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Abstract Transgenic cotton expressing the toxin
CrylAc from Bacillus thuringiensis L. (Bt) is widely
cultivated in Pakistan after its formal approval in
2010. The exposure of the local target pests to the
CrylAc endotoxin for this duration might have
changed the baseline susceptibility. To probe the
status of resistance in one of the main target pests,
Helicoverpa armigera, field-collected larvae were
reared in the lab for conducting leaf fed bioassays.
Twenty-six cotton accessions collected from farmers,
including 25 Br-cotton and one non-Bt, were tested to
quantify the level of CrylAc, an insecticidal crys-
talline protein (ICP), in leaves of lower, middle and
upper canopies of plants. The concentration of ICP
was tested through Enzyme-linked Immunosorbent
Assay and found significantly variable (P < 0.01)
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between and within accessions. The highest mean
expression was observed in Accession-2 and Acces-
sion-4, while the lowest in Accession-21 and Acces-
sion-19. Among fresh leaf tissues from different parts
of the plant, the highest mean expression was recorded
at 60 days after sowing in upper canopy leaves of
cotton accessions, which decreased in lower parts of
the plant with the lowest mean expression in lower
canopy leaves. Laboratory bioassays, to calculate
lethal dose, for H. armigera showed that LDsy and
LDgs were 0.62 pg/g and 1.59 pg/g of fresh tissue
weight, respectively. A strong positive correlation also
exists between the levels of Cryl Ac protein and insect
mortality (r = 0.84). These findings suggested the
future risk of cultivation of Bt cotton, carrying single
CrylAc gene, in Pakistan, as resistance surging in H.
armigera against Cry protein. These results may also
have significant implications for the resistance man-
agement in Bt crops, especially cotton, in future.
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Abbreviations
Bt Bacillus thuringiensis
CrylAc Crystal protein produced by the bacterium

Bacillus thuringiensis during sporulation
DAS Days after sowing
DOB Days of bioassay

ELISA  Enzyme-linked Immunosorbent Assay
GM Genetically modified

ICP Insecticidal crystalline protein

LD Lethal dose

R.H. Relative humidity

Introduction

Transgenic cotton, carrying Cry endotoxin protein, has
revolutionized the pests’ control with little or no
harmful effect to humans and other living organisms
around the globe (Alvi et al. 2012). It has brought
many direct and indirect benefits to farmers including
less use of pesticides and eco-friendly attitude,
beneficial insects’ preservation, high yield with low
production cost, and ultimately higher farmer profits
(Abedullah and Qaim 2015). Moreover, it also helped
to get more production, with high sustainability
(Godfray et al. 2010). But, the continued success of
transgenic crops has been adversely affected by the
evolution of pest resistance to Bt proteins produced by
Bt crops (Tabashnik and Carriere 2017). The expres-
sion of Cry proteins during sporulation phase may
cause little difference in their effectiveness as com-
pared to other proteins i.e. Vips (Chakroun et al.
2016).

