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Background: The plant parasitic nematode genus Meloidogyne parasitize almost all flowering crops. Plants respond
with a variety of morphological and molecular mechanisms to reduce the effects of pathogens. Proteinase inhibitors
(PD), a special group of plant proteins which are small proteins, involve in protective role in the plants attacked by
microorganisms. Still, the plant response using Pl against nematodes has not been well understood. Therefore, this
study was aimed to determine the expression of proteinase inhibitor | (PI-) gene subsequent the infection of M.
incognita, M. javanica, and M. chitwoodi in tomato plants post nematode infections. Molecular methods were used to
determine the P/ gene expressions at different days post nematode infections in host tissues.

Results: Results revealed that the population of M. incognita species reached the highest level of nematode
population followed by M. javanica and M. chitwoodi, respectively. All Meloidogyne species induced expression of PI-I
gene reached at the utmost level at 3 days post infection (dpi) in host tissues. Relative gene expression level was
sharply dropped at 7 dpi, 14 dpi, and 21 dpi in M. incognita induced gene expression in host tissues. Similar results
were observed in host tissues after infection of M. javanica and M. chitwoodi.

Conclusions: The commonalities of plant response across a diverse Meloidogyne species interaction and the
expression of Pl gene may be related to plant defense system. Increased level of Pl gene expressions in early infection
days in host tissues induced by parasitic nematodes may share resemblances to the mechanisms of resistance on
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Background

Plant cell wall is important component in plant cell and
plays an essential role against pathogens [1, 2]. The
modification of plant cell wall molecular architecture oc-
curs during the nematode infection that presence and
distribution of glycoproteins, pectin, and hemicellulose-
related polysaccharides have been changed in nematode
feeding site [3]. A parasitic nematode group, Meloido-
gyne genus termed also root knot nematodes, creates a
unique feeding site termed giant cell to supply nutrient
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to the nematode from plant [4]. The cell wall also has
physical barriers with cellulose, hemicellulose, lignin,
proteins, and chemical substances [5]. The thickness of
giant cell walls are around 6 times thicker than neigh-
boring cells walls in the nematode feeding site [4]. In
addition, gall thickness also varies in different host roots.
M. incognita caused gall thickness as a percentage of ad-
jacent root thickness are 300%, 250%, 650%, and 250%
thicker in maize, Arabidopsis, Aduki bean, and potato,
respectively [4].

Plants give response to the nematode infection in
molecular level [6-8] that proteinase inhibitors are a
group of proteins that demonstrating a generally part
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inside the plant defense against plant feeders from
insects to microorganisms. The proteinase inhibitors in-
volve in perturbing the enzymatic capability in microbic
chemicals that obtainable at intervals plant pests; hence,
they might not digest plant tissues [9]. Additionally,
some proteinase inhibitors involve in plant antimicrobial
properties giving limitation of pathogen growth [10].
Protein inhibitors are induced mostly during wounding
or chemical signalling through molecules of the plant
[11]. Signal molecules involve in production and reloca-
tion of proteinase inhibitors by the phloem and xylem of
the plant [11]. When an insect feed on plant, those in-
hibitors involve in less digestion in insect, thus the pest
may not grow proper level [12].

Meloidogyne species are most important plant para-
sitic nematodes species causing economic losses on
crops more than a 170 billion dollars in the world [13].
Around a hundred species of root-knot nematodes have
been described in the world [14]. Of these species, M.
incognita, M. javanica, and M. arenaria are tropical, M.
hapla, M. chitwoodi, and M. fallax are temperate species
[15]. M. incognita, M. javanica, M. hapla, and M. are-
naria are frequently found in many countries and they
are called major species [16]. Meloidogyne species are
obligate sedentary endoparasites and infect plant roots.
The second stage of Meloidogyne species are infective
stage and enter plant roots just behind root elongation
zone and move intercellularly and create a feeding site
[4, 16]. Nematode secretes effectors which are produced
in gland cells and cause the formation of feeding sites
[17]. Following the starting the feeding of J2s, galls are
seen within days [18, 19]. Nematode undergoes third
and four stages and finally becomes an adult female. The
male may leave from roots (mobile), and the adult fe-
male become sedentary and starts to produce eggs [16].
M. incognita hatching number of M. incognita increases
between 25 and 35° but decreases in higher temperatures
above 35 °C [20].

