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Abstract

A wound-inducible promoter facilitates the regulated gene expression at the targeted site during the time of mechanical
stress or infestation by the pathogen. The present work has aimed to identify a wound-inducible promoter that expresses
at early time points preceding wound-stress treatment in Arabidopsis thaliana. The computational analysis of microarray
data (GSE5627) resulted in the identification of five early inducible genes, viz., AT1G17380, AT1G80440, AT2G43530,
AT3G48360, and AT5G13220. The RT-PCR analysis showed AT5G13220 (JASMONATE-ASSOCIATED 1) gene induced at
a significantly higher level post 30 min of wounding. Thus, the promoter of the highly induced and early expressed wound-
inducible gene, AT5G13220 (named PW220), was characterized by fusing with p-glucuronidase (gusA) reporter or Cryl EC
genes. The fluorometric analysis and histochemical staining of the gusA gene and quantitative estimation of CrylEC protein
in Nicotiana tabacum transgenic lines confirmed wound-induced expression characteristic of the selected promoter. Insect
bioassay suggested that wound-inducible and constitutive expression of CrylEC protein in transgenic lines showed a similar
level of protection against different instar Spodoptera litura larvae. Furthermore, we identified that abscisic acid influenced
the wound-specific expression of the selected PW220 promoter in the transgenic lines, which correlates with the presence
of conserved cis-regulatory elements associated with dehydration and abscisic acid responses. Altogether, our results sug-
gested that the wound-inducible promoter PW220 provides an excellent alternative for developing insect-tolerant transgenic
crops in the future.

Keywords Wounding - Chewing pest - Gene regulation - Inducible promoter - Insecticidal protein

Introduction consume plants as their food source. These insects take diet

either by chewing aerial or underground parts of the plants

Plants are sessile organisms and are bound to live under
unavoidable biotic and abiotic stress conditions. Among the
biotic stresses, herbivorous insects damage plants by feeding
on them are one of the major causes for the loss in crop yield
and quality. More than a million phytophagous insect species
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or by sucking sap from aerial parts. Both insects and plants
evolved a variety of interactions with each other during the
co-evolution of ~350 million years (Mithofer and Boland
2008). The interactions are either beneficial (insect mediated
pollination and seed dispersion) or harmful (insect feeding
on plant part) to plants. During long co-existence in close
interaction with the insects, the plants have evolved various
mechanisms to combat insect infestation (Kempema et al.
2007; Wei et al. 2007). The mechanisms involve either inher-
ent constitutive defense (formation of physical barriers like
cell wall, cuticle, etc.) or induced defense (Kempema et al.
2007). Physical wounding, other than insects or pathogen
attack, may also potentially induce systemic acquired resist-
ance (SAR) response as a consequence of the accumulation
of salicylic acid, jasmonic acid, and ethylene (Kato et al.
2000; Kessler and Baldwin 2002; Savatin et al. 2014; Zhu
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et al. 2014). The physical damage caused by wounding is a
primary mode for any pathogen to invade the plant cell and
alone can induce SAR. Furthermore, the insect saliva at the
site of wounding provides the base for the infection by other
pathogens, thus inducing distinct transcriptional program-
ming (Savatin et al. 2014).

The promoter is an important molecular tool to express
transgenes in plants, which consists of several cis-regulatory
elements and control its expression in response to several
molecular and physiological stimuli (Chaturvedi et al. 2007;
Kiran et al. 2006; Lodhi et al. 2008; Pandey et al. 2019;
Srivastava et al. 2014a, b, 2018). Most commonly, constitu-
tive promoters are deployed to achieve higher expression of
insecticidal toxin proteins in almost all the tissues and all
the time to develop insect-resistant plants. However, consti-
tutive expression of insecticidal proteins is neither always
required nor desired as they may not get properly metabo-
lized in plants and also diverts significant cellular resources
in expression that may result in a yield penalty (Chakrabarti
et al. 2006). Additionally, the emergence of insect resistance
against insecticidal protein due to constitutive expression
has also been reported (Ferré et al. 1991; Tabashnik et al.
2011). Thus, considering the disadvantages related to the use
of constitutive promoters, there is an unmet need to identify
promoters that express the insecticidal protein at the site of
insect bite and at the early time point of insect infestation
to ensure effective protection against insects. Thus, wound-
inducible protein expression would be a better and safer
strategy to manage insect pests in developing transgenic
insect-resistant plants.

In the present study, we analyzed microarray data for
identifying wound-induced genes and their promoter. We
characterized one such wound-inducible promoter by fusing
it with reporter gene gusA and insecticidal gene Cryl EC for
developing transgenic tobacco lines expressing these con-
structs. Our study thus validates and provides potential use
of a wound-inducible promoter for developing insect-resist-
ant transgenic plants.