Nevertheless, to get the sustainable high production
from cotton, viable pest control is also important and
for this the plant should produce toxin at a lethal level,
above which target arthropod pest should not survive.
The ability of producing such toxic material, by the
host plant, should be equally present in the whole plant
parts especially during the period of pest attack. Many
studies have shown that the Bt protein production is
highly variable, not only among the different geno-
types (Cheema et al. 2015), but also within plant parts
and tissues (Khan et al. 2018), while it decreases
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constantly with the age of plant (Zaman et al. 2015). It
is empirical that transgene must be expressed consis-
tently for the effective control of target pests (Naik
et al. 2018). But unfortunately, according to various
reports published in last few years, the benefits of Bt
cotton with Cry1 Ac are under serious threat because of
the development of resistance in bollworm, which is
mainly due to extensive use of chemicals (Sayyed and
Wright 2006), cultivation of unapproved Bt cotton
varieties and inappropriate high expression of CrylAc
(Alvi et al. 2012). The cases of practical resistance to
the different Bt toxins in trans-genic crops has raised
from 3 in 2005 to 16 in 2016 and the insect resistance
reported from different geographies has considered to
be a serious threat to the efficacy of CrylAc proteins
(Tabashnik and Carriere 2017). Previous studies from
India (Naik et al. 2018), USA (Tabashnik et al. 2013),
South Africa (Van Rensburg 2007), Argentina (Grimi
etal. 2015) and Brazil (Yano et al. 2016) have reported
the practical resistance in seven major insect species,
excluding H. armigera, against different Cry toxins
including CrylAc in cotton and corn. While, in H.
armigera, early warning of resistance has been
reported from China (Jin et al. 2015) and Pakistan
(Alvi et al. 2012), and no decrease in susceptibility of
CrylAc has found from Australia (Downes and Bird
2015). Strikingly, H. armigera has gained more
resistance to Bollgard-I cotton since 2012 (Tabashnik
and Carriere 2017). Despite of different reports on
effectiveness of Bt cotton from China, several studies
have reported a low but significantly increasing trend
of resistance to CrylAc in field populations, providing
an early warning of potentially more serious problems
(Wei et al. 2017). Additionally, monitoring data from
different regions of the world have also provided an
early warning of field-evolved resistance to Cryl Ac in
H.armigera (Tabashnik et al. 2013).

However, to check the resistance status of H.
armigera against CrylAc the baselines susceptibility
studies have been conducted and lethal dose (LDsg) of
CrylAc for China, Pakistan, India, Spain and Aus-
tralia have been found but variable with an array from
0.09 to 9.07 pg/ml, 335.7 pg/ml of diet, 1.90 ng/g,
2.04 ng/g and 1.62 pg/g of fresh tissue weight,
respectively (Heckel 1994; Ibargutxi et al. 2006; Jalali
et al. 2004; Kranthi et al. 2005; Wu et al. 2006; Alvi
et al. 2012). Furthermore, only one study has been
conducted on fresh cotton leaf tissues in Pakistan since
the adaption of Bt cotton. According to that work the
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critical value (LDos) for the H. armigera is
770 + 25 ng/g, below which the pest can survive
but it’s hard to survive above the given value (Ullah
et al. 2014). But, this study provides limited informa-
tion about the practical resistance status of H.
armigera in Pakistan. Inspite of many reports that
have been reported the lethal level (LDsp), which is
increasing with the passage of time, and the status of
resistance insurgency in H. armigera against Bt cotton,
farmers are still growing it on large scale. Both, the
increasing trend in pest resistance and cultivation of
Bollgard-I cotton with inconsistant expression of
endotoxin are posing threat for increased pest attack
which will eventually affect the cotton production in
coming few years in Pakistan. Meanwhile, low and
highly variable expression of CrylAc is not affordable
and has also been a serious threat to different cotton
producing countries that may lead to the induction of
resistance (Tabashnik and Carriere 2017). Many
developing countries including Pakistan are at higher
risk, where unapproved Bt varieties are grown com-
mercially on large scale and have inadequate baseline
study for their cultivation.

Although non-Bt host crops, especially okra, are
serving as a natural refuge for H. armigera and playing
a key role in delaying CrylAc resistance in field
populations of target pest (Jin et al. 2015), but the
cultivation of transgenic cotton expressing double Cry
protein such as CrylAc 4 Cry2Ab, or three-toxin
pyramided cotton such as CrylAc + Cry2Ab +

Vip3Aa have also been reported as an alternative
tactics for alleviating B resistance in H. armigera (Liu
et al. 2017). Therefore, the present study was aimed to
assess the expression and efficacy of CrylAc protein,
required for controlling H. armigera, in locally bred
Bt-cotton accessions and also to know about the
practical resistance status of H. armigera in Punjab,
Pakistan. The findings are of utmost importance in a
scenario, where government is going to introduce
double/triple gene Bt cotton.