The generation of proteinase inhibitors reveals that
plants have the capacity to modify their defense behavior
in reaction to plant invaders including nematodes. This
complex defense mechanism serves to protected plant
from pathogens. The expression of PI-I gene during the
three nematode species has been fully understood.
Therefore, this study was aimed to determine P gene
expression at 1, 3, 7, 14, and 21 days post-infection of
three different root knot nematodes (M. incognita, M.
javanica, M. chitwoodi) in tomato plants.

Methods

Plant and nematode culture

Susceptible tomato (Solanum lycopersicon) plants were
used in this experiment. The 25-day-old tomato seed-
lings were sowed in the 1 kg pots of sterilized soil
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medium. Soil medium was consisted of 80% sand + 20%
garden soil. Soil medium was autoclaved to kill weed
seeds, pathogen, and other microorganism in pressure
sterilizer at 126 °C for an hour. This study was per-
formed in the greenhouse. The greenhouse temperature
was set up as 25 + 2 °C in 16 h light 8 h dark conditions
with 60% of humidity conditions. When tomato seedling
roots reached to the bottom of the pot, seedlings were
ready to inoculate the nematodes, Meloidogyne incog-
nita, Meloidogyne javanica, and Meloidogyne chitwoodi.
The experiment was set up with five repetitions as in-
fected and uninfected plants. Randomized complete
block design for each of the experiment was set up with
five replications that each plant was grown in separate
pots. Two independent experiments were achieved.

The pure nematode cultures of three Root knot nema-
todes species, Meloidogyne incognita, Meloidogyne java-
nica, and Meloidogyne chitwoodi, which already exist in
the greenhouse, were used for this experiment. To main-
tain the nematode population, pure culture of second
stage juveniles were given to susceptible tomato plants
at 25 + 2 °C at %60 humidity and 16 h light and 8 h dark
conditions. Hatching was performed using Modified
Baerman funnel technique. The second stage of juveniles
(j2) was collected, counted, and optimized. The viability
juveniles were checked under the stereo microscope.
Then, the nematode infection assay was achieved. The
number of second stage of nematode juveniles was cal-
culated as 1 J2s per cm® soil mix (1000 J2s for each pot)
for assay. Two centimeters depth of four holes were
opened on the on the surface of pots and in total 1000
j2s were given on holes. Pots with plants were placed for
2 months in greenhouses at 25 + 2 °C. Nematode popu-
lation was calculated among differences of initial and
final nematode population. Following the nematode in-
fection, 2 months later, infected roots with 200 g of soil
and root samples with five repetitions for each experi-
ment were taken. Soil and root samples were brought to
the nematology lab. Nematode extraction was achieved
using modified Baermann funnel method. Second stage
juveniles were collected and counted under the stereo
microscope. Final number of nematode populations was
calculated. Variance analysis (ANOVA) was performed
at P < 0.05 according to Duncan’s multiple range test to
determine the difference among nematode populations.

