server (http://www.ge
neinfinity.org/index.html?dp=5). The subcellular localization of GLP-1, DPY-10 and
DPY-31 proteins was predicted using WoLFPSORT a protein Subcellular Localization

Prediction Tool available at http://www.genscript.com/wolf-psort.html.

3.3.9.4 Multiple-sequence alignment and phylogenetic analyses

The identified GLP-1, DPY-10 and DPY-31 amino acid sequences in M. incognita were
aligned in MUSCLE with their orthologs identified and reported in other nematodes
across the phylum using the default parameters (Edgar, 2004). The unrooted
phylogenetic tree was constructed by the Neighbor-Joining (NJ) method using MEGA
7.0 software (http://www.megasoftware.net/), with Poisson correction, pairwise deletion
and bootstrap value set to 2000 replicates for analyzing the clustering pattern as
parameters (Kumar et al. 2016). For GLP-1 protein, phylogenetic tree was constructed

using orthologs identified in M. hapla, M. floridensis, M. javanica, M. chitwoodi, and
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G. pallida, along with the reported GLP-1 sequences in free-living nematode species,
viz. C. elegans, C. briggsae, C. japonica and C. remanei, and the Notch-like protein of

Priapulus caudatus, a marine worm (retrieved from NCBI).

In case of DPY-10 and DPY-31 genes, following are the nematodes used for
constructing phylogenetic tree viz. C. elegans, C. briggsae, C. japonica, C. brenneri and
C. remanei (retrieved from NCBI), M. hapla, M. floridensis (retrieved from our
tBLASTnN analysis), Brugiya malayi, Pristionchus pacificus and Onchocerca volvulus

(retrieved from Wormbase).

3.3.10 Genomic DNA isolation from adult M. incognita females

About 30 females, handpicked from infected tomato plants, were immersed in M9
buffer (100 ul) (Appendix Table 5) in 1.5 ml micro centrifuge tube and were snap-
frozen in liquid nitrogen. These females were used for isolating genomic DNA using
QIAGEN DNeasy Blood tissue kit (QIAGEN, USA) according to manufacturer’s
instructions. Frozen females were homogenized in 180 ul buffer ATL. For complete
lyses 20 ul of proteinase K was added to it and incubated at 56 °C for 10 min with
vortexing every 2 min. Then 200 ul of buffer AL was added to the sample and again
incubated at 56 °C for 10 min. This mixture was pipetted onto Mini spin column in a 2
ml collection tube and centrifuged at 8000 rpm for 1 min. Flow-through was discarded
and column was washed using 500 ul buffer AW1 by centrifuging at 8000 rpm for 1
min. Second wash was done by adding 500 ul buffer AW2 and centrifuging at
maximum speed, i.e. 14,000 rpm for 3 min. After discarding the flow-through, column
was dried spin by centrifuging for 2 min at maximum speed. For the elution of nucleic

acid, spin column was transferred onto a new 1.5 ml micro centrifuge tube, and 25 pl
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buffer AE was added. It was incubated at RT for 2 min and centrifuged for 1 min at

8000 rpm. This step was repeated for better elution of genomic DNA.

3.3.11 Genomic DNA gquantification

3.3.11.1 DNA quantification using nanodrop

Before proceeding with any molecular work involving the extracted DNA, both its
quality and quantity was checked. For DNA quantification, NanoDrop 2000C (Thermo
Scientific, USA), a full spectrum spectrophotometer was used. Absorption at 260 and
280 nm of DNA samples were recorded against Buffer AE or DEPC treated H,O as

blank and quantity was calculated.

3.3.11.2 DNA quantification using agrose gel ectrophoresis

Agrose gel electrophoresis separates DNA fragments according to their size. For
preparation of 0.8% agrose gel, 0.8 g agrose was added to 100 ml 1x TAE buffer
(Appendix Table 6) and boiled in microwave oven till complete dissolution. After cooling
the solution to about 60 °C 0.5 ul of 10 mg/ml stock of ethidium bromide (EtBr) bufferwas
added and was mixed. The gel was poured slowly from a corner in casting tray with combs
already fitted into it. It was left for solidification for approximately 45 min. 1 ul of isolated
genomic DNA mixed with 1ul of 6X loading dye (Bromophenol blue and xylene cyanol)
was prepared and loaded onto the gel immersed in 1X TAE buffer. Electrophoresis was

carried out underelectric current (60-80 V) till blue dye reached the end.

3.3.12 Polymerase chain reaction (PCR)
Integrity of selected three genes was confirmed by polymerase chain reaction using gene-
specific primers (Table 3.2). The gene-specific primers were designed using Primer

Express (v3.0) software (Applied Biosystems, Foster city, CA) from the respective
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nucleotide sequences retrieved from the M. incognita database available at http://wwwe6.in
ra.fr/Meloidogyne_incognita. Primers designed had GC content 40-60%, T, 50-60 °C and
primer length of 20-25 nucleotides. For the PCR reaction, 50 ng of isolated DNA was used
as template in a 10 pl reaction volume performed in 200 pl PCR tube. Following was the
PCR reaction mix, 1x buffer (with 1.5mM MqgCl,), 0.3 uM dNTP mix, 0.6 uM gene-
specific forward and reverse primers and 0.5 U Tag DNA polymerase (GeNei™, India)
mixed in nuclease free H,O (to make up the 10 pl final volume). The reaction mixture was
kept in a thermal cycler (G-STORM) and subjected to the following thermal conditions;
initial denaturation of 95 °C for 2 min, 35 cycles of a three-temperature PCR cycle of (94
°C; 30 sec (final denaturation): 58 °C 45 sec, as annealing and 72 °C 1 min), followed by 72
°C for 10 min as final extension. 5 pl of amplified PCR product was mixed with 2 pl of 6X

loading dye and electrophoresed on 1% TAE/EtBr agarose gel for size confirmation.

3.3.13 Elution of DNA from agarose gel

The PCR amplified products (for glp-1, dpy-10 and dpy-31 genes) were fractionated on
1% agarose gel. The gel slices containing the respective desirable bands were cut by
using sterile blade and each collected in separate 1.5 ml sterile microcentrifuge tubes
and their weight was recorded. DNA elution was carried out according to manufactures
instructions (Qiagen, Germany). Three volumes of buffer QG was added to 1 volume of
gel (for one volume of gel, 100 mg or approximately 100 pl) and incubated at 50 °C for
10 min with subsequent mixing the tubesat every 2-3 min using vortex during the
incubation time till the gel slice was dissolved completely. 1 gel volume of isopropanol
was added to the solution and mixed by inverting the tube 6-8 times. This solution was
added to the column kept on 2 ml collection tube, and centrifuged at 13,000 rpm for 1
min. The flow-through was discarded and 500 pl of Buffer QG was added to the spin

column and centrifuged for 1 min. The flow-through was discarded and the column was
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placed back in the same collection tube. To wash the column, 750 ul of Buffer PE was
added to the column and centrifuged for 1 min. The flow-through was discarded and the
column was again centrifuged for an additional 2 min at 13,000 rpm to remove the
residual ethanol. The column was placed into a clean 1.5 ml microcentrifuge tube and
20 pl of pre-warmed buffer EB (elution buffer) was loaded directly on the membrane.
The column was incubated for 5 min at RT, and then centrifuged at 13,000 rpm for 2

min. The eluted amplicon obtained as flow through was stored in -20 °C till further use.

3.3.14 Ligation into pPGEMT-Easy vector

To facilitate cloning in pGEMT-Easy vector which is a suitable TA-cloning vector,
addition of Adenine (A) residues to the insert was essential. Since PCR products were
obtained by Taq polymerase, terminal A nucleotides were added at the end of the each
amplicon separately. All the three genes were partially cloned in pGEMT-Easy vector.
For cloning of PCR amplified DNA in T/A cloning vector (0\GEMT-Easy) (Figure 3.3),
ligation reaction containing 50 ng vector DNA, 3-fold molar excess of insert DNA, 2X
ligation buffer and 3U T4 DNA ligase was prepared in a final volume of 20 ul and

mixed by quick spin. The reaction was incubated at 4 °C for overnight.

Xemrr | 2009

Scal 1890

pGEM*®-T Easy
Vector
(3015bp)

Figure 3.3: Physical map of pPGEMT-Easy vector.
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3.3.14.1 Transformation

For E. coli transformations, ligated product of the three genes was mixed separately with
100 pl E. coli competent cells, prepared as aforementioned, in the laminar air flow
cabinet and transformation was carried out using heat shock method (see section 3.3.4).
The E. coli cells were spread onto LA medium plates, containing the ampicillin (1 pl/ml,
100 mg/ml stock), X-gal (5 ul/ml, 20 mg/ml stock) and IPTG (0.5 ul/ml, 100 mM stock).
Plates were incubated at 37 °C overnight for the blue-white colonies. White transformed

colonies were tested for the confirmation of ligated product by colony PCR.

3.3.14.2 Conformation for presence of insert by colony PCR

The colony PCR was performed by using insert specific primers for these three genes.
Individual white colonies were picked with the help of toothpick from the overnight
grown plates and mixed in 7.3 pl dH,0. The colonies were initially denatured to 95 °C
for 10 min before setting up the colony PCR. To the denatured colonies 1x buffer,
dNTP mix(100 uM), primers (0.3uM each) and 0.5 U Taq polymerase (GeNei™, India)
was added and reaction was set up. The final PCR cycle is as follows; initial
denaturation of 95 °C for 2 min, 35 cycles of a three-temperature PCR cycle of (94 °C;
30 sec (final denaturation): 60 °C 45 sec, as annealing and 72 °C 1 min), followed by 72
°C for 10 min as final extension and the PCR product was checked on 0.8% agrose gel.
Plasmid of the positive clones was isolated using alkaline lysis method and further

confirmed by Sanger sequencing outsourced by company.

3.3.15 Nematode sample collection and preparation
Egg masses hand-picked from infected tomato roots were washed with distilled H,O. 1

ml M9 buffer was added and vortexed for 30 sec. It was centrifuged for 3 min at 5000
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rpm. The supernatant was discarded and pelleted eggs were again washed with dH,0.
For the maceration of egg masses, 1 ml of (0.1%) sodium hypochloride was added and
vortexed for 30 sec, followed by centrifugation at 5000 rpm for 3 min. Supernatant was
discarded and subsequently washed with dH,O thrice. The eggs were stored in 100 ul of
Trizol reagent (Invitrogen) and snap-frozen in liquid nitrogen. The vials were stored at -

80 °C till further use.

3.3.16 Isolation of total RNA from different stages of M. incognita

Frozen egg masses, J2s and femaleswere crushed in liquid nitrogen with a micro pestle
without letting it thaw. Total RNA from these samples was isolated using a Pure Link
RNA Mini Kit (Ambion, USA) according to the manufacturer’s instructions, followed by
DNase treatment using the Qiagen DNase enzyme. 10 ul of B-mercaptoethanol was added
to 1 ml of lysis buffer. For the complete lysis of the samples, 300 pl of this lysis buffer mix
was added into each sample. Equal volume of 70% ethanol was added and entire solution
was passed onto the column. It was centrifuged at 12,000 rpm for 30 sec at RT and flow-
through was discarded. To the column 300 ul of wash buffer | added and centrifuged for
30 sec at 12000 rpm. Samples were then preceded with on-column DNase treatment. For
this, 70 ul of buffer and 10 ul of DNase | enzyme (Qiagen, USA) was added on to the
column followed by incubation at 37 °C for 30 min. To it 300 ul buffer | was added and
centrifuged at 12,000 rpm for 30 sec. Flow-through was again discarded and 300 ul wash
buffer was added. It was centrifuged for 30 sec at 12,000 rpm and flow-through was
discarded. The column was air dried by spinning it for 2 min at maximum speed. Total
RNA was eluted by adding 30 ul DEPC-treated H,O (prewarmed) and centrifuging at

12,000 rpm for 1 min. Total RNA was stored in -80 °C refrigerator till further use.
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3.3.16.1 RNA quantification
1 pl of RNA was diluted 500 times by adding 1 ml DEPC-treated H,O. Absorption at
260 and 280 nm of diluted RNA samples were recorded against DEPC treated H,O as

blank using spectrometer and RNA quantity was calculated using following formula-
Concentration of RNA (microgram/ml) or (pg/ml) = 40 X Absorbance of the sample at 260 nm

Purity of RNA was checked by determining the Absorbance at 230, 260 and 280 nm
wavelength. The RNA was considered as pure if the ratio of Absorbance (260/280)

ranged between 1.8-2.0 and Absorbance (260-230) was > 2.0.

3.3.16.2 Denaturing formamide agarose (FA) gel electrophoresis for RNA

Denaturing agarose gel electrophoresis was used to check the size and integrity of RNA
preparations. Total RNA was run in 1.2% formamide agarose (FA) gel. For preparation of
gel 1.2 g agarose was added to 100 ml 1X MOPS (Appendix Table 7) buffer and boiled
in microwave oven till complete dissolution. Once temperature comes down to 60 °C 3 ml
formaldehyde (37%) was added and contents were mixed by swirling. The gel was
poured slowly from a corner in casting tray with combs already fitted into it. It was left
for solidification for approximately 45 min.The RNA samples were prepared by mixing
2ul of total RNA with 2 pl of 2X RNA loading dye (Fermentas, Germany). The samples
were heat denatured at 65 °C for 5 min and immediately chilled on ice and loaded on to

the gel. Electrophoresis was carried out at 6 Volts/Cm? for 5 h in 1x MOPS.

3.3.17 Reverse transcription for cDNA preparation

5 ug of total RNA of each sample was reverse transcribed into cONA. cDNA was

synthesized using the SuperScript® IIl First-Strand Synthesis System (Invitrogen,
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USA). Total RNA was mixed with 1 ul each of oligo(dT),o (50 uM) and 10 mM dNTP
mix in a 10 ul of total volume in a 200 pl volume PCR tube. It was incubated at 65 °C

for 5 min and immediately placed on ice for 1 min. To each sample following cDNA
synthesis mix was added; 2 pl 10x RT buffer, 4 ul MgCl, (256mM), 2 ul 0.1 M DTT, 1
ul RNaseOUT (40 U/ul) and 1 pl SuperScript 111 RT (200 U/ul). The solution was then
incubated at 55 °C for 1 h, followed by 85 °C for 5 min. To stop the reaction 1 ul of
RNase H was added to each tube and incubated for 20 min at 37 °C before proceeding

to other applications.

3.3.18 Quantitative real-time PCR (qRT-PCR) analyses

Quantitative real-time PCR was performed on M. incognita cDNA samples of egg
masses, infective stage juveniles (J2s), and mature females and roots of infected plants
harvested at different time points after inoculation for evaluating the expression levels
at different development stages (J3 and J4). Third stage juveniles (J3s) and fourth stage
juveniles (J4s) were analyzed from nematodes within the roots of infected plants
harvested at 10 and 21 days post inoculation (dpi), respectively. After the 10"day post-
inoculation, the second molt occurs, giving rise to J3s, and the third moulting to J4
occurs approximately 16 days post inoculation (Moens et al. 2009; Martinuz et al.
2013). SYBR-based chemistry was adopted to perform qRT-PCR in a StepOne Plus™
real-time PCR System. The primers of M. incognita-specific Actin and 18S rRNA
genes were used as a reference (Nguyén et al. 2014; Ye et al. 2015) (Table 3.2). Three
biological and three technical replicates were used per sample. The thermal cycle was

as follows: 95 °C for 3 min, 40 cycles of 95 °C for 3 sec, 60 °C for 30 sec. The

55



Materials and Methods

specificity of the reactions was verified by melting curve analysis. The data were
analyzed using the 2[-Delta DeltaC(T)] method, and real-time data were reported as the
means + standard error (SE) of three biological replicates per sample (Livak and

Schmittgen, 2001).

3.3.19 Strategy for designing RNAI constructs that express dsRNA

3.3.19.1 Preparation of entry clones

Plasmids expressing dsRNA of dpy-31 gene was constructed through gateway
technology (Figure 3.4). Entry clone carrying selected regions of dpy-31 gene was
generated by performing a BP recombination reaction between pDONR™221 vector and
attB-PCR product of respective genes. Gene-specific primers were designed with attB
sites viz. attB1 site (GGGGACAAGTTTGTACAAAAAAGCAGGCT) and attB2 site
(GGGGACCACTTTGTACAAGAAAGCTGGGT) on the 5' end of each primer for

cloning (Figure 3.5; Table 3.2).

dpy-31 B2

- Lp2]

pDONR 221

pPDONR 221 Entry clone

Figure 3.4: Overview of gateway technology for generating dsSRNA constructs.
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One of the advantage of using gateway cloning methodology was that only one single
PCR product could be used for cloning both sense and antisense strands of the selected
gene (for clear understanding refer Figure 3.4). attB-product was PCR amplified using
reaction mixture as follows- 2 ul 5x buffer, 0.2 uM dNTP mix, 0.3 pl DMSO, 0.4 uM
gene-specific forward and reverse primers and 0.5 U Phusion DNA polymerase
(ThermoFisher Scientific, USA) mixed in nuclease free H,O (to make up the final
volume of 10 pl). The mixture was subjected to following reaction cycle- initial
denaturation of 95 °C for 2 min, 5 cycles of a three-temperature PCR cycle of (94 °C, 15
sec; 45 °C, 30 sec and 68 °C, 1 min), followed by 25 cycles of (94 °C, 15 sec; 52 °C, 30

sec and 68 °C, 1 min) and 68 °C, 10 min as final extension.

Dpy 31 (3,328 bp); mRNA - 1,197bp
i I i 7 I f i dsRNA =300 bp
0 500bp 1kb 1,197 bp

Glp-1(8,449 bp); mRNA - 3,858 bp

| | b ——_ = —_ |
E—I 4‘..-.I 1 T
1kb 1,500 bp 3,858

500bp

dsRNA=419 bp

Figure 3.5: Graphical representation showing region selected for generating dsRNA construct
for glp-1 and dpy-31.

The attB-PCR product was then used for BP recombination reaction as follows- 50 ng
attB-PCR product, 1 pl pDONR™ 221 vector, 2 pl BP clonase Il enzyme and TE
buffer to make up the final volume 8 pl. The reaction was incubated at 25 °C for 1 h
preceded by addition of 1 ul Proteinase K solution incubating at 37 °C for 10 min. The

amplified PCR product was eluted using QIAGEN gel elution kit for subsequent
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cloning. The BP product was cloned into DH5a E. coli competent cells and plated onto
LA medium plates, containing the kanamycin antibiotic (50 mg/ml stock) (as in section
3.3.4). The positive colonies for entry clone were selected using colony PCR by M13F
and M13R universal primers (sequences present in vector) (Table 3.2) and resultant

amplicon was checked by running it on agrose gel.

3.3.19.2 Preparation of destination clone using RNAI vector

The positive entry clone carrying selected regions of dpy-31 gene was further cloned
into pHELLSGATE12 RNAI vector (Figure 3.6). The LR recombination reaction was
set as follows- 100 ng of entry clone, 1 ul of pHELLSGATE12 (100 ng), TE buffer (pH
8.0) to make up the total volume 8 ul and 2 pl LR Clonase Il enzyme. The reaction mix
was incubated at 25 °C for 1 h. To it 1 ul Proteinase K (2 pg/ul stock) was added and
incubated for 10 min at 37 °C. 2 ul of LR reaction was transformed into E. coli and
plated onto LA medium containing spectinomycin antibiotic (100 mg/ml stock) (as in
section 3.3.4). The positive clones were selected by colony PCR using vector specific

primers (Table 3.2).

Figure 3.6: Vector map for pHELLSGATE12 RNAI vector.
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3.3.19.3 Another strategy for designing RNAI constructs

For glp-1gene, conventional cloning strategy was employed for designing dsRNA
construct. Another RNAI vector namely, pBC6 (Yadav et al. 2006) was used for
generating dsRNA construct (Figure 3.7). Sense and anti-sense gene-specific primers
were designed. The primers for sense strands had BamHI restriction sequence on the 5'
end of the forward primer and Xhol restriction site sequence on the reverse primer
(Figure 3.5). Similar strategy was employed while designing primers for amplifying
antisense strands; restriction sites for Kpnl and Sacl were added at the 5' end of the
forward and reverse primer, respectively. Glp-1 sense and antisense strands were

amplified using PCR reaction. The amplified product was eluted in TE buffer (pH8.0).

_RB
’{ __NOS Promoter

pBC-6 | "“[

13490 bp

nptll
'.,,,,VNOS Terminator

__CaMV 35S Promoter
" BamHI(5822)

VA

LB | Intron

T Xhol (5832)
| \KpnI (6438)

| Sacl (6448)
NOS Terminator

Figure 3.7: Vector map for pBC6 vector.

pBC6 vector was digested using BamHI, Xhol, Kpnl and Sacl restriction enzymes. In a
100 ul of ligation reaction, eluted glp-1 sense and antisense strands were ligated with
pBC6 vector, incubated at 4°C for overnight. The ligated product was successfully

cloned into DH5aE. coli cells and cells plated on to LA medium containing kanamycin
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antibiotic (50 mg/ml stock) selection (see section 3.3.4). The positive clones were

selected using colony PCR by vector specific primers (Table 3.2).

3.3.19.4 Selection of positive clones by restriction digestion

The positive clones of RNAI vector carrying both the sense and antisense strand of dpy-
31 gene were selected by restriction digestion reaction. For the sense strand Xhol and
for antisense strand Xbal restriction enzymes were used. For the glp-1 gene, double
restriction digestion using BamHI, Xhol, Kpnl and Sacl restriction enzymes were
used.For sense strand, the pBC6 vector was double digested using restriction enzymes
BamHI and Xhol and was ligated with sense strand. For the antisense strand, now the
same pBC6 vector carrying sense strand of glp-1 gene, and amplified glp-1 product was
again double digested using Kpnl and Sacl followed by ligation of these two. Following
reaction was set up for the restriction- 1 pl 10x buffer, 1 pl plasmid DNA (300 ng), 0.4
pl each restriction enzyme (10U) and nuclease-free H,O to make up the reaction
volume to 10 pl. The mix was then incubated at 37 °C overnight in a thermal PCR
machine. 2 pl of restricted product was electrophoresed on 0.6% agarose gel for

observing restricted insert.

The selected positive clones were sent for Sanger sequencing for further confirming the
cloning. The clones showing 100% similarity were selected for generating transgenic

Arabidopsis thaliana plants.