Materials and methods

The seed of cotton accessions collected from 560
farmers was grown in randomized complete block
design in the cotton field at University of Agriculture,
Faisalabad (UAF: 31°25'N, 73°09’E). Then 26 acces-
sions, including 25 Bt-cotton containing the CrylAc

gene from Bt (event MONS531) and one non-Bt
accession (Accession-1) as a check, were randomly
selected from the total cultivated accessions for insect
bioassays and to check the expression of CrylAc
(Table 1).

Leaf sampling and sample extraction

All the fresh leaves were collected from upper, middle
and lower canopies of the three different randomly
selected plants of every single accession at 60DAS.
Two leaf punch samples (approximately 10 mg each)
were taken by snapping the cap of disposable Eppen-
dorf tube down on the leaf. The actual weight of the
leaf samples was measured by analytical balance
(Model No. AP310-0, Ohaus Corporation Florham
Park. N.J.07932, Switzerland). The tissue was ground
by rotating the pestle against the sides of the tube with
twisting motions. This process was continued until the
leaf tissues were ground well and 500 pl of 1 x ex-
traction buffer was added to the tube. Grinding step
was repeated to mix tissues with 1 x extraction
buffer. This protocol was repeated for each sample
to be tested and a new tube and pestle was used for
each. The samples were centrifuged at 13,500 rpm for
10 min and supernatant was taken.

Quantification

For the quantification of CrylAc protein, the required
solutions i.e., wash buffer and 1 x extraction buffer
were prepared from the supplied wash buffer salt and
5 x extraction buffer in the commercial quantifica-
tion kit (QuantiPlateTM Kit, EnviroLogix, Inc., USA),
respectively. The amount of CrylAc in each sample
was quantified and the supernatants were diluted prior
to assay according to the manual provided with a
commercial quantification kit. Whereas, for 1:11
dilution, the extraction buffer at the rate of 500 pl 1
x and 50 pl sample extract were added to dilution
tubes labeled for each sample and then mixed
thoroughly. After that, ELISA was performed for the
quantification of CrylAc following the same protocol
written in the kit’s manual. The amount of CrylAc
was calculated as parts per billion (ppb), which
corresponds to nanogram per gram (ng/g) fresh weight
of leaf but the calculated amount was then converted
in parts per million, which corresponds to microgram

per gram (pg/g).
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Table 1 List of randomly selected cotton accessions for insect bioassays and expression profiling of CrylAc

Accession No.

Seed collection district

Accession No.

Seed collection district

Accession No.

Seed collection district

Accession-1 (Non-Bt) Faisalabad Accession-10
Accession-2 Kasur Accession-11
Accession-3 D.G. Khan Accession-12
Accession-4 Kasur Accession-13
Accession-5 Okara Accession-14
Accession-6 Multan Accession-15
Accession-7 Layyah Accession-16
Accession-8 Sahiwal Accession-17
Accession-9 T.T. Singh Accession-18

Rajanpur Accession-19  Rajanpur
Bahawalpur Accession-20  R.Y. Khan
Muzaffargarh Accession-21  Bahawalpur
Faisalabad Accession-22  Multan
Okara Accession-23  Muzaffargarh
Bahawalnagar Accession-24  Khanewal
Kasur Accession-25  Bhawalnagar
Bhawalnagar Accession-26  Jhang
Faisalabad

