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Plant parasitic nematodes (PPNs) are one of the most impactful pests on multiple species
of plants that are important globally costing $100-150 billion annual revenue loss. One of the
most impactful species of PPNs is Meloidogyne incognita (M. incognita). M. incognita are
known as the root-knot nematode due to the nodules that are created on the roots that the
nematodes spend their life cycle from their second juvenile stage. This is through the interaction
of effector proteins that are excreted through the nematodes esophageal glands and stylet during
the infection process. In response plants have genes that are both susceptible to and resistant to
the PPN infection process. Susceptible genes are modulated by these effector proteins to create
the optimal environment form the nematodes to inhabit. Resistant genes are those that are not
manipulated by the effector proteins and have been noted to inhibit the infection of the root
tissues. We have identified 6 anti-miRNAs that showed to have an impact on the viability of C.
elegans and are also known to be present within M. incognita. These anti-miRNAs all showed
decreases in the viability of the C. elegans within a 72-hour period. We also identified 25
possible susceptible and resistant genes that are present within the Cotton (Gossypium hirsutum
L.) genome. These genes were all shown to be expressed in the genome as a baseline for the

expression of these genes.
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Chapter 1: Introduction

Technological advances in agriculture have increased efficiency, ultimately increasing
crop yields. However, climate change and pest control practices threaten food insecurity
worldwide [27]. For example, long-term use of chemical pesticides and insecticides can lose
efficacy and have lasting non-target environmental and health effects [2]. Plant Parasitic

Nematodes (PPNs) are one of the types of pests that are most impacting crop yields.

PPN can be classified as either sedentary or migratory based on the mode of parasitism
used. Sedentary nematodes are those that remain in the root for their adult life while migratory
nematodes are those that will move freely through the soil or plant tissues. They are further
divided into endoparasitic, semi-parasitic, or ectoparasitic. Ectoparasitic nematodes feed on plant
tissues from outside of the plant while endoparasitic nematodes feed from within the plant
tissues, as shown in Figure 1 [17]. Meloidogyne incognita are classified as sedentary
endoparasitic nematodes as the adult females will remain within the feeding site they create
within the root system while stage 4 Juvenile (J4) males will migrate from the root system into
the soil. M. incognita reproduce via mitotic parthenogenesis with favorable conditions resulting
in the development of female juveniles while less favorable conditions will result in juvenile
males being produced. These males play a role in the population even without adding to the
genetic diversity of the species, as these males will migrate from the root tissue resulting in more
resources being available to the females. Females will remain in the root system and produce

large egg masses that are extruded in a gelatinous matrix out of the root [10].



J4 (female)

J4 (Male)

e e

Figure 1. Life Cycle of Meloidogyne incognita. This figure shows a representation of the life
cycle of the RKN M. incognita within a host plant root system. Stage one (1) is the egg which
was laid in a gel matrix outside of the plants root system that will develop into a J1 (Juvenile
stage 1) within the egg (2), from this point the J2 will hatch from the egg and begin migrating
and penetrating the host plants root where it will move through the tissues until it reaches the
vascular cylinder and becomes sedentary within the root, they will then enter J3 and J4 where
there may be some males produced (3). Males will exit the roots while females will remain in the

roots and will release eggs in a gel matrix on the surface of the root. Image Adapted [17].

The feeder cells that these nematodes reside in are created through a process of
continuous nuclear division without the formation of a cell wall. This nuclear division is

stimulated through the release of effector proteins from the dorsal gland of the nematode [57].
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Some of the effectors that have been studied have been noted as being secreted in the apoplast
during intercellular migration to the root while others are directly interacting with specific
proteins in the cytoplasm or the nucleus of the host cell [46]. Along with the effector proteins
released during the infection process, calreticulin (CRT) is released as well. CRTs are highly
conserved within multicellular eukaryotes and have shown to play a significant role in the
suppression of plants’ immune system. This means the RKN effector act by suppressing plant’s
immune response. Jaouannet et al. used RNA1 to knock down of Mi-CRT in nematode result in

impaired the nematodes infectivity to the host plant [29]

Current research into PPNs has shown that some plants have resistant (R) and susceptible
(S) genes to PPN infections. This occurs when the plant immune system recognizes effector
proteins that are released by PPN during the infection process [17]. In the case of R genes, they
code for avirulence proteins (Avr) and once R protein recognizes the corresponding effectors, it
can lead to effector-triggered immunity (ETI) to against nematode infection. While S genes are
plant compatibility factors that subjected to PPN effectors manipulation [17]. For example, the
AtSWEETII gene is involved in the regulation of glucose uptake and efflux and have been noted
to be upregulated by M. incognita infection [37][66], thus considered a S gene. There are more S
genes identified within many plant species as compared to R genes, with this in mind it would be
likely beneficial to knock down the S genes to prevent the facilitation of PPN infections. There
are very few cotton cultivars that are resistant to PPN infections. One of the few cultivars that
have been identified is the “Auburn 623 RNR”, with the RNR denoting Resistance to Nematode
Root, which was derived from mating two moderately resistant parents (Wild Mexican Jack
Jones and Clevewilt 623) to create an RKN-resistant line [33][54]. Though this has been noted to

be an RKN-resistant cultivar it is unknown as to what gives it this resistance, this resistance has



been correlated to a reduction of eggs and root galls in the plants [33]. Research has been moving
towards not only breeding cultivars together to create these resistant cultivars by chance but to
also identify resistant genes within cultivars that can be knocked in or susceptible genes that can

be knocked out to lead to resistance.