3.3.20 Transformation of Agrobacterium tumefaciens cells
Frozen Agrobacterium tumefaciens competent cells were thawed on ice and 2 pl of 150
ng of recombinant plasmid DNA was added to the cells. These cells were incubated on

ice for 5 min followed by snap frozen in liquid nitrogen for 5 min. The cells were
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thawed immediately at 37 °C in water bath for 5 min. 1.0 ml of LA media was added to
the cells and the tube was incubated at 28 °C for 4 h with gentle shaking for the cell
recovery (200 rpm). This period allowed bacterial cells to express antibiotic resistance
genes and to overcome the stress due to heat and cold shocks. The tube was centrifuged
for 30 sec at 5000 rpm and supernatant was discarded. The cell pellet was re-suspended
in 100 pl of fresh LA media and spread on LA containing rifampicin (1 pl/ml, 25
mg/ml stock), gentamycin (1 pl/ml, 15 mg/ml stock) and kanamycin (1 pl/ml, 50 mg/mi
stock; in case of pBC6 vector) and spectinomycin (1 ul/ml, 100 mg/ml; in case of
pHELLSGATE12 vector), for bacterial and plasmid selections. The plates were
incubated at 28 °C for 48 h for the colonies to grow. Colony PCR was carried out for

screening of colonies containing recombinant vectors.

3.3.21 Transformation of Arabidopsis thaliana plants
glp-1-dsRNA and dpy-31-dsRNA specific constructs mobilised into Agrobacterium
tumefaciens strain GV3101 (by freeze thaw method) were used for developing

Arabidospsis transgenics by floral-dip method.

3.3.21.1 Germination of Arabidopsis seeds

Seeds sterilization

Arabidopsis thalianaseeds (To,) were thoroughly washed with sterile distilled H,O;
surface sterilized by washing for 1 min in 70% ethanol followed by washing with sterile
distilled H,O. After this, the seeds weretreated with 0.1% SDS-HgCI, for 7 min
followed by subsequent washing with sterile distilled H,Ountil foam is disappeared
(approximately 5 times). The surface sterilized seeds were then suspended in 0.1%

agarose solution and incubated at 4 °C for 48 h for cold treatment to break the dormancy
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of seeds. After two days seeds were evenly spread on MS medium on Petri plates.
These plates were incubated in the culture room maintained at +22 °C at a photoperiod

of 16 h light and 8 h of darkness for the germination of seedlings.

3.3.21.2 Planting of Arabidopsis seedlings in soil

Pots (4 cm diameter) were filled with soilrite, without compressing to give a uniform
and soft bed, covered with aluminum foil and were autoclaved at 15 psi, 120 °C for 20
min. Each pot was arranged in a tray and saturated with Hoagland’s solution (Himedia,
India). Two-weeks-old seedlings grown on MS plates were gently picked and
transplanted on saturated pot (3 seedlings per pot). Pots were then covered with saran
wrap to maintain high humidity. The trays containing these pots were placed in growth
chambers maintained at a temperature 20-23 °C and a photoperiod of 16 h light/8 h
darkness at National Phytotron facility, IARI. A relative humidity of 60-75% was
maintained. The soil was kept moist by regularly pouring Hoagland’s solution in the
tray. The plants formed rosettes and after 3-4 weeks inflorescence stalks appeared and
soil was allowed to dry out periodically so as to control algal and fungal growth with
regular supply of H,O alternated with that of Hoagland’s solution. The plants were
harvested within 8 weeks of transferring into soilrite. In case of aphid infestation, 0.1%

Metasystox ™ (Bayer, Germany) was sprayed.

3.3.21.3 Preparation of Arabidopsis plants for floral-dip transformation

For in planta transformation of Arabidopsis, floral-dip protocol (Clough and Bent, 1998)
was followed. The plants were placed in pots at a density of 3 plants per pot. The first
inflorescence shoots were cut as soon as they emerged so as to encourage growth of more

shoots method called pruning. In a week, the plants were ready for transformation.
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3.3.21.3.1 Preparation of Agrobacterium tumefaciens suspension

Three days prior to plant transformation, a 5 ml LA broth containing appropriate
antibiotics was inoculated with Agrobacterium tumefaciens carrying the RNAI vector
(PHELLSGATE12 and pBC6) and incubated at 28 °C with vigorous agitation. After 2
days, 1 ml of this culture was inoculated in 200 ml of LA containing the same
antibiotics taken in a 1 | flask and incubated again at 28 °C with vigorous agitation
(180 rpm) for 24 h. Agrobacterium was pelleted by centrifugation at 6000 rpm for 10
min and the cell pellet was re-suspended in 400 ml of 5% freshly prepared sucrose.
Silwet L-77 (0.05%) was added to this suspension and it was mixed thoroughly for

frothing.

3.3.21.3.2 Floral-dip

The Agrobacterium tumefaciens suspension was transferred to a 500 ml plastic beaker.
Before immersing the plants into the suspension, soilrite was pressed tightly so that it
doesn’t fell into the suspension while inverting the pots. All the siliques and open
flowers were cut with scissors and only unopened buds were left. Whole plants were
dipped into the suspension by inverting the pots in the solution such that all the above
ground parts were dipped in the suspension. The plants were left in that position for 1
min. The same suspension was used for approximately 6 pots. After treatment with
Agrobacterium, the plants were kept in horizontal position in a tray and covered with
the polythene to maintain high humid conditions for the next 24 h in dark. After 24 h,
the leaves were washed with H,Oto remove excess Agrobacteriumand the plants
returned to their normal growing conditions kept in Phytotron facility, IARI. The seeds

from these plants were collected in about 3-4 weeks.
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3.3.21.3.3 Seeds harvesting, handling and preservation

For seed collection, the inflorescences were bagged into long inverted butter paper bags
(Figure 3.8). The base of the bags was cut open and the mouth was fastened to the base
of the plants. Seeds were harvested by cutting the entire inflorescence at its base after
all the siliques matured and turned brown. The harvested plant material was allowed to
dry in 37 °C for a few days in the bags before threshing. Seeds were sieved to separate
them from chaff and cleaned by gentle blowing. The seeds were then further air dried
for 1-3 weeks at RT to reduce the moisture content. Dried seeds were dispensed in
micro centrifuge tubes and sealed tightly with PARAFILM™ and stored in desiccators

at4°C.

Figure 3.8: Arabidopsis plants bagged with butter paper for collecting seeds.

3.3.21.4 Screening of transgenic RNAI lines
3.3.21.4.1 Screening of transgenic lines for kanamycin resistance
Harvested T, seeds were sterilised and germinated on MS media plate supplemented

with kanamycin (1 pl/ml, 50mg/ml) (as in section 3.3.21.1). Wild type seeds were
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germinated on MS media without any antibiotics. The ratio of kanamycin resistance and
sensitivity for each mutant was calculated by counting number of kanamycin resistant
and susceptible seedlings in each plate. In the presence of kanamycin, resistant plants
grew normally while the sensitive plants become yellow by losing their chlorophyll and
died within 10 days of germination. The green resistant plants were then shifted into

pots filled with soilrite for seed harvesting.

3.3.21.4.2 Genomic DNA (gDNA) isolation from Arabidopsis transgenic plants

gDNA was isolated from fresh leaves harvested from T; transgenic as well as
untransformed (wild type) Arabidopsis plants by cetyltrimethylammonium bromide
(CTAB) method described by Doyle and Doyle (1990). The CTAB buffer was prepared
freshly from the stocks (Appendix Table 8) as follows; 10 ml (100 mM) 1M Tris-Cl
(pH 8.0), 4 ml (20 mM) 0.5 M sodium EDTA, 28ml (1.4 M) 5 M NaCl, 2 gm CTAB
and autoclaved distilled H,O to make up the volume to 100 ml. Approximately 1 gm of
leaf tissues were frozen in liquid nitrogen and ground to fine powder in pre-chilled
mortars and pestle. The powder was transferred to 2 ml of pre-warmed extraction buffer
with 0.2% B-Mercaptoethanol freshlyadded in 2 ml micro centrifuge tubes. The tissue
samples were mixed properly by vortexing and incubated at 65 °C for 1 h. The lysed
tissues were cooled down to RT and equal volume of chloroform, isoamyl alcohol
(CIA) (24:1 viv) solution was added with gentle mixing by inverting the tubes. The
tubes were centrifuged at 12,000 rpm for 20 min at RT. The aqueous phase was pipetted
into fresh 2 ml micro centrifuged tubes and the CIA treatment was repeated followed by
centrifugation. The supernatant was transferred into fresh tubes and mixed with equal
volumes of isopropanol. The tubes were kept at -20 °C for 2 h to facilitate DNA

precipitation followed by centrifugation at 12,000 rpm for 20 min. The DNA pellet was
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washed with 2 ml of 70% ethanol, centrifuged for 10 min at 10,000 rpm and air-dried.
The DNA was dissolved in 30 pl of 10 mM Tric-Cl buffer (pH 8.0). The gDNA was
treated with 10 pl of RNase A (10 mg/ml) and incubated at 37 °C for 1 h to get rid of
RNA contamination. The quality and quantity of isolated gDNA were checked by 0.8%
agarose/EtBr gel electrophoresis and NanoDrop (Thermo Scientific, USA), respectively

and before using for further molecular analysis.

3.3.21.4.3 Screening of putative transformants for the gene integration

The Arabidopsis transgenic (T;) plants were primarily screened for the presence of T-
DNA insert by PCR (Section 3.3.11) using gene-specific primers (glp-1/dpy-31) (Table
3.2). The presence of T-DNA was also confirmed in the T, plants using NPT Il gene-
specific region (Table 3.2) by PCR analysis. For the PCR screening, 50 ng of DNA
from untransformed control and transgenics were used and mixed with following
reagents- 100 nM of forward and reverse primers (glp-1/dpy-31 and npt-1l genes), 1X
buffer, 2mM MgCly, 100 uM dNTP mix and 0.5 U Taq polymerase (GeNei™, India) in
a 10 ul volume of reaction. The PCR products were analyzed on a 1% agrose gel and

documented by Gel Doc (Syngene).

3.3.21.5 Detection of dsRNAs from transgenic plants-northern hybridization
3.3.21.5.1 Small RNA isolation

Low molecular weight (LMW) small RNA was isolated from the leaves of RNAI
transgenic and wild-type (as control) plants according to the method described by
Rosas-Cardenas et al. (2011). 100 mg of frozen tissue was pulverized using liquid
nitrogen and 500 ul each LiCl extraction buffer and acid phenol pH 8.0 was added. The

composition of LiCl extraction buffer (Appendix Table 9) is as follows 100 mM Tris-
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HCI (pH 9.0), 1% SDS, 100 mM LiCl and 10 mM EDTA. The solution was mixed for 1
min using vortex and incubated at 60 °C for 5 min followed by centrifugation at 14,000
rpm for 10 min at 4 °C. The upper phase was transferred to new 1.5 ml micro centrifuge
tube and 600 pl of chloroform-isoamyl alcohol (24:1; v/v) was added. It was again
centrifuged at 14,000 rpm for 10 min at 4 °C. Again the upper phase was transferred to
a new 1.5 ml centrifuged tube and left for incubation at 65 °C for 15 min. To it 50 pl
NaCl (5M) and 63 ul 40% polyethylene glycol 8000 (w/v) (Appendix Table 9) was
added. The solution was mixed well and incubated on ice for 30 min. It was then
centrifuged for 10 min at 14,000 rpm at 4°C. The supernantant containing LMW RNA
was transferred to a new 1.5 ml micro centrifuge tube and 500 ul phenol-chloroform-
isoamyl alcohol (25:24:1; viviv) was added. It was again centrifuged at 14,000 rpm for
10 min at 4 °C. To precipitated LMW RNA supernatant obtained was transferred into
new tube and 50 ul sodium acetate pH 5.2 (3M) and 1200 ul ethanol was added and left
for overnight incubation at -20 °C. The next day tube was centrifuged at maximum
speed at 4 °C for 10 min. Supernatant was discarded and pellet was air-dried for 5 min.
LMW RNA was re-suspended in 20 ul RNAse-free H,O. The enrichment and integrity
of the small RNAs were checked by running on a 1.5% 1x MOPS agarose gel (section
3.3.14.2). The purity of LMW RNA was determined bymeasuringtheir absorbance at
230, 260 and 280 nm using a spectrophotometer NanoDrop, ND-1000 (NanoDrop

Technologies) (section 3.3.14.1).

3.3.21.5.2 Preparation of denaturing polyacrylamide gel (dPAGE)
For preparing 15% PAGE 20 ml final volume of urea PAGE 7.5 ml of 40% acrylamide-

biscrylamide (29:1; v/v), 8.4 g urea (7 M), 1 ml 10xTBE, 11.4 ml of DEPC-treated H,O
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were added in a small beaker and mix well byshaking and the whole mixture was
heated in oven for dissolving crystals. Then to it 10 pl TEMED and 40 pl 25% APS was
added. Immediately gel was poured in the vertical setup and gel was left for
polymerization for 1 h. Once polymerized comb was removed and a pre-run in 0.5x
TBE for about 30 min at 90 V was carried. Leached urea was flushed from the wells

just prior to loading SRNA samples.

3.3.21.5.3 Small RNA sample preparation

20 pg of small RNA (sRNA) was resolved in 15% polyacrylamide/1X MOPS.LMW
RNA samples were denatured in 2x RNA loading dye (Fermentas, Germany) comprised
of 50% deionised formamide with bromophenol blue tracking dye at 65 °C for 5 min
and placed back on ice immediately until they were loaded. Similar volume of H,O and
loading dye was also loaded in empty slots. Samples were run at a constant 90V for 3 h
at RT until the blue loading dye reached near to the bottom of the gel. Once the small
RNA was run far enough the gel rig was disassembled, it was stained with ethidium
bromide solution for 5 min. After documenting the RNA gel in Gel Doc/UV trans-

illuminator, the gel was de-stained in 1x MOPS buffer for 2 min.

3.3.21.5.4 Transferring of small RNA by electroblotting

Four 3MM Whatman filter papers and positively charged Hybond-N* membrane nylon
(Amersham) was cut according to the size of the gel. Electroblotting was carried out in
Hoefer miniVE Blot Module (AA Hoefer, Inc.). The transfer stack was assembled as
follows: a packing sponge (on the cathode side), a wet filter paper (cut in exactly of gel
size), gel was carefully placed on the filter paper, a pre-wet positively charged nylon

membrane; once placed glass rod used to remove air bubbles and above it wet filter
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paper was placed. The stack was closed with two packing sponge and module was
closed. To the module 350 ml 1x MOPS buffer was poured and placed carefully into
the tank. Pre-chilled de-ionised H,O used to fill the tank which served as heat sink
during electrotransfer. The small RNA was transferred at a constant 20V/400mA for 45

min.

3.3.21.5.5 Crosslinking of small RNA

Small RNA was chemically cross-linked onto the nylon membrane (Rosas-Céardenas et
al. 2011). A 3MM sheet cut slightly larger than the nylon membrane was soaked in 1-
Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) cross-linking reagent (Appendix
Table 9). The elctroblotting unit was disassembled and the nylon membrane was placed
on top of the EDC cross-linking reagent-saturated 3MM, with RNA side up i.e. the
membrane surface onto which small RNA has been blotted should not be the side in
direct contact with the 3MM sheet. EDC is quite unstable in H,O and should be
prepared immediately before use. This assembly was wrapped in Saran wrap and placed
in incubator at 60 °C for 2 h. After cross-linking, membrane was washed with excess

RNase-free H,O and preceded to pre-hybridization and hybridization.

3.3.21.5.6 Pre-hybridization and probe preparation

PerfectHyb™

Plus (Sigma) was used for pre-hybridization and was added at the rate of
0.2ml/sq cm in the hybridization bottles. The bottles were then incubated at 42 °C for 2

h in the hybridization oven.

Block-1t™ RNAI designer (https://rnaidesigner.thermofisher.com/rnaiexpress), siRNa
wizard (http://www.invivogen.co m/sirnawizard/) and siDesign center (http://dharma

con.gelifesciences.com/design-center/) tools were used to identify the regions suited for

69



Materials and Methods

SIRNA target design. Primers for probe preparation were designed from the region
marked most suitable for siRNA targeting (Table 3.2). To generate specific DNA
probes, *2P-o-dCTP labeling was performed with a mega prime DNA labeling kit (GE
Healthcare Amersham) using gene-specific antisense fragments (Table 3.2). The
labeling reaction was performed in 50 pl reaction mixture. The 25 ng DNA template
was mixed with 5 pl primers with H,O to make up the volume to 50 ul and denatured at
95 °C for 5 min. To it 5 pl labeling buffer, 5 ul Radiolabeled dCTP (*P-0-dCTP) and 2
ul klenow fragment of DNA polymerase (1 U/ul) was added and incubated at 37 °C for

10 min. The labelled probe was stored in -20 °C until further use.

3.3.21.5.7 Hybridization

Before performing hybridization using labeled probe, it was firstly purified using
Microspin G-25 column (Amersham). The column was vortexed gently to re-suspend
the resin. The cap was loosened by ¥4 turn and bottom of the column was snapped off. It
was then placed in the 1.5 ml screwcap eppendorf tube. The column was pre-spin for 1
min at 3000 rpm. 5 ul stop buffer (Blue Dextran and Orange-G in 1 ml EDTA, pH 7.0)
was added to the probe reaction to stop the reaction (Appendix Table 10). The labeled
probe was then poured slowly onto the centre of resin bed and centrifuged for 2 min at
3000 rpm. Coulmn was discarded and flow-through having labeled probe was used.
The hybridization was performed at 42 °C overnight in PerfectHyb™ Plus buffer using

%2p_g-dCTP labelled DNA fragment.

3.3.21.5.8 Washing
The hybridization buffer was discarded and membrane was washed two times briefly

with 2x SSC, 0.1% SDS for 20 min at 37 °C and last wash with 0.5x SSC, 0.1% SDS at
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RT for 15 min and counts were checked before subsequent wash. The washed

membrane was dried on filter paper and wrapped in clean plastic bag.

3.3.21.5.9 Autoradiography

The dried membrane was then placed in a lead cassette and exposed to X-ray film
(Kodak) -80 °C for 16 h. The autoradiograph was developed as per X-ray films
manufacturer’s instructions. For repeated hybridization, membrane was stripped with

0.5% SSC, 0.5% SDS for 30 min at 80 °C.

3.3.22 Silencing efficacy of RNAI transgenic lines

3.3.22.1 Plant growth conditions and nematode infection bioassays

Transgenic RNAI and wild type Arabidopsis T3 seeds were surface sterilized (section
3.3.19.1) before germination on MS medium. Plates were maintained at 21°C under a
16 h light/8 h dark photoperiod. Twelve-days-old seedlings were transferred from the
petri plates to a 24-slot tray, per slot 2 inch in diameter (one plant per slot), containing a
suitable mixture of sand, vermicompost, cocopeat (1:1:1 w/w) maintained in a growth
chamber with a 16 h light/8 h dark photoperiod (Figure 3.9a and b). After 2 weeks of
transplantation each plant was infected with 1000 freshly hatched J2s of root-knot
nematodes using 1 ml pipette. The infected roots were harvested after 45 days post
infection (45-dpi). Root characteristics, galling, molecular assays and morphometric
studies were performed on these uprooted infected plants. The number of galls per
plant, as well as the number of females and egg masses per gram root fresh weight,
were counted under a dissection microscope and used as a measure for determining the

nematode infection.
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WT Ev RNA:i line

Figure 3.9: Arabidopsis plants grown in a tray for nematode infection. a) glp-1 Transgenic
RNAI line P1 and P2. b) dpy-31 Transgenic RNAI line P3.

Nematodes within the infected roots of all samples were stained with acid fuchsin
(Bybd et al. 1983) and photographed using a Nikon microscope. To determine the level
of susceptibility towards nematode infection in RNAI lines and wild-type plants,
reproductive potential of M. incognita infecting these plants was determined (Kumari et
al. 2016). For this nematode multiplication factor (MF) of M. incognita was calculated

as follows:

(number of egg masses x number of eggs per egg mass) ~ nematode inoculum level

Twoindependent sets of nematode feeding bioassays were carried out for all lines; in
anygiven assay 10 progenies per each RNAI line was calculated. Thus each data point
represents theaverage of at least 20 infected roots per line.The size of stained females
isolated from the infected plant samples was measured using a 10x objective on the
Nikon microscope equippedwith measurement software (NIS element D) (Eisenback
and Hunt, 2009; Kaur and Attri, 2013). The stylet and pharyngeal structures of J2

progeny of females feeding on transgenic RNAI lines (expressing glp-1- and dpy-31-
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dsRNA) and control plants were also observed with Zeiss Axio microscope

Imager.M2m coupled to an AxioCam using a 40x objective.

3.3.22.2 Transgene expression analyses in nematode infecting RNAi plants by

qRT-PCR
Total RNA was isolated from the females infecting transgenic RNAI lines and control
plants using Pure Link RNA Mini Kit (Ambion, USA) according to the manufacturer’s
instructions, followed by DNase treatment using the Qiagen DNase enzyme (see section
3.3.14).SYBR green chemistry based gRT-PCR was performed to determine the level
of transcription of nematode transgene (glp-1/dpy-31) in the M. incognita females
infecting transgenic and control plantsfollowing the same protocol as described in
section 3.3.16, with Actin and 18S rRNA genes used as the reference genes for the

gRT-PCR analysis.

3.3.23 Data Analyses

All the results were obtained from at least three independent experiments. The data
represented the average (mean) with standard error from all the experiments.
Statistically significant differences between the means of replicates of sampleswere
determined by ANOVA and Student’s t-teststo check the level of significance at p<0.05

and/or p<0.01.
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4. RESULTS

Objective 1: In silico identification of critical gene(s) of Meloidogyne

incognita involved in development

4.1.1 Genes involved in cuticle and pharynx development in M. incognita
Dpy-10 and dpy-31 orthologs identified in M. incognita

We identified two cuticle collagen genes namely, dpy-10 and dpy-31 gene in M.
incognita as the orthologs of Ce-dpy-10 and Ce-dpy-31 genes using in silico approach.
The sequences were retrieved from the genomic database of M. incognita and were
further analyzed. The local TBLASTN in Bioedit revealed a single hit for the dpy-10
(Minc15911) gene and two hits for dpy-31 (Minc01936 and Minc03986). The BLAST
analysis revealed >95% similarity between Minc01936 and Minc03986 both at the gene
as well as amino acid level present at different coordinates as retrieved from Gbrowse.
Genes enlisted in OrthoMCL search database carried out by Abad et al also revealed

Ce-dpy-10 and Ce-dpy-31 genes ortholog in M. incognita genome (2008).

Mi-dpy-31

A recent report also predicted Minc01936 as dpy-31 gene in M. incognita while
identifying dpy-31 in ovine gastrointestinal nematode Teladorsagia circumcincta
(Stepek et al. 2015). At the gene level, Mi-dpy-31 (Minc01936) is a 3.328 kb long
sequence, comprising of 12 exons and 10 introns and Mi-dpy-31 (Minc03986) is 3.721
kb long gene, comprising of 14 exons and 13 introns. Whereas its ortholog in C.
elegans is a 5kb long gene, interestingly comprising of 8 exons and 7 introns. The 3.328
kb DNA segment of dpy-31 is predicted to encode a 1.197 kb long mRNA while

Minc03986 encodes 1.148 kb long (Table 4.1).
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Table 4.1: Comparison of gene sizes of dpy-10 and dpy-31 of plant-parasitic nematodes to that
of reported dumpy genes of free-living nematodes.