Materials and methods
Plant material and growth conditions

Nicotiana tabacum cv. Petit Havana (NTPH) and Arabidop-
sis thaliana (Col-0) plants were grown and maintained in the
glass/culture house. NTPH was used to generate the trans-
genic plants, which had been grown at 24 +2 °C for 16-h
light/8-h dark conditions. Agrobacterium tumefaciens strain
LBA 4404 containing helper plasmid PAL 4404 (labora-
tory stock) was used for the tobacco transformation experi-
ments. For Arabidopsis growth, Col-0 seeds were sown in
soil and kept for 2-3 days at 4 °C in dark. After 2-3 days,
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the sown seeds were moved to a culture house maintained
at 16-h light/8-h dark conditions (100-120 pmol m~ s7!) at
temperature 20 + 2 °C. Three-to-four-week-old Arabidopsis
plants were chosen for further experiments.

Microarray experiment data analysis
for the selection of the wound-inducible genes

The microarray DataSet GSE5627 available from NCBI
Gene Expression Omnibus (GEO) was selected for identi-
fying significantly induced genes after mechanical wound
treatment (Supplementary Table 1). The microarray experi-
ment was performed at different time points (15 min, 30 min,
and 1 h) post-wound treatment in A. thaliana as per the
information provided in GEO data set GSE69995 (BioPro-
ject PRINA96933) (Kilian et al. 2007). We used time point
0 h as a control in our analysis. Student’s t test was applied
to determine statistically significant differentially expressed
genes using Array Assist Software 5.2.2 (Stratagene, La
Jolla, California, USA). The significantly induced genes
were further filtered based on the conditions of fold change
(=2.0) with a p-value (<£0.01).

Quantitative RT-PCR (qRT-PCR)

The real-time quantitation was performed using the SYBR
Green PCR Master Mix on Applied Biosystems ABI-7500
Real-Time PCR. For wound treatment, A. thaliana was
pricked repeatedly several times with fine forceps, and there-
after, leaves were harvested after 15 min, 30 min, 1 h, and
3 h for extracting total RNA. The qRT-PCR was performed
with gene-specific primers using cDNA prepared from RNA
isolated at a different time point after wound treatment and
leaves without wounding used as control. Primer sequences
used in qRT-PCR are listed in Supplementary Table 2. The
relative fold of the gene expression was calculated by the
278ACT process. The actin gene (Locus ID AT3G18780) was
used as an internal control for the data normalization.

Development of expression constructs
and transgenic plants

A. thaliana genomic DNA was used as a template for
amplification of promoter using AccuPrime™ Pfx DNA
Polymerase (Invitrogen). Primers for the PCR amplifica-
tion of promoters used in this study are given in Supple-
mentary Table 2. Amplified promoters comprising Sall
and BamHI sites were first cloned into pBluescriptSK™*
and sequenced, and thereafter sub-cloned into a pBI101
vector with a GUS-A (B-glucuronidase) gene and in vector
pPK203 with CrylEC gene. Tobacco transformation was
performed according to an early published protocol (Horsch
et al. 1985). Transgenic (T,) tobacco seeds were harvested
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and grown for identification and selection of positive plants
using kanamycin antibiotic (300 mg/1).

Fluorimetric estimation of B-glucuronidase (GUS)

The leaf (100 mg) samples were taken from mechanically
wounded and control (non-wounded) plants, which were
grounded in liquid nitrogen into a fine powder and mixed
with 0.5 ml of GUS extraction buffer (GEB) for proper
homogenization (Jefferson 1987). Cellular debris from the
samples was settled down by centrifuging at 13,000 rpm, for
20 min at 4 °C, and the supernatant was transferred into a
fresh tube. Ninety microliters of the supernatant were mixed
with 10 pl of 10X GUS assay buffer (10 mM MUG in GEB
buffer) in fresh tubes. To reduce the GUS-like background
fluorescence existing in non-transformed and transformed
samples, methanol (20%) was mixed in the solution compris-
ing the extract and MUG. The tubes were incubated at 55 °C
for 5 min in dark conditions, followed by chilling on ice and
the addition of 20% methanol with mixing. After mixing,
the tubes were kept at 37 °C for 45 min in dark conditions,
and the reaction was stopped by mixing 900 ul of stop buffer
(0.2 M Na,COs). Relative fluorescence of 4-methyl umbel-
liferone (MU) was measured using TECAN 200 infinite
spectro-fluorimeter with at 365 nm excitation and 455 nm
emission wavelength. Bradford Dye-binding assay was used
to quantify the protein concentration in the 5 pl sample from
the same extract used in GUS determination. The specific
activity of GUS was calculated as nM 4-MU/ug protein/min.