With this knowledge 25 S and R genes have been selected that have homologs within
upland cotton (G. hirsutum). FTRc is a key element within the Arabidopsis thaliana antioxidant
network and results in enhanced ROS-scavenging activity involving an iron-sulfur protein. This
is believed to be targeted by M. javanica which exploit the ROS-scavenging system within the
plant via the effector MjTTL5 to suppress ROS burst thus suppress the immune response to
nematode infection [36]. bHLH, found in Arabidopsis, is a basic helix-loop-helix transcription
factor that positively influences Heterodera schachtii, a cyst nematode, parasitism, with two of
these factors being known to be able to dimerize in planta with overexpression increasing the
parasitism [30]. HIPP27, a heavy metal -associated isoprenylated plant protein, is a susceptible
gene candidate in Arabidopsis supporting Heterodera schachtii infection. When HIPP27 is
knocked down susceptibility is reduced without affecting the plant phenotype [18][50]. HVA22 is
associated with the abscisic acid (ABA) signaling pathway which functions as a growth inhibitor
and promotes cell differentiation and is believed to play a role in the hypersensitive cell death
response [55]. MAPKY is known to be involved in plant-pathogen interactions and are
downregulated following infections of M. incognita [39]. MAPG6)5 is essential for giant cell
ontogenesis, associated with a novel kind of cell plate that separates daughter nuclei. In the
absence of MAP65 giant cells developed but did not fully differentiate and were consequently
destroyed [9]. As mentioned above, AtSWEET]] is involved in the regulation of glucose uptake

and efflux and has been noted to be upregulated by M. incognita infection [37] [ 66]. SmD]1 is



modulated by MiEFF 18 which facilitates giant cell formation [44]. SmD]1 is an essential
component of the spliceosome, a complex involved in pre-mRNA splicing and alternative
splicing. SIWRKY45 is known to enhance susceptibility to nematodes, believing to be

manipulated by invading nematodes [13].

GmEXPAI, which facilitates ‘cell wall loosening’ allowing for turgor-driven cell
expansion, was found to be upregulated in a nematode-resistant genotype within soybean
(Glycine max) [3]. GH3.6, part of the GH3 gene family, was found to be related to indole-3-
acetic acid-amino synthetase (IAA) with low expression and little change being noted after M.
incognita infection [39]. GH3 is known to be involved in hormone homeostasis and is known to
be involved in the stress response which can trigger the immune response within the plant.
Glymal0g017100 encodes for a protein with two domains one that is similar to a pectinesterase
(PEC) and a pectin methylesterase inhibitor (PMI) and shows expression in young leaves, seeds,
and nodules [47]. HI confers resistance to Globodera rostochiensis, known as the yellow potato
cyst nematode which are also sedentary endoparasitic nematodes, and is still effective against
these nematodes even though it was first discovered in 1952 with a gene-for-gene interaction
being genetically supported [22] [28]. HsfAla, a heat shock factor gene is required for both basal
defense in a susceptible genotype as well as for Mi-1.2 mediated RKN resistance [65]. Ma
confers complete-spectrum resistance against the Meloidogyne species [14]. Mel was identified
in one of two known resistant pepper cultivars, specifically PM217 and is resistant to M.
arenaria, M. incognita and M. javanica [11]. Mi-1 is a commercially available source of
resistance and is induced as early as 2 weeks after germination in the leaves and roots of tomato
plants [19]. Mi-3, one of the R genes that was identified was originally identified as a R gene in

Lycopersicon peruvianum, tomato endemic to Peru, that is believed to be a dominant gene [62].



gMi-Cl1 is a previously identified resistance locus on chromosome 11 withing the G. hirsutm,
Upland cotton, genome [31]. RAhg! is a resistance locus within soybeans that is resistant to
Heterodera glycines, known as the soybean cyst nematode and is also a sedentary endoparasitic
nematode, and is the most popular source of resistance against these cyst nematodes [8]. Rhg4 is
a gene that is a known polymorph with confirmed resistance in soybean, with two separate
homologs noted within cotton [38] [63]. Rk has been bred into several cowpea varieties and is
effective against M. incognita though there are known populations of M. incognita that have the
Rk gene [48]. Rmal is a resistance gene that was identified in peanuts which was originally been
suggested as a single dominant gene but a second gene was found [7]. TGA21 is a gene from
soybeans that is involved in the regulation of growth, development, and responses to pathogens

and abiotic stress [34].

Table 1. Susceptible genes in plant species with cotton homolog

Original Plant gene Original Plant Cotton Homolog Source
FTRc Arabidopsis thaliana FTR [25]
bHLH Arabidopsis thaliana FBOX [30]

HIPP27 Arabidopsis thaliana HmP27 [18]
HVA22 Solanum lycopersicum HVA [55]
MAPK9 Cucumis sativus UNCH [39]
MAPG6S Arabidopsis thaliana 65M [9]
AtSWEETI1 Arabidopsis thaliana BRI [60]
SmD1 Arabidopsis thaliana GAPCP [44]
SIWRKY45 Solanum lycopersicum WRKY [13]




Table 2. Resistant genes in plant species with cotton homolog.

Original Plant gene Original Plant Cotton Homolog Source
GmEXPA1 Glycine max EXPAI [3]
GH3.6 Cucumis sativus 144 [39]
Glymal0g017100 Glycine max PECT [47]
Hl Solanum tuberosum 17KD [51]
HsfAla Solanum lycopersicum Vezlil [65]
Ma Prunus cerasifera RPV [53]
Mel Capsicum annuum Vezil [11]
Mi-1 Solanum lycopersicum DISRP [19]
Mi-3 Lycopersicon peruvianum ERO [11]
gMi-Cl1 Gossypium hirsutum HSPRO [16]
Rhgl Glycine max IMK [8]
Rhg4 Glycine max TMK [38]
Rhg4 Glycine max HSPRO [63]
Rk Vigna unguiculata RK [48]
Rmal Arachis hypogaea L. Vezi2 [7]
TGA21 Nicotiana tobacum TGAL [6]

However, these S and R gene expressions in cotton remains largely unknown.
Understanding the baseline expression of these genes will help the target identification for

genetic engineering of cotton plants using RNA1 or the emerging CRISPR/Cas biotechnology.

MicroRNAs (MiRNAs) are noncoding RNAs, first identified in C. elegans that interact
with argonaute (Ago) proteins to modulate gene expression, they are roughly 17-27bp in length
[52]. Within plants these miRNAs play a role in development, growth, response to the
environment and abiotic factors [58]. Previous research completed within the Pan lab identified

a total of 254 miRNAs that could impact nematode viability. These were identified across 161
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families with a total of 35 novel miRNAs from 31 families with no known homologs in other

nematode species. Of the miRNAs found there were eight major families that contained four or

Table 4 The most abundant 16 Meloidogyne incognita miRNAs that

have >5000 miRNA reads

miRNA name miRNA read count % of total mRNA read
min-miR-100a 1,925,637 37.0
min-miR-124 938,674 18.1
min-miR-71a 796,156 153
min-miR-1 386,875 74
min-miR-228 351,680 6.8
min-miR-92 219,504 42
min-miR-72 150,410 29
min-miR-49b 92,110 1.8
min-miR-58 83,715 1.6
min-miR-252 34,942 0.7
min-miR-lin-4 23,089 0.4
min-miR-87 14,978 0.3
min-miR-2a 14,658 03
min-miR-34a 92164 0.2
min-miR-50a 7893 02
min-miR-279% 6754 0.1

more members; miR-35, miR-130, miR-7880, miR-8202, miR-223, miR-580, and miR-335.
From these families the most abundant 16 were identified with each having >5000 miRNA read
sequences, listed in the table below [64]. These miRNAs are all conserved within nematode

species with miR-100a being the most abundant miRNA with 37% of total reads.