Results

Gene Organism Accession number Gene size mRNA Protein size
()] size (kb) (amino acid
residues)
Caenorhabditis elegans ~ T14B4.7 (isoform a) 2.072 1.586 356
Caenorhabditisbriggsae =~ CBG11227 (isoform a) 2.556 1.679 135
dpy-10  Caenorhabditis japonica  CJA05199 1.530 1.338 354
Caenorhabditis remanei ~ CRE26236 1.217 1.071 356
Meloidoyne incognita* Minc15911 1.903 1.181 352
Caenorhabditis elegans ~ R151.5 (isoform a) 5.004 2.015 592
Caenorhabditisbriggsae =~ CBG16621 4.299 2.005 593
Caenorhabditis japonica CJA10004 7.351 1.785 594
Caenorhabditis remanei ~ CRE25103 2.741 1.791 596
dpy-31 Minc01936 3.328 1.197 391
Meloidoyne incognita*
Minc03986 3.721 1.148 375
Meloidogyne hapla® MhA1_Contig704.frz3.genel N.A. N.A. 362
Meloidogyne floridensis* an.lo.léscaf07709-augustus- N.A. 0.687 228
gene-0.

* indicates cuticle genes which have been experimentally proved in this study
# indicates cuticle genes which have been predicted computationally in this study

Mi-dpy-10

While Mi-dpy-10 showed gene length of 1.903 kb comprising of 8 exons and 7 introns
and Ce-dpy-10 is reported as 2.072 kb long interestingly comprising of only 4 exons and
3 introns. Mi-dpy-10 mRNA is 1.181 kb long which are shorter in length in comparison to
Ce-dpy-10 mRNA which is 1.586 kb long (Table 4.1). Even with the disparity in the
number of exons and coding length between C. elegans and M. incognita cuticle genes,
gene structure analysis indicated the presence of a similar length of the conserved
domains in both the cuticle genes identified in M. incognita. The partial mMRNA sequence
of Mi-dpy-10 (1.031 kb) and Mi-dpy-31 (1.116 kb) were successfully cloned in pGEMT

easy vector and both the sequences were confirmed by Sanger sequencing.

75




Results

glp-1 orthologs identified among RKN and other nematode species

In order to identify ortholog of glp-1 in M. incognita tblastn analysis was performed
against the M. incognita genome with the C. elegans GLP-1 protein as a query
(retrieved from wormbase) and a few hits were selected following Pfam analysis.
Among these hits, MiV1ctg1087, the only contig with a high bit score, showed 100%
similarity with the Minc16055 enlisted in the OrthoMCL analysis of M. incognita as a
Ce-glp-1 ortholog by Abad et al (2008). Thus, functional annotation studies were
carried out for the selected gene. The Mi-GLP-1 (Minc16055 or MiV1ctgl087) is a
member of the LIN-12/Notch family receptors and is composed of a series of motifs
that are conserved among all Notch receptors. The size of the Ce-glp-1 and Mi-glp-1
genes was found to be nearly identical, 7.458 kb vs. 7.449 kb, respectively. However,
the number of introns and exons differed in these orthologous, with Ce-glp-1
comprising only 9 exons and 8 introns (Rudel and Kimble, 2001) and Mi-glp-1 having
18 exons and 17 introns,as based on our computational analysis. The exon/intron
structures of these orthologous genes are thus not well-conserved among the nematodes.
At the mRNA level, Mi-glp-1 is 3.252 kb long, whereas Ce-glp-1 is 4.326 kb long.
Recently, another gene named GLP-4, was identified as a new member of the Notch
GLP protein family, in C. elegans (Rastogi et al. 2015). To date, GLP-4 has been
identified only in C. elegans and C. briggsae (Mango, 2007; Rastogi et al. 2015) and
not in plant-parasitic nematodes.The genome-wide search in this study identified only a

single glp-1 contig, as is the case with C. japonica and C. remanei, wherein each has a

single glp.

Since glp-1 is a vital gene involved in pharyngeal development during embryogenesis,

we also performed a comprehensive species-wide search for this gene in the genomes
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and ESTs of various other Meloidogyne species available in NCBI and/or Nematode.net
using tblastn. Among the Meloidogyne spp., a glp-1 homolog was identified in M.
hapla, M. floridensis, M. javanica, M. chitwoodi and in G. pallida, another plant-
parasitic nematode (details in Table 4.2). We also included free-living nematodes,
including C. elegans, C. briggsae, C. japonica and C. remanei and a marine worm
(Priapulus caudatus) Notch receptor gene in our phylogenetic analysis. It was observed
that among the Meloidogyne spp., M. hapla has all the domains present that were
identified in the Ce-glp-1 gene, unlike Mi-glp-1, which does not have an EGF domain.
A motif search conducted in all the species used for analysis in this study revealed

conserved ANK repeats.

Table 4.2: Comparison of gene size of glp-1 of plant-parasitic nematodes with that of reported
glp-1 gene of free-living nematodes.

Organism Accession number Gene mRNA  Proteinsize  Source
size size (amino acid
(kb) ()] residues)
Caenorhabditis elegans CAAT9620.1 7.45 4.32 1295 retrieved from
Wormbase
Caenorhabditisbriggsae =~ CBG06809 6.61 4.43 1326 retrieved from
Wormbase
Caenorhabditis japonica  CJA09628 11.48 3.94 1294 retrieved from
Wormbase
Caenorhabditis remanei  CRE29209 6.12 432 1308 retrieved from
Wormbase
Meloidoyne incognita” MiV1ctg1087 7.44 3.25 1083 identified in this study
Meloidogyne hapla® Mh10g200708_Conti 5.8 2.27 757 identified in this study
91018
Globodera pallida® GPLIN_000999900.1 N.A. 3.75 1250 identified in this study
Meloidogyne floridensis*  contig N.A. 2.69 898 identified in this study

nMf_1 1 scaf00321

* indicates pharyngeal genes which have been experimentally proved in this study
# indicates pharyngeal genes which have been predicted computationally in this study
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4.1.2 Protein sequence analysis and phylogenetic analysis of selected genes

in nematode species
Although the identified dpy-10 and dpy-31 genes in M. incognita are the orthologs of C.
elegans, we noticed some difference in their cuticle protein composition. In order to
analyze the biochemical properties of these two genes molecular weight, isoelectric
point (pl) and subcellular localization were predicted. The identified dpy-10 encodes a
protein of 352 amino acids long (Figure 4.1a). The two probable paralogs of dpy-31
identified viz., Minc01936 and Minc03986 encode a protein of 391 and 375 amino
acids, respectively (Figure 4.1b). The predicted molecular weight of DPY-10, DPY-
31(Minc01936) and DPY-31(Minc03986) proteins are 36.83 kDa, 45.43 kDa and 43.44
kDa with predicted isoelectric point (pl) of 5.20, 6.65 and 6.17, respectively. A negative
grand average of hydropathicity (GRAVY) scores of -0.683, -0.808 and -0.771 for
DPY-10, DPY-31 (Minc01936 and Minc03986) proteins, respectively indicated the

hydrophilic nature of these proteins.

>

Figure 4.1: Diagrammatic representation of predicted structures of proteins encoded by cuticle
genes of M. incognita. a) Architecture of Mi-DPY-10 protein. b) Architecture of Mi-DPY-31

proteins. The functional domains are indicated as follows: E3 Collagen triple helix,

- Astacin and CUB domain.
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The sub-cellular localization prediction of both the cuticle collagen genes suggested
that both are probably located in nuclear and extracellular (including cell-wall)
regions. As reported earlier, the expression of dpy-31 in the hypodermis was noticed
and is reported to process cuticle components (Mohrlen et al. 2003; Novelli et al.
2004; Park et al. 2010; Suzuki et al. 2004). The prediction software indicated the
presence of transmembrane domain in Mi-DPY-10 similar to that of Ce-DPY-10
protein (Figure 4.2a). In case of Mi-DPY-31, no transmembrane domain was
predicted this was in accordance with Ce-DPY-31 protein (Figure 4.2b). While the
signal peptide sequence was notably absent in both Mi-DPY-10 and Mi-DPY-31

(Figure 4.3a and b).
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Figure 4.2: Predicted transmembrane domain in M. incognita cuticle proteins using
TMHMM software. a) DPY-10 and b) DPY-31.
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Figure 4.3: Prediction of signal peptide in Mi- DPY-10 (a) and Mi- DPY-31 (b) using Signal
P.4 software.

59 Chn-DPY-10
54!Chr-DPY-10 (isoform b)
98 | Cre-DPY-10
97 "
Ce-DPY-10 (isoform a)

82 Cip-DPY-10 Clusterl

Ppa-DPY-10

601 Bm-DPY-10

8L ovoDPY-10

Mi-DPY-10 —

Ce-DPY-10 (isoform c)

Clusterll

100 L chr-DPY-10 (isoform a) _

P
020

Figure 4.4a: Phylogenetic analysis of Mi-DPY-10. Neighbor-joining phylogenetic tree of
Notch-like receptors from C. elegans (Ce), C. japonica (Cjp),C. briggsae (Cbr), C.
remanei(Cre),C.brenneri (Cbn), M. incognita (Mi), B. malayi (Bm), P. pacificus (Ppa), and
O. volvulus (ovo). The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (2000 replicates) is shown next to the branches. The
phylogenetic analysis was conducted using MEGAY.
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The phylogenetic analysis of these genes was on the basis of high similarity within the
conserved collagen domains. Both the probable paralogs of Mi-DPY-31 (Minc01936 and
Minc03986) grouped together forming one cluster with other Meloidogyne spp. The
phylogenetic tree indicates the presence of DPY-10 and DPY-31 throughout the different

nematode phylum and strongly points to their conserved function (Figure 4.4a and b).
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Figure 4.4b: Phylogenetic analysis of Mi-DPY-31. Neighbor-joining phylogenetic tree of
Notch-like receptors from C. elegans (Ce),C. japonica (Cjp), C. briggsae (Cbr), C. remanei
(Cre),C. brenneri (Cbn), M. incognita (Mi), M. floridensis (Mf), M. hapla (Mha), B. malayi
(Bm), P. pacificus (Ppa), and O. volvulus (ovo). The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (2000 replicates) is shown next to the
branches. The phylogenetic analysis was conducted using MEGAY.

In Mi-glp-1

The Mi-glp-1 gene encodes a protein of 1083 amino acids in length, as determined by
Pfam analysis, in contrast to Ce-glp-1, which is composed of 1295 amino acids (Figure
4.5a and b). The molecular weight of Mi-GLP-1protein is 120.67 kDa with predicted

isoelectric point (pl) of 7.25 and a negative grand average of hydropathicity (GRAVY)
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score of -0.532 indicated its hydrophilic nature. The subcellular localization prediction

software indicated the probability of GLP-1 as a nuclear protein.
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Figure 4.5: Diagrammatic representation of the predicted structures of the glp-1 gene and its
encoded protein. (a) Exon/intron structure of M. incognita glp-1. The boxes represent exons,
and the black lines represent introns. (b) Architecture of the M. incognita GLP-1 protein. The

functional domains are indicated as follows: O LNR, C3TMD, 0 RAM domain, and ID
ANK.

The transmembrane software and Pfam analysis suggested the presence of
transmembrane domain (Figure 4.6) but no N-terminal signal peptide was found in the

Mi-GLP-1 protein (Figure 4.7).
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Figure 4.6: Predicted transmembrane domains in the M. incognita GLP-1 protein using
TMHMM software.
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Figure 4.7: Prediction of signal peptide in Mi- GLP-1 using Signal P.4 software. No signal
peptide detected.

All identified GLP-1 protein sequences belonging to the different nematode species
were aligned using MUSCLE (Figure 4.8). The alignment revealed several conserved
motifs present among these parasitic and free-living nematodes, with two motifs
showing maximum amino acid conservation. Phylogenetic analysis using the amino
acid sequences was performed with the goal of understanding the patterns of relatedness

of the glp-1 gene among the nematodes under study.

Phylogenetic analysis through the neighbor-joining method of GLP-1 in Meloidogyne and
in other species revealed a separate cluster comprised of Mi-GLP-1, Gp-GLP-1, Mh-GLP-1
and Mf-Notch-like protein. As observed in the phylogenetic tree, Mi-GLP-1 appears to be
most closely related to the Mf-Notch-like protein. However, there was a higher degree of
similarity among the conserved domains between Mi-GLP-1 and Gp-GLP-1, thereby

conclusively demonstrating that these as two closely related genes (Figure 4.9).
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Figure 4.8: Multiple sequence alignment of GLP-1 in free-living and plant-parasitic nematodes.
Black shading indicates conserved amino acids. Rectangular boxes represent different motifs
conserved in GLP-1 in these species ((CJ-LNR, —_! -TMD, [=]-RAM domain, CJ-ANK and i,
-PEST domain). Ce- Caenorhabditis elegans, Cbr- Caenorhabditis briggsae, Cjp- Caenorhabditis
japonica, Cre- Caenorhabditis remanei, Mi- Meloidogyne incognita and Gp- Globodera pallida.
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Figure 4.9: Phylogenetic analysis of Notch-like receptors. Neighbor-joining phylogenetic tree
of Notch-like receptors from C. elegans (Ce), C. japonica (Cjp), C. briggsae (Cbr), C. remanei
(Cre), M. chitwoodi (Mch), M. javanica (Mj), G. pallida (Gp), M. incognita (Mi), M. floridensis
(Mf), M. hapla (Mhp), and P. caudatus (Pca, as an outgroup). The percentage of replicate trees
in which the associated taxa clustered together in the bootstrap test (2000 replicates) is shown
next to the branches. The phylogenetic analysis was conducted using MEGAY.

4.1.3 Presence of conserved domains

In cuticle proteins

Proteins of DPY family have a diverse role ranging from development to processes like

extracellular matrix components. Protein structure analysis of DPY-10 reveals the

presence of collagen superfamily domain which contains copies of Gly-X-Y to form a

triple helix (Figure 4.10). Each Gly-X-Y repeats flanked by conserved cysteine

residues as observed in reported Ce-DPY-10. The pattern of Gly-X-Y repeats of Mi-

DPY-10 resembles that of Dpy-2 group as classified on the basis of the pattern of

conserved cysteines (Johnstone, 2000). In Mi-DPY-10 the size of Gly-X-Y repeats

between first and second cysteine cluster is 47 amino acids and between second and

third cluster is 131 amino acids. It was also observed that proline content was more in

the Gly-X-Y pattern in Mi-DPY-10 which is a typified character of nematodes.
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Figure 4.10: Multiple sequence alignment of DPY-10 protein in free-living and plant-
parasitic nematodes. Black shade indicates conserved amino acids. Rectangular boxes
represent conserved cysteine residues in between Gly-X-Y repeats. Here, Ce- Caenorhabditis
elegans, Cbr- Caenorhabditis briggsae, Cjp- Caenorhabditis japonica, Cre- Caenorhabditis
remanei, Cbn- Caenorhabditis brenneri, Mi- Meloidogyne incognita, Bm- Brugiya malayi,
Ppa- Pristionchus pacificus and Ovo- Onchocerca volvulus. Arrow indicates Mi-DPY-10
protein.
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Astacin domain is a characteristic of members of DPY family proteins. In both the Mi-
DPY-31 proteins (Minc01936 and Minc03986), astacin domain is comprised of 193

amino acid residues (Figure 4.11).

Figure 4.11: Multiple sequence alignment of DPY-31 in free-living and plant-parasitic
nematodes. Black shade indicates conserved amino acids. Rectangular boxes represent zinc-
binding active site (HExxHxXGFXHExxXRxDRD) and methionine-turn (SxMHY) motifs
conserved in these species in dumpy genes. Here, Ce- Caenorhabditis elegans, Cbr-
Caenorhabditis briggsae, Cjp- Caenorhabditis japonica, Cre- Caenorhabditis remanei, Cbn-
Caenorhabditis brenneri, Bm- Brugiya malayi, Ppa- Pristionchus pacificus, Ovo- Onchocerca
volvulus, Mi- Meloidogyne incognita, Mha- Meloidogyne hapla and Mf- Meloidogyne
floridensis. Arrows indicates Mi-DPY-31(36) - Minc01936 and Mi-DPY-31(86) - Minc03986
protein.
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Astacin containing proteins are proteases that require zinc for catalysis and hence, the
name metalloprotease proteins. Presence of astacin domain indicates towards the
peptide cleavage role of Mi-DPY-31. The motif search analysis showed same motifs of
similar sizes in these two probable copies of DPY-31. Apart from astacin domain, motif
analysis search also revealed the presence of CUB domain (for complement C1r/C1s,
Uegf, Bmpl) at C-terminal of both the copies of Mi-DPY-31, thus classifying it under
subgroup V according to the classification by Park et al (2010). The proteins with
astacin and CUB domain are generally membrane proteins known to be involved in
development. Thus, Mi-DPY-31 could also be a membrane protein although no
transmembrane domain was predicted in Mi-DPY-31 which is in accordance to Ce-
DPY-31. DPY-31 is thought to be responsible for C-terminal cleavage of the cuticular
collagen SQT-3 (Novelli et al. 2004), a function reminiscent of the role of BMP-1 in

cleaving fibrillar collagens in vertebrates (Park et al. 2010; Reddi, 1996).

In GLP-1 protein

On the other hand, amino acid sequence analysis of the M. incognita GLP-1 protein
revealed a single transmembrane domain (TMD), an extracellular domain containing
Lin-12/Notch repeats (LNR), ankyrin repeats (ANK), which is an intracellular domain,
and a Pro-Glu-Ser-Thr domain (PEST) (Figure 4.12). The LNR and ANK repeats have
been described in C. elegans in terms of their molecular and biological functions
(Austin and Kimble, 1989; Roehl et al. 1996). Thus, the presence of these motifs in Mi-
GLP-1 indicates its probable role in embryogenesis. Specific primers from the LNR
region were designed, and the region was successfully amplified, confirming the
presence of these repeats in M. incognita. Interestingly, the presence of a conserved "C"

cysteine as the first residue marking the beginning of the LNR motif was found to be
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present in the glp-1 in all nematode species evaluated in this study (Figure 4.8). Mi-
GLP-1 had one ANK domain with three copies, three LNR domains present at the 5'
end, a transmembrane domain, and a RAM domain; however, an epidermal growth
factor (EGF) domain was not found. GLP-1 induces downstream transcriptional
regulators and interacts with them to mediate signaling. In our sequence analysis, we
found an "RTGGGAA" DNA binding site and a RAM domain in Mi-glp-1. These sites
have been proposed as a binding site for the LAG-1 (Lin-12 and Glp-1) protein, which
is required during embryogenesis for regulating pharyngeal development (Christensen

et al. 1996).
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Figure 4.12: Protein motifs of Notch receptor members identified using the MEME tool. The
motifs belonging to the C. elegans, C. briggsae, C. japonica, C. remanei, M. incognita, M.
chitwoodi, M. javanica, M. floridensis and G. pallida GLP-1 proteins are compared.

4.1.4 Protein-protein interaction

Cuticle proteins

To determine the probable function of DPY-10 and DPY-31 in M. incognita; a protein-

protein association network was carried out using STRING software. For this, we
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identified and retrieved other dumpy genes from the M. incognita genome using C.
elegans dumpy genes as query. The analysis revealed a direct interaction between Mi-
DPY-2, Mi-DPY-7 and Mi-DPY-10 (Figure 4.13). To further confirm our result we
also performed protein-protein interaction analysis for Ce-DPY-10 and Ce-DPY-31
genes with other cuticle genes using STRING. The analysis revealed a direct interaction
between Ce-DPY-10, Ce-DPY-7 and Ce-DPY-2. However, an indirect network
between Ce-DPY-10 and other proteins like NOAH-1, NOAH-2, MLT-11, DPY-3,
ACN-1 and IPR-3 (Figure 4.14) was noticed. Nevertheless, we were unable to identify
these sequences in M. incognita genome and therefore no such network was established
between Mi-DPY-10 and other respective protein sequences. Interestingly, Mi-DPY-31
displayed a direct interaction with only Mi-SQT-3 protein (sequence identified and
retrieved in our BLAST analysis) similar to the predicted interaction network indicated

by the Ce-DPY-31 (Figure 4.15).
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Figure 4.13: Protein-protein interaction of Mi-DPY-10 with other dumpy proteins. Here, nodes
represent genes and edges represent interactions.
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Figure 4.14: Protein-protein association of Ce-DPY10. Direct protein interaction network of
Ce- DPY-10 with other cuticle genes. Here, nodes represent genes and edges represent
interactions.
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Biological process
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Cuticle structure formation

Figure 4.15: Protein-protein association of Mi-DPY-3. Direct protein interaction network of
Mi-DPY-31 with other cuticle genes. Here, nodes represent genes and edges represent
interactions.

GLP-1 protein

A protein-protein interaction network was predicted to identify the probable association
of glp-1 with other genes. For this we identified Mi-lag-1 and Mi-sel-12 in our
computational analyses and retrieved corresponding sequences from the M. incognita

genome. It was observed that the probable genes having direct interaction with glp-
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1were not having any association among themselves. A similar pattern of protein-
protein interaction for Ce-GLP-1 was also detected. The analysis clearly demonstrated a
direct and vital interaction of GLP-1 with LAG-1 for performing vital processes in M.
incognita (Figure 4.16). Biological processes involving cell fate commitment, notch-
signaling pathway and cell-surface receptor signaling pathways requires a direct
interaction between GLP-1 and LAG-1. Thus, there is a good match between our motif
search anaylsis revealing LAG-1 binding DNA sequence sites and protein-protein
association of GLP-1 and LAG-1. Together, these results indicate LAG-1 as an
important ligand for GLP-1 in performing significant functions involving organ

development.
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Figure 4.16: Protein-protein association of Mi-GLP-1. Direct protein interaction network of
Mi-GLP-1 with other notch signaling genes. Here, nodes represent genes and edges represent
interactions.
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Objective 2: Cloning and characterization of cuticle and pharynx genes and

their transcript profiling

4.2.1 Isolation of Mi-dpy-10, Mi-dpy-31 and Mi-glp-1 from M. incognita

Total DNA was isolated from M. incognita adult females hand-picked from the infected
tomato cv pusa ruby plants and run on an agrose gel to check the quality of DNA
(Figure 4.17). PCR amplification was carried out using this DNA to confirm the
integrity of predicted dpy-10, dpy-31 and glp-1 genes in M. incognita genome. PCR
product or amplicon was evaluated on agrose gel. The expected amplification of the
amplicon of respective genes (Figure 4.18a, b and c¢) confirmed the genes identified
through in silico analyses. The amplicon lengths of genes dpy-10, dpy-31 and glp-1 are

1.031 kb, 1.116 kb, and 1 kb, respectively.
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Figure 4.17: gDNA isolated from the M. incognita females infecting tomato plants. Lanes: L-
1kb plus ladder, 1 and 2- gDNA isolated from M. incognita female.
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a)
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Figure 4.18: PCR amplification of selected genes from gDNA isolated from M. incognita
female using gene-specific primers. a) dpy-10 amplified. Lanes: 1- non specific amplification,
2- PCR product of dpy-10; b) Amplification of dpy-31. Lanes: 1- PCR product of dpy-31; and c)
Amplification of glp-1. Lanes: 1- PCR amplified product, L- 1 kb plus ladder in a), b) and c).