Histochemical GUS staining analysis of transgenic
plants

Wounded and control (non-wounded) leaf samples were
placed in X-Gluc (5-Bromo-4-chloro-3-indolylglucuron-
ide) solution for 16 h at 37 °C in buffer containing 50 mM
sodium phosphate buffer pH 7.0, 3 mM potassium ferrocya-
nide, 3 mM potassium ferricyanide, 0.2% Triton X-100, and
20% methanol (Singh et al. 2010). After the development of
color, the chlorophyll of the leaf samples was removed by
repeated incubation with absolute ethanol in 4-5 consecu-
tive days.

Protein expression analysis by DAC-ELISA

T, transgenic plants of PW220:Cryl EC were analyzed for
the detection of the expression of the Cry/EC in terms
of specific 8-endotoxin activity by ELISA. The 200 mg
leaf from control and wound-treated T, transgenic plants
(60 days old) were crushed in 1 ml bicarbonate buffer pH 9.6
containing insoluble PVP (1%, w/v), Triton X-100 (0.1%,
v/v), Tween-20 (0.05%, v/v), sodium azide (0.02% w/v), and
100 mM PMSF. The mixture was settled down by spin at

10,000 rpm at 4 °C for 10 min. A total soluble protein in
the supernatant was measured by the Bio-Rad dye-binding
assay. The protein extract (100 pl) from control or wound-
treated transgenic plant lines had been taken into the 96-well
microtitre plate. Two additional controls were considered
in the test; one was an extraction buffer treated directly on
wells (negative buffer control) and the second were dilutions
of purified CrylEC protein expressed in E. coli and dis-
solved in extraction buffer used as a standard positive con-
trol. The plates were kept in the dark for 2 h at 37 °C. The
0.5% BSA was used to block free binding sites. The plates
were washed thrice with buffer PBS-T. After blocking and
washing, 10,000-fold diluted antiserum (primary antibody)
in PBS-T was added to all sample wells. The plates were
incubated at 37 °C for 2 h. The primary antibody was pre-
pared in rabbits by injecting purified 8-endotoxin Cryl1EC
made from E. coli. The goat anti-rabbit IgG (alkaline phos-
phatase labeled) was diluted to 30,000-fold in buffer PBS-
T-BSA and was added as a secondary antibody. After 2 h of
incubation at 37°C, 200 pl pNPP substrate prepared freshly
in an alkaline 0.1 M di-ethanolamine (pH 9.8) was added to
each well. Subsequently, the reaction was stopped by mixing
50 pl of 3 M NaOH and incubating for 35 min at 37 °C. The
96-well microtitre plate was measured at wavelength 405 nm
and the CrylEC protein level was calculated with purified
CrylEC protein on a linear standard curve plotted.

Insect bioassay

Spodoptera litura larvae were maintained on semi-synthetic
food in laboratory conditions. Leaves from the second to the
fourth node of 8 week transgenic plants or non-transformed
(control) tobacco plants were used for insect bioassay using
the first instar (3 days old) and third instar (6 days old) of S.
litura larvae. Ten first instar and five third instar larvae were
placed on each leaf. Each insect bioassay experiment was
repeated twice with three biological leaf samples. Mortality
of larvae was documented at five different time points (6,
12, 18, 24, and 48 h) for first instar larvae and three different
time points (24, 48, and 72 h) for third instar larvae.

Cis-regulatory element analysis

The cis-regulatory element-binding site analysis of the pro-
moter PW220 sequence was performed using the PLACE
database (http://www.dna.affrc.go.jp/PLACE/) (Higo et al.
1998).

Phyto-hormone treatment
Hoagland media containing 1 mM SA, 100 uM melJA, and

100 uM ABA (Zhang et al. 2008) and controlled media with-
out hormone were sprayed on transgenic tobacco plants.
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Leaf samples were collected after 30 min of treatment for
fluorometric estimation of GUS. All the experiments were
performed twice with three biological replicates.