Insect bioassays
Insect rearing

The larvae and adults of H. armigera were collected
from cotton and okra fields of Faisalabad and reared on
artificial diet up to pupation. The diet recipe used
consisted of 150 g chickpea seed-flour, 24 g yeast,
1.5 g methyl-4-hydroxy benzoate, 0.75 g sorbic acid,
2.35 g ascorbic acid, 6 ml linseed oil, 0.75 g strepto-
mycine, 9 g agar—agar, 0.02 g vitamin mixture and
700 ml ddH,O. After emergence of adults from pupae,
moths were kept in glass cages (30 x 30 x 30 cm) at
25°C+2°C and 70 + 5% R.H. Adults were pro-
vided with water based 10% solution on cotton swab
for feeding and a layer of liner strip was hung inside
the box and placed on the inner surface of the box for
oviposition. The liners were removed daily and eggs
laid on liner strips were kept in transparent polythene
bags with some moisture for hatching. After hatching
the 1st instars larvae were shifted on artificial diet in
petri plates. There, the larvae were kept feeding until
developed to 2nd instar. Then the 2nd instar larvae
were used for further feeding on Bt cotton leaves.

Bioassay methodology

For each accession the plants were randomly selected
to take leaf samples for bioassays. Three leaves, each
from the upper, middle and the lower (at height 1/3
from top, 1/2 height of plant and 1/3 from plant base
respectively) portion of the plant, were detached from
the plants of the transgenic and the non-transgenic
accessions in triplicate form. The leaf area and weight
were also recorded to find out the correlation between
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weight of the leaf and the amount of the CrylAc
protein present inside the leaf. The petiole of each leaf
was wrapped in wet tissue after taking punches for
ELISA to determine toxin level. Leaves were placed in
glass petri plates (6 inches diameter) and after that
petri plates were wrapped by para-film sheet. Five 2nd
instar larvae were weighed and placed in the petri
plates containing leaves for bioassay. The day, leaves
were placed along with larvae was marked as zero (0)
day of bioassay (ODOB) and the data of mortality and
weight gain or loss by insects were recorded on 3DOB.

Statistical analysis

Repeated measure analysis of variance (ANOV A) was
performed for Bf protein concentration, leaf damage
percentage and lepidopteron pest (H. armigera) pop-
ulation using accessions as treatment and means were
separated by tukey’s (HSD) test. Lethal doses i.e.,
LDsg, LDgy and LDgys were calculated through probit
analyses. Whereas, the correlation test was done to
check the statistical relationship between insect mor-
tality and the concentration of CrylAc protein. All of
these statistical analyses were performed on computer
software GenStat (10th Edition) and Statistix 8.1.

Results

Expression of CrylAc endotoxin protein

The range of Bt toxin in the 234 fresh leaf samples
were, 0-0.5 pg/g in 49.15% samples, 0.51-1.00 pg/g

in 19.66% samples, 1.01-1.50 pg/g in 11.11% sam-
ples, 1.51-2.00 pg/g in  10.26%  samples,
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2.01-2.50 pg/g in 6.84% samples and 2.51-3.00 pg/g
in 2.99% samples. The fresh leaf samples having the
expression of CrylAc endotoxin in the range of
0.00-0.50 pg/g were maximum (49.15%) while the
samples of fresh leaves having the CrylAc endotoxin
protein expression in the range of 2.51-3.00 pg/g of
the fresh tissue weight were minimum (2.99%). While,
the total numbers of larvae used in all conducted
bioassays were 936 and, 49.15% of the total used
larvae were naturally fed on the fresh leaf tissues
having the CrylAc protein concentration range from
Zero (0.00) pg/g to 0.50 pg/g. Dead and alive larvae
ratio under lowest expression of CrylAc was 99:361.
However, not a single alive larva was detected under
the highest expression of CrylAc. Alive and dead
larvae ratio under the highest expression of CrylAc
was 0:28 (see Online Resource Table 1 and Online
Resource Fig. 1).