Given miRNAs are important gene regulators, we asked could miRNAs be good target
for developing nematode management strategy? To answer this question, we test if inhibition of

these miRNAs will result in nematode mortality.

Objectives

Aim 1- Vetting of RNA Extraction Kits



Extraction of high-quality nucleic acids such as RNA and DNA from plant tissue,
specifically cotton tissues, has been known to pose some issues. This is due to secondary
metabolites that are present within the tissues, for example polysaccharides and polyphenolics
[41]. To deal with this issue, optimization of the extraction method was completed, this was done
across four commercially available kits. The kits selected were the mirVana miRNA Isolation Kit
by ThermoFischer Scientific with modified procedures to increase the possibility of higher
quality and quantity RNA, Rneasy Plant Mini Kit for RNA Extraction by Qiagen, miRPremier
microRNA Isolation Kit by Sigma-Aldrich, and the EASYspin Plus Plant RNA Kit from Aid

Lab.

Aim 2- Gene expression analysis of Resistant and Susceptible genes in Upland Cotton

(Gossypium hirsutum).

Nematode resistant and susceptible genes were selected mainly based upon literature
research, these genes were identified across a number of papers which have been reviewed in the
introduction. The selected resistant genes were Mi-3 identified in Lycopersicon peruvianum,
Rhgl, Rhg4, GmEXPAI, and Glymal0g017100 identified in Glycine max,; Rk identified in Vigna
unguiculata; Mel identified in Capsicum annuum; Rmal identified in Arachis hypogaea L.,
gMi-C11 identified in Gossypium hirsutum; GH3.6 identified in Cucumis sativus; TGA21
identified in Nicotiana tobacum; Ma identified in Prunus cerasifera; HI identified in Solanum

tuberosum; and Mi-1and HsfA1a identified in solanum lycopersicum.

The susceptible genes selected are HIPP27, MAP65-3, AtSWEETI, SmD1, FTRc and
bHLH identified in Arabidopsis thaliana;, SIWRKY45 and HVA2?2 identified in Solanum
lycopersicum; and MAPK?Y identified in Cucumis sativus. The homologs of these genes were

then identified within Gossypium hirsutum via a BLAST search using the original genome. From
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the homologs primers were made using primer-BLAST which were used in RT-PCR and qRT-

PCR.

Aim 3- Effect of microRNA inhibition on nematodes survival

With the use of microRNA inhibitors we performed a loss-of-function studies of
conserved M. incognita miRNAs in C. elegans. These genes have been chosen based on previous
findings from the Pan lab and literature, with a selection of 8 microRNAs subjected to the
inhibition study. This selection includes the most abundantly expressed in M. incognita miRNAs
the Pan lab has previously identified and verified [64]. These miRNAs were identified by using a
previously developed program called miRDeepFinder which combines stem-loop structure,
minimum free folding energy, minimum free folding energy index, location of miRNAs, and
other characteristics to identify conserved and novel miRNAs in both model and non-model

species [61].

The soaking procedure we used in our preliminary work on C. elegans was completed
across 72-hours to give ample time to see the impacts of miRNA inhibitions on the C. elegans.
The worms were then imaged via WormLab software in a mix of pictures and videos that were

used to collect movement data to visually confirm viability.
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Chapter 2: Materials and Methods

Plant Growth Protocol

Plants were grown in the ECU Greenhouse, 3 Gossypium hirsutum seeds were first potted
within small plastic pots in regular potting soil with fertilizer added. Plants were watered twice a
day and growth was checked to note when germination occurred to be able to collect samples at
15- and 30-days post germination. Plants were labeled with the common plant name, date, and

growers initials.

Plant collection Protocol

Plants were collected at two different time points for RNA extraction, 15 days and 30 days
post germination. All plants heights were measured and the roots weighed after they had been

gently cleaned and dried with paper towel.

RNA extraction from plant tissues

Before beginning ensure that all tools and work spaces are clean and that there is ice and
liquid nitrogen ready to be used. Place a clean mortar and pestle into a -80°C freezer for a
minimum of 10 minutes prior to use. Prepare a 2mL centrifuge tube for each sample and place
this on ice before adding 400uL of lysis buffer. Plant tissue should be collected, cleaned if there
is soil or other contaminants present, wrapped in aluminum foil and flash frozen in liquid
nitrogen to ensure that there is minimal degradation of RNA. When ready to begin working with
the sample the mortar and pestle should be removed from the -80°C freezer, the tissue sample
collected from the liquid nitrogen and ground while adding liquid nitrogen to the mortar to
prevent the sample from thawing. Once the tissue is ground to a fine powder transfer the powder

to the 2mL centrifuge tube with the lysis buffer. Sonicate the tube on ice for 15-20 seconds on ice



before adding 40ul of miRNA homogenate additive to the lysate and mix by gently
inverting the tube. The tube should be left on ice for 10 minutes before 400uL of Acid-
Phenol:Chloroform is added and mixed through inverting the tube. Centrifuge the mixture for 5
minutes at max speed to separate the aqueous and organic phases, if needed centrifuging can be
repeated a second time. After centrifuging collect the aqueous phase using a clean pipette,
typically 300uL is collected and placed to a fresh tube where 1.25 volumes of room temperature
ethanol is added and mixed via inverting. This mixture is then pipetted to a filter cartridge that
has been placed in a new tube and centrifuged for 15 seconds at 10,000rpm. Flow-through is
discarded before 700uL of miRNA wash solution 1 is applied to the filter and centrifuged for 10
seconds. Again discard the flow-through before applying 500 uL of wash solution 2/3 and
centrifuging for 10 seconds and discarding the flow-through, this step is repeated a second time.
Once the flow-through from the final wash is discarded centrifuge the tube for 1 minute to dry
the filter before transferring the filter to a clean new tube. Once in the new tube 50 uL of pre-
heated 95°C nuclease free water is pipetted to the center of the filter and centrifuged for 30
seconds at maximum speed. The tube is gently mixed and lightly tapped on the bench top to
ensure all RNA is collected. This sample is then measured for concentration and quality on the

Nanodrop before being used for RT-PCR or being stored at -20°C or below.