Gene expression

Tomato leaves were collected at 1, 3, 7, 14, and 21 dpi
following the nematode infections. Three bunch of
leaves of five tomato plants from each replicate were
placed in liquid nitrogen. GeneJET plant RNA purifica-
tion mini kit (Thermo Scientific, Lithuania) was used to
isolate RNA from plant tissues. Plant RNA lysis Solution
was pipetted (500 pL) and into 1.5 mL micro centrifuge
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tube. Plant tissue was weighed at 100 mg from frozen
tissue and grinding the plant tissues using mortar and
pestle into the liquid nitrogen. Incubated for 3 min at 56
°C and centrifuged at 14,000 rpm for 5 min. Supernatant
was collected and transferred to the clean micro
centrifuge tube, added 250 pL 96% ethanol and mixed
by using pipet. Prepared mix was transferred to the
purification column inserted in a collection tube and
centrifuged at 11000 rpm for 1 min. The flow-through
solution was discarded, reassembled column and collec-
tion tube. Seven hundred micro liters of wash buffer 1
were added to the purification column and centrifuged
at 11,000 rpm for 1 min. Flow-through was discarded
and purification column were placed into a clean 2 mL
collection tube. Later, 500 pL wash buffer 2 was added
to purification column and centrifuged at 11,000 rpm
for 1 min, and later flow-through solution was discarded.
Then, the column re-spanned at 14,000 rpm for 1 min
and collection tube was discarded. Purification column
was transferred to a RNase-free 1.5 mL collection tube.
Fifty microliters of nuclease-free water was added to
purification column to elute RNA and centrifuged for 1
min at 11,000 rpm. Purification column was discarded,
and purified RNA was used. The amount of RNA was
measured in nanodrop (Maestrogen nano, Taiwan) and
diluted as 1000 nm. Then, cDNA protocols were
achieved. iScript cDNA synthesis kit (Bio-Rad, USA) was
used for cDNA study. The 5x i Script Reaction mix (4
ul), iScript Reverse Transcriptase (1 pl), Nuclease free
water (14.5 pl), RNA template (0.5 pl) with total 20 pl
volume were prepared. The reaction mix was incubated
in a thermal cycler using the following reaction: priming
for 5 min at 25 'C, reverse transcription 20 min at 46 C,
RT inactivation for 1 min at 95 C. cDNAs were diluted
in 1/10 to use q-PCR studies. Then PCR was performed
using SsaAdvanced Universal SYBR green Super mix
(Bio-Rad, USA). The component of reaction (Sso
advanced universal SYBR green super mix, forward and
reverse primers, DNA template, nuclease-free water) was
prepared in qPCR tubes.

Primers of PI-I gene sequences: Forward: 5'-TTGCTC
TCCTCCTTTTATTTGG-3’; Reverse: 5'-GCAAGCCT
TGGCATGTTC-3" were performed [21, 22]. The Sola-
num lycopersicon actin gene primers (Forward: 5'-ATGT
ATGTTGCCATCCAGGCT-3’, Reverse: 5'-TGTGGCTG
ACACGATCTCCA-3") were used as a housekeeping gene
[23]. Actin gene was used as a reference gene for normal-
izing mRNA levels of target genes following the infection
of nematodes: M. incognita, M. javanica, and M. chit-
woodi. Thermal cycling protocol on a real-time PCR was
achieved. After polymerase activation and DNA denatur-
ation at 95 'C for 30 s, amplifications were performed for
40 cycles at 95 °C for 15 s and at 60 °C for 1 min. To
check the specificity of the PCR product, the melting
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curves were analyzed for each data point. Repetition was
performed for three samples for each treatment. Ct values
were used to determine the expression levels. Relative
gene expression was calculated using the 2°°Ct method
and uninfected (control) values were subtracted from in-
fected (nematode infected) values.

Results

Results of this study were given under the two separate
subheadings that firstly determine the differences of
nematode populations among three nematode popula-
tions. Secondly, gene expression of PI-I gene on tomato
plants following the infection of M. incognita, M. chit-
woodi, and M. javanica at 1, 3, 7, 14, and 21 dpi.

Reproduction differences of nematode population on
tomato plants: This study was aimed to determine the
differences in the reproduction rate of three nematode
species in same host plant (tomato). Initial nematode
number per pot was 1000 J2s and final population of
nematodes were counted 2 months later. Results
revealed that the population of all nematode species
increased. Highest nematode number in per plant was
determined in M. incognita species (7200 J2s) that it was
statistically grouped differently compared to other spe-
cies. The nematode number was 3617 J2s and 2467 ]2s
in M. javanica and M. chitwoodi, respectively. However,
M. javanica and M. chitwoodi were placed statistically in
the same group (Fig. 1). It can be said from the results
that M. incognita parasites the tomato plant more than
others.