Quantification of CrylAc in upper, middle and lower
canopy leaves

Among the tested three leaf canopies, upper, middle
and lower of the cotton plants, the highest expression
of CrylAc was recorded in upper canopy leaves of the
cotton plant in all accessions (Fig. 1). The highest
expression (2.73 pg/g) of CrylAc in upper canopy
leaves was observed in Accession-2 followed by
Accession-4, Accession-5, Accession-6, Accession-
15, Accession-16, Accession-17, Accession-25,
Accession-26, Accession-14, Accession-24, Acces-
sion-3, Accession-8, Accession-11, Accession-10,
Accession-12, Accession-13, Accession-23, Acces-
sion-20, Accession-18, Accession-22, Accession-19
and Accession-21. While the accession Accession-21
shown the minimum expression (0.97 pg/g) of
CrylAc among all the tested transgenic cotton acces-
sions. However, the middle canopy leaves showed an
intermediate expression of CrylAc than upper and
lower canopy leaves. The expression was significantly
variable among the middle canopy leaves of the
transgenic cotton accessions. The highest expression
(0.89 pg/g) of CrylAc was noted in Accession-2
followed by Accession-4, Accession-5 and Accession-
6 and the minimum expression (0.23 pg/g) of CrylAc
was noted in Accession-21 followed by Accession-19,
Accession-22 and Accession-18. Conversely, lower
canopy leaves expressed lowest expression of CrylAc
than any other position leaves i.e., upper canopy

leaves and middle canopy leaves. The expression was
highly variable among the lower canopy leaves of the
transgenic cotton accessions, being maximum
(0.21 pg/g) in Accession-2 and minimum (0.002 pg/
g) in Accession-21. Whereas, the maximum expres-
sion levels of the leaves of the middle and the lower
canopies were less than the minimum expression
levels of upper and middle canopy leaves,
respectively.

CrylAc expression variability between accessions

The ELISA results of three different plants of a single
transgenic cotton accession have shown that the
expression variation of CrylAc was present within
an accession but it was not highly variable. Con-
versely, CrylAc expression variation was highly
significant between the tested locally bred cotton
accessions. All the transgenic cotton accessions i.e.,
Accession-2, Accession-4, Accession-5, Accession-6,
Accession-15, Accession-16, Accession-17, Acces-
sion-25, Accession-26, Accession-14, Accession-24,
Accession-3, Accession-8, Accession-11, Accession-
10, Accession-12, Accession-13, Accession-23,
Accession-20, Accession-18, Accession-22, Acces-
sion-19 and Accession-21 differed significantly on the
basis of CrylAc concentration from check which was
a non-transgenic accession (Accession-1) (Table 2).
Whereas, maximum (1.28 pg/g) average expression of
CrylAc was noted in Accession-2 followed by
Accession-4 (1.21 pg/g) and Accession-5 (1.16 pg/
g). The minimum (0.00 pg/g) average expression of
CrylAc among all accessions was recorded in non-Bt
Accession-1, and likewise among all transgenic
accessions the minimum expression of target protein
was recorded in Accession-21 (0.40 pg/g) followed by
Accession-19 (0.43 pg/g) and Accession-22 (0.47 pg/
g) (Fig. 2).

Leaf biotoxicity assay
Mortality results

Laboratory insect bioassays were carried out with the
2nd instar larvae of H. armigera to check the efficacy
of Bt cotton accessions. The 2nd instar larvae of H.
armigera were fed on the detached leaves of Bt cotton.
The number of dead and alive larvae was counted from
each petri plate (Fig. 3). Transgenic cotton accessions
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CrylAc Concentration (ng/g)

065 0.64 0.63 062 (s,

Cotton Accessions

-o-Lower Canopy Leaves

Fig. 1 Mean comparison of expression variability of CrylAc in
various leaf canopy layers. Lower canopy leaves expression of
CrylAc in lower canopy leaves of randomly selected three
plants from a single accession. Middle canopy leaves expression

Table 2 Mean squares from analysis of variance of different
parameters from G. hirsutum L. and H. armigera

Parameters Replications  Accessions  Error
Degrees of freedom 2 25 50
Concentration 0.00552 0.26653** 0.00058
Larvae mortality 0.5513 11.8954%** 0.9246

Leaf damage (%) 18.195 850.240%* 9.532

**Significant at p = 0.01 level of significance

exhibited a variable survival percentage of H.
armigera larvae that ranged between 22.22 and 75%.
The variation in expression levels of ICP had shown a
varying survival rate of H. armigera larvae (Fig. 2).
For all that, this survival is also indicating an alarming
behavior of insect resistance.