Primer Design Protocol

The primers used for these experiments were designed in lab using the primerBLAST
site. Each of the primers is designed to be in length between 20-30 base pairs long with a GC
content between 40-60% and having melting temperatures between 65°C to 75 °C. For the R/S
primers the original genome was input into BLAST and searched against the Gossypium

hirsutum genome with homologs being used to create the primers.
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RT-PCR Protocol

Each RNA sample will have lug of total RNA used per 15uL reaction with the volumes of

water and RNA sample being calculated based off of the concentration of RNA in the sample.

For each tube you must include the following:

Component

Volume (uL)

Nuclease-free water

Calculate: 15 — (3.84 + RNA Sample) =?

RNase inhibitor, 20U/uLL 0.19
100mM dNTPs (with dTTP) 0.15
10X Reverse Transcription Buffer 1.50
Primer 1.00
Multiscribe™ Reverse Transcriptase, SOU/ul. | 1.00

RNA Sample

Calculate:Concentration ~ 1000 =?

Total

15

Gently mix the tube after adding all components before centrifuging for 10 seconds at

2000rpm before incubating the tubes on ice for 5 minutes and keeping on ice until ready to load

into the thermal cycler. When ready to perform reverse transcription ensure that the settings are

as follows.

Temperature °C

Time (minutes)

16 30
42 30
85 5

13




4 Hold

Once RT-PCR is completed add 80uL of DNase free water to each tube and mix before

either performing QRT-PCR or storing the tube at -20 °C or below.

qRT-PCR Protocol

For each reaction that will be run there should be three (3) 0.2 mL sterilized tubes

following the amounts below:

Component Volume (uL) per tube
Nuclease-free Water 6
2X SyberGreen PCR Master Mix 10
Diluted Product from RT-PCR reaction 2
Primer 2
Total 20

Ensure that the components are pipetted to the bottom of the tube due to how small the
amounts are and centrifuge after adding all components to ensure that all reagents are in the
20uL. The reaction will be pipetted from the tubes they are located into a qRT-PCR plate with a
written record of placement in the tube as there can be no markings made on the plate.
Centrifuge the plate to ensure that all reactions are located at the bottom of each well before

loading the plate into the machine and following the protocol listed below.

Step Enzyme Activation PCR

14



Cycle (45 cycles)

Denature Anneal/Extend
Time 10 minutes 15 Seconds 60 Seconds
Temp °C 95 95 60

After running qRT-PCR wrap the plate in aluminum foil and store the plate at -20 °C or

below.

C. elegans Soaking Protocol

This is done by creating a transfection solution on the first day of the experiment,
typically referred to as Day 0 or 0-Hours. This solution is made up of 9.5g of 50 mM
Octopamine Hydrochloride, 0.0153g of 3 mM Spermadine, and 0.01g of 0.05% Gelatine mixed
within 20ml of M9 to create a stock solution. This stock solution is then used in tandem with the
inhibitors within the soaking procedure, this is because the transfection solution allows for
uptake of the inhibitors. To set up the wells individually calculations are made to determine how
much of the transfection solution, anti-miRNA, and C. elegans are needed. For my experiments |
was able to keep it consistent with the control group having 80 ul of transfection solution, 0 ul of
anti-miRNA, and 20 ul of C. elegans, the 100ul treatment has 76 ul of transfection solution, 4 ul
of anti-miRNA, and 20 ul of C. elegans, treatment 200 ul has 72 ul of transfection solution, 8 ul
of anti-miRNA, and 20 ul of C elegans, treatment 400 ul has 64 ul of transfection solution, 16 ul
of anti-miRNA, and 20 ul of C. elegans, and finally treatment 800 ul has 48 ul of transfection
solution, 32 ul of anti-miRNA, and 20 ul of C. elegans. Each well contained 40-60 worms to
give ample population size. These worms are kept in an incubator that is set to 27°C to attempt to

minimize environmental impacts on survival. The worms are checked at the same time each day
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for 24, 48, and 72-hour measurements when the worms are counted, and the living worms are

recorded based off their movement within the well.
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Chapter 3: Results

RNA extraction within Gossypium hirsutum tissue and C. elegans and method optimization

Within the Pan lab we have optimized the process of extracting RNA from C. elegans and
have found that the mirVana miRNA Isolation Kit by ThermoFischer Scientific is the best kit for
use within our lab. However, with the amount of time spent on RNA extraction it was decided to
find the optimized procedure for Gossypium hirsutum tissue as our previous work was resulting
in poor quantity and quality of RNA using the kit we normally used within the Pan Lab. We
began by selecting four commercially available RNA extraction kits to find the best kit to use for
Gossypium hirsutum tissue, specifically root tissue, with samples being collected across three
separate pots of cotton plants.The kits selected were the mirVana miRNA Isolation Kit by
ThermoFischer Scientific with modified procedures to increase the possibility of higher quality
and quantity RNA, Rneasy Plant Mini Kit for RNA Extraction by Qiagen, miRPremier
microRNA Isolation Kit by Sigma-Aldrich, and the EASYspin Plus Plant RNA Kit from Aid

Lab.

To minimize unintended impacts all kits were tested across the variables of increased
grinding time testing 5 minutes, 10 minutes, and 15 minutes as well as sample size testing
samples from about 100 mg to 150 mg. These changes had similar impacts on the quantity and
quality of the RNA from the mirVana and mirPremier kits while the EASYspin kit showed an
increase in both quantity and quality (Table 3). Within mirVana we also increased the amount of
lysis buffer used and this resulted in a small yield and low-quality RNA. We decided the best kit
to use for Gossypium hirsutum tissue RNA extraction was the EASYspin kit from Aid Labs. The
difference between this kit and the other two kits tested was the inclusion of ‘plantaid’ which is

included within the kit to aid in removal of polysaccharides, polyphenols and pigments from the



plant tissue which aids in removal of contaminants, similar to the use of the Acid:Phenol

Chloroform during washing steps in the mirVana kit.

Table 3 shows the average results of each kit across a sample size of 16 samples from 4
different plants. The kit that performed the best overall was the RNeasy Plant Mini kit followed
by the EASY Spin kit. These both are kits that are designed specifically for use within plant
tissue samples which means that they have additional reagents that will help to remove the
polysaccharides and other secondary metabolites that will be within the sample that may impact
quality. In addition to this these kits have a higher concentration than the others likely due to the
fact that they are designed for the plant tissue and have a lysis buffer that may lyse plant cells
better than kits that are more commonly used for mammalian cell lines. Given these results we
chose to continue all further extraction protocols with the RNeasy Plant Mini kit given that it had
the least amount of contamination from other proteins and salts while also having the highest

concentration.