4.2.2 Transcript abundance of identified genes during developmental stages
of M. incognita
The expression pattern of dpy-10, dpy-31 and glp-1 in M. incognita was studied at five
different development stages: egg masses, J2s, mature females, J3s and J4s (infected roots
of plant samples harvested after 10 dpi and 21 dpi). Total RNA was isolated from these
samples and run on formaldehyde agarose gel to check the quality of the RNA (Figure
4.19a and b). In dpy-10 higher expression at J2 stage (7.5 relative fold) was observed
indicating its possible role during an early stage of moulting (Figure 4.20a). The dpy-31
transcript levels were found higher in adult females as compared to that in early stages
(Figure 4.20b). Thus, indicating possible role of Mi-dpy-31during the fourth round of
moulting in the nematode life cycle. Interestingly, glp-1 showed higher expression levels
during the early development of M. incognita, i.e., in egg masses (Figure 4.20c). This
finding is consistent with the previous studies reportingthat the glp-1 is abundant at early
developmental stages in C. elegans embryos (Austin and Kimble, 1989; Crittenden et al.
1997). The gRT-PCR analysis also revealed that glp-1 transcript levels showed an increase

in mature females, indicating its possible role even at this later stage in M. incognita.
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Figure 4.19: Total RNA isolated from the M. incognita female infecting tomato plants. Lanes
represent RNA isolated from five different samples. a) Lanes: 1- egg mass, 2- J2s, 3- adult
females; b) Lanes: 1- infected roots of plant samples harvested after 10 dpi (J3s), 2- infected
roots of plant samples harvested after 21 dpi (J4s).

.- o Mi-dpy-31
a)
8 1 12 1
s )
27 € 4
8 6 8
S G
T 5 % 08 1
L2 4 b i
® N e 06
k] K
S 2 K
1 -
o . . 1 . .
q J2s 10dpi 21dpi Females Eggmasses J2s 10dpi 21dpi Females
masses
18+ .. Mi-glp-1
<)
16 -
=3
£ 14
£ 12
o
T 14
'-g 08 - r
= 06 4
©
o 04
o
02 1
0 -

Eggmasses J2s 10dpi 21dpi Female
Developmentstages

Figure 4.20: Transcript profiling of dpy-10, dpy-31 and glp-1 genes at different developmental
stages in M. incognita. a) qRT-PCR based expression of Mi-dpy-10; b) gRT-PCR based expression
of Mi-dpy-31; and c) gRT-PCR based expression of Mi-glp-1. The histogram indicates the relative
fold change (2 *““" value) normalized based on the actin gene as an endogenous gene and the
female ACt value as a calibrator. The asterisks * and ** indicate significant differences at p<0.05

and p<0.01, respectively.
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4.2.3 Cloning of partial mRNA of selected genes in pPGEM®-T easy vector

The partial MRNA sequence of dpy-10 (1.031 kb), dpy-31 (1.116 kb) and glp-1 (1 kb)
were amplified with appropriate primers designed from the retrieved sequences. The
amplified fragments were cloned in TA cloning vector pGEM®-T easy and
recombinant clones were confirmed by colony PCR using gene specific primers
(Figure 4.21a, b and c). The colonies which showed amplification of the desired length
were then used for isolating plasmid and further verified by restriction digestion using
Sacll and Notl enzymes (Figure 4.22), followed by Sanger sequencing using universal
primers namely, M13F and M13R primers. The vector sequence was removed from the
obtained sequences using the Vecscreen software. Thus, a 1.031 kb, 1.116 kb, and 1 kb

size of partial mMRNA of dpy-10, dpy-31, and glp-1 genes, respectively was successfully

sequenced.
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1000—>] bm—ms - g — < 10311500 ooy e — — < 1116
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Figure 4.21: Cloning of selected genes in pGEMT-Easy vector using gene-specific primers.
a) Colony PCR based confirmation of dpy-10 transformants. Lanes: 1 to 6- E. coli
transformed colonies; b) Colony PCR based confirmation of dpy-31 transformants. Lanes: 1
to 4- E. coli transformed colonies and c) Colony PCR based confirmation of glp-
ltransformants. Lanes: 1 to 10- E. coli transformed colonies. Lanes: L- 1 kb plus ladder; -ve-
negative control in a), b) and c).
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Figure 4.22: Confirmation of Mi-dpy-10, Mi-dpy-31 and Mi-glp-1 insert in pGEMT Easy
vector. a) Restriction digestion confirming Mi-dpy-10 clones. Lanes: L- 1 kb ladder, 1- uncut
pGEMT transformed, 2- recombinant Mi-dpy-10+ pGEMT Easy vector digested with EcoRl;
b) Restriction digestion confirming Mi-dpy-31 clones. Lanes: L- 1 kb ladder, 1- recombinant
Mi-dpy-31+ pGEMT Easy vector digested with EcoRlI, 2- recombinant vector, and 3- uncut
PGEMT transformed; and c) Restriction digestion confirming Mi-glp-1 clones. Lanes: L- 1 kb
ladder, 1 and 3- uncut pGEMT transformed, 2 and 4- recombinant Mi-glp-1+ pGEMT Easy
vector digested with EcoRlI, 2- recombinant vector.

Objective 3: Evaluating the silencing efficacy of these genes in Arabidopsis

thalianato confer the nematode resistance against M. incognita

4.3.1 Development of dsRNA constructs

The identified dpy genes have been reported to play a critical role in cuticle and glp-1
gene in pharynx development in nematodes. Thus, targeting these genes for silencing
might hamper the overall growth and development of M. incognita and thereby, aiding
in controlling the infection. To achieve this objective, dSRNA constructs carrying sense
and antisense strands of the selected gene were generated. For the development of Mi-
dpy-31 RNAI construct, gateway cloning technology was used, while Mi-glp-1 RNAI
construct was developed through conventional cloning strategy but first the partial
MRNA sequences of these three genes were cloned into a pGEMT easy vector as

described previously and sequenced using Sanger sequencing platform.
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4.3.1.1 glp-1 dsRNA constructs

A dsRNA expression construct of the glp-1 gene was designed in the pBC vector
(Yadav et al. 2006). Sense and antisense strands of glp-1 each of 419 bp in size were
amplified using gene-specific primers having restriction enzyme site at their 5'end
(Figure 4.23). The sense and antisense strand of glp-1 gene was successfully cloned
into pPBC6 RNAI vector driven by a CaMV35S promoter. The positive clones were
confirmed by colony PCR, restriction digestion (Figure 4.24a and b) and by Sanger
sequencing. The positive clones were restricted with BamHI and Xhol to release sense
strand of approximately (~) 400 bp long and on restriction digesting these clones with
Kpnl and Sacl released antisense strand also of ~400 bp long. All the clones that
released the same size of product after restriction were confirmed by sequencing. The

positive clone was mobilized into Arabidopsis via Agrobacterium mediated transformation

(Figure 4.24c).
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Figure 4.23: PCR amplification of Mi-glp-1 sense and antisense strands. Lanes: 1- sense
strand amplified product, 2- antisense amplified product, and L- 1 kb ladder.
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Figure 4.24: Cloning of Mi-glp-1 in sense and antisense orientation in pBC6 vector. a)
Confirmation of Mi-glp-1 cloning in pBC6 vector by colony PCR using gene-specific
primers. Lanes: 1, 3 to 5, 8- positive pBC6 clones, 2, 6 and 7- E. colinon-recombinant
colonies; b) Restriction based confirmation of Mi-glp-1-dsRNA constructs. Lanes: L- 1 kb
plus ladder, 1 cut- sense strand released (plasmid digested with BamHI and Xhol), 2 cut-
antisense strand released (plasmid digested with Kpnl and Sacl); and c¢) Confirmation of
cloning of Mi-glp-1-dsRNA construct in Agrobacterium tumefaciens using colony PCR.
Lanes: 1 to 10- positive Agrobacterium clones. Lanes: L- 1 kb plus DNA ladder and —ve-
negative control in both a) and b).

4.3.1.2 dpy-31 dsRNA constructs

pDONR121 vector was inserted with sense and antisense strand of dpy-31 gene each of
approximately of 300 bp in length. For this, the PCR amplification was carried out
using gene-specific primers and the amplified product was cloned into pPDONR121 by a
recombinant reaction. Thus, this way we were able to clone both the sense and antisense
strands of dpy-31 in a single reaction into this vector (Figure 4.25). The recombinant
clones were confirmed by colony PCR and Sanger sequencing. Further by recombination
reaction using LR recombinase enzyme dpy-31 RNAI construct was prepared in

pPHELLSGATE12 vector (Figure 4.26a, b and c).
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Figure 4.25: PCR amplification of Mi-dpy-31 sense and antisense strands using gene-specific

primers. Lanes: L- 1 kb plus ladder, -ve- negative control, sense and antisense- PCR amplified
products of Mi-dpy-31.
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Figure 4.26: Cloning of Mi-dpy-31 in sense and antisense orientation in pHELLSGATE12 vector
for Mi-dpy-31-dsRNA construction. a) Confirmation of Mi- dpy-31 cloning in pDONR201 vector
by colony PCR using gene-specific primers. Lanes: 1 to 3- positive pDONR clones, 4 and 5-non-
recombinant E. coli colonies; b) Confirmation of Mi- dpy-31 cloning in pHELLSGATE vector by
colony PCR using gene-specific primers. Lanes: 1 to 6, 8 and 9- non-recombinant E. coli colonies,
7 and 10- positive pHELLSGATE clones; c) Confirmation of cloning of Mi- dpy-31-dsSRNA
construct in Agrobacterium tumefaciens using colony PCR. Lanes: 1, 3t0 7, 9, 11, 12, 14, 15 and
17- to 10- positive Agrobacterium clones, 2,8, 10, 13 and 16- negative clones. Lanes: L- 1 kb plus
DNA ladder and -ve- negative control in a), b) and c).

The positive clones were similarly confirmed by colony PCR, double digesting the

plasmids using restriction enzymes Xhol (for sense strand) and Xbal (for antisense
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strand) followed by Sanger sequencing (Figure 4.27a and b). The sense and antisense
strands each of ~500 bp (300 bp (gene insert) + ~200 bp (vector sequence)) in length

were released on double digestion of positive clones with restriction enzymes.
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Figure 4.27: Confirmation of dpy-31-dsRNA constructs. a) pHELLSGATE plasmid
confirmation. Lanes: 1 to 5- undigested cloned pHELLSGATE plasmid, L- 1 kb plus ladder;
b) Restriction based confirmation of Mi-dpy-31-dsRNA constructs. Lanes: L- 50 bp DNA
ladder.

4.3.2 Determining glp-1 and dpy-3lefficacy as candidate for gene silencing

4.3.2.1 Over-expression of Mi-glp-1 and Mi-dpy-31 genes in Arabidopsis thaliana
RNAI lines expressing Mi-glp-1 and Mi-dpy-31-dsRNA constructs were generated by
transforming Arabidopsis plants. These lines were confirmed by kanamycin selection
(Figure 4.28a and b) and integration of Mi-glp-1 and Mi-dpy-31 as transgenes in
Arabidopsis thaliana was further confirmed by PCR amplification of gDNA isolated
from each T lines using respective gene-specific primers (Figure 4.29a and b). The
over expression of genes under 35S promoter forms RNAI glp-1 lines P1 and 2 and

RNAI dpy-31 lines P3 and P5.
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Figure 4.28: T, selection of Arabidopsis transformants on an antibiotic (kanamycin) selective
MS media. a) Selection of Mi-glp-1-dsRNA expressing Arabidopsis transformants; b)
Selection of Mi-dpy-31-dsRNA expressing Arabidopsis transformants.

P2 P3 P4 WT L

Figure 4.29: PCR based confirmation T, Arabidopsis seedlings .a), b)- gDNA isolated from
T, seedlings of Mi-glp-1 and Mi-dpy-31 expressing transgenic lines, respectively. Lanes: P1
to P4- transgenic parent lines, WT- wild type plant, L- 1 kb plus ladder; c), d)- PCR amplified
product from gDNA isolated from Mi-glp-1 and Mi-dpy-31 expressing transgenic lines,
respectively using gene-specific primers.

4.3.2.2 Nematode infection assay on A. thaliana RNAI lines

Mi-glp-1

For evaluating the silencing efficacy of Mi-glp-1, Ts seedlings of two independent
transgenic lines were chosen and subjected to infection by parasitic juveniles. Two glp-

1 RNAI lines (RNAI line P1 and line P2) were evaluated, for which the nematodes
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inside their roots were stained for determining the level of infection (Figure 4.30a). The
glp-1 RNAI lines exhibited a reduction in the number of galls (47.8 and 51.3%),
females (51.5 and 47.79%) and egg masses (49.3 and 59.4%) compared to control and

transgenic plants harboring empty vector (Figure 4.30b and c).
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Figure 4.30: Evaluation of nematode resistance in Tz Arabidopsis RNAI lines expressing Mi-
glp-1-dsRNA. a) Representative photograph depicting M. incognita in infected roots stained
with acid fuchsin: (i) wild-type plants, (ii) empty vector line, (iii) RNAI line 1 and (iv) RNAI
line 2; b) and c) Histogram depicting the number of galls, females and egg masses in the
RNA. lines, empty vector transgenic lines, and control (wild-type) plants. The asterisks * and
** indicate a significant difference at p<0.05 and p<0.01, respectively.

Altogether, both the transgenic RNAI lines had the significant reduction in number of galls,
females and egg masses indicating a deleterious effect of silencing of this targeted gene on
the growth and development of nematodes. The adult female nematodes were isolated, and

their sizes were analyzed to determine any phenotypic effects, if any, on M. incognita.
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Length and width were measured for each female using a scale on a Nikon microscope
(Figure 4.31). The females dissected from control plants had an average length and width
of 396.27 um and 248.18 um, respectively. However, females isolated from RNAI lines
were significantly smaller and had an average length and width of 231.9 pm and 140.36
pm, respectively (Table 4.3). Therefore, there was a reduction of 41.4% and 43.4% in their

length and width, respectively, in the nematode females feeding on RNAI lines.
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Figure 4.31: Females isolated from wild-type and Mi-glp-1 RNAI transgenic plants were
stained with acid fuchsin.

Table 4.3: Size evaluation of females obtained from wild-type plants and Mi-glp-1 transgenic

RNA. lines.
Wild type ' RNAi line
Female Length Breadth Length Breadth
(Lm) (um) (um) (um)
1 343 206 249 180
2 442 299 181 130
3 243 295 263 164
4 530 368 234 142
5 462 350 253 135
6 515 308 213 111
7 498 342 183 114
8 443 338 287 136
9 488 233 242 124
10 355 196 267 187
11 374 390 179 121
Average 426.64 302.273 231.9 140.36
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Mi-dpy-31

In case of dpy-31, the silencing efficacy was evaluated by growing T3 transgenic lines
P3 and P5 on soilrite. The J2(s) were sterilized and each plant was inoculated with 1000
J2(s). The dpy-31 RNAI line 3 and RNAI line 5 exhibited a reduction of only 6.93 and
2.7 %, respectively in terms of a number of galls (Figure 4.32a). These lines exhibited
a reduction in thefemales (4.3 and 1.8%) and egg masses (3.4 and 5.3%) compared to
control and transgenic plants harboring empty vector (Figure 4.32b and c). Thus, the
dpy-31 RNAI lines did not show significant resistance to nematodes. Even the length
and breadth for eachadult female was when measured using a scale on a Nikon
microscope, not much difference was observed (Figure 4.33; Table 4.4). Thus, no

phenotypic effect was noticed.
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Figure 4.32: Evaluation of nematode resistance in T3 Arabidopsis RNAI lines expressing Mi-
dpy-31-dsRNA. a) Representative photograph depicting M. incognita in infected roots stained
with acid fuchsin: (i) wild-type plants, (ii) empty vector line, and (iii) RNAI line 2; b) and c)
Histogram depicting the number of galls, females and egg masses in the RNAI line, empty
vector transgenic line, and control (wild-type) plant. The asterisks * indicate a significant
difference at p<0.05.
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Figure 4.33: Females isolated from wild-type and Mi-dpy-31 RNAI transgenic plants were

stained with acid fuchsin.

Table 4.4: Size evaluation of females obtained from wild-type plants and Mi-dpy-31 transgenic

RNA. lines.

Wild type RNAi line |
Female | Length | Breadth | Length | Breadth
(um) (um) (Hm) (um)
1 343 206 289 272
2 442 299 397 354
3 243 295 454 257
4 530 368 409 312
5 462 350 471 303
6 515 308 423 284
7 498 342 383 270
8 443 338 512 376
9 488 233 495 307
10 355 196 340 211
11 374 390 401 362
Average 426.64 302.273 415.818 300.727

4.3.2.3 Molecular analyses of RNAI lines through gRT-PCR and northern blotting

The transcript abundance of the glp-1 gene in females isolated from both the RNAI

lines showed an approximately 60% reduction compared to females isolated from

controlplants (Figure 4.34).
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Figure 4.34: RT-qPCR-based glp-1 expression analysis of M. incognita females isolated from
infected roots of RNAI lines 1 and 2 and females isolated from control plants.

This decrease in the transcript levels of glp-1 in females feeding on RNAI lines
demonstrates the effect of its silencing through Host-delivered dsRNA. Although not
much decrease in the infectivity of M. incognita on dpy-31 RNAI lines was observed, a
35% reduction at the transcripts levels of dpy-31 was observed in females extracted from

the infected RNAI lines compared to females isolated from control plants (Figure 4.35).
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Figure 4.35: RT-gPCR-based dpy-31 expression analysis of M. incognita females isolated from
infected roots of RNAI line 2 and females isolated from control plants.

With the aim to determine the accumulation of glp-1-specific dSRNA in RNAI lines

expressing glp-1 partial cDNA, the transformants were analyzed through Northern
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hybridization. Low molecular weight RNAs isolated from the RNAI line, empty
vector line, and control plant were transferred to nylon membrane. The hybridization
confirmed the presence of glp-1 dsRNA in RNAI line 1 which would be processed
into siRNAs (Figure 4.36a and b). One of the key components of host-mediated
RNAI was the 419-bp dsRNA of glp-1, which was detected in the transgenic RNAI
line. Also, no signal was observed in the case of control and empty vector RNAI lines.
However, detection of dSRNAs or siRNAs was not preceded with dpy-31 RNA. lines
due to the non significant reduction in M. incognita infection level exhibited by these

lines.
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Figure 4.36: Molecular analyses of M. incognita isolated from transgenic Arabidopsis
plants.a) Ethidium bromide-stained PAGE gel (before transfer) showing the low-molecular-
weight RNA fraction; b) The corresponding Northern blot for detecting the presence of glp-1
dsRNA. The 183-bp probe corresponding to glp-1 was designed from the LNR domain. In a)
and b), Lane 1- gene-specific PCR product as a positive control, Lane 2- empty vector line,
Lane 3- RNA. line 1, Lane 4- wild-type as a control, and Lane M- molecular marker.

4.3.2.4 Phenotypic evaluation of RNAI lines expressing nematode dsRNA of glp-1
and dpy-31gene

Although RNAI is believed to be highly sequence-specific and the region utilized inthe

present study has been rigorously evaluated in silico for homology searches, host-derived
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siRNAs may elicit off-target effects (Charlton et al. 2010). In order to ascertain whether
the manipulation of plant genome/ production of sSiRNAs have anyadverse effect on plant
development, the selected RNAI lines were compared morphologically with the control
plants. No significant visible phenotypic anomalies were observed betweenthe glp-1-
RNAI line, dpy-31-RNAI line and control plant (Figure 4.37a and b). Moreover, these

lines also successfully completed their life cycle by producing viable seeds.

Figure 4.37: Morphological evaluation of transgenic RNAI line (a) compared to wild type
plants (b) as control.

4.3.3 Effect of silencing on M. incognita fecundity and next-generation J2s

The females feeding upon glp-1 RNAI lines produced fewer numbers of egg masses
compared to wild-type plants. The number of eggs present in these egg masses was
further evaluated to determine the deleterious effect, if any, of silencing the glp-1 gene.
A 26% reduction in the number of eggs was noted in the glp-1 RNAI lines. Nematode
multiplication factor (MF) was then calculated to determine the reproductive potential
of M. incognita in RNAI lines and wild-type plants. The MF value of M. incognita

infecting transgenic RNAI lines was calculated as 11.57, whereas that of nematodes
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infecting wild-type plants was 31.1 (Table 4.5). Several J2s isolated from glp-1 RNAI
lines showed aberrations around the metacorpus region, along with a shorter distance
from the stylet to the metacorpus region of pharyngeal structures (Figure 4.38; Table
4.6). Thus, it can be deduced that adverse effects on J2s is due to the inherent nature of
RNAI inherited from one generation to the next. There are studies in C. elegans that
show inherited effects of silencing even in the absence of the original trigger (Bird et al.
2009). The persistence of silencing effects has also been observed when the Mi-1 gene
of tomato was suppressed (Gleason et al. 2008). However, MF value for dpy-31 did not

reveal much effect on silencing.

Table 4.5: Numbers of eggs counted for M. incognita feeding on wild-type plants and RNAI
plants for calculating MF value.