Secondly, proteinase inhibitor I (PI-1) gene expression
on tomato plants following the infection three root knot
nematodes were determined. Meloidogyne incognita
induced proteinase inhibitor (PI) gene expression levels
in host tissues at 1, 3, 7, 14, and 21 dpi were given in
Fig. 2. Value of relative gene expression level was 2.37 at
1 dpi then raised and reached the highest peak at 3 dpi
(8.39). Value of relative gene expression level sharply
dropped as 2.07, 0.56, and 0.29 at 7 dpi, 14 dpi, and 21
dpi, respectively (Fig. 2). Meloidogyne javanica-induced
proteinase inhibitor (PI) gene expression in host tissues
were given in Fig. 3. The value of gene expression was
3.71 in M. javanica infected host tissues at 1 dpi. Gene
expression level was doubled at 3 dpi following the 1 dpi
(Fig. 3). The highest peak was observed at 3 dpi and se-
verely decrease of gene expression value (1.17) was ob-
served at 7 dpi. The lowest values of gene expression
following the infection of M. javanica were determined
14 and 21 dpis (Fig. 3). Similar trend line was observed
in M. incognita and M. javanica induced PI-I gene
expression value in host tissues (Figs. 2 and 3). Meloido-
gyne chitwoodi induced proteinase inhibitor (PI) gene ex-
pression values in host tissues at different post infections
were presented in Fig. 4. The values of gene expression
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Fig. 1 Nematode population (reproduction) of Meloidogyne species: M. incognita, M. javanica, M. chitwoodi in the roots of tomato plants. Initial
nematode number (first infection number) was 1000 nematode in each pot for each plant. Final nematode number was calculated following the
2 months later of nematode inoculation. Randomised block design was accomplished with five repetitions. Y axis represents final nematode
number per plant, X axis indicates nematode species. Error bars represents the standard error of the means of five replicates. Letters on the
column indicates the statistical differences (P < 0.05) among nematode populations

J

were 2.47 at 1 dpi following the infection of M. chit- gene expression at 3 dpi as the highest peak among not

woodi. The gene expression value was observed as 15.72
at 3 dpi. Decreasing value of gene expression was ob-
served at 7 dpi (value 3.21), 14 dpi (value 0.10), and 21
dpi (value 0.20). The peak of the polynomial trendline of
the gene expression value was observed at 3 dpi follow-
ing the infection of M. chitwoodi (Fig. 4). The value of

only the M. chitwoodi induced gene expression at 1, 7,
14, and 21 dpis but also other species (M. incognita and
M. chitwoodi) induced gene expression values (Figs. 2, 3,
and 4). The high level of gene expression at 3 dpis can
be related to plant resistance against nematode because
of nematode population was lowest in M. chitwoodi

e 2

Relative gene expression

-ﬁ_T_
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Mi dpi 1
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Meloidogyne incognita days post infections (dpi)

Fig. 2 Meloidogyne incognita induced proteinase inhibitor | gene expression in host tissues at different days post-infections. Housekeeping gene
Actin gene was used to normalize expression of genes of interest. Relative gene expression was calculated biological replicates using the 2°“<t
method and uninfected (control) values were subtracted from infected values. Y axis represents relative gene expressions, X axis indicates 1 dpi, 3
dpi, 7 dpi, 14 dpi, and 21 dpi following Meloidogyne incognita infection. Error bars represents the standard error of the means of three replicates.
Mi, Meloidogyne incognita; dpi, days post infection
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Fig. 3 Meloidogyne javanica induced proteinase inhibitor | gene expression in host tissues at different days post infections. Housekeeping gene
actin gene was used to normalize expression of genes of interest. Relative gene expression was calculated biological replicates using the 2°““t
method and uninfected (control) values were subtracted from infected values. Y axis represents relative gene expressions, X axis indicates 1 dpi, 3
dpi, 7 dpi, 14 dpi, 21 dpi following Meloidogyne javanica infection. Error bars represents the standard error of the means of three replicates. Mj,
Meloidogyne javanica; dpi, days post infection

infection, however gene expression was doubled com-
pared to values of other nematode species (M. incog-
nita, M. javanica) induced host plant gene expressions
(Figs. 1, 2, 3, and 4). In general, PI-I gene expression
was observed as the highest value at 3 dpis at the infec-
tion of all nematode species in tomato plants (Figs. 2, 3,
and 4). It may conclude that highest gene expression
occurs at early dpis.