Table 3. Results from RNA extraction (n=4 for each kit) using mirVana, mirPremier, EASY spin,

and RNeasy Plant Mini isolation kits on extraction from Gossypium hirsutum root tissue.

RNA Concentration 260/280 260/230 Plant Weight
Extraction Kit (ng/nL) (®
mirVana 39.5+£23.8 1.69+0.27 0.69+0.55 0.1280+0.0296
mirPremier 91.4+61.8 2.28+1.54 1.33+0.64 0.1233+0.0312
EASYspin 98.7£31.5 2.05+0.09 2.57+1.81 0.1157+0.0454
RNeasy Plant 338.6+245.2 2.06+0.03 1.70+£0.57 0.1646+0.0589
Mini
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Cotton Gene Expression

Tables 4 and 5 contain the primers for the susceptible and resistant cotton gene homologs

that were used for all gene expression experiments. Figures 2-5 show the CT values for the

susceptible and resistant genes at both 15 and 30 days post germination.

Table 4. Susceptible genes with cotton homologs primers

Gene Cotton Forward primer Reverse primer GC% | Temp°C
homolog
FTRc FTR TCCTGCTGCAACTCAGAACC TCCTCTGGAATGATGCTGCC 55 60.25/59.82
bHLH FBOX GAGCGAGACGAGTGTCAAGG CAAGCCTCCTCTACTCTGGC 60 60.46/59.54
HIPP27 HmP27 GATCAAGTTTAGACTCC AACCTGGGAGCTTCTGG 50 58.81/58.26
HVA22 HVA CTTGGGAGAGCCAAACCTC GAGGATCTGATTGGTGGTG 55/52.38 | 59.30/59.79
MAPK9 UNCH TCCTGTGGAAGAGACCCGTA CGTCTCTCCATGTCTCGACTC 55/52.38 | 59.59/59.60
MAPG65 65M GGAGGCAAGGATCTTCAGGG GTCCAACGCGTTCTGTTGTT 60/50 59.82/59.90
AtSWEETII BRI CTAAGCCCATTCCCAACTG GGGCATGGAAATGACG 52.38/55 | 59.72/60.39
SmD1 GAPCP GCTAAGGCTGCAAAGGGTGC TCTGCTAACTGTCCTTACGG 55/50 60.61/60.68
SWRKY45 WRKY CCAATGTCATGCCTCCCAC TAAGGCAGCTCTGGAAGCTC 55/52.38 | 60.32/60.07
Table 5. Resistant genes with cotton homologs primer
Gene Cotton Forward primer Reverse primer GC% | Temp°C
homolog
GmEXPAI EXPAI ACAGCTCCATGAGCTTCAGAC | GGGTCACCTAAAGTGGGATGG | 52.38/57.14 | 60.07/60.06
GH3.6 144 TTGCTGCCATTCGGTGC GGTCCGGTGATACACAACA 58.82/50 | 58.62/58.94
GlymalOg017100 | PECT GCAGCGGAAATGTTAGGAGC GGACCTATACCTGCGCACTT 55/55 59.62/59.90
HI 17KD GCAATGGCAGCATTTGCCTCG CTCTCTGGCACCAAGGGATCA 55 60.80/60.55
HsfAla V6ZIl AGGGATTGGCGGAGC AGGGATTGGCGGAGC 55/50 60.18
Ma RPV ACCCATTCTCCATCTCGCTTTC | TCACCACAGGCCTTGATTTCTC 50 60.42/60.55
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Mel Vezil CACGTGGTCACAAGGTCATC CTATGCACCACACTCTCCAC 50/53.38 59.24/59.72
Mi-1 DISRP GATGGAGGATGTAGGCGAAGAAG CTCCGCTCTGAAATGTCCCTG 50/57.14 59.63/60.14
Mi-3 ERO ATGAAGGAGGTTGCTGAGGC TTTAGTCCAGCAATGGCCC 55 60.03/60.32
qMi-C11 HSPRO CTTGGGAGAGCCAAACCTC GAGGATCTGATTGGTGGTG 55/52.38 59.30/59.79
Rhgl IMK CAACCTCTCTGGTCCTGTTCC CACTCAGTAGAGGTACGGGAAG | 57.14/54.55 60/60.74
Rhg4 TMK ATGTTCACTGGTCAGATCCC GAACTGGACCGGTCAATAAG 50/52.38 59.27/58.37
Rhg4 HSPRO CTTATTGCCTCGGCTGGTG TGGCTCTCCCAAGCCTAAC 55 60.11/59.67
Rk RK ACCGCTTGCACCCCC GGAGGAGGAAGAAGGGAGTGA | 73.33/57.14 | 59.07/60.27
Rmal Vezi2 CTAAGCCCATTCCCAACTG GGGCATGGAAATGACG 52.38/55 59.72/60.39
TGA21 TGAL TGGAGGCTTCCGTTCATCTG TCAGCCTGTTGGGATGACTG 55 59.75/59.67

All the genes were observed to have expression in both 15- and 30-day samples. For day

15 HmP27, 17KD, ERO, HSPRO, I4AA, RK, and TGAL all showed higher CT values when

compared to the housekeeping gene PTB, which corresponds to less expression. The gene that

showed the highest expression for the susceptible and resistant genes are HVA and IMK with CT

values of 16.32 and 10.50 respectively. For day 30 samples 65M, BRI, FBOX, FTR, GAPCP,

HmP27, HVA, WRKY, 17KD, ERO, EXPA, HSPRO, I44, RK, RPV, TGAL, TMK, V6Z11, V6Z11,

and V6712 all had lower expression the housekeeping gene P7B. For day 30 the genes that had

the highest expression when compared to the housekeeping gene were DISRP, HSPRO, and IMK

with CT values of 24.65, 25.45, and 22.19 respectively. Further it was observed that the CT

values for the same gene between sample days did show a shift with all the genes showing an

increase in CT value in the older root samples. The genes that showed the biggest change in

expression level were FTR and /44 with CT values at 15 days being 16.67 and 26.66

respectively and increasing to 35.90 and 32.91 respectively.
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Day 15 Susceptible Gene Expression