Results

Identification and validation of the early
wound-inducible genes

For the identification of the early wound-inducible promoter,
expression profile GSE5627 from NCBI GEO-DataSets was
analyzed at the different time points from 15 min to 24 h in
Arabidopsis (Kilian et al. 2007) (Supplementary Fig. 1A).
The differentially expressed genes (fold change >2.0 and
p <0.05) were selected after 15 min, 30 min, and 1 h early
time point of wound induction (Fig. 1A-C, Supplementary
Fig. 1A, and Supplementary Table 1). The RNA was pre-
pared from wound-treated Arabidopsis leaf according to as
suggested on GSE5627 and used for qRT-PCR validation

of selected genes (Fig. 1D and Supplementary Fig. 1B).
Out of the five genes randomly selected, only AT5G13220
was found significantly induced by wound treatment early
point (15 min, 30 min, and 1 h) (Fig. 1D). The qRT-PCR
results showed that AT5G13220 was 20- and 88-fold up-
regulated after 15 min and 30 min of wound induction as
compared to control treatment, respectively. However, the
other four genes were induced at later time points (1 or
3 h) of wound induction or were not highly induced like
AT5G13220 (Fig. 1D). Based on these results obtained from
the microarray profile and qRT-PCR, the wound-inducible
gene AT5G13220 was eventually selected for promoter clon-
ing and its characterization in transgenic tobacco plants.

Molecular evaluation wound-inducible pattern
of AT5G13220 promoter in the transgenic tobacco
plants

To investigate the effect of the wound-inducible promoter
and its expression pattern, 1 kb upstream promoter sequence
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Fig. 1 Differential expression profiles were established by Microar-
ray and qRT-PCR for the selection of genes at different time points
of wounding. A Top 10 up-regulated genes after 15 min of wound-
ing. B Top 10 up-regulated genes after 30 min of wounding. C Top
10 up-regulated genes after 1 h of wounding. D Validation of wound-
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inducible nature of selected genes in A. thaliana with qRT-PCR at
four different early time points after wound treatment. The values
above the bars indicate the SE from the means of three independent
experiments
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from transcription start site along with the 113 bp of 5'UTR
of AT5G13220 gene (named hereafter, Promoter Wound
AT5G13220, PW220) was cloned upstream to gusA gene
in the pBI101 binary expression vector (Supplementary
Fig. 2A). The expression construct was transformed into V.
tabacum using Agrobacterium-mediated transformation to
obtain several independent transgenic lines. Three T, trans-
genic lines were selected randomly to determine the GUS
expression (Fig. 2A). All selected transgenic plants express-
ing the gusA gene driven by PW220 showed an increase in
GUS expression after 30 min of in-planta wounding as com-
pared to the control wild-type plant. The GUS expression in
T, transgenic line no. 9 was highly induced (12.8-fold) with
the lowest level of the basal level of the expression (Fig. 2A).
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Fig.2 Evaluation of PW220 wound-inducible promoter in the
transgenic plants. A The qRT-PCR estimation of GUS transcript in
PW220:gusA T, transgenic lines after 30 min of wound treatment.
Graphical presentation of induced versus un-induced expression of
GUS among the lines under evaluation. The values above the bars
indicate the SE from the means of three independent experiments.
The mark symbols denote **p<0.001; *p<0.05. B Fluorimetric
quantitation of GUS protein in three independent transgenic lines at

Control

Thus, qRT-PCR analysis of the reporter gusA gene suggests
that promoter PW220 regulates the wound-inducible GUS
expression among the transgenic lines.

To examine how PW220 expresses during insect infes-
tation, we performed the quantitative (fluorimetric) and
qualitative (histochemical) expression of the GUS protein
in the transgenic lines. For GUS quantification, three T,
transgenic lines of PW220:gusA (same as used for GUS
transcript estimation) were selected for wound-inducible
GUS activity measured at four different time points (0, 15,
30, and 60 min) (Fig. 2B). The samples harvested at 0 min
of the treatment were used as a control for the estimation
of fold changes in later time points. All three transgenic
lines of PW220:gusA were significantly induced by wound