Number of egg masses Number of eggs per egg mass

Wild type  Transgenic line 2 Wild type Transgenic line 2
1 87 45 1 283 188
2 125 39 2 307 213
3 102 50 3 337 250
4 117 54 4 326 168
5 92 57 5 335 256
6 96 37 6 318 245
7 114 80 7 239 148
8 100 53 8 314 217
9 89 82 9 264 278
10 109 29 10 277 237
Average 103.1 52.6 Average 300 220
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Figure 4.38: Altered phenotypes of stylets and pharynxes of J2s obtained from M. incognita
females isolated from infected plants: a) wild-type (control) plants; b) RNAI lines. Curly
brackets indicate the length from the mouth to the metacorpus bulb in J2s.
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Table 4.6: Adverse effect on J2s obtained from M. incognita females isolated from infected
RNAI and wild-type plants.

to metacorpus

Stylet length | Length from Mouth

1 10 45

2 14 47

3 11 46

4 11 44

) 5 16 54
wild type J2s 6 m -
7 11 47

8 16 65

9 14 63

10 16 68

1 10 41

2 8 35

3 9 39

4 9 39

5 11 42

RNAI J2s

6 10 45

7 10 42

8 14 45

9 15 56

10 13 46
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5. DISCUSSION

Very few genes that have a decisive function in the organ development of a plant-
parasitic nematode that aids during infestation are known. Thus, the main concern of
this study was to examine genes that have a crucial role in the development of cuticle
and pharynx of M. incognita. Because it is by virtue of these organs M. incognita is able
to establish an endoparasitic sedentary relationship with its plant host for successfully
completing its life cycle inside the host. Our work here suggests that two cuticle genes
identified viz. Mi-dpy-10 and Mi-dpy-31 functions in the formation of cuticle and have
an important role in moulting. Another gene, Mi-glp-1 identified is responsible in
embryonic development of pharynx in M. incognita. The work was not focussed only
on indentifying and characterizing these genes but also to evaluate their potential as a

novel target in developing nematode resistant plants.

Astacin metalloprotease genes for cuticle development in M. incognita

Dumpy (DPY) class of proteases is also known as astacins proteins. The presence of
astacins in different nematodes indicates conserved function and expansion of astacin
protein family in nematodes for example, on basis of in silico analysis 30 astacins
present in M. hapla, 37 in M. incognita, 13 in B. malayi and some in M. chitwoodi,
Parastronglyoides trichosuri and Trichinella spiralis were reported (Craig et al. 2007;
Park et al. 2010). From previous reports it is evident that genes responsible for synthesis
of nematode cuticle are found similar in free-living as well as parasitic-nematodes,
hence, Mi-dpy-10 and Mi-dpy-31 reported in this study are ortholog of Ce-dpy-10 and

Ce-dpy-31, respectively. Mi-dpy-10 despite encoding protein of similar number of
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amino acids as Ce-dpy-10, disparity in the size of the gene between the two was noticed
in our analysis. The most likely explanation of this difference might be due to assembly
of M. incognita genome in scaffold forms which resulted in truncated sequence. The
presence of genome assembly in this form could also be a reason for obtaining two hits
of Mi-dpy-31 in our analysis, both showing more than 70% similarity to Ce-dpy-31. But
the presence of these hits at two different scaffolds may indicate these two as different
copies of dpy-31 gene that might have resulted from an event of duplication during
speciation. Nonetheless, 95% similarity both at the nucleotide as well as amino acid
level was revealed when the two sequences were compared. Moreover, EGF domain

that is reported in Ce-DPY-31 was absent in both these copies of Mi-DPY-31 protein.

Dumpy genes have been grouped into different subgroups based on the domain
organization (Park et al. 2010). From our motif search output it was evident that Mi-
dpy-10 and Mi-dpy-31 belongs to dpy-2 and subgroup V, respectively (Johnstone, 2000;
Park et al. 2010). dpy-2 subgroup consists of only two members having a defined
function in post-embryonic development stages. Whereas, members of subgroup V
have been shown to express in hypodermis and involved in collagen processing for
cuticle formation. The motif search revealed the presence of conserved Gly-X-Y repeats
interrupted by cysteines residues in Mi-DPY-10 which is noticed in accordance with
Ce-DPY-10. It also showed presence of a longer C-terminal tail than average which is a
characteristic of DPY-10 protein. Apart from astacin and CUB domains, regions like
conserved zinc-binding active site (HEXXHXXGFXHExXXRxXDRD) and methionine-turn
(SXMHY) domain which are characteristic of DPY-31 was found in our motif search.
This study reports the conserved sequence of catalytic and methionine-turn sites in Mi-

DPY-31 for the first time, HEVAHALGFWHEQSRPDRD and SIMHY, respectively.
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The highly conserved nature of these sites was further disclosed from the multiple
sequence alignment analysis which revealed a 100% identity in these two sites among
all the nematodes across different phylum. All the domains identified in both cuticle
genes have been well studied in cuticle development of nematodes. Hitherto, presence
of these extremely conserved motifs in Mi-DPY-10 and Mi-DPY-31 suggests their role

in cuticle formation and development in M. incognita.

The regulated spatial and temporal expression of dpy genes is very well established in
C. elegans and has been described as early, intermediate or late expressing genes on
basis of its MRNA abundance (Page and Johnstone, 2007). A higher transcript level of
Mi-dpy-10 in the J2 stage i.e. in early development in M. incognita is in good agreement
with that observed in Ce-dpy-10, which is a typical trait of members belonging to
subgroup dpy-2. Hence, significant role of Mi-dpy-10 during moulting of J2 stage to
form J3 in M incognitahas been demonstrated for the first time in root-knot nematodes.
Unlike dpy-10, dpy-31 is known to express throughout the life cycle of nematode, with
specifically in early larval stages (Novelli et al. 2004; Stepek et al. 2015). In contrast to
some reports in the literature, higher expression of Mi-dpy-31 in the later stage of
development i.e. in adult females in our expression analysis implies a species-specific

role of dpy-31 in parasitic-nematodes.

This research was not only restricted in indentifying new potential targets for silencing
but was also intended to evaluate the silencing efficacy of few key genes for host-
mediated RNAI approach. RNAI has revolutionized the control mechanisms for pests
like plant-parasitic nematodes. Host-delivered RNAi-mediated root-knot nematode

resistance is now an established technology. A few developmental genes, such as Rpn7

115



Discussion

(essential for the integrity of the 26S proteasome), nhr-48, FAR-1, splicing factor and
integrase genes, have been targeted using RNAI for controlling infection in the root-
knot nematode M. incognita (Yadav et al. 2006; Niu et al. 2012; Iberkleid et al. 2015;
Lu et al. 2016). Consequently there is always a need to identify better candidate genes.
RNAI based silencing of dumpy genes showed cuticle alterations in C. elegans mutans.
Dumpy genes have also been targeted for controlling animal-parasitic nematodes in
animals (Stepek et al. 2015). Thus, we performed host-mediated RNAi experiments
using Mi-dpy-31 as target. But the infectivity of M. incognita in terms of equal number
of galls produced, number of females developed and egg masses produced by nematode
in both dpy-31 RNAI lines and control plants clearly indicated a non-significant
resistance against M. incognita. The finding proposes that silencing of dpy-31 gene
alone will not make much of the significance difference in controlling M. incognita.
This inference is based on the findings of my study which are restricted to targeting
single gene for host-delivered RNAI. Thus, what is required is the combinatorial
silencing effect of more than one gene belonging to a multigene family that is
detrimental to the growth of parasitic nematode. Clearly, further research is needed to

validate this contention.

Pharynx gene and enhanced resistance of glp-1 RNAI lines to M. incognita

infection

This study also explores the role of Mi-glp-1lin developing pharynx structure in M.
incognita and its possibility as a potential target gene for host-mediated RNA. strategy.
The genome-wide computational analysis revealed a single contig (MiV1ctg1087 or
Minc16055) as a Notch receptor protein. Interestingly, to the authors knowledge this

was the first time a gene involved in pharynx growth in M. incognita is identified and
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reported except one study that reported Minc16055 as putative Mi-GLP-1 protein in the
course of identifying microsatellite loci in M. incognita (Castagnone-Sereno et al.

2010).

The study attempts to evaluate the conservation of Mi-glp-1 across nematode phylum.
The phylogenetic analysis clearly demonstrated that Mi-GLP-1 product has putative
functions closely related to the Ce-GLP-1 protein. Although a disparity in the nucleotide
length of the mMRNA sequences was revealed resulting in the overall different gene
organization and structure of Mi-glp-1. One rational explanation of this difference in the
exon/intron structure could be the scaffold form of M. incognita genome from which the
sequence was retrieved and hence, a truncated protein was obtained.Intriguingly, this
difference in MRNA length was also noticed while analysing G. pallida glp-1 thus in
consistent with that of Mi-glp-1. The presence of conserved domains such as LNR repeats
known to mediate ligand-binding and ANK along with RAM requisite for signaling
responses (Kelley et al. 1987; Rebay et al. 1991; Heitzler and Simpson, 1993; Artavanis-
Tsakonas et al. 1999) further confirms the similarity in the property and structure to that
of a receptor protein consisting of varied domains, each with a specific function. Thus,
from the conserved domains including predicted transmembrane domain which is in
concurrent with that of Ce-GLP-1 it appears that Mi-GLP-1 has a plausible role as a
receptor protein, although a clear mechanism of interaction has not been determined. The
absence of EGF domain in Mi-GLP-1 also divulges certain structural and functional

differences of GLP-1 between C. elegans and M. incognita.

Since GLP-1 a receptor protein, it was hypothesized that certain DNA binding

sequences for ligands might be present on GLP receptor. As observed from the motif

117



Discussion

search analysis presence of LAG-1 ligand binding sequence at more than one site on
Mi-GLP-1 supports our hypothesis. This finding is in consistent with the previous
report on Ce-LAG-1 DNA binding sites, implying its function in LIN-12/GLP-1
signaling pathways (Christensen et al. 1996). Experiments such as yeast two-hybrid
assays and co-precipitation of proteins in vitro have demonstrated direct interactions
between LAG-1 and the GLP-1 receptor via these domains in nematodes (Roehl et al.
1996). Thus, based on the in silico analyses and the available literature, it can be
concluded that the deduced gene in this study is a Notch receptor protein present in M.

incognita.

Another aim of the thesis was to explore whether glp-1 exhibit differential expression as
reported in C. elegans or is it ubiquitously present in all the stages of plant-parasitic
nematode. The higher transcript level in egg masses suggests important role of Mi-glp-1
during embryogenesis which is in good agreement with previous studies (Priess et al.
1987; Austin and Kimble, 1989). Although expression pattern of Mi-glp-1 is generally
in line with the reported studies there is one aspect in which it differs. A noticeable
increase in Mi-glp-1 transcript in mature females, suggestsa possible role during later
stages of RKN development as well. Future experiment determining localization of this
gene product will confirm the role of GLP-1 during female development in M.

incognita.

A dsRNA/sIRNA strategy was also used for host-mediated RNAi-based suppression of
Mi-glp-1, similar to that of Mi-dpy-31. Plant-mediated down regulation of putative Mi-
glp-1 provided resistance against M. incognita in stable transgenic Arabidposis RNAI

lines harbouring glp-1-specific dsRNAs. An approximately 47% reduction in the
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infection level was recorded in two independent glp-1 RNAI lines. Decrease in the gall
formation, female infestation, and egg mass production were also observed in these
RNAI lines. Transgenic Arabidopsis lines expressing dsRNA against Mi-glp-1
subjected to M. incognita infection did not show any phenotypic changes compared to
wild-type plants. The nematode females isolated from control plants had an average
length and width similar to the reported body length (ranging from 510-690 pm) and
width (300-430 pum) of a healthy mature M. incognita female (Whitehead, 1968; Garcia
and S&nchez-Puerta, 2012). However, a decrease in the overall body size was evident in
RNAI females but whether this decrease was a direct result of the low expression of
glp-1 is not yet clear. Direct evidence supporting a role of glp-1 in the growth of M.
incognita at later stages in the life cycle has not yet been reported. These results

unequivocally demonstrated the suppression of glp-1 in females feeding on RNAI lines.

Additionally, to further confirm our claim of successful RNAI based silencing of glp-1,
relationship between RNAI transgene, small RNA concentrations and M. incognita
resistance were examined by detection of dSRNA molecules by Northern hybridization. We
were able to confirm the presence of glp-1-specific dsSRNA molecules in the transgenic
lines, an important factor for successful host-mediated RNAI (Bass, 2000; Agrawal et al.
2003), but unfortunately could not verify glp-1-specific SIRNASs despite numerous attempts.
Several studies have reported a similar problem for other genes, which is most likely due to
the low sensitivity of Northern blot analysis (Dinh et al. 2014a). The ability of M. incognita
to ingest large moleculesand the presence of four dicers in Arabidopsis, which might in all
likelihood have processed glp-1-specific dsSRNA (as shown in our Northern analysis) into
siRNAs that could thereby trigger RNAI responses in M. incognita females feeding on

transgenic RNAI lines may also have played a role.
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These findings thus suggest suppression of Mi-glp-1 in females feeding onto RNAI
transgenic lines. But what effect does the suppression of glp-leventually has on the
phenotype of M. incognita females and their fecundity efficiency, structured the next
aim of our study. To investigate this, hatching capability of egg masses hand-picked
from all females infecting RNA. lines, control, and empty vector plants was determined
and a decrease in J2s population was noticed. Reduced infectivity of M .incognita on
RNAI lines compared to control plants was experimentally confirmed by calculating
MF value which appeared lower in number. On the basis of reports in literature on
maternal lineage of glp-1 RNA in C. elegans (Evans et al. 1994), it was postulated that
glp-1-dsRNA might have even affected the progeny produced from affected females.
To prove our contention, next-generation J2s were observed for phenotype
abnormalities. In these J2s, aberrations in the structures of meta-corporeal bulbs such as
decrease in the length of a region from the stylet to the metacarpus was evident, along
with some anomalies in their stylet discs, were clearly apparent. A similar degraded
structure of intestinal tissues of M. incognita, wherein Sepl, a novel serine protease,
was identified as a potent bio-agent from Bacillus firmus for controlling plant-parasitic
nematode populations was described (Geng et al. 2016).Thus, it can be inferred that the
females obtained from transgenic plants showed effects on the foregut region of their
descendants. Our results offer suggestive transmission of dsSRNA-mediated deleterious
effects to the next generation of root-knot nematodes. A more detailed study of the

observation is required.

Altogether, identifying and characterizing new development genes in M .incognita is
the need of the hour. It would be interesting to investigate RNAI resistance on stable

transgenic lines of other important crops such as tomato, potato and sugarcane against
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M. incognita using these developmental genes in a plant-mediated RNAI approach. An
extensive research for understanding the development and behaviour of these pathogens
will enable researchers in selecting better targets for host-mediated gene silencing for

controlling the nematode menace.
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6. SUMMARY AND CONCLUSION

The nematode cuticle acts as a defensive shield for both plant and animal-parasitic
nematode by preventing them from phagocytosis. It is the cuticle that enables M.
incognita to inhabit the host as sedentary endoparasites. On that account cuticle is
indeed vital for nematode survival, consequently targeting genes that are involved in
cuticle formation and development will be benefitted in combating such parasites. The
present study reports the identification and characterization of two cuticle related genes
namely, dpy-10 and dpy-31 in M. incognita. It also demonstrates the significance of
these genes in organ development of RKN at its different life stages thereby imparting
parasitism abilities to it.A highly conserved nature asexhibited from the phylogenetic
analysis among different nematode phylum illustrate critical role of these genes in

worms.

There are reports on dsRNA-mediated gene silencing administering cuticle genes as a
target such as dpy 2, 4, 10 and 11 in Bursaphelenchus xylophilus (Wang et al. 2016).
Thus, potential of dumpy genes as a target in governing nematode infestation is very
well understood by biologists. Mi-dpy-10 and Mi-dpy-31 identified in this study could
be potent targets for developing transgenics conferring resistance against plant-parasitic
nematodes using host-mediated RNAI approaches. However, the findings of this study
suggest that Mi-dpy-31 alone cannot serve as a successful target for mediating gene
silencing in plant-parasitic nematode. One of the possibilities is since dpy-31 belongs to
a multigene family; a pyramidal effect of more than one dumpy gene together for
developing transgenic might present a better solution to achieve a successful RNAI

based nematode protection strategy in plant-parasitic nematode.
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Another objective of the present research work was to characterize another key gene
responsible for pharynx development namely, glp-1. Glp-1 gene encoding a Notch
receptor protein in M. incognita involved in pharynx development during
embryogenesis. This gene is highly conserved in free-living as well as plant-parasitic
nematodes suggesting its very critical role. Plant mediated down regulation of the Mi-
glp-1 provided resistance against M. incognita in stable RNAI transgenic lines of
Arabidopsis. In planta production of RNAI resulted in reduced infectivity and the size
of M. incognita females. Our results describe for the first time the deleterious effect of
host-mediated RNAI in next-generation J2s obtained from females isolated from
infected transgenic plants. Collectively, glp-1 gene exhibits qualities for a good target

gene for RNAI based administering of nematode infection.

From the research conducted in this study, it is possible to reasonably conclude that glp-
1 plays a significant role in pharyngeal development in plant-parasitic nematodes.The
role of GLP-1 as a receptor protein has been well-characterized in C. elegans; however,
its involvement in pathogenic nematodes has not been reported to date. An important
implication of the study involves determining the silencing efficacy of glp-1 against
other root-knot nematode such as M. hapla, M. floridensis and M. javanica. This work
was concerned with developing plant-mediated RNAI based resistance against root-knot
nematodes; however, applicability of glp-1 in managing other plant-parasitic nematodes
viz. cyst nematodes for example G. pallida will involve a useful future research.
Developing stable transgenic lines of major crops affected by root-knot nematode using
glp-1 as a target for host-mediated gene silencing approach will be an interesting
research. ldentifying genes downstream of the glp-1 receptor and determining the

ligands that bind to it will provide further insights into the various processes and
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pathways in which glp-1 is involved. These ligands and associated genes could then be
targeted for understanding the cross-talk between different pathways and could
eventually be used as targets for RNAi-mediated silencing for managing plant-parasitic
nematodes, thereby improving overall crop productivity. However, several important
questions remain unanswered. The nature of the study did not allow us to investigate
whether role of glp-1 in pharyngeal development is direct? Is the development of
anterior region of the pharynx in plant-parasitic nematodes also involves interaction of
glp-1 with other genes as is the case in free-living nematodes or does it follows a
different fate? Thus, to answer these questions future investigation for determining the

phenotypic and molecular function(s) of glp-1 gene in M. incognita is required.
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Composition of media/ solutions

Table 1.Luria Broth medium (LB)

Components | Amount (g/100 ml)
Tryptone 1

Yeast extract 0.5

NaCl 1

pH 7 (adjusted prior to autoclaving)

Table 2.Luria Agar medium (LA)

Components | Amount (g/100 ml)
Tryptone 1

Yeast extract 0.5

NaCl 1

Agar 1.5

pH 7 (adjusted prior to autoclaving)

Table 3. Yeast extract peptone medium (YEP)

Components | Amount (g/100 ml)
Yeast Extract 1

Peptone 1

NaCl 0.5

pH 7 (adjusted prior to autoclaving)

Table 4. Alkaline lysis solutions (plasmid extraction)

Components | Stock | Working
Solution I
Tris-Cl, pH 8.0 50 mM
EDTA 10 mM
RNase A 100 pg/ml
Solution I1
NaOH 200 mM
SDS 1%
Solution I1I
Potassium acetate | 3.0M |




Table 5. M9 buffer
Components Amount (g/100 ml)
NazHPO4.7H20 5.8
KH,PO, 3
NaCl 5
MgS0,.7H,0 0.25
dH,0 Upto 1 litre

Table 6.Tris-acetate (TAE) buffer

Components Amount (per litre) 50X
Tris 242 gm
Glacial Acetic Acid 57.1 ml
0.5 M EDTA (pH 8.0) 40.0 ml

Table 7. DNA Gel loading dye

Components Amount (100 ml)
Tris-HCl (pH7.6) 10.0 mM
EDTA 60.0 mM
Bromophenol Blue 0.25%
Xylene Cyanol FF 0.25%
Glycerol 60% w/v

Table 8. 3-[N-morpholino]propanesulfonic acid (MOPS) buffer for RNA

Components Amount (per litre) 10X
MOPS 200 mM
Sodium acetate 50 mM
EDTA (pH 7.0) 10 mM
Table 9. RNA gel loading buffer
Components Amount (10 ml)
Formamide 9.5 ml (95%)
Bromophenol Blue 100 ul (0.025%)
EDTA 200 pl (0.5 mM)
Xylene Cyanol FF 100 ul (0.025%)
Glycerol 60%

Table 10. Plant genomic DNA isolation buffer (CTAB buffer)

Components Amount (per 100 ml)
CTAB 2g

Tris HCI (pH 8.0) 10 ml

EDTA (0.5M) (pH 8.0) 93.05g

NaCl (5M) 146.1 g

PVP 40 lg

pH 5 (adjusted prior to autoclaving)

dH,O

Upto 100 ml




Table 11. Buffers for small RNA isolation

1. LiCl Extraction Buffer
(Prepare fresh just before isolating RNA)

Components Amount (ml/litre)
SDS (20%) 50

LiCl (8M) 12.5
EDTA (0.5M) 20

DEPC treated dH,O Upto 1 litre

2. 40% PEG (polyethylene glycol) 8000 w/v

Components Amount (g/100 ml)
PEG (8000 w/v) 40
DEPC treated dH,O Upto 100 ml

3. Chloroform:Isoamyl alcohol (24:1)

Components Amount (ml/100 ml)
Chloroform 96
Isoamylalcohol 4
4. 10X TBE

Components Amount (per litre)

Tris base 108 g

Boric acid 55¢g

EDTA (0.5M), pH8 40 ml

DEPC treated dH,0O Upto 1 litre

Table 12. Buffers for Northern hybridization

1. 20X SSC (Saline-sodium citrate)

Components Amount (per litre)
NaCl 1753 g
Trisodium citrate 882 g

pH 7 (adjusted prior to autoclaving)
DEPC treated dH,O | Upto 1 litre
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Abstract

GLP-1 (abnormal germline proliferation) is a Notch-like receptor protein that plays an essen-
tial role in pharyngeal development. In this study, an orthologue of Caenorhabditis elegans
glp-1 was identified in Meloidogyne incognita. A computational analysis revealed that the
orthologue contained almost all the domains present in the C. elegans gene: specifically, the
LIN-12/Notch repeat, the ankyrin repeat, a transmembrane domain and different ligand-bind-
ing motifs were present in orthologue, but the epidermal growth factor-like motif was not
observed. An expression analysis showed differential expression of glp-1 throughout the life
cycle of M. incognita, with relatively higher expression in the egg stage. To evaluate the silen-
cing efficacy of Mi-glp-1, transgenic Arabidopsis plants carrying double-stranded RNA con-
structs of glp-1 were generated, and infection of these plants with M. incognita resulted in
a 47-50% reduction in the numbers of galls, females and egg masses. Females obtained
from the transgenic RNAi lines exhibited 40-60% reductions in the transcript levels of the
targeted glp-1 gene compared with females isolated from the control plants. Second-gener-
ation juveniles (J2s), which were descendants of the infected females from the transgenic
lines, showed aberrant phenotypes. These J2s exhibited a significant decrease in the overall
distance from the stylet to the metacorpus region, and this effect was accompanied by disrup-
tion around the metacorporeal bulb of the pharynx. The present study suggests a role for this
gene in organ (pharynx) development during embryogenesis in M. incognita and its potential
use as a target in the management of nematode infestations in plants.