40
35
30

25

i l T

CT Value

15

10

PTB 65M BR1 FBOX FTR GAPCP HMP27 HVA UNCH WRKY

Gene

Figure 2. Average CT Values of susceptible homolog genes from uninfected unmodified Cotton
plants at day 15 post germination (n=3). The gene PTB is the housekeeping gene used while all
others correspond to the genes of interest that are known to be susceptible to M. incognita

infection in other plant species.
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Day 15 Resistance Gene Expression
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Figure 3. Average CT Values of resistant homolog genes from uninfected unmodified Cotton
plants at day 15 post germination (n=3). The gene PTB is the housekeeping gene used while all
others correspond to the genes of interest that are known to be resistant to M. incognita infection

in other plant species.
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Day 30 Susceptible Gene Expression
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Figure 4. Average CT Values of susceptible homolog genes from uninfected unmodified Cotton
plants at day 30 post germination (n=3). The gene PTB is the housekeeping gene used while all
others correspond to the genes of interest that are known to be susceptible to M. incognita

infection in other plant species.

23



Day 30 Resistance Gene Expression
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Figure 5. Average CT Values of resistant homolog genes from uninfected unmodified Cotton
plants at day 30 post germination (n=3). The gene PTB is the housekeeping gene used while all
others correspond to the genes of interest that are known to be resistant to M. incognita infection

in other plant species.

Inhibition levels

Following RNA extraction RT-PCR and qRT-PCR are run with the samples collected and
fold change values were calculated. From the fold change values we can determine the
inhibition effects being seen by the inhibitors within the C. elegans that have been exposed
following the soaking procedure. The data indicated down regulation after being treated with
anti-miRNA treatments, found by subtracting each expression level from one. The average
miRNA gene expression inhibitions were found to be 64.1%, >99.9%, 98.8%, 99.8%, 98.8%,

>99.9%, >99.9%, and >99.9% for anti-miR-1, anti-miR-49, anti-miR-71, anti-miR-72, anti-
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miR-92, anti-miR-100a, anti-miR-124 and anti-miR-228 respectively (Figurel5). These

results are consistent to those that were found from previous research in the Pan lab showing

further promising targets for future work with Meloidogyne incognita.

Table 6. Anti-miRNA inhibitor sequences

Anti-miRNA Inhibitor Sequence
Min-miR-1 AUACUUCUUUACAUUCCA
Min-miR-49b AUCUUCAACAUGGUGCUU
Min-miR-72 AAUGCCAACAUCUUGCCU
Min-miR-92 AGGCCGAAACGAGUGCAAUA

Min-miR-100a

AGACUAGUUCGGAUCUACGGGUU

Min-miR-228

CCGUGAAUUCAUUUGGUGCCAUU

Table 7. Fold changes calculated for each inhibitor using each treatment’s respective control and
typical method of fold change calculation.

Fold Anti-miR-1 | Anti-miR-49 | Anti-miR- | Anti-miR- | AntimiR-92 | Anti-miR- | Anti-miR-228
Change 71a 72 100a
Replicate 1 | 0.8461586 | 000168146 | 0.00146793 | 0.222698951 | 0.115943994 | 0-000229058 | ¢ 791918572
Replicate 2 | 0.017051 0.00507984 3.79905E-05
0.000196934 0.196713335 | 0.227588569 18.87624635
Replicate 3 | 021493912 0.02683017 6.51411E-06
0.000176995 0.170420012 | 0.053050126 -3.24338436
Replicate 4 4.51786E-05 0.001043876 | 0.002187502 -3199.21004
Replicate 5 8.25141E-05 0.001915805 | 0.021160243 -422.702841
Replicate 6 6.06556E-05 0.000798271 | 0.000929988 2723.97925
Average 0359382307 | -4.4501E-05 | 0.01112598 | -0.00140576 | -0.01137982 | 0.01399124 | -0.00094877
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Figure 6. Inhibition levels of anti-miR-1, anti-miR-49, anti-miR-71, anti-miR-72, anti-miR-92,

anti-miR-100a, anti-miR-124, and anti-miR-228.
Treatment effects on viability

All data was collected across a 72-hour period and calculated using a one-way ANOVA
with comparisons to the controls for the respective time day and time control. P-values less than

0.05 were noted as significant.
Anti-miRNA-1 effects on viability

For the 24 hour treatments 100 nM had a decrease of 41.81% when compared to the
vehicle control with a p-value of <0.001, 200 nM had a decrease of 51.61% with a p-value of
<0.001, 400 nM had a decrease of 43.06% with a p-value of <0.001and the 800 nM treatment

decreased by 22.05% with a p-value of 0.009. After 72 hours the 100and 200 nM treatments had
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decreases of 21.85% (p-value 0.009) and 21.71% (p-value 0.010) respectively when compared to

the control at 72hours.

miR-1 Survival
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Figure 7. Percent survival/viability of C. elegans under different concentrations of anti-miR-1
treatments over a 72-hour period. Significant differences (*) were determined using p-values that

were less than 0.05 gathered via one-way ANOVA with the control at the same time points.

Anti-miRNA-49b effects on viability

In the 72-hour time point the 200 and 800 nM treatments showed decreases of 7.77% (p-

value 0.008) and 9.42% (p-value 0.002) respectively.
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Anti-miR-49 Survival
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Figure 8. Percent survival/viability of C. elegans under different concentrations of anti-miR-49
treatments over a 72-hour period. Significant differences (*) were determined using p-values that

were less than 0.05 gathered via one-way ANOVA with the control at the same time points.

Anti-miRNA-72 effects on viability

In the 72-hour time point the the 400 and 800 nM treatments showed decreases of

12.73% (p-value 0.028) and 20.19% (p-value <0.001) respectively.
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Anti-miR-72 Survival
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Figure 9. Percent survival/viability of C. elegans under different concentrations of anti-miR-72
treatments over a 72-hour period. Significant differences (*) were found using one-way ANOVA

with a p-value less than 0.05 when compared to the control at the same time point.

Anti-miRNA-92 effects on viability

In the 24 hour treatment 800nM showed a decrease of 10.37% with a p-value of 0.046.
This decrease is continued to be observed at the 48 hour mark with the 800nM treatment having
a decrease of 12.72% with a p-value of 0.011. At 72 hours treatments 400 and 800 nM show

significant decreases of 10.92% (p-value 0.027) and 18.27% (p-value <0.001) respectively.
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Figure 10. Percent survival/viability of C. elegans under different concentrations of anti-miR-92
treatments over a 72-hour period. Significant differences (*) were determined using p-values that

were less than 0.05 gathered via one-way ANOVA with the control at the same time points.