Mortality analysis of the ELISA samples shown
that 99 out of 460 larvae died in the range from 0O to
0.5 pg/g in 115 bioassays, 117 out of 184 larvae died
in the range from 0.51 to 1.00 pg/g in 46 bioassays, 81
out of 104 larvae died in the range from 1.00 to
1.50 pg/g in 26 bioassays, 90 out of 96 insects were
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-8-Middle Canopy Leaves

-a-Upper Canopy Leaves

of CrylAc in lower canopy leaves of randomly selected three
plants from a single accession. Upper canopy leaves expression
of CrylAc in lower canopy leaves of three randomly selected
plants from a single accession

dead in the range from 1.51 to 2.00 pg/g in 24
bioassays, 63 out of 64 insects were dead in the range
from 2.01 to 2.50 pg/gin 16 bioassays and 28 out of 28
insects were dead in the range from 2.51 to 3.00 pg/g
in 7 bioassays (see Online Resource Table 2). Simi-
larly, the per cent survival decrease with higher levels
of CrylAc doses in leaf samples (Fig. 2). Interest-
ingly, maximum larvae mortality with 100% casu-
alties was observed on the concentration of CrylAc
endotoxin protein ranged from 2.51 pg/g to 3.00 pg/g
and it was followed by the concentration ranged from
2.01 to 2.50 pg/g with 98.44% mortality. Minimum
larvae mortality with 21.52% casualties was recorded
on the concentration of Cry1Ac endotoxin protein that
ranged from 0.00 to 0.50 pg/g and it was followed by
the concentration range from 0.51 to 1.00 pg/g with
63.59% mortality (Table 2). However, the graph in
Fig. 2 representing the tendency of lethality for a
particular accession to impose death/mortality upon
larvae when fed on its leaves, containing toxin. Only
33.33% insects were killed when fed on leaves of
Aceesion-21 carrying Bt toxin @ 0.40 pg/g. Whereas,
insect mortality and the concentration of toxin in
leaves were shown a correlation which indicated that
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Fig. 2 Mean comparison (£ SE) of cotton accessions for ICP concentration and survival percentage of larvae

Fig. 3 Leaf biotoxicity assay with 2nd instar H. armigera. a Alive larvae of H. armigera nourishing on the leaf of non-Br Accession-1
(Control Plant). b Dead larvae of H. armigera after eating toxic leaf of Bt cotton accession’s plant

the insect mortality was increased with increase in
toxin levels. So, the value (0.84) of correlation
between mortality and dose was calculated and it
indicates that a strong positive correlation exists
between mortality and Cry 1Ac concentration
(Fig. 4). Hence, the phenomenon was clearly wit-
nessed, with an increase in the concentration of

CrylAc level in Bt cotton leaves, the insect mortality
was also increased.

Lethal dose of CrylAc for H. armigera

Lethal dose of CrylAc for H. armigera was estimated
through Probit Analysis (A best analysis used in
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Dead No. of Larvae
-0.50 -

Fig. 4 Correlation between CrylAc protein concentration
levels (ng/g) on y-axis and number of deceased larvae on x-axis

toxicology and to analyse different dose-response and
their relationships.) using statistical software GenStat
10th Edition. The estimates of LDsg, LDgg, LDgs and
LDyo for local population of H. armigera are 0.62 ng/
g, 1.38 pg/g, 1.59 pg/g and 2.00 pg/g respectively
(Table 3) at 95% Confidence Interval (CI). Based on
these findings the status of insect resistance, to
different farmers collected Bt accessions, in different
districts of Punjab can be seen in Fig. 5.