Introduction

Meloidogyne incognita, the root-knot nematode, is a member of the group of sedentary plant-
parasitic nematodes (PPNs) that cause serious damage (to the tune of hundreds of billions of
dollars) to crop production worldwide (Elling, 2013). As an obligate endoparasite, M. incog-
nita resides permanently inside the roots of its host throughout its lifecycle, and to derive
nutrients, this organism has developed a specialized organ called the stylet. The pharynx of
M. incognita is continuous with the stylet lumen and aids with the ingestion of food material
into the intestine (Eisenback and Hunt, 2009). Pharyngeal development occurs during
embryogenesis, and several genes responsible for its development, most of which belong to
the Notch-like receptor family, have been identified in Caenorhabditis elegans. Notch pathways
are known to regulate the aspects of growth and patterning in metazoans (Rudel and Kimble,
2001). Pharyngeal cells are produced by two distinct molecular pathways, ABa and EMS. The
ABa pathway is dependent on the Notch receptor orthologue glp-1 (abnormal germline pro-
liferation) (Mango, 2007), which is a homologue of the Drosophila Notch gene (Roehl et al.
1996) and induces germline proliferation during pharyngeal embryonic development. Glp-1
is structurally and functionally similar to another Notch-related receptor, lin-12, and these
two proteins have similar conserved motifs that contribute to the functional roles of these pro-
teins as membrane-bound receptors involved in Notch signalling (Yochem and Greenwald,
1989).

With recent advances in the generation of genomic datasets for nematodes, many studies
have focused on identifying and characterizing genes with varied functional roles and deter-
mining their conservation throughout evolution. Various secretory and effector proteins
have been characterized over the past few years (Banerjee et al. 2017). Misp12 is a potential
root-knot nematode effector expressed in the dorsal oesophageal gland (Xie et al 2016).
The SXP/RAL-2 secretory protein was identified in M. incognita and is expressed in the sub-
ventral pharyngeal glands (Tytgat et al. 2004). However, there are limited reports concerning
the identification and characterization of genes involved in nematode development. Among
the genes involved in organ development in nematodes, collagen genes are the most studied,
and the M. incognita collagen genes, Mi-col-1 and lemmi-5, and the Globodera pallida collagen
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genes, col-1 and col-2, have been identified and characterized
(Wang et al. 1998; Gray et al. 2001). Chitin synthase, which func-
tions in the production of eggshells, has been reported in C. ele-
gans and Meloidogyne artiellia (Veronico et al. 2001; Fanelli et al.
2005). However, with the exception of the study conducted by
Calderon-Urrea et al. (2016), who studied and compared the
early development of M. incognita with that of C. elegans, almost
no detailed studies have investigated genes associated with the
early development of M. incognita.

Several reports detail the RNAi-mediated knockdown of spe-
cific secretory genes that affect parasitism in PPNs (Rehman
et al. 2016). However, only some of the known developmental
genes have been targeted by host-mediated gene silencing in the
management of PPNs. The Rpn7 gene, which is essential for
the integrity of the 26S proteasome, has been targeted in attempts
to control the root-knot nematode M. incognita, and the silencing
of this gene resulted in a reduction in nematode motility (Niu
et al. 2012). Two genes essential for body wall formation in
Meloidogyne graminicola, namely the Mg-pat-10 and Mg-unc-87
genes, which function in muscle contraction and the maintenance
of structural myofilaments, have been identified and suppressed
in vitro through soaking, resulting in 91% and 87% reductions
in infectivity, respectively (Nsengimana et al. 2013). nhr-48, a
nuclear receptor gene that regulates various developmental, repro-
duction and pathogenicity processes in nematodes, has been
silenced in M. incognita, resulting in delayed development and
reduced reproduction (Lu et al. 2016). Despite these efforts, few
developmental genes have been targeted in nematode control
efforts.

The present study reports the identification and characteriza-
tion of the glp-1 gene of M. incognita. A host-mediated RNAi
silencing approach was adapted to determine the potential of
Mi-glp-1 as a candidate gene for the control of nematode
infection.

Materials and methods
Genome-wide identification of the glp-1 gene in M. incognita

The M. incognita genome database was downloaded from http://
wwwé.inra.fr/Meloidogy ne_incognita (Abad et al. 2008), and
local nucleotide and protein M. incognita databases were created
through a BioEdit local BLAST search for the identification of the
glp-1 gene in M. incognita. A tblastn search was conducted against
these databases using the C. elegans glp-1 (CAA79620.1) gene as
the query and default parameters (expected threshold value 10;
maximum number of aligned sequences displayed 100). All the
sequences that met the requirements were subjected to gene pre-
dictions through GeneMark and FGENSH analyses, and the genes
that did not contain the known conserved domains and motifs
detailed in the Pfam database (http:/pfam.janelia.org/) were
removed (Finn et al. 2016). MiV1ctgl087 (Mincl16055), the single
contig obtained with the maximum possible score, was selected as
the probable Mi-glp-1 for further experimentation. In addition to
Mincl6055 in M. incognita, we identified glp-1 orthologues in
four other Meloidogyne species (spp.), namely M. hapla
(Mh10g200 708_Contigl018), M. floridensis (contig nMf 1_
1_scaf00321), M. javanica (M]J01378, MJ05005) and M. chitwoodi
(MC01544, MC00257), and in G. pallida (GPLIN_000999900.1),
a cyst nematode, using their genome, transcriptome and/or
expressed sequence tag (EST) databases. The derived sequences
were downloaded from their genome assembly or transcriptomic
databases or EST clusters available at either NCBI, NEMBASE4
(www.nematode.org) and/or nematode.net V4.0 (Opperman et al.
2008; Elsworth et al. 2011; Cotton et al. 2014; Lunt et al. 2014;
Martin et al. 2015).

Deshika Kohli et al.

Phylogenetic and gene structure analyses

The identified GLP-1 amino acid sequences in PPNs, including
M. incognita, M. hapla, M. floridensis, M. javanica, M. chitwoodi
and G. pallida, along with the reported GLP-1 sequences of free-
living nematode species, e.g. C. elegans, Caenorhabditis briggsae,
Caenorhabditis japonica and Caenorhabditis remanei, and the
Notch-like protein of the marine worm Priapulus caudatus
(retrieved from NCBI), were aligned in MUSCLE using the
default parameters (Edgar, 2004). To analyse the clustering pat-
tern, an unrooted phylogenetic tree was constructed based on
the neighbour-joining (NJ) method using MEGA 7.0 software
(http://www.megasoftware.net/), with Poisson correction, pairwise
deletion and the bootstrap value set to 2000 replicates (Kumar
et al. 2016).

The protein sequences were analysed with the Pfam (http:/
pfam.sanger.ac.uk/) and SMART (http:/smart.emblheidelberg.
de/) databases to confirm the presence of conserved motifs.
SignalP3.0 and TMHMM server v. 2.0 were employed to predict
the presence of signal peptide sequences and transmembrane
domains (TMDs), respectively. Two other software programs
(Kd and Protscale) based on different algorithms were used to
determine the presence of TMDs (Kyte and Doolittle, 1982;
Gasteiger et al. 2005).

The motif-based sequence analysis tool MEME 4.11.2 (http://
meme.sdsc.edu/meme/meme.html) (Bailey et al. 2015) with the
following parameters was used to identify conserved motifs in
the glp-1 gene of M. incognita: optimal width, 10-300 amino
acids and maximum number of motifs 10. The gene architecture
of this gene, which depicts the exon/intron arrangement, gene
length and upstream/downstream region, was designed using
the online Gene Structure Display Server 2.0 (http://gsds.cbi.
pku.edu.cn/) (Hu et al. 2015) with the coding sequences and cor-
responding genomic sequences.

Maintenance of pure cultures of nematodes

Tomato (Solanum lycopersicum) seeds were sterilized by soaking
20 min in sterile distilled water, 5 min in 70% ethanol and 15 min
in 5% NaOCl and 0.1% Tween 20 followed by washing four times
in sterile distilled water and germinated on a mixture of cocopeat,
vermiculite and sand (1:1:1) in an Indian Agricultural Research
Institute (IARI) glass house. Two-week-old tomato seedlings were
infected with a pure culture of M. incognita maintained in our
laboratory (Kumar et al. 2017). Egg masses of M. incognita were
hand-picked from the roots of the infested plants and then main-
tained until hatching at 28 °C in Petri plates containing 10-15 mL
of sterile water to collect second-stage juveniles (J2s) of M. incognita.
These J2s were then used for subsequent inoculation assays using
transgenic Arabidopsis lines.

Quantitative real-time PCR analyses

To evaluate the expression at different developmental stages,
cDNA from the samples of M. incognita egg masses, infective
J2s and mature females as well as roots of infected plants har-
vested at different time points after inoculation was subjected to
quantitative real-time PCR (qRT-PCR). J2s were hatched from
freshly picked egg masses, mature females were excised from
infected roots, and other stages, namely third-stage juveniles
(J3s) and fourth-stage juveniles (J4s), were analysed from nema-
todes within the roots of infected plants harvested at 10 and 21
days post-inoculation (dpi), respectively. The second molt,
which gives rise to J3s, occurs 10 dpi, and the third molt, which
yields J4s, occurs approximately 16 dpi (Moens et al. 2009;
Martinuz et al. 2013). Total RNA was isolated using a Pure
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Link RNA Mini Kit (Ambion, Carlsbad, CA, USA) according to
the manufacturer’s instructions and then subjected to DNase
treatment using the Qiagen DNase enzyme. cDNA was synthe-
sized using the SuperScript® III First-Strand Synthesis System
(Invitrogen, USA). SYBR-based chemistry was adopted for the
qRT-PCR, which was performed in a StepOne Plus™ real-time
PCR System. The primers for M. incognita-specific actin and
18S rRNA genes were used as references (Nguyén et al. 2014;
Ye et al. 2015) (Supplementary Table S1). Three biological and
three technical replicates were included for each sample. The
data were analysed using the 2[-Delta DeltaC(T)] method, and
real-time data are reported as the means + standard error (s.E.)
of three biological replicates per sample (Livak and Schmittgen,
2001). The data obtained were statistically analysed by analysis
of variance (ANOVA), and the significance of the differences
between sample means was then determined through Student’s
t-tests (P < 0.05).

A gRT-PCR analysis was also performed to determine the
silencing efficacy of glp-1 at the transcript level in M. incognita.
Transgenic Arabidopsis RNAIi lines were infected with M. incog-
nita J2s, and the infected roots were harvested at 45 dpi. The
mature females were isolated from these infected transgenic
RNAi lines and compared with females from control (wild-type)
Arabidopsis plants using the above-described protocol for
qRT-PCR analysis.

In vivo RNAi silencing

A 419 bp fragment of the Mi-glp-1 gene was amplified using gene-
specific primers (Supplementary Table S1) in the sense and anti-
sense directions for double-stranded RNA (dsRNA) construction.
The primers were designed based on the region flanking the con-
served Lin-12/Notch repeat (LNR) domain found in three tandem
copies of Notch-related proteins encoded by the glp-1 gene. The
RNAI binary vector pBC6 was used for the design of dsRNA con-
structs (Yadav et al. 2006), and the positive dsSRNA constructs
were confirmed by double digestion of the sense strand with the
BamHI and Xhol restriction enzymes and of the antisense strand
with Kpnl and Sacl. The integrity of the products was further con-
firmed by Sanger sequencing. A positive dsSRNA construct and an
empty vector construct were transferred into Agrobacterium
tumefaciens GV3101. Arabidopsis thaliana (Col0) plants were
then transformed with the designed RNAI constructs driven by
the CaMV35S promoter using the floral dip method (Clough
and Bent, 1998). T, seeds were selected on antibiotic selection
medium containing kanamycin (50 g mL™"). Kanamycin-resistant
plants were transferred to a greenhouse maintained at 22 °C with a
16 h light/ 8 h dark photoperiod, and the presence of the nematode
gene in independent transgenic RNAi lines was confirmed by PCR.

Meloidogyne incognita infection bioassay for evaluating
silencing efficacy

All the analyses of transgenic plants were performed with the T,
generation, and 10-15 biological replicates of each line were used.
Seeds of T transgenic lines expressing glp-1 dsRNA or empty vec-
tor and of control (wild-type) Arabidopsis plants were surface-
sterilized with 70% alcohol for 2 min and 0.1% mercuric chloride
+0.1% sodium dodecyl sulphate for 7 min and then washed in
sterile distilled water. The seeds were then maintained on
Murashige and Skoog media at 4 °C for vernalization prior to ger-
mination, and after germination, the plates were maintained at
122 °C under a 16 h light/8 h dark photoperiod. Twelve days
after germination, the control seedlings and the transgenic seed-
lings expressing glp-1 dsRNA or empty vector were uprooted
from the medium, transferred to a suitable mixture of vermiculite,

cocopeat and sand (1:1:1), with one plant per slot (3 inches) in a
24-slot tray, and maintained in a growth chamber with a 16 h
light/8 h dark photoperiod. After 1 week, each plant was inocu-
lated with 1000 freshly hatched J2s to evaluate the silencing effi-
cacy in vivo. Nematode infection bioassays were performed using
mature females isolated from the root samples collected 45 dpi.
The isolated females were used for qRT-PCR and morphometric
studies. The number of galls per plant, the number of females and
the egg mass per gram of root fresh weight were determined and
used as measures for determining the degree of nematode infec-
tion. Specifically, the nematode multiplication factor (MF) of M.
incognita was calculated as follows: (number of egg masses x num-
ber of eggs per egg mass) + nematode inoculum level. The statistical
significance of the differences between the means of replicates of
transgenic lines and wild-type control plants was determined by
ANOVA and Student’s t-tests (P < 0.05 or P<0.01).

The nematodes within all the samples of infected roots were
stained with acid fuchsin (Bybd et al. 1983) and photographed
using a Nikon microscope. The size of the stained females isolated
from the infected plant samples was measured using the 10x
objective of a Nikon microscope equipped with the NIS-Elements
D measurement software (Eisenback and Hunt, 2009; Kaur and
Attri, 2013). The stylet and pharyngeal structures of the J2 progeny
of females isolated from transgenic RNAi and control plants were
also observed with an Zeiss Axiolmager.M2m microscope coupled
to an AxioCam with a 40x objective, and the data were subjected to
statistical analyses as described above.

Detection of glp-1 by Northern hybridization

The small RNA fraction was isolated from the RNAI line, empty
vector line and control plants using the LiCl method (Verwoerd
et al. 1989). Twenty micrograms of the small RNA fractions were
resolved on 15% polyacrylamide/1X MOPS urea gels and blotted
onto a Hybond-N" membrane (Amersham). The Block-It™
RNAi designer (https:/rnaidesigner.thermofisher.com/rnaiex-
press), siRNA wizard (http:/www.invivogen.com/sirnawizard/)
and siDesign centre (http:/dharmacon.gelifesciences.com/design-
center/) tools were used to identify the most suitable regions for
siRNA target design, and primers for probe preparation were
designed based on the region that was deemed most suitable for
siRNA targeting (Supplementary Table S1). To generate specific
DNA probes (183 bp in size), **P-a-dCTP labelling was performed
with a Megaprime DNA Labeling kit (GE Healthcare, Amersham)
using gene-specific antisense fragments. Hybridization was per-
formed using PerfectHyb™ Plus according to the manufacturer’s
instructions (Sigma). The signals were detected by autoradiography.

Results
glp-1 orthologues among nematode species

The tblastn analysis performed against the M. incognita genome
using the C. elegans glp-1 protein as the query (retrieved from
WormBase) and the subsequent Pfam analysis yielded various
hits. Among these hits, MiV1ctg1087, the only contig with a
high bit score, showed 100% similarity with Minc16055, which
was identified through an OrthoMCL analysis of M. incognita
as a Ce-glp-1 orthologue by Abad et al. (2008). Thus, functional
annotation studies of MiV1ctgl087 involving a Pfam analysis
and computer simulation predictions were performed to deter-
mine its gene and protein structures. Mi-GLP-1 (Minc16055 or
MiV1ctgl087) is a member of the LIN-12/Notch family of recep-
tors and is composed of a series of motifs that are conserved
among all Notch receptors. The Ce-glp-1 and Mi-glp-1 genes
were nearly identical in size, 7.458 and 7.449 kb, respectively.
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However, a computational analysis showed differences in the num-
bers of introns and exons in these orthologous genes: Ce-glp-1 has
only nine exons and eight introns (Rudel and Kimble, 2001),
whereas Mi-glp-1 has 18 exons and 17 introns. This finding indicates
that the exon/intron structures of these orthologous genes are not
well conserved among nematodes. At the mRNA level, Mi-glp-1 is
3252 kb in length, whereas Ce-glp-1 comprises 4.326 kb (Fig. 1).
The Mi-glp-1 gene encodes a 1083-amino-acid-long truncated pro-
tein, as determined through the Pfam analysis, whereas Ce-glp-1 is
composed of 1295 amino acids. The gene encoding GLP-4, which
is considered a member of the Notch GLP protein family, was
recently identified in C. elegans (Rastogi et al. 2015), and to date,
this new member has only been identified in C. elegans and C. brigg-
sae. The genome-wide search performed in this study identified only
a single glp-1 contig, which is similar to the findings obtained for C.
japonica and C. remanei, each of which has a single glp.

Because glp-1 is a vital gene involved in pharyngeal develop-
ment during embryogenesis, we also performed a comprehensive
species-wide tblastn search for this gene in the genomes and EST's
of various other Meloidogyne species available in NCBI and/or
Nematode.net. A glp-1 homologue was identified in various
Meloidogyne spp., namely, M. hapla, M. floridensis, M. javanica
and M. chitwoodi and in G. pallida, another PPN (details in
Supplementary Table S2). We also considered free-living nema-
todes, including C. elegans, C. briggsae, C. japonica and C. rema-
nei and a marine worm (P. caudatus) Notch receptor gene in our
phylogenetic study (Supplementary Fig. S1). The findings
revealed that among the homologues identified in Meloidogyne
spp., the glp-1 homologue in M. hapla contains all the domains
that are present in the Ce-glp-1 gene, whereas Mi-glp-1 does not
have an epidermal growth factor (EGF) domain. A motif search
including all the species analysed in this study (Supplementary
Fig. S2) revealed a conserved ankyrin repeat (ANK).

Protein sequence analysis and phylogenetic analysis of Notch
receptor orthologues in selected nematode species

An amino acid sequence analysis of the M. incognita GLP-1 pro-
tein revealed a single TMD, an extracellular domain containing
the LNRs, the ANK, which is an intracellular domain, and a
Pro-Glu-Ser-Thr (PEST) domain. The molecular and biological
functions of the LNR and ANK in C. elegans have been described
(Austin and Kimble, 1989; Roehl et al. 1996). Thus, the presence
of these motifs in Mi-GLP-1 indicates its probable role in embryo-
genesis. Specific primers for the LNR were designed, and the
region was successfully amplified, confirming the presence of
the LNR in M. incognita (data not shown). Interestingly, the pres-
ence of a conserved cysteine (‘C’) as the first residue of the LNR
was identified in the glp-1 proteins of all nematode species evalu-
ated in this study. Mi-GLP-1 contains one ANK with three copies,
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three LNR domains at the 5'end, a TMD and an RAM domain
but does not have an EGF domain (Fig. 2). GLP-1 induces down-
stream transcriptional regulators and interacts with them to medi-
ate signalling. Our sequence analysis revealed an ‘RTGGGAA’
DNA-binding site and an RAM domain in Mi-glp-1. These sites
have been proposed as binding sites for the LAG-1 (Lin-12 and
Glp-1) protein, which is required during embryogenesis to regu-
late pharyngeal development (Christensen et al. 1996).

All identified GLP-1 protein sequences belonging to the differ-
ent nematode species were aligned using MUSCLE (Fig. 2). This
alignment revealed the presence of several conserved motifs in
these parasitic and free-living nematodes, and the LNR and
ANK motifs showed maximal amino acid conservation. A phylo-
genetic analysis using the amino acid sequences was performed to
understand the patterns of relatedness among the glp-1 genes of
the nematodes analysed in this study. The phylogenetic analysis
of GLP-1 in Meloidogyne and other species, which was conducted
using the NJ method, revealed a separate cluster comprised of
Mi-GLP-1, Gp-GLP-1, Mh-GLP-1 and Mf-Notch-like protein.
As observed in the phylogenetic tree, Mi-GLP-1 appeared to be
most closely related to the Mf-Notch-like protein, which lacks
an ANK (as demonstrated in the Pfam analysis). However, a
higher degree of similarity in the LNR, RAM domain and ANK
was found between Mi-GLP-1 and Gp-GLP-1, conclusively dem-
onstrating the close relationship between these two genes (Fig. 3).

Transcript abundance of Notch-receptor genes in the
developmental stages of M. incognita

To study the expression pattern of glp-1 in M. incognita develop-
ment, five different stages were selected: egg masses, J2s, mature
females, J3s and J4s (the last two were obtained from the samples
of infected plant roots harvested 10 and 21 dpi). Interestingly,
glp-1 showed higher expression during early development in M.
incognita, i.e. in egg masses (Fig. 4). This finding is consistent
with those of previous studies that investigated glp-1 abundance
at early developmental stages in C. elegans embryos (Austin and
Kimble, 1989; Crittenden et al. 1997). A qRT-PCR analysis also
revealed that the glp-1 transcript levels were increased in mature
females, indicating a possible role for this protein at this develop-
mental stage in M. incognita.