Anti-miRNA-100a effects on viability

In the 24 hour treatment the 200, 400 and 800 nM treatments showed decreases of
46.82% (p-value <0.001), 48.29% (p-value <0.001) and 29.75% (p-value 0.010) respectively. At
72 hours treatments 100 and 200 nM showed decreases of 27.13% (p-value 0.018) and 22.63%

(p-value 0.045) respectively.
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Figure 11. Percent survival/viability of C. elegans under different concentrations of anti-miR-
100a treatments over a 72-hour period. Significant differences (*) were found using one-way

ANOVA with a p-value less than 0.05 when compared to the control at the same time point.

Anti-miRNA-228 effects on viability

At 72 hours treatments 100, 200 and 400 nM showed decreases of 14.35% (p-value

0.009), 19.31% (p-value <0.001) and 19.31% (p-value <0.001) respectively.

31



Anti-miR-228 Survival

| * l

Con 0 Con 241002420024 400 80024 Con 48100 48 200 48 400 48 800 48 Con 72 100 72 200 72 400 72 800 72
hrs hrs hrs hrs 24hrs hrs hrs hrs hrs hrs hrs hrs hrs hrs hrs hrs

100
9
8

o O

7

o

6

o

5

o

4
3
2
1

Percent Survival
o o o o

o

Treatment (nM) and time elapsed

Figure 12. Percent survival/viability of C. elegans under different concentrations of anti-miR-228
treatments over a 72-hour period. Significant differences (*) were found using one-way ANOVA

with a p-value less than 0.05 when compared to the control at the same time point.
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Chapter 4: Discussion

Optimization of RNA extraction from cotton root tissue was completed before
determining genes of interest. This was done so that the best commercially available kit could be
used to maximize quality and quantity while minimizing possible future replication errors.
Additional difficulties come from the collection of the root tissue, if the plants have not grown
enough to develop enough of a root system there is not a large enough sample to collect.
Alternatively, if the root system develops for too long it becomes tough to break down and

extract RNA without damaging the nucleic acid.

Figures 2-5 show the CT values of the selected susceptible and resistant genes within
cotton root samples collected and tested 15 and 30 days after germination, respectively. While
working with these genes housekeeping genes were run alongside the selected targets, for these
PTB was used. All genes that were selected show almost complete or complete expression in
both time points. The housekeeping gene PTB, polypyrimidine tract-binding, are RNA binding
proteins in eukaryotes which bind to select target RNAs to facilitate metabolic transport
processes including mRNA polyadenylation, splicing repression in pre-mRNAs, RNA transport,

mRNA stability/decay, and translational [32].

Ct values between 15 and 35 are a typical and reasonable range any Ct values above 35
are not significantly expressed. Apart from EXPA I and IMK the CT Values collected for day 15
all showing higher levels of expression. EXPAI and /MK were noted to have much lower CT
values that could point to issues with the loading of the samples or other issues. All the genes
showed a decrease in expression of day 30 samples. All Day 15 genes showed lower CT values
as compared to Day 30, with all being normalized by the housekeeping gene PTB. The two genes

that showed the most change within Day 15 to Day 30 are ERO and HmP27. ERO has been



studied previously being regulated by the reduction of intramolecular disulfide bonds which is a
regulatory mechanism that is essential for effective oxidative protein folding. It has been
proposed that regulation of ERO] is a safety mechanism to preserve the integrity of oxidative
protein folding processes [43]. HmPZ27, a heavy metal-associated isoprenylated plant protein 27,
this family of genes have been connected to plant tolerance to heavy metals, plant development,
growth and stress responses. These are thought to be membrane-associated factors in the plant
metal homeostasis and stress responses though many of the specific genes have yet to be

characterized functionally [5].

These genes show promise as potential targets for future projects given that they have
been identified as being susceptible or resistant to M. incognita infection in other plant species.
With these homologs in cotton showing expression is a promising start to identify if these genes
are susceptible or resistant to infections as well. This could be completed by using CRISPR to
knock down susceptible genes that have been identified here and infecting the cotton plants with
M. incognita and observing the galling, growth and gene expression of the plants following the
infection. Ideally these genes can then be used to create transgenic cotton that will have

resistance to M. incognita which would aid the cotton industry greatly.

MiR-1 is a highly conserved miRNA that has homologs in parasitic nematodes including
A. cantonensis. The expression of miR-1 increases from infective larvae to young adults and is
the highest expressed miRNA in the young adults of A. cantonensis [12]. Within the Pan lab a
previous study showed that miR-1 represents 7.4% of the total miRNA’s within M. incognita
[64]. The findings indicated that exposure to anti-miR-1 (Figure 7) affects C. elegans viability
significant decreases were seen at the 24- and 72-hour marks. At 24 hours there is a significant

decrease in all the treatment samples with decreases of 41.81%, 51.61%, 43.06% and 22.05%
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respectively. This may be because of the inhibitor taking effect quickly and beginning to target
the regulation of neuromuscular junction function as it has been observed to play a role in this
through both the pre- and post-synaptic properties [56]. This decrease continues and is
significant again at the 72-hour mark, specifically within treatments 100 and 200 nM with
decreases of 21.85% and 21.71%, this is a further 19.96% and 29.90% decrease from the
observed decreases at 24 hours. This may be due to the further impact that the inhibitor is
playing within the regulation of the muscular function though it may also be due to the
nematodes not having access to food which would cause them to die. It was also found that anti-
miR-1treatment (Figure 6) resulted in down regulation within C. elegans following exposure

with a decrease in expression of 64.1%.

Within C. elegans miR-49b is seen to help with locomotion as it is linked to a GABA
receptor that only requires all three subunits of miR-49 to be present [4]. miR-49 is also found
within Ascaris suum which is a parasitic nematode found within the small intestine of animals
and adapts to its lifestyle by possessing a large reproductive capacity with a female laying as
many as 25,000,000 eggs. Within Ascaris sum it is not fully known the function of miR-49
though it is expressed within embryogenesis leading to the believe that it could be playing a role
in the fertility of the nematodes [59]. Within the study of anti-miR-49b (Figure 8) has a
significant decrease in viability in the 72-hour treatments of 200 and 800 nM with decreases of
7.77% and 9.42% this may be due to the inhibitor as the same samples at the 24- and 48-hour
point follow a similar trend of decreasing though not significantly. It may be that this inhibitor
takes a full 72 hours to become fully integrated or to have full effect in the system of the
nematode. It is also noted that the gene expression shows a >99.9% downregulation (Figure 6)

of the gene associated with anti-miR-49b, with this level of inhibition within C. elegans it is
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likely that this gene is a good candidate for a target gene for preventing M. incognita infections

in plants.