Table 3 Estimate of lethal doses of CrylAc endotoxin

LD levels LD (ug/g) SE 95% CI

Lower limit  Upper limit

LD3y* 0.62 +0.0311 0.565 0.686
LDY, 1.38 +0.0650 1.271 1.525
LDgs* 1.59 +0.0776 1465 1.769
LD, 2.00 +0.1023 1.827 2.208

*LDso and LDos are the lethal dose of CrylAc, required to kill
50 and 95% of the total larvae, mostly used in study

LD of CrylAc required to kill the 50% population of the 2nd
instar larvae of H. armigera
°LD of CrylAc required to kill the 90% population of the 2nd
instar larvae of H. armigera
LD of CrylAc required to kill the 95% population of the 2nd
instar larvae of H. armigera

LD of CrylAc required to kill the 99% population of the 2nd
instar larvae of H. armigera
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Discussion

Transgenic cotton, harboring CrylAc has significantly
decreased the application of pesticides against the
target pests but extensive cultivation of Bt cotton at
different geographies has resulted in the evolution of
field-evolved resistance in selected lepidopteran pests,
that is destabilizing the pest control and the technology
(Banerjee et al. 2017; Tabashnik and Carriere 2017).
Therefore, one of the objectives of current study was
to determine the expression of ICP produced by the
gene CrylAc in Pakistani transgenic cotton acces-
sions. In this regard, the molecular approaches have
revealed that the gene remained stable in subsequent
transgenic plants’ leaves, while expression level of the
targeted gene varied along with the different leaf
canopies (Fig. 1). The variability among the acces-
sions due to the age of the plants reported in previous
studies (Spielman et al. 2017; Cheema et al. 2015) has
been validated along with the expression variation in
different leaf canopies, as leaves get older the
expression level of CrylAc decreases, thus there was
instability in the expression of an insecticidal gene
over the crop growth period and the leaves of Bt
cotton. The leaves have the maximum expression of
CrylAc gene with more toxin concentration as com-
pared to certain fruiting parts of cotton plant (Adam-
czyk et al. 2001). Upper canopy leaves had shown
maximum expression compared with middle and
lower canopy leaves, and the reasons behind this
variation have been reported as; (1) low cell division
rate, and (2) low efficiency of the promoter or gene in
the older leaf tissues as compared with the fresh or
upper canopy leaves (Bakhsh et al. 2012). The reduced
levels of CrylAc transcripts are result of failure of 35S
promoter which is also linked with lowering the
transcript level at post squaring in another transgene as
well (Olsen et al. 2005). The toxin in different fruiting
parts in older age crop cannot provide full protection
against target insect pest (Kranthi et al. 2005).
Therefore, toxic level in plant is required to be
maintained at a minimum level at all growth stages
and specifically during the period of higher pest attack.
In this study, we found a gradual decline in endotoxin
expression along the leaves position from top to
bottom. Due to low concentration and higher suscep-
tibility, lower leaves of crop have been found an easy
target by bollworms.
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Fig. 5 Geographical presentation and status of insect resistance to selected Bt accessions

The expression of Cryl Ac was significantly differ-
ent in the accessions and it was found that the
transgenic cotton accessions such as Accession-2,
Accession-4, Accession-5, Accession-6, Accession-
15, Accession-16, Accession-17, Accession-25,
Accession-26, Accession-14 and Accession-24 had
shown the maximum expression of targeted gene as
compared to other tested Bt-cotton accessions (Fig. 2).
The reason of high expression in these accessions than
any other accession can be their effective back cross
breeding programme and heat tolerance property.
Possibly, due to the high level of acclimatization of the
accessions in current environment, which was favor-
able for the crop and ultimately for the expression of
CrylAc protein than any other accession, these