Determination of the efficacy of glp-1 gene silencing

Nematode infection assay on Arabidopsis RNAi lines

A dsRNA expression construct of the glp-1 gene was designed in
the pBC vector (Yadav et al. 2006). The constructs were mobilized
into Arabidopsis plants for the host-mediated delivery of RNAi of
the glp-1 gene. To evaluate the silencing efficacy of Mi-glp-1, T,
seedlings of two independent transgenic lines were infected by
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Fig. 1. Diagrammatic representation of the predicted structures of the glp-1 gene and its encoded protein. (A) Exon/intron structure of Meloidogyne incognita glp-1.
The boxes represent exons, and the black lines represent introns. (B) Architecture of the M. incognita GLP-1 protein. The functional domains are indicated as

follows: () LNR, €3 TMD, > RAM domain and T) ANK.
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Fig. 2. Multiple sequence alignment of GLP-1 in free-living and plant-parasitic nematodes. Black shading indicates conserved amino acids. Rectangular boxes
represent different motifs conserved in GLP-1 in these species (] LNR, "1 TMD, [C=3] RAM domain, [] ANK and i7" PEST domain). Ce, Caenorhabditis
elegans; Cbr, Caenorhabditis briggsae; Cjp, Caenorhabditis japonica; Cre, Caenorhabditis remanei; Mi, Meloidogyne mcogmta Gp, Globodera pallida.

parasitic juveniles. Two glp-1 RNAi lines (RNAi lines 1 and 2)
were evaluated by staining the nematodes inside their roots and
determining the infection level (Fig. 5A). Both glp-1 RNAI lines
exhibited reductions in the number of galls (47.8% and 51.3%),
females (51.5% and 47.79%) and egg masses (49.3% and 59.4%)
compared with the control plants and transgenic plants harbour-
ing an empty vector (Fig. 5A-C). Altogether, both transgenic
RNAI lines presented significant reductions in the number of
galls, females and egg masses, indicating that the silencing of

this gene has a deleterious effect on the growth and development
of nematodes. The adult female nematodes were isolated, and
their sizes were analysed to determine any phenotypic effects, if
any, on M. incognita. The length and width of randomly selected
females were measured using a scale on a Nikon microscope
(Supplementary Fig. S3). The average length and width of the
females dissected from control plants were 396.27 and
248.18 um, respectively, whereas the average length and width
of the females isolated from the RNAIi lines were significantly
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Fig. 3. Phylogenetic analysis of Notch-like receptors. Neighbour-joining phylogenetic
tree of Notch-like receptors from Caenorhabditis elegans (Ce), Caenorhabditis japon-
ica (Cjp), Caenorhabditis briggsae (Cbr), Caenorhabditis remanei (Cre), Meloidogyne
chitwoodi (Mch), Meloidogyne javanica (Mj), Globodera pallida (Gp), Meloidogyne
incognita (Mi), Meloidogyne floridensis (Mf), Meloidogyne hapla (Mhp) and Priapulus
caudatus (Pca, as an outgroup). The percentage of replicate trees in which the asso-
ciated taxa clustered together in the bootstrap test (2000 replicates) is shown next to
the branches. The phylogenetic analysis was conducted using MEGAT.

decreased, with values of 231.9 and 140.36 um, respectively
(Supplementary Table S3). Therefore, the nematodes obtained
from the RNAi lines showed reductions of 41.4% and 43.4% in
their length and width, respectively.

Molecular analyses of RNAI lines through qRT-PCR and Northern
blotting

The transcript abundance of the target gene in the females iso-
lated from both RNAI lines showed an approximately 60% reduc-
tion compared with that in the females isolated from control
plants (Fig. 6A). This decrease in the transcript levels of gip-1
in females obtained from the RNAI lines demonstrated the effect
of its silencing through host-delivered dsSRNA. A Northern ana-
lysis was also performed, and the results confirmed the presence
of glp-1 dsRNA in RNAi line 1 (Fig. 6B). One of the key compo-
nents of host-mediated RNAi was the 419 bp dsRNA of glp-1,
which was detected in the transgenic RNAi line.

Effect of silencing on M. incognita fecundity and next-generation
J2s

The females that fed on RNAi lines produced fewer numbers of
egg masses compared with those that fed on wild-type plants.
To further investigate the deleterious effects, if any, of the

R & &k
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infected roots harvested
days postinfection

Fig. 4. Expression analysis of Mi-glp-1 at different developmental stages in
Meloidogyne incognita. The histogram indicates the relative fold change (2747
value) normalized based on the actin gene as an endogenous gene and the female
ACt value as a calibrator. The asterisks * and ** indicate significant differences at
P<0.05 and P<0.01, respectively, and ‘n.s.” indicates no significance.
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silencing of the glp-1 gene, the number of eggs present in these
egg masses was evaluated, and these eggs were maintained for
subsequent hatching. A 26% reduction in the number of eggs
was noted in the RNAI lines, and the corresponding MF value
was estimated to determine the nematode population. The esti-
mated MF value for the infection of M. incognita in transgenic
RNAi lines was calculated to equal 11.57, whereas that for
wild-type plants was 31.1 (Supplementary Table S4A). Although
J2s with well-developed pharynxes and stylet structures were
observed in the samples isolated from the RNAIi lines, several
J2s showed aberrations around the metacorpus region as well
as a shorter distance from the stylet to the metacorpus
region of the pharyngeal structures (Fig. 7 and Supplementary
Table S4B). Thus, it can be deduced that this effect on J2s is
due to the nature in which RNAi is inherited from one generation
to the next. Studies in C. elegans have shown inherited effects of
silencing even in the absence of the original trigger (Bird et al.
2009), and the persistence of silencing effects has also been
observed after suppression of the Mi-1 gene of tomato (Gleason
et al. 2008).

Discussion

Although several genes related to neuropeptides and secretory
pathways involved in the parasitism of PPNs have been reported
(Rehman et al. 2016), detailed information regarding the structural
and functional roles of genes with functions in organ development
in PPN, including M. incognita, is lacking. Very few studies have
identified genes that play a crucial role in organ development in a
PPN. Mi-glp-1, a Notch family member, was identified in this study
as an orthologue of Ce-glp-1. In our study, a genome-wide compu-
tational approach revealed MiV1ctgl087, a single contig, as
Mi-glp-1 in M. incognita. Interestingly, Minc16055 was also anno-
tated as a Notch receptor protein in an identification of microsat-
ellite loci in M. incognita (Castagnone-Sereno et al. 2010). A
phylogenetic tree showed 12 orthologues originating from three
clusters, all of which were branched, as well as one separate
unbranched cluster (P. caudatus) as an outgroup. Notably, the
branching of these three clusters originated from a common
node. Thus, it could be hypothesized that the Mi-GLP-1 product
has putative functions closely related to those of the Ce-GLP-1 pro-
tein. Nevertheless, further studies on the function of each conserved
domain in Mi-GLP-1 will support its predicted role.

Mi-glp-1 is composed of 7.449 kb, which is similar to the size of
Ce-glp-1. However, the corresponding mRNA sizes showed a differ-
ence of approximately 1.07 kb, which resulted from differences in
the overall gene organization and structure. A similar size difference
at the mRNA level was also observed with G. pallida glp-1
(Supplementary Table S2). The observed difference in the exon/
intron structure could be due to the scaffold form of the M. incog-
nita genome, which resulted in the formation of a truncated protein.
A genome-wide search to identify more members of glp-1 in the M.
incognita genome was attempted using Ce-glp-1 as the query
sequence, but only a single member was identified. To date, only
one other member of the GLP protein family, named GLP-4, has
been characterized in C. elegans and C. briggsae (Mango, 2007;
Rastogi ef al. 2015). At the protein level, Mi-GLP-1 has several con-
served motifs that are also present in the corresponding protein in
C. elegans. A Pfam analysis showed the presence of a TMD, LNR, an
RAM domain and an ANK. The LNR mediates ligand-binding
functions, and the ANK and RAM domain are needed for signalling
responses (Kelley et al. 1987; Rebay et al. 1991; Heitzler and
Simpson, 1993; Artavanis-Tsakonas et al. 1999). Based on previous
experimental evidence, the ANK is thought to be critical for the
function of Notch receptors (Roehl and Kimble, 1993; Diederich
et al. 1994). In addition, three different software programs predicted
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Fig. 5. Nematode infection assay. (A) Representative photograph depicting Meloidogyne incognita in infected roots stained with acid fuchsin: (i) wild-type plants, (ii)
empty vector line, (iii) RNAI line 1 and (iv) RNAi line 2. (B) and (C) Histogram depicting the number of galls, females and egg masses in the RNAI lines, empty vector
transgenic lines and control (wild-type) plants. The asterisks * and ** indicate a significant difference at P<0.05 and P <0.01, respectively.
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Fig. 6. Molecular analyses of Meloidogyne incognita isolated

~419bases from transgenic Arabidopsis plants. (A) RT-qPCR-based glp-1
300bp € 300 bp  expression analysis of M. incognita females isolated from
infected roots of RNAI lines 1 and 2 and females isolated

from control plants. (B) Ethidium bromide-stained PAGE

75bp (—'75bp gel (before transfer) showing the low-molecular-weight

5‘“'[! (—50|DP RNA fraction (i) and the corresponding Northern blot for
detecting the presence of glp-1 dsRNA (ii). The 183 bp
probe corresponding to glp-1 was designed from the LNR
2nbp <__20 bp domain. I!'\'(i) and (ii), lane 1 - gene-specific PCR product

as a positive control, lane 2 - empty vector line, lane
3 - RNAi line 1, lane 4 - wild type as a control and lane
M - molecular marker.
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Fig. 7. Phenotypes of stylets and pharynxes of J2s descended from Meloidogyne incognita females isolated from infected plants: (A) wild-type (control) plants and
(B) RNAiI lines. Curly brackets indicate the length from the mouth to the metacorpus bulb in J2s. Please note shortening of length in few J2s from RNAi lines as

compared to control plants.

the presence of a TMD, further indicating that Mi-GLP-1 most
likely functions as a receptor protein (Supplementary Fig. S5A
and B), although a clear mechanism of interaction has not been
determined. A noticeable difference between Ce-GLP-1 and
Mi-GLP-1 is the absence of an EGF domain at the 5" end of the
Mi-GLP-1 amino acid sequence, suggesting certain structural and
functional differences between the glp-1 gene of C. elegans and
that of M. incognita. Hence, the putative GLP-1 protein identified
in this study has properties and structures similar to those of a
receptor protein with varied domains, each with a specific function.
In addition to these conserved domains, DNA-binding sites for
ligands such as LAG-1 proteins were also found to be present in
Mi-GLP-1. The presence of this type of motif at more than one
site on the Mi-GLP-1 Notch receptor suggests that a vital function
of GLP-1 is mediated through LAG-1 ligand binding to induce
downstream reactions in the signalling pathway. Based on previous
studies on Ce-LAG-1 DNA-binding sites, the potential function of

this protein in LIN-12/GLP-1 signalling pathways has been pro-
posed (Christensen et al. 1996). Experiments including yeast, two-
hybrid assays and in vitro protein co-precipitation have demon-
strated direct interactions between LAG-1 and the GLP-1 receptor
via these domains in nematodes (Roehl et al. 1996). Further studies
are needed to determine the role of these domains in signalling pro-
cesses. Thus, based on in silico analyses and the available literature,
it can be concluded that the gene identified in this study is a Notch
receptor protein present in M. incognita.

Our study revealed that Mi-glp-1 is differentially expressed
during different developmental stages of M. incognita. The
increased transcript level observed in egg masses suggests an
important role during embryogenesis. This observation was con-
sistent with previous studies that suggested a possible role for this
protein during embryogenesis in C. elegans (Priess et al. 1987;
Austin and Kimble, 1989). However, a slight increase in the tran-
script level was detected in mature females, suggesting another
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possible role for this protein during later stages of RKN develop-
ment. Interestingly, similar reports regarding a possible role for
glp-1 in the adult stage of C. elegans have not been reported.
Future studies examining the localization of this gene product
will confirm the role of GLP-1 during female development in
M. incognita.

Host-delivered RNAi-mediated root-knot nematode resistance
is an established technology, but the identification of better can-
didate genes remains necessary. In addition, the identification
of genes involved in different developmental pathways will enable
the targeting of several vital genes. Parasitic and secretory genes
have traditionally been the genes of choice in silencing studies.
However, there are very few candidate genes from the perspective
of nematode development. A few developmental genes, such as
Rpn7 (essential for the integrity of the 26S proteasome), nhr-48,
FAR-1, splicing factor and integrase genes, have been targeted
using RNAi in efforts aiming to control infection with the root-
knot nematode M. incognita (Yadav et al. 2006; Niu et al. 2012;
Iberkleid et al. 2015; Lu et al. 2016). The glp-1 gene, which was
identified in this study, appears to be involved in the develop-
ment, and a dsRNA/siRNA strategy was used for the host-
mediated RNAi-based suppression of Mi-glp-1 in M. incognita.
Transgenic Arabidopsis lines expressing dsRNA against Mi-glp-1
and infected with M. incognita did not show any phenotypic
changes compared with wild-type plants. An approximately
47% reduction in the infection level was recorded in two inde-
pendent glp-1 RNAI lines, and decreases in the gall formation,
female infestation and egg mass production were also observed
in these RNAi lines. In addition, an overall decrease in the num-
ber of females feeding on RNAi lines was recorded compared with
females isolated from control plants. These results unequivocally
demonstrated that glp-1 was suppressed in females that fed on
the established RNAI lines. The nematode females isolated from
control plants had an average length and width similar to the
reported body length (ranging from 510 to 690 yum) and width
(300 to 430 um) of a healthy mature M. incognita female
(Whitehead, 1968; Garcia and Sanchez-Puerta, 2012). In contrast,
the females isolated from the RNAi lines had average lengths and
widths of 232 and 141 ym, respectively, indicating an evident
decrease in the overall body size in the females that fed on the
RNAi lines. However, whether this decrease was a direct result
of the low expression of glp-1 is unclear. Direct evidence support-
ing a role for glp-1 in the growth of M. incognita at later stages in
the lifecycle has not yet been reported. However, in this study, a
60% decrease in transcript abundance was noted in the adult
nematode females that fed on the RNAi lines. Additionally, to
confirm the reduction in expression due to dsRNA/siRNA effects,
the dsSRNA molecules in the control and transgenic plants (empty
vector and RNAi lines) were detected by Northern hybridization.
The results confirmed the presence of glp-1-specific dSSRNA mole-
cules in the transgenic lines, an important factor for successful
host-mediated RNAi (Bass, 2000; Agrawal et al. 2003), but we
were unable to identify glp-I-specific siRNAs despite numerous
attempts. Several studies have reported a similar problem with
other genes, and this difficulty is most likely due to the low sen-
sitivity of the Northern blot analysis (Dinh et al. 2014). The abil-
ity of M. incognita to ingest large molecules, which has been well
established, and the presence of four dicers in Arabidopsis, which
likely processed the glp-1-specific dsRNAs (as shown in our
Northern analysis) into siRNAs to trigger RNAi responses in
M. incognita females feeding on the transgenic RNAi lines
might also have played a role. However, future studies comparing
the transcript and protein levels in progenies are required to con-
firm our observations.

To investigate the suppression effect of glp-1 on the fecundity
of M. incognita females, egg masses were hand-picked from all

females in the infected RNAi lines, control plants and empty vec-
tor lines and subsequently incubated to determine their hatching
capability, and the number of J2s hatched from each sample was
counted. A decrease in the population of J2s obtained from the
RNAi lines was noted, and the lower estimated MF value for M.
incognita in the transgenic RNAi plants compared with control
plants suggested a reduced infectivity of M. incognita on the
RNAi lines compared with the wild-type plants. In embryos,
glp-1 RNA is maternally donated (i.e. by the mother) in C. elegans
(Evans et al. 1994); therefore, dsRNA appears to affect even the
progeny produced from the affected females. In our J2s, aberra-
tions in the structures of the metacorporeal bulbs and their stylet
discs were clearly apparent. A noticeable and significant decrease
in the length of the region from the stylet to the metacorpus was
also evident. Our study showed an adverse effect of the suppres-
sion of the glp-1 gene on the pharyngeal and stylet structures and
thereby provides insight into the function of the glp-I gene in
pharyngeal development in M. incognita. Similarly, Geng et al.
(2016) reported a degradation of intestinal tissues of M. incognita
and identified Sepl, a novel serine protease, as a potent bio-agent
from Bacillus firmus for controlling PPN populations. Thus, it can
be inferred that the females obtained from transgenic plants
exerted effects on the foregut region of their descendants. Our
results strongly suggest the transmission of dsRNA-mediated
deleterious effects to the next generation of root-knot nematodes.
Because a difference in the phenotype of J2s was observed, a
decrease in the GLP-1 protein level is possible; however, a more
detailed study is required to fully evaluate this hypothesis.

The present work identified and characterized a gene encoding
a Notch receptor protein in M. incognita involved in the develop-
ment of the pharynx during embryogenesis and investigated the
evolutionary conservation of its function between free-living
nematodes and PPNs. Several common features in the
Mi-GLP-1, Ce-GLP-1 and Gp-GLP-1 amino acid sequences
were revealed. The in planta production of RNAi has been
shown to effectively reduce the infectivity and size of M. incognita
females. Deleterious effects were also observed in later generations
(J2s) obtained from females isolated from infected transgenic
plants. Taken together, our results demonstrate that the
host-mediated gene silencing of the nematode glp-1 is an efficient
method for inhibiting plant infection. The presence of gip-1
homologues in other PPNs, such as M. hapla, M. floridensis, M.
javanica, M. chitwoodi and G. pallida, suggests the wide potential
applicability of the silencing of this gene using host-mediated
gene silencing approaches for the control of these parasitic nema-
todes. However, several important questions remain unanswered:
(1) Does the glp-I gene directly determine the pharyngeal devel-
opment in PPNs or does it interact with other genes to define the
development of the anterior region of the pharynx, as shown in
free-living nematodes? (2) Does this gene have a specific role in
other stages, such as the adult female stage, as indicated from
our expression analysis? Providing answers to these questions
requires experimental assessment of the phenotypic and molecu-
lar function(s) of the glp-1 gene. Although further investigations
are essential to fully determine the role of glp-1 in parasitic nema-
todes, the observations obtained in this study provide a reasonable
indication that glp-1 plays a significant role in pharyngeal devel-
opment in PPNs. The role of GLP-1 as a receptor protein has
been well characterized in C. elegans, but its involvement in
pathogenic nematodes has not yet been reported. Establishing
the involvement of glp-1 in pharyngeal development could further
aid the elucidation of various pathways in PPNs, and the identi-
fication of genes downstream of the GLP-1 receptor and of its
ligands will provide further insights into the various processes
and pathways in which glp-1 is involved. These ligands and asso-
ciated genes can then be targeted to obtain a more in-depth
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understanding of the cross-talk between different pathways and
could eventually be used as targets in RNAi-mediated silencing
approaches for PPN management to improve overall crop
productivity.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/S0031182018000641
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ABSTRACT: Endoparasitic plant-parasitic nematodes (PPN) including Meloidogyne incognita inhabit the host body due to their unique
body surface, the outer layer of which is cuticle. The nematode cuticle is an extracellular matrix, majorly composed of collagens
which are encoded by a large gene family. Nematode cuticle acts as a shield against host’s defense system thereby protecting parasitic
nematodes. The cuticle of PPN is a less studied area of research with only few cuticle genes identified till date. In this study two
new cuticle genes viz. dpy-10 and dpy-31 have been identified in M. incognita as orthologs of Caenorhabditis elegans dpy-10 and dpy-
31, respectively. The partial mRNA sequences of dpy-10 (1,031 bp) and dpy-31 (1,116 bp) were cloned. The conserved collagen triple
helix Gly-X-Y pattern in Mi-dpy-10; where proline was preferred as X amino acid and conserved catalytic ( HEVAHALGFWHEQSRPDRD)
and methionine-turn (SIMHY) sites in Mi-dpy-31 classifies them in group Dpy-2 and subgroupV, respectively. A protein-protein
interaction reveals a direct association between Mi-DPY-10, Mi-DPY-2, and Mi-DPY-7 together involved in post-embryonic
development. While only a single Mi-SQT-3 (cuticle gene) was observed as the direct target for Mi-DPY-31 both involved in collagen
processing. Phylogenetic analysis reveals a high order of conservation among the dumpy class of cuticle genes across phylum
Nematoda. Since dumpy genes have a temporally regulated expression, qRT-PCR expression analyses of Mi-dpy-10 showed higher
expression at the J2 stage of the nematode development in comparison to eggs and adult females. However, Mi-dpy-31 gene revealed
higher expression in adult females in M. incognita suggesting different roles of dumpy genes during nematode development.
Mutations in dumpy genes resulted in abnormal morphology in C. elegans; thus targeting such genes for developing resistance using
Host-delivered RNA interference approach in M. incognita will be useful in managing these plant parasites.

Keywords: Cuticle superfamily genes, Mi-dpy-10, Mi-dpy-31, Meloidogyne incognita, Nematode cuticle

The nematode cuticleis amultifunctional exoskeleton
which is a highly impervious barrier between nematode
and its environment. It is an essential element for
maintaining the body morphology and integrity. It is
synthesized by anunderlying ectodermal cell layer termed
as the hypodermis. Interestingly, in a life cycle of plant-
parasitic nematode synthesis of cuticle occurs five times
during its development and the process is known as
molting. It is required for the progression between the
larval stages in the life cycle of nematodes (Davis et al.
2004). The cuticle synthesis occurring second round time
and henceforth occurs underneath an existing cuticle
unlike the initial round of synthesis.

The cuticle is an extracellular matrix, where collagen
constitutes as one of the major components. Collagens
are structural proteins with glycine-X-Y tripeptide repeats,
where X- proline and Y- mostly hydroxyproline or
proline. These proteins are encoded by over 170 members
belonging to a gene family of cuticle collagen. In C.
elegans, about 21 cuticle collagen genes were identified
through mutants of these genes (Page & Johnstone
2007). These mutated genes include phenotype as
DumPY (Dpy), Ray AbnorMal (Ram), RoLler (Rol),
BLIster (Bli), SQuaT (Sqt) and LONg (Lon). Some of
the members belonging to the cuticle collagen family are
expressed throughout the life cycle while many collagen
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genes arerequired at a different time point of the molting
stage thus exhibiting specific function at a specific time.

Root-knot nematode, M. incognita, is a plant-
parasitic nematode and is a serious threat to agriculture
worldwideresulting in millions of losses dollars round the
year (Elling, 2013). M. incognita being sedentary
endoparasites reproduces and feed on modified living
plant cells within the plant roots. They produce galls
(giant cells) inside the host and feed exclusively from
these giant cells. With the time they undergo three
molting toreach the adult stage thus, completing its entire
life cycleinsideits hostbody. Itis the nematode body wall
that protects it from the plant environment. The outer
layer of the body wall is cuticle (composed of collagen)
that provides protection to nematode and synthesized
five times by molting in its life-cycle. Processing of
collagen involves stages like catalytic events altering
protein solubility and removal of N- and C- terminal
teleopeptides (Page & Johnstone 2007). There are not
many reports identifying cuticle genes in plant-parasitic
nematodes. Mi-col-1, Mi-col-5 and lemmi 5 in M.
incognita and COL-1 and COL-2 collagen genes in
Globodera pallida were identified and characterized
(Wang et al. 1998, Gray et al. 2001, Banerjee et al.
2017). Since cuticle is the major structure thatis essential
for M. incognita development and growth inside its
host. Thus, the aim of this study was to focus on
identifying critical cuticle genes that are involved in
cuticle formation. This study involves identification of
two such cuticle collagen genes viz. dpy-10 and dpy-31
in the M. incognita. Characterizing such developmental
genes will help in understanding the mechanism of
cuticle development in M. incognita. dpy genes have
been well studied in C. elegans and animal-parasitic
nematode but the role of these genes and their regulated
expression in cuticle formation in M. incognita is yet to
be deciphered.