® 0 min

Hok *%  m15 min
. I ]y =30min
w3k ® 60 min

ok

9 33 37
T1 transgenic lines

37

four different time points. A one-tailed ¢ test was applied to deter-
mine the significant differences in the expression among different
time points of evaluation. The values above the bars indicate the SD
from the means of three independent experiments. The mark symbols
denote **p<0.001; *p<0.05. C The GUS histochemical staining
of three independent T transgenic lines at four different time points
after wound treatment. D The GUS staining of a (PW220:gusA) T,
transgenic line after 12 h of S. litura first instar larvae release
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treatment at 15 min and reached the highest level of GUS
activity approximately from 5- to 12-fold at 30 min as
compared to the starting point (0 min) (Fig. 2B). The GUS
activity level of all selected transgenic lines was declined
at 1 h of the wound treatment (Fig. 2B). These three
PW220:gusA T, transgenic lines were further selected
for histochemical staining of GUS enzyme at different
early time points (0, 15, 30, and 60 min) after mechanical
wounding. Histochemical GUS staining revealed maxi-
mum and specifically wound localized expression of GUS
after 30 min, whereas GUS activity was not observed in
non-transformed control plants (Fig. 2C). T, transgenic
line no. 9 showed strong wound-inducible GUS expression
with no background among all the lines evaluated. How-
ever, T, transgenic line no. 33 showed strong expression
of reporter gene at wounded places with some non-specific
stains (in the vasculature), which could be possibly the
accumulation of excess precipitates (Fig. 2C). Also, histo-
chemical GUS staining in all three selected T, transgenic
lines was evaluated under stereo-microscope at two differ-
ent time points (15 and 30 min). A relatively stronger and
specific GUS activity was observed after 30 min of wound
treatment in comparison to 15 min in all the selected lines
(Supplementary Fig. 3). Furthermore, GUS histochemi-
cal staining after first instar larval feeding of S. litura was
also performed in both transgenic and non-transgenic
fully expanded leaves. The blue color of GUS activity was
detected at the site of chewing of S. litura first larval stage
in T, transgenic plant, suggesting that chewing of insects
also induced the PW220 promoter activity (Fig. 2D). Thus,
these results validate that promoter PW220 has wound-
inducible activity during the early time point of wounding
or chewing effect of insect attack.
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PW220: CrylEC
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Fig.3 Comparative expression analysis of wound-inducible PW220
and constitutive PCaMV 35S promoters in the transgenic plants. A
The qRT-PCR of CrylEC transcripts in PW220:Cryl EC and PCaMV
358:CrylEC T, transgenic plants after 30 min of the wound treat-
ment. The values above the bars indicate the SE from the means of
three independent experiments. The mark symbols denote **p <0.05.
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PW220 promoter is comparable to the constitutive
CaMV 35S promoter for insecticidal protein activity

To evaluate the expression of insecticidal protein driven
by PW220 promoter and CaMV 35S promoter, we cloned
the insecticidal Cryl EC gene with PW220 and CaMV 35S
promoters in pBI101 and developed several independent
tobacco transgenic lines (Supplementary Fig. 2B and 2C).
Primarily, the Cryl EC gene expression was estimated in
PW220:Cryl EC and PCaMV 35S:Cryl EC tobacco trans-
genic plants. All T, transgenic plants PW220:CrylEC
examined showed significant induction in Cry/EC gene
after 30 min wound leaf as compared to un-wounded plant
samples (Fig. 3A). The fold induction among transgenic
lines PW220:Cryl EC ranges from 1.8- to 8.1-fold as com-
pared to the un-induced plant samples. However, analysis of
Cryl EC expression in PCaMV 35S:Cryl EC transgenic lines
showed a little higher level than an un-induced condition of
PW220:Cryl EC transgenic lines (Fig. 3A). The condition
of wound induction was not applied in PCaMV 35S:Cryl EC
transgenic plants as the promoter is known to express consti-
tutively regardless of any induction, stage, or tissue (Kumar
et al. 2009; Kay et al. 1987).

Next, the DAC-ELISA-based estimation of Cry1EC pro-
tein was carried out in five PW220:Cryl EC and three PCaMV
35S8:Cryl EC lines of T, transgenic plants. The Cry1EC protein
in plant samples was estimated in terms of percent Cry1EC out
of total soluble protein by DAC-ELISA using purified CryEC
protein dilutions as a standard (Fig. 3B). The wound-induced
Cry1EC protein activity in PW220:Cryl EC after 30 min of
wounding ranges from 0.16 to 0.25% of total soluble protein.
The wound induction of CrylEC protein in PW220-derived
transgenic lines ranges from 1.6 to 8.3 folds as compared to
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)L
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PW220: CrylEC PCaMV 358:Cryl EC

B The ELISA-based estimation of CrylEC protein in T, transgenic
tobacco plants. A one-tailed ¢ test was applied on the replicates of
data to determine the statistically significant differences among un-
induced versus induced expression of the protein in transgenic plants.
Highly significant differences **p<0.005 in expression, among the
lines evaluated were marked as a double star
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the un-induced plant. While in the case of constitutive the
Cry1EC transgenic lines, 0.13% to 0.22% of total soluble
protein of CrylEC was accumulated (Fig. 3B). These data
revealed that the wound-induced Cry1EC protein activity was
approximately equivalent to constitutively CrylEC express-
ing lines. The Cry1EC protein activity in transgenic line 1 of
PW220:Cryl EC plant was found highest among all the lines
studied with a minimal level of un-induced expression. The
results suggested that PW220 wound-induced expression of
the Cry1EC protein was better as compared to the best consti-
tutive expressing line.