accessions have showed highest expression of
CrylAc. Low expression of CrylAc protein in other
accessions can be attributed to the non-promoting
genetic background, the poor acclimatization of the
accessions and unfavorable environment for expres-
sion of Cry protein. Generally, the new varieties,
particularly in cotton, produce maximum yield during
first couple of years and then there is a decline in the
yield potential, attributable to many factors including
the nature of the crop (often cross pollination), and
seed mixing during the production and supply chains
that ultimately affect the expression of ICP that has
also been recorded in present study. However, this
expression variability can also be due to the internal
and external environmental factors including
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temperature, nucleotide sequence, insertion point,
transgene copy number and the promoter site of the
gene that vary the expression of CrylAc and avoid
showing a consistent expression (Carriere et al. 2018).
Bt concentration is altered by a number of known
environmental factors, however, still some of the
factors requires further probe (Dong and Li 2007). The
expression of CrylAc d-endotoxins is highly variable
in the commercial cultivars of transgenic cotton due to
dissimilar genetic background and their varying level
of mRNA transcripts through qPCR (Olsen et al.
2005). In this regard, the variation in CrylAc expres-
sion observed by Khan et al. (2018) and in present
study is suggesting that genetic background has been a
contributing factor towards this variation. Therefore,
by keeping a check on the expression level of the
varieties at the seed distribution channels and the
farmers, will provide an opportunity to grow latest
varieties that will have better performance for biolog-
ical control of targeted insect pests.

Insect resistance is highly associated with the
benefits of planting Bt crops including lessen use of
insecticides and significant decline in overall target
pest populations (Shi et al. 2013). However, sustain-
able use of the Bt crops is under serious threat due to an
evolution of resistance in target pest populations
(Carricre et al. 2016). Insect resistance to Bt crops has
been categorized into three different groups; (1)
practical resistance, (2) no decrease in susceptibility,
and (3) early warning of resistance. The criteria for
grouping are very simple and can be found from
Online Source Table 2. However, this study on H.
armigera has shown the emergence of resistance
against different cultivated accessions in Pakistan. The
phenomenon is clear from the comparison between the
present and the earlier studies (see Online Source
Fig. 2). Earlier the toxin dosage (0.77 pg/g) of
CrylAc in Bt cotton with Mon531 event, was enough
to kill 95% population of H. armigera which is not
good in current situation. However, to kill the same
percentage of population of same insect, plants need to
produce toxin minimum at the rate of 1.59 pg/g. Thus,
this rise in LD level clearly indicates the surge in
insect resistance to transgenic cotton. So, to confirm
the expression results and the insect resistance to the
Bt cotton further in field conditions, leaf biotoxicity
assays were conducted to determine the mortality
percentage of 2nd instar larvae of H. armigera at
different leaf canopies of the plants at the 60DAS of
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crop age. Low and variable expression of CrylAc in
different cotton accessions under study affected the
mortality and the efficacy of ICP against targeted
insect pests. Less mortality of 2nd instar H. armigera
has been recorded at lower canopy and middle canopy
leaves, due to the low expression of CrylAc, as
compared with upper canopy leaves subjected to
bioassays. The reasons behind the low mortality rate of
targeted insect pest at middle and lower canopy leaves
of transgenic cotton as compared to upper canopy
leaves was the hardness of the leaves and the low
expression level of the CrylAc protein. The disliking
of the larvae to eat lower canopies leaves, which were
relatively harder, cause weight loss due to starvation
and did not cause mortality. Strikingly, during this
phase cannibalism was observed (Fig. 6) which can be
studied in more details in future. However, larvae
loved to eat the soft leaf tissues and it became the
reason of high mortality of larvae at upper canopy
leaves. When a larvae chews on an upper canopy leaf,
which is soft (eat more) and has a high concentration
of CrylAc protein, it is likely to cause high mortality.
The reason of high mortality at high concentration has
been correlated with more binding of toxin with more
receptors in the midgut of the larvae and vice versa
(Soberdn et al. 2018). Additionally, as the results are
expressing the evolution of resistance hence it has also
become the reason for the survival of H. armigera on
lower canopy leaves (see