Discussion

Protease inhibitors (PIs) are small ubiquitous proteins
that they have many biological functions in plants
including defense against pathogens [24]. The family of
Kinitz protease inhibitor amasses when the stress of
water occurs in leaves of Brassica napus [25]. Kunitz-
type potato proteinase inhibitor is localized in the cell
wall, plasma membrane of cells, and non-wounded
upper leaves in wounded potatoes [26]. Pls are import-
ant anti nutritive compounds to defend crop plants from
the infection of plant pest or pathogens [27, 28]. Recom-
binant protease inhibitors are important tools for the de-
velopment of insect-resistant transgenic crops [29].
Overexpression of cysteine proteinase inhibitor activity
involves tolerance to abiotic stress and messenger RNAs
are transported to distant tissues of Arabidopsis [30].
Proteinase inhibitors (PIs) are important elements of

natural plant defense [31]. In this study, M. incognita, M.
chitwoodi, and M. javanica induced gene expressions in to-
mato plants upregulated at 1 and 3 dpis and decreased at 7,
14, and 21 dpis. The result of this study revealed that PIs
possibly involve in defense mechanism; however, later days
nematode suppressed the PIs in the plant during the plant
nematode compatible interactions. The plant proteases in-
volve in removal of protein damage and plant defense re-
sponses. A plant parasitic nematode Heterodera schactii
caused to decrease of protease activities in infected roots of
Arabidopsis plants. AtCYS1, AtCYS5, and AtCYS6 gene ex-
pressions increase upon H. schactii infection [32].

Potato cysteine proteinase inhibitor is expressed in
Phythophthora resistance potato cultivar White Lady.
Silencing of Potato cysteine proteinase inhibitor resulted
in increase in lesion size and water soaking [33]. The
potato protease inhibitor gene plays roles in the cold-
induced sweetening of potato tubers by modulating
invertase activity [34]. Kunitz-like inhibitors and protein-
ase inhibitors 1 are abundant in storage organs of potato
plants and are upregulated in other tissues in response
to biotic and abiotic stress. However, PI expression pro-
files are not correlated following the infection of a plant
parasitic nematode Glabodera rostochiensis with the
resistance status of the potato genotype [24]. Plant
cysteine proteinase inhibitor and a fungal chitinase
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Fig. 4 Meloidogyne chitwoodi induced proteinase inhibitor | gene expression in host tissues at different days post-infections. Housekeeping gene
Actin gene was used to normalize expression of genes of interest. Relative gene expression was calculated biological replicates using the 2°*t
method and uninfected (control) values were subtracted from infected values. Y axis represents relative gene expressions, X axis indicates 1 dpi, 3
dpi, 7 dpi, 14 dpi, and 21 dpi following Meloidogyne chitwoodi infection. Error bars represents the standard error of the means of three replicates.
Mc, Meloidogyne chitwoodi; dpi, days post infection

which are used to transform tomato (Solanum lycopersi-
cum) caused to synergistic effect to defense response
genes that caused to inhibitory effect on Meloidogyne in-
cognita [35]. In this study, plant could not manage sup-
press the nematode feeding, therefore, this situation may
lead to decrease gene expression of late dpis: 7, 14, and
21 dpis (Figs. 2, 3, and 4).

Some species of Root knot nematodes: M. incognita,
M. javanica, M. arenaria, M. chitwoodi, M. fallax, and
M. hapla are the most common parasitic nematode
species and may found 95% of the globe in crops [36].
Nematodes cause significant yield losses in vegetables
worldwide and these losses are 42—-54% in tomato [15].
M. incognita is placed in the top list among plant para-
sitic nematodes [14]. The population of M. incognita
reproduction rate was reached at the highest level com-
paring other nematode species in this study (Fig. 1).

Plant response with multiple layers of defenses and
triggers resistance to pathogens and Salicylic acid in-
volves in defense response [37] and the mechanisms of
systemic induced resistance have been studied by many
researchers [38—40]. PIs probably involves in the defense
mechanisms in early days post infection, because gene

expression was reached the highest level at 1 and 3 dpis
(Figs. 2, 3, and 4).

Conclusions

PI-I and II synthesis occur in leaves of wounded tomato
plants [41] and PI-I involves in plant defense mechan-
ism. In this study, PI gene involved in plant systemic in-
duced resistance mechanism at early infection time. This
revealed that the gene expression of PI shared similar-
ities with the response of tomato to different nematode
species. The gene expression commonalities across
diverse nematode species in the same host may play an
important role for potential wide range of molecular
resistance mechanisms.
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