Insect bioassay was further performed to examine the
insecticidal activity by feeding first instar larvae on a fully
expanded detached leaf for both wound-inducible and consti-
tutively Cryl1EC expressing lines. Leaf area damaged by lar-
val feeding and % mortality of insect larvae was calculated
at five different time points (6, 12, 18, 24, and 48 h) after
insect’s release (Fig. 4A). Leaf samples of the transgenic
plants with constitutive (PCaMV 35S:Cryl EC) or wound-
inducible promoter (PW?220:Cryl EC) were found protected
as compared to the non-transformed plant. Complete (100%)
first instar larval mortality was achieved within 48 h of
insect release in all transgenic plants, while significant leaf
area damage was found in non-transformed leaf samples
(Fig. 4A). The first instar larval mortality dynamics were
established at different time intervals on both types of plants
and are shown in Fig. 4B. The mortality percentage of the
first instar larvae was observed similarly in both PCaMV
358:Cryl EC and PW220:Cryl EC transgenic plants during
the insect bioassay (Fig. 4B).

Detached leaf insect bioassay was also executed with third
instar larvae of S. litura using T transgenic lines. The third
instar larvae are the voracious eaters and chew a single fully
expanded leaf of tobacco within 12 h of release. Detached
leaf samples of both constitutive (PCaMV 35S:CrylEC)
or wound-inducible promoter (PW220:CrylEC) lines
were observed protected with minimal leaf area damage
in comparison to non-transformed control (Fig. SA). How-
ever, Complete (100%) mortality was achieved in both of
the transgenic lines within 72 h of release, while during
the assay period 3 to 4 control leaves were fully chewed
by insects (Fig. 5A). The third instar larval mortality was
recorded at three different time points of insect release are
plotted as graphical presentation in Fig. 5B. The mortality
dynamics of third instar larval insecticidal behavior in both
types of transgenic plants was observed to be similar among
evaluated lines (Fig. 5B).

Stress hormones influence the cis-regulatory motif
of the wound-inducible PW220 promoter

We were further interested in understanding the regulation
of the PW220 promoter under influence of stress hormones.

PW220:Cryl EC P-CaMV 35S:CrylEC

Control

6 hrs £ ‘
12 hrs

18 hrs :

24 hrs

48 hrs

B 120 \mPW220: CrylEC
B P-CaMV 35S:CrylEC

100 -

80 -

60 -

40 -

20«]

0 - T T T T

6 hrs 12hrs 18 hrs 24 hrs 48 hrs
Time points

% Mortality

Fig.4 Comparative first instar insect mortality analysis of wound-
inducible PW220 and constitutive PCaMV 35S promoters in the
transgenic plants. A Insect bioassay with first instar larvae of the S.
litura at 6, 12, 18, 24, and 48 h. B Mortality assay of the first instar
larvae of the S. litura at 6, 12, 18, 24, and 48 h. The values above
the bars indicate the SD from the means of three independent experi-
ments

Therefore, the conserved cis-regulatory presence in the
PW220 promoter was identified. In-silico identification of
the cis-acting regulatory elements in the selected PW220
promoter has been carried out using the PLACE database
(Higo et al. 1999). The 71 cis-acting regulatory DNA ele-
ments were identified as having a role in biotic and abiotic
stress responses in the PW220 promoter sequence (Fig. 6A,
Supplementary Table 3). Several different cis-acting dehy-
dration and ABA-responsive elements, including DPBF-
COREDCDC-3, MYB1AT, MYBCORE, MYCCONSEN-
SUSAT, WBOXATNPR1, and WRKY710S, are found on
1000 bp promoter sequence in varying numbers. Around
69% of the total cis-acting elements are associated with
dehydration and ABA-responsiveness (Fig. 6A, B) (Abe
et al. 1997, 2003). To examine the effect of different stress
hormone responses due to the presence of cis-regulatory
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Fig.5 Comparative third instar insect mortality analysis of wound-
inducible PW220 and constitutive PCaMV 35S promoters in the
transgenic plants. A Insect bioassay with third instar larvae of the S.
litura at 24 and 72 h. B Mortality assay of the third instar larvae of
the S. litura at 24, 48, and 72 h. The values above the bars indicate
the SD from the means of three independent experiments

elements in PW220 promoter, leaves were exogenously
treated with jasmonic acid (JA, 100 uM), salicylic acid (SA,
1 mM), and abscisic acid (ABA, 100 uM). The GUS pro-
tein estimation was carried out after 30 min of JA, SA, and
ABA hormonal treatments in the PW220:gusA T, transgenic
plants. ABA treatment significantly induced GUS protein
expression in the PW220 transgenic plants after 30 min
(Fig. 6C). However, no statistically significant GUS activ-
ity was observed in JA- and SA-treated transgenic plants
(Fig. 6C). Moreover, this result complemented the findings
of in-silico identification of cis-acting elements and revealed
the association with ABA and dehydration responses.