MATERIALS AND METHODS
Identification of genes

Nucleotide and protein sequences of M. incognita
genome were retrieved from NCBI and genome database

(http://wwwb.inra.fr/Meloidogyne _incognita) (Abad e?
al. 2008). The C. elegans sequences (retrieved from
NCBI) were used as a query as it is a representative of
nematodes. The local nucleotide and protein database
was created in BioEdit (version 7.0.9.0) for identifying
putative M. incognita dpy-10 and dpy-31 gene. An e-
value and cut off (default parameters) was the selection
criterion and hits with lower e-value were discarded.
Further filtration was carried out on the basis of Pfam
(http://pfam.janelia.org/) analysis using default
parameters and removal of those genes that did not
contain the known conserved domains and motifs (Finn
et al. 2016). Thus, these two sequences were retrieved
from the M. incognita database and their detailed study
was carried out.

Gene structure and phylogenetic analyses

A gene prediction algorithm GeneMark and
FGENSH were employed for prediction of the gene
structure. The intron-exon structures were visualized
using the online Gene Structure Display Server v 2.0
(GSDS) (http://gsds.cbi.pku.edu.cn/) (Hu et al. 2015)
with the help of coding sequence and corresponding
genomic sequences which depicts the exon/intron
arrangement, gene length, and upstream/downstream
region.

The identified DPY-10 and DPY-31 amino acid
sequences in M. incognita were aligned in MUSCLE
with default parameters with other DPY orthologues
identified and also reported across the nematode phylum
using tBLASTn with C. elegans DPY-10 and DPY-31
as a query (Edgar, 2004). Following are the nematodes
used for constructing phylogenetic tree viz. C. elegans,
C. briggsae, C. japonica, C. brenneri and C. remanei
(retrieved from NCBI), M. hapla, M. floridensis
(retrieved from our blast analysis), Brugiya malayi,
Pristionchus pacificus and Onchocerca volvulus
(retrieved from Wormbase). The unrooted phylogenetic
tree was constructed by Neighbor-Joining (NJ) method
using MEGA 7.0 software (http://www.megasoftware.
net/), with Poisson correction, pairwise deletion and
bootstrap value set to 2000 replicates for analyzing the
clustering pattern as parameters (Kumar et al. 2016).
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Identification of conserved motifs and protein
structure

NCBI conserved domain database was used for
identifying conserved domains within the Mi-dpy-10
and Mi-dpy-31 genes. Transmembrane domains and
signal peptide sequences were detected using TMHMM
serverv.2.0and SignalP3.0, respectively. TheIsoelectric
Point (pI), molecular weight and grand average of
hydropathy (GRAVY) of the amino acid sequences
were predicted by Sequence Manipulation Suite (SMS)
V2 available at gene infinity web server (http://
www.geneinfinity.org/index.html?dp=5). The subcellular
localization of DPY-10 and DPY-31 proteins was
predicted using WoLFPSORT a protein Subcellular
Localization Prediction Tool available at http://
www.genscript.com/wolf-psort.html. The secondary
structure of DPY-10 and DPY-31 were generated using
Phyre? prediction pipeline and protein databases (Kelly
et al. 2015).

Protein-protein interaction prediction

To better understand the functional interactions of
DPY-10 and DPY-31 with other cuticle genes, we
imported all the cuticle sequences identified through our
computational approach from M. incognita, into the
STRING database v10 (Szklarczyk et al. 2014). To
construct the protein-protein interaction we retained an
interaction from experiments, co-expression, and
databases and also texmining (in case of DPY-31) that
had a median confidence > 0.4.

Maintenance of nematode pure culture

The tomato (Solanum lycopersicum) seeds were
sterilized (soaked for 20 min in sterile distilled water, 5
minin 70 % ethanol and 15 minin 5 % NaOCl and 0.1 %
Tween 20, and washed four times in sterile distilled
water) and germinated on cocopeat, vermiculite and
sand (1:1:1) mixture in TARI glass house. Two-week-old
tomato seedlings were infected with a pure culture of M.
incognita maintained in our lab. Egg-masses of M.
incognita were hand-picked from the roots of these
infested plants and were then kept for hatching at 28 °C
in Petri plates containing 10-15 ml of sterile water for

collecting second stage juveniles (J2s) of M. incognita.
These J2s were then used for the subsequent inoculation
and expression studies.

RNA isolation and expression analyses of cuticle
collagen genes

Total RNA was isolated from egg masses, infective
stage juveniles (J2s) and mature females. J2s were
hatched from freshly picked egg masses and mature
females were excised from infected roots. Total RNA
was isolated using Pure Link RNA Mini Kit (Ambion)
according to the manufacturer’s instructions followed by
DNase treatment using Qiagen DNase enzyme. cDNA
was synthesized using SuperScript® III First-Strand
Synthesis System (Invitrogen).

A quantitative real-time PCR (RT-qPCR) was
performed on M. incognita RNA samples of egg
masses, infective stage juveniles (J2s), and mature
females for evaluating the expression at different
development stages. SYBR based chemistry was adopted
to operate RT-qPCR in a StepOnePlus™ Real-Time
PCR System. The primers of M. incognita specific
Actin and 18SrRNA genes were used as a reference
(Table S1) (NguyAn etal. 2014, Ye et al. 2015). Three
biological and three technical replicates were used per
sample. The data were analyzed using the 2[-Delta Delta
C(T)] method and reported as the means + standard
errors (SE) of three biological replicates (Livak &
Schmittgen2001) and statistically analyzed by ANOVA
followed by determining the significant difference between
the sample means through student t-test (p<0.05).

Isolation and cloning of cuticle collagen genes

The cDNA sample synthesized from the RNA
isolated from the adult females was used for the cloning
of pGEM-T Easy vector (Promega, USA). Gene-specific
primers were designed for the amplification of the
desired partial mRNA sequence and PCR product was
purified using Qiagen gel extraction kit (Table S1). The
initial screening for the recombinant clones was
performed through colony PCR and further confirmation
of the positive clones was done by Sanger-sequencing.
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RESULTS

Identification, isolation and cloning of M. incognita
cuticle collagen genes

We identified two cuticle collagen genes namely,
dpy-10 and dpy-31 genes in M. incognita as the
orthologs of Ce-dpy-10 and Ce-dpy-31 genes using in
silico approach. The sequences were retrieved from the
genomic database of M. incognita and were further
analyzed. The local TBLASTN revealed a single hit for
the dpy-10 (Minc15911) gene and two hits for dpy-31
(Minc01936 and Minc03986). The BLAST analysis
revealed >95% similarity between Minc01936 and
Minc03986 both at the gene as well as amino acid level
despite showing different coordinates. Genes enlisted in
OrthoMCL search database carried out by Abad et al
also revealed Ce-dpy-10 and Ce-dpy-31 genes ortholog
in M. incognita genome (2008). A recent report also
predicted Minc01936 as dpy-31 gene in M. incognita
while identifying dpy-31 in ovine gastrointestinal
nematode Teladorsagia circumcincta (Stepek et al.
2015). At the gene level, Mi-dpy-31 (Minc01936) is
transcribed by a 3.328 kb long sequence, comprising of
12 exons and 10 introns and Mi-dpy-31 (Minc03986)
gene is 3.721 nucleotides long, comprising of 14 exons
and 13 introns (as analyzed on G-browse available at M.
incognita resources; http://www6.inra.fr/
meloidogyne_incognita). Whereas its ortholog in C.
elegansis aSkblong gene, interestingly comprising of 8
exons and 7 introns. The 3.328 kb DNA segment of dpy-
31 is predicted to encode a 1.197 kb long mRNA and
Minc03986 encoding a 1.148 kb long. While Mi-dpy-10
showed gene length of 1.903 kb comprising of 8 exons
and 7 introns and Ce-dpy-101is reported as 2.072 kb long
interestingly comprising of only 4 exons and 3 introns.
Mi-dpy-10 mRNA is 1.181 kb long which is shorter in
length in comparison to Ce-dpy-10 mRNA which is
1.586 kb. Even with the disparity in the number of exons
and coding length between C. elegans and M. incognita
cuticle genes, gene structure analysis indicated the
presence of a similar length of the conserved domains in
both the cuticle genes identified in M. incognita. The
partial mRNA sequence of Mi-dpy-10 (1,031 bp) and
Mi-dpy-31 (1,116 bp) were successfully cloned in

pGEMT easy vector and both the sequences were
confirmed by Sanger sequencing (Fig. 1 and 2). The
sequencing result revealed 99% similarity to the dpy-10
and dpy-31 sequences that were enlisted in the
OrthoMCL analysis reported by Abad et al. (2008).

Protein prediction and phylogeny analysis

Although the identified dpy-10 and dpy-31 genes in
M. incognita are the orthologs of C. elegans genes due
to the difference between the two in their habitat and
lifestyle, former being endoparasites and latter a free-
living nematode, we expected some difference in their
cuticle protein composition. In order to analyze the
biochemical properties of these two genes molecular
weight, isoelectric point (pI) and subcellular localization
were predicted. The identified dpy- 10 encodes a protein
of 352 amino acids long (Fig. 3a). The two probable
paralogs of dpy-31 identified viz., Minc01936 and
Minc03986 encode a protein of 391 and 375 amino acids,
respectively (Fig. 3b). The molecular weight of DPY-
10, DPY-31(Minc01936) and DPY-31(Minc03986)
proteins is 36.83 kDa, 45.43 kDa and 43.44 kDa with
isoelectric point (pI) of 5.20, 6.65 and 6.17, respectively.
A negative grand average of hydropathicity (GRAVY)
scores of -0.683, -0.808 and -0.771 of these identified
DPY-10,DPY-31 (Minc01936 and Minc03986) proteins
indicated the hydrophilic nature. The sub-cellular
localization prediction of both the cuticle collagen genes
revealed it to be a complex. The analysis showed both
are majorly located in nuclear or extracellular (including
cell-wall) regions. As reported earlier the expression of
dpy-31 in the hypodermis was noticed and is reported to
process cuticle components (Mohrlen ez al. 2003, Novelli
et al. 2004, Suzuki et al. 2004, Park et al. 2010). The
TMHMM prediction software indicated the presence of
transmembrane domain in Mi-DPY-10 similar to that of
Ce-DPY-10 protein (Fig. 4a). In case of Mi-DPY-31 no
transmembrane domain was predicted in accordance
with Ce-DPY-31 protein (Fig. 4b). But signal peptide
prediction software revealed contrasting output between
Mi-DPY-31 and Ce-DPY-31 where latter showed a
presence of signal peptide and former absence (Fig.
Sla). Whereas signal peptides were not found in Mi-
DPY-10 and Ce-DPY-10 proteins (Fig. S1b).
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The phylogenetic analysis of these genes was on the
basis of high similarity within the conserved collagen
domains. The phylogenetic tree indicates the presence of
DPY-10and DPY-31 throughout the different nematode
phylum and its conserved function (Fig. 5 and 6).
Phylogenetic tree involving Mi-DPY-10 formed two
clusters. In case of DPY-31, both the probable paralogs
of Mi-DPY-31 (Minc01936 and Minc03986) grouped
together forming cluster II with other Meloidogyne spp.
The analysis showed three clusters with DPY-31
belonging to Meloidogyne spp viz., M. incognita, M.
floridensis and M. hapla placed in one cluster and
hence, closely related. Cluster I and III comprised of
cuticle genes from free-living and animal-parasitic
nematodes, respectively.

Presence of conserved domains and secondary
structure

Proteins of DPY family have a diverse role ranging
from development to processes like extracellular matrix
components. Protein structure analysis of DPY-10reveals
the presence of collagen superfamily domain which
contains copies of Gly-X-Y to form a triple helix. The
analysisrevealed two copies of such collagen triple helix,
a highly conserved 60 amino acid long sequence. The
multiple sequence alignment showed thatitis evolutionary
conserved across nematode phylum (Fig. 7). It was
reported to be 60 amino acids long in C. elegans and B.
malayi having two copies in each. It was observed that
in Mi-DPY-10, the Gly-X-Y repeats forming this triple
helix are flanked by conserved cysteine residues as
reported in Ce-DPY-10. The pattern of Gly-X-Y repeats
of Mi-DPY-10 resembles that of Dpy-2 group as
classified on the basis of the pattern of conserved
cysteines (Johnstone, 2000). In Mi-DPY-10 the size of
Gly-X-Y repeats between first and second cysteine
cluster is 47 amino acids and between second and third
cluster is 131 amino acids. It was also observed that
proline content was more in the Gly-X-Y pattern in Mi-
DPY-10 which is a typified character of nematodes.
Secondary structure prediction exhibited that 18% amino
acid residues were involved in alpha helices, 7% in TM
helix (transmembrane), 4% comprises a-turn and rest
71% involved in the random coil (Fig. 8).

Astacin domain is a characteristic of members of
DPY family proteins. In both the Mi-DPY-31 proteins
(Minc01936 and Minc(03986), astacin domain is comprised
of 191 amino acid residues. Astacin containing proteins
are proteases that require zinc for catalysis and hence,
the name metalloprotease proteins. Presence of astacin
domain indicates towards the peptide cleavage role of
Mi-DPY-31. The motif search analysis showed same
motifs of similar sizes in these two probable copies of
DPY-31. Apart from astacin domain, motif analysis
search also revealed the presence of CUB domain (for
complement Cl1r/Cls, Uegf, Bmpl) at C-terminal of
both the copies of Mi-DPY-31, thus classifying it under
subgroup V according to the classification by Park ez al
(2010). It comprises of 110 amino acids, similar as
observed in Ce-DPY-31 (Fig. 9). The proteins with
astacin and CUB domain are generally membrane
proteins known to be involved in development. Thus, Mi-
DPY-31 could also be a membrane protein although no
transmembrane domain was predicted in Mi-DPY-31
which is in accordance to Ce-DPY-31. DPY-31 is
thought to be responsible for C-terminal cleavage of the
cuticular collagen SQT-3 (Novelli et al.2004), afunction
reminiscent of the role of BMP-1 in cleaving fibrillar
collagens in vertebrates (Reddi, 1996, Park et al. 2010).
Secondary structure prediction of Mi-DPY-31revealed
21% of amino acid residues involved in alpha helices,
23% in a-strand and rest in the random coil (Fig. 10). On
comparing the secondary structures of Mi-DPY-31 and
Ce-DPY-31, not much deviation in the structures was
noticed.

Protein-protein interaction

To determine the probable function of DPY-10 and
DPY-31 in M. incognita; a protein-protein association
network was carried out using STRING software. For
this, we identified and retrieved other dumpy genes from
the M. incognita genome using C. elegans dumpy
genes as aquery. The analysisrevealed adirectinteraction
between Mi-DPY-2, Mi-DPY-7, and Mi-DPY-10 (Fig.
11). To further confirm our result we also performed
protein-protein interaction analysis for Ce-DPY-10 and
Ce-DPY-31 genes with other cuticle genes using
STRING. The analysis revealed a direct interaction
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between Ce-DPY-10, Ce-DPY-7, and Ce-DPY-2.
However, an indirect network between Ce-DPY-10 and
other proteins like NOAH-1, NOAH-2, MLT-11, DPY-
3, ACN-1and IPR-3 (Fig. S2) was noticed. Nevertheless,
we were unable to identify these sequences in M.
incognita genome and therefore no such network was
established between Mi-DPY-10 and other respective
protein sequences. Interestingly, Mi-DPY-31 displayed
adirectinteraction with only Mi-SQT-3 protein (sequence
identified and retrieved in our BLAST analysis) similar to
the predicted interaction network indicated by the Ce-
DPY-31 (Fig. 12).

Transcript abundance of cuticle collagen genes
during development stages of M. incognita

To study the expression pattern of dpy-10 and dpy-
31 in M. incognita development, three different stages
(eggs, J2s, and adult females) were selected. dpy-10
showed higherexpressionatJ2 stage (7.5 fold) indicating
towards its possible role during an early stage of molting
(Fig. 13). In dpy-31 transcript levels were found higher
in adult females as compared to early stages (Fig. 14).
Thus, indicating its possible role during the fourth round
of molting in its life cycle.

DISCUSSION

Earlier studies report the presence of similar cuticle
synthesis enzymes in the free-living nematode C. elegans
and parasitic-nematodes hence, this study reports the
identification and characterization of two of the cuticle
collagen genes viz., Mi-dpy-10 and Mi-dpy-31,
functioning in the cuticle formation of nematode, from M.
incognita using Ce-dpy-10 and Ce-dpy-31 as orthologs.
The complete nucleotide sequences of dpy-10 and dpy-
31 genes have been characterized in C. elegans. These
are collagen genes involved in cuticle structure
development of nematodes. Gene structure analysis
revealed adifference of 1 Kb in gene length between Mi-
dpy-10 and Ce-dpy-10 gene. Although encoding a
protein of a similar number of amino acids, Mi-DPY-10
lacks the presence of N-terminal domain that was
reported in Ce-DPY-10. This might be due to the M.
incognita genome assembly present in scaffold forms.
Two hits of the Mi-dpy-31 present at different scaffolds

were found in our analysis and both showed more than
70 % similarity to Ce-dpy-31 isoform a. These two hits
could be two copies of the dpy-31 present at a different
location in M. incognita genome which got duplicated
during speciation. Another probable reason for obtaining
two hits could be as stated above due to the M. incognita
genome assembly in scaffold form. Nevertheless, both
the hits showed more than 95 % similarity at gene as well
as amino acid level among themselves.

Astacins are the class of metalloprotease proteins
playing important role in structure development of
nematodes. Recent review studies reported about 37
astacins present in M. incognita, 30 in M. hapla, 13 in
B. malayi and some in M. chitwoodi,
Parastronglyoides trichosuri and Trichinella spiralis
on basis of in silico analysis indicating the conserved
function and expansion of astacin protein family in
nematodes (Craig et al. 2007, Park et al. 2010). Mi-dpy-
10 and Mi-dpy-31 belong to group dpy-2 and subgroup
V, respectively as based on classification by Johnstone
& Park (2000, 2010). There are only two members of
group dpy-2 and members of this group have a defined
function in post-embryonic developmental stages. The
members of subgroup V are known to express in
hypodermis and have a role in cuticle components like
collagen processing.

DPY-10enzymes are characterized to have alonger
C-terminal tail than average similar observation was
made in Mi-DPY-10. A negative GRAVY value of Mi-
DPY-10 implies hydrophilic nature of this protein thus
suggesting the enzymatic role of Mi-DPY-10. The
presence of conserved Gly-X-Y repeats interrupted by
cysteines residues was in accordance with Ce-DPY-10
with proline as the major preference in position X. In Mi-
DPY-31 conserved zinc-binding active site
(HExxHxxGFxHExxRxDRD) and methionine-turn
(SxMHY) domain which are characteristic of astacin
protein was found in our motif search. Interestingly, the
multiple sequence alignment analysis revealed a 100 %
identity in these two sites among all the nematodes
across different phylum. Thus, the conserved catalytic
and methionine-turn sites were
HEVAHALGFWHEQSRPDRD and SIMHY,
respectively found in our analysis. All the domains
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present in DPY-10 and DPY-31 have been well
characterized in cuticle developmentin nematodes. Thus,
the presence of collagen triple helix in Mi-DPY-10 and
astacin and CUB domain in Mi-DPY-31 suggests their
rolein cuticle formation and developmentin M. incognita.
Further, the protein network analysis reveals both the
direct as well as the indirect associations based on
functional roles of Mi-DPY-10 and Mi-DPY-31.
Interestingly, the direct and major role of Mi-DPY-10is
observed with the member of its own group viz., Mi-
DPY-2. Together, these two plays a vital role in post-
embryonic body morphogenesis and development besides
constituting collagen and cuticulin-based cuticle in M.
incognita. Additionally, Mi-DPY-10 and Mi-DPY-7
form the structural constituent of the extracellular cuticle.
Alternatively, Mi-DPY-31 is shown to have a direct
interaction with only Mi-SQT-3 as indicated by the
prediction analysis which is a substrate for DPY-31
procollagen C-proteinase as reported in C. elegans.
However, future work involving yeast two-hybrid assay
is required to fully evaluate this contention.

Genes belonging to the dpy family are known to have
a regulated spatial and temporal expression, each
expressing at a different time in nematode life cycle.
These genes have been described as early, intermediate
or late expressing genes on basis of mRNA abundance
in C. elegans (Page & Johnstone 2007). The RT-qPCR
based expression of Mi-dpy-10in this study is in analogous
to that observed in Ce-dpy-10. Mi-dpy-10 showed
highest expression in the J2 stage which is an early
development stage in M. incognita. The higher
expression during early stage is the characteristic of dpy-
2 subgroup class of genes. Thus, indicating its role during
the second molting of cuticle from J2 to J3 in M.
incognita. Unlike dpy-10, dpy-31 is known to express
throughout the life cycle of nematode, with specifically in
early larval stages (Novelli et al. 2004, Stepek et al.
2015). However, Mi-dpy-31 showed differentexpression
pattern than that reported in other nematodes, expressing
higher in the later stage of development i.e. in adult
females. This variationin the expression pattern of Mi-dpy-
31 might indicate its specific role during later stages of the
life cycle in M. incognita thus, a species-specific role.

Nematode cuticle is encoded by multigene family
among which dumpy (DPY) class of proteases are one

such member having a vital role in cuticle formation and
development. Members of this family are known to
contain some but not all the regions, each member is
required at different time of cuticle formation. In
conclusion, this study reports the presence of dpy-10
and dpy-31 in M. incognita. It also demonstrates the
role of these genes at the different time of nematode
development through RT-qPCR based expression studies.
Conserved nature and the critical role of these genes can
be seen from the phylogenetic analysis performed among
different nematode phylum. The nematode cuticle acts
as adefensive shield for both plant and animal-parasitic
nematode by preventing them from phagocytosis. The
cuticleisindeed vital fornematode survival thus, targeting
genes that are involved in cuticle formation and
development will aid in combating such parasites. Dumpy
genes have been targeted in animal-parasitic nematodes
for controlling their infection in hosts. Tc-dpy-31 in
sheep gastrointestinal nematode, 7. circumcincta is
considered anew target for drug development to manage
nematode infection (Stepek er al. 2015). dpy 2,4, 10 and
11 have been identified in Bursaphelenchus xylophilus
and targeted for dsSRNA-mediated gene silencing (Wang
et al. 2016). Cuticle collagen genes are interesting for
biochemists and molecular biologists. Dumpy genes
have been identified by the reverse genetic approach in
Pristionchus pacificus (Kenning et al. 2004). These
genes have a potential to be a target for nematode
control. The identification of dumpy genes through RNA
interference (RNAi) based mutation in C. elegans in
itself indicates the crucial role played by these genes.
Hence, dpy-10 and dpy-31 is a potent target for host-
mediated RNAi approaches for developing transgenics
conferring resistance against plant-parasitic nematodes
by interrupting the nematode cuticle development.
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