Li, Z et al. found that miR-72 shows more than 1000 reads in both female and male 4.
cantonensis [40]. It was also found that out of 88 of the C. elegans miRNAs that Lim et al.
studied miR-72 was one of the six that did not have a homolog of at least 75% of the sequence
identity linked to a C. briggsae ortholog [35]. At 72-hours anti-miR-72 (Figure 9) shows a
significant decrease in treatments 400 and 800 nM with decreases of 32.93% and 40.40%
respectively. These decreases follow a trend that begins to develop after the first 24 hours but is
not found to be significant until the 72-hour time point. Within C. elegans miR-72 is known to
play a role in the regulation of oocyte development but has been observed to not be essential for
embryonic development [45]. Given that this is likely not impacting the further development of
nematodes being counted in this study it is likely that this decrease is due to the lack of food.
Gene expression results show that anti-miR-72 was downregulated 99.8% (Figure 6) which
would result in significant knockdown effects within Meloidogyne incognita which is what we

anticipate will be the response due to the similarities between C. elegans and M. incognita.

The miR-92 is found within a family of miRNA clusters that are composed of three
related, highly conserved, polycistronic miRNA genes that encode for a total of 15 miRNAs.
This miR has homologs that have been identified in both D. melanogaster and C. elegans, with
the homolog in C. elegans being miR-235which plays a role in regulating development, stress
response and cellular inactivity and a study that removed miR-235 within C. elegans that showed
increased levels of adult lethality with an increase of 80% adult lethality [42]. The miRNA
family has been shown to regulate heart development and cell death [15]. miR-92 is also found

within the infectious nematode Brugia malayi [49]. Inhibition of anti-miR-92 on survival

36



(Figure 10) showed significant decreases across the full 72 hours the study was conducted. In the
first 24-hours treatment 800nM decreased by 10.82% and this continued at 48 hours with a
decrease of 12.72%, this is a further decrease of 1.89% from the 24-hour decrease. This trend
continues to the 72-hour time point with significant decreases observed at both 400 and 800 nM
treatments with decreases of 10.92% and 18.27% respectively. The decrease in the 800 nM
treatment at 72-hours is a further 5.55% decrease from the previous point. Based off of this I
believe that the inhibition of anti-miR-92 was possibly increasing the cellular inactivity which
may result in nematodes not getting the necessary metabolites. There was significant
downregulation noted in the gene expression with 98.8% down regulation (Figure 6) being noted
within the gene expression results. We anticipate that similar results should be found within the

gene expression of M. incognita and will ideally result in lessened infection rates in plant tissues.

Within M. incognita the most abundantly expressed miRNA is miR-100a, this represents
37% of the total sequence reads [64]. miR-100a has been identified within Haemonchus
contortus which is a parasitic nematode found within livestock and recently within Trichuris
muris which is a parasitic nematode that infects mice [23]. Within C. elegans miR-100 is
represented by the miR-51 family, which is essential for development with complete deletion
resulting in embryonic lethality and has also been observed to be involved in cell signaling [20].
Inhibition of anti-miR-100a (Figure 11) showed significant decreases in viability at 24- and 72-
hours. At 24-hour treatments 200, 400 and 800 nM decreased by 46.82%, 48.29% and 29.75%
respectively. The decreases in treatments, 100 and 200 nM continues to be observed at 72-hours
with decreases of 27.13% and 22.63% respectively. These decreases are a further 9.62% and
24.19% respectively. The decrease observed may be due to the impact on cell signaling that

could be occurring through the inhibition of anti-miR-100a. It was also found that anti-miR-100a
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resulted in down regulation within C. elegans following exposure when fold change was
calculated (Figure 6) with >99.9% downregulation being noted from previous Pan lab data.
Given this preliminary data within C. elegans and the knowledge of abundant expression within
M. incognita anti-miR-100 is a great candidate for use in CRISPR within cotton tissue to create a

transgenic resistant plant.

In Marks et al. [42] study it was suggested that miR-228 might have an inhibitory effect
on larval development that can be observed in vitro based on their experiment with Haemonchus
contortus. Epistasis studies conducted on C. elegans daf-2 mutants showed that miR-228 and
miR-235 synergize with the FOXO transcription factor DAF-16 within the insulin signaling
pathway suggesting that they might suppress the metabolic and transcription factor activity that
is required for development [42]. Inhibition of anti-miR-228 (Figure 12) showed a significant
decrease at the 72 hour time point in treatments 100, 200 and 400 nM with decreases of 14.35%,
19.31% and 19.31% respectively. This decrease may be related to the suppression of metabolic
and transcription activity that this inhibitor is known to play a role in. There is an observable
trend in the decrease of these treatments starting at 48 hours, though it is not a significant trend it
may be that the impacts on the metabolic and transcription activity may take a full 72 hours to
build up in the nematode. Gene expression (Figure 6) showed that the inhibition of this gene was
roughly >99.9% downregulated, this is a promising result within our preliminary research as we

anticipate similar responses within the Meloidogyne incognita.
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Chapter 5: Conclusion

Inhibition of anti-miR-1, anti-miR-49, anti-miR-72, anti-miR-92, anti-miR-100a and anti-
miR-228 were observed to have an impact on the viability of C. elegans. The most promising of
these being anti-miR-49, anti-miR-72, and anti-miR-92 as they showed the most consistent
downward trend without major impacts being observed on the control samples which increases
the chances that these decreases could be from the inhibitor’s effects and not due to lack of food
in the experimental set up. These inhibitors also showed a decrease of >99.9%, >99.9% and
98.8% when gene expression was run on nematodes that had been exposed to the inhibitor to
determine inhibition levels within C. elegans. Following the optimization of RNA extraction and
the identification of possible M. incognita susceptible and resistant cotton homologs there is a
good base for building on this knowledge. Knowing that these genes are present in the cotton
genome we can use CRISPR Cas or other biotechnological processes to determine if the
susceptibility or resistance observed in other plant species carries to the cotton genome. Once
this information is learned and understood it can be used again with CRISPR Cas or other gene-
editing technologies to generate transgenic plants that carry some form of resistance to M.

incognita infections.
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