Discussion

In the present study, the early wound-inducible genes were
identified by analyzing publically available dataset pro-
file GSE5627. This dataset profile GSE5627 revealed that
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wound affects the global gene expression of several pro-
cesses including plant growth and development, transcrip-
tion, cell cycle, and other signaling and metabolic pathway
(Kilian et al. 2007). We finally identified the early and highly
wound- and insect-inducible promoter PW220, which regu-
lates a protein JAS1 (AT5G13220), a member of the JAZ
(JASMONATE ZIM-domain) proteins acting as a jasmonate
(JA) signaling repressors (Chung and Howe 2009). The reg-
ulated and inducible transgene expression has significant
advantages in the development of insect-resistant plants.
Several transgenic plants with elevated resistance to pests
and disease agents are under commercial agricultural prac-
tices. However, in most cases, constitutive promoters have
been used successfully to express a variety of transgenes for
developing transgenic plants, which are known to always be
expressed at high levels even in the absence of induced sig-
nals. Moreover, the constant production and high accumula-
tion of transgene products interfere with plants' metabolism,
growth, and development and growth. In addition, protein
accumulation is not compulsory for plant development irrel-
evantly turn away from the cellular resources of the plant,
which can put a yield penalty to the plant to compromise
its health (Chakrabarti et al. 2006), environmental magni-
fication (Saxena et al. 2004), and undesirably targets ben-
eficial insects. The unregulated or constitutive expression
of insecticidal proteins has the risk of exposing non-target
organisms (Hilbeck and Schmidt 2006; Priitz and Dettner
2004; Chen et al. 2008; Baur and Boethel 2003; Liu et al.
2005). Constitutive expression of insecticidal genes raises
long-term safety concerns in the consumption of edible plant
parts (Heinemann and Traavik 2004; Séralini et al. 2007;
Kili¢ and Akay 2008; Finamore et al. 2008). Also, the use
of natural constitutive plant promoters may potentially cause
transgene silencing. In contrast, the use of plant-derived
inducible promoters has distinct advantages of being trig-
gered by pathogens invasion. The early induction of protein
after wound or insect bite makes sure availability of good
enough toxin to kill the pest at the attacked site before pest
consumes most of the photosynthetic area (defoliation).
The most desirable and safe strategy is the expression of
the transgene in genetically modified crops which must be
limited to the tissues needing the programmed action. A dif-
ferent resistance/tolerance management exercise, therefore,
needs be to use in temporal protections where pest tolerance/
resistance genes could be expressed under the tight regu-
lation of an inducible promoter that generates toxins only
when they are required at a particular specific site (Gould
1998).

The subtractive hybridization, differential display tech-
nologies. Macro/microarrays, genome sequences, and
most recently transcriptome sequences (differential gene
expression profiles under various treatments) have opened
new alleys toward a better understanding of plant—insect



3 Biotech (2022) 12:74

Page9of12 74

A Lower strand Upper strand B AEEE,IT//:E}EB}
weoxnTerpy|  -1000bp CREHY
WB\?R{EQ@ i’gé GTIGMSCAM4 CCAATBOXI1

— —— T/GBOXATPIN2
ACGTATERD] b | ABRELATERD]
ACGTATERDI
——MYBCORE
MYCCONSENSUSAT :.l  MYCCONSENSUSAT GT1GMSCAM4
| GTIGMSCAMA LTRECOREATCORI5
MYBIAT  GTIGMSCAM4 MYBIAT
CBFHV MYB2AT
MYBIAT -
| LTRECOREATCORI5 MYB2CONSENSUSAT
= MYBCORE
MYCCONSENSUSAT WBOXNTVEEI%X ATNPRI MYCATERDI
WRKY710S MYCATRD22
GTIGMSCAM4 — MYCCONSENSUSAT MYCCONSENSUSAT
MYBCORE: I (VAR T/GBOXATPIN2
S WBOXATNPRI
"CAATBOXI
OB A T=-5000p) WBOXNTERF3
| CCAATBOX1—_ | WRKY710S
MYB2CONSENSUSAT 0 5 10
“’B‘;’/@Q:’gé — C o 500 - m Non-treated
’ ‘é W Treated
—|(;|1(J.\15L'A\14 .E 400
—/ £
g
WRKY7108— —— CCAATBOXI a. 300
MYBCORE P | WREYTI0S %_0
CCAATBOXI1 5 200 -
MYB2CONSENSUSAT MYBCORE E
— = 100 -
‘7 S|
——|MYCATERDI
MYCATERDI St .
MYCCONSENSUSAT MYCCONSENSUSAT 0 -

-1bp

Fig.6 Influence wound-induced gene expression by cis-acting ele-
ments present on the PW220. A The cis-acting elements site present
in PW220 promoter identified from PLACE database. B The number
of different cis-acting elements present in PW220 promoter. C Influ-

interactions at the transcriptomic level. Accumulating
studies suggested that different plant and insect interac-
tions have been studied using microarray technology, for
example, Arabidopsis infested with aphid, whitefly, wound
and chewing, cucumber (Cucumis sativus) with mites, and
tomato (Lycopersicon esculentum) with mites (Kant et al.
2004; Kempema et al. 2007; Mercke et al. 2004; Moran
et al. 2002; De Vos et al. 2005). In particular, the induced
promoter PW220 will be a better alternative to the CaMV
35S promoter, because the wound-inducible gene expres-
sion is observed (in promoter-reporter fusion construct
lines) around mechanical wounds only, with no expression
in un-induced parts (Fig. 2). The wound-inducible trans-
genic lines, PW220 promoter-driven expression Cryl EC
was observed to be similar to constitutive promoter regu-
lation in terms of mortality and percent expression of the
insecticidal protein. Notably, it is practically hard to monitor
the toxicity in the insects (in terms of mortality) after such
a short time of induction like 15-30 min, because insects

0X-9-SA 0X-9-JA 0X-9-ABA

ence of different stress hormones on the expression of PW220:gusA
in T, transgenic tobacco plants. The values above the bars indicate
the SD from the means of three independent experiments. The mark
symbols denote **p <0.05

recover successfully with no significant mortality or weight
loss on non-transformed plants after such a short feeding on
transgenic plants. However, wound-inducible expression and
protein activity at early time points were clearly observed
in the case of PW220 promoter Cry1EC transgenic plants
(Fig. 3).

The expression of insecticidal proteins in a tissue-
specific and insect-inducible manner is supposed to be a
safer and eco-friendly policy for transgenic development.
Phloem-specific promoters like Commelina yellow mot-
tle virus (Matsuda et al. 2002), Maize sucrose synthase-1
(Yang and Russell 1990), and Pumpkin (Cucurbita mos-
chata) PP2 gene (Guo et al. 2004) are reported to express
proteins in targeted tissues. Similarly, wound-inducible
synthetic promoters developed by fusion of natural mini-
mal promoter with multimers of defined regulatory ele-
ments are reported to govern pathogen inducible expres-
sion in Arabidopsis (Rushton et al. 2002) and wound/
insect-inducible promoters of potato proteinase inhibitor
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IT are also reported (Godard et al. 2007). Phloem-specific
expression of insecticidal proteins under ro/C and RSs!
promoters is also reported for the management of sap-
sucking insects (Saha et al. 2007). Although these pro-
moters are tissue-specific (exclusively expressed in a par-
ticular tissue), but leaky or background expression makes
them constitutive in nature and not suitable for insecticidal
protein expression.

The wound is a probable site for infection of the patho-
gens; thus, defense-related gene expression at the infesta-
tion site of the wound works as an obstacle against harmful
microbes and pests. Plants respond to the wound by the
induction of several defense/stress genes. The first report
of plant wound-inducible defense-related genes was pro-
teinase inhibitors I and II from tomato and potato (Graham
et al. 1986; Ryan 1990). Regulated expression at the site
and time of wound would be a safer strategy to minimize
the risks related to constitutive expression of insecticidal
proteins. Identification of novel wound promoters with the
ability of expression after the early time point of wounding
would enrich our toolbox for the expression of insecti-
cidal proteins against pests with different feeding behavior
dynamics. Physical wounding is frequently considered to
imitate insect infestation as it is easy to regulate the treat-
ment. The cis-regulatory elements investigation in the
wound-inducible promoters reveals the identification of
several motifs. Rushton et al. (2002) confirmed that these
motifs considered a wound-induced expression by evaluat-
ing synthetic promoters comprising the defined regulatory
elements in Arabidopsis (Rushton et al. 2002). They indi-
cated that four copies of the S, DRE, GCC, JERE, W, and
GST motifs fused with the minimal 35S promoter insured
wound-induced GUS expression. Moreover, promoter of
jasmonic acid (JA) inducible genes also contain motifs
such as G-box, GCC-box, H-box, and TGA, which is com-
monly related to the wound (Rouster et al. 1997; Nishiuchi
et al. 2004; Mason et al. 1993; Takeda et al. 1999). The
regulatory element W-box has also been observed in many
wound-inducible gene promoters (Hara et al. 2000).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13205-022-03143-0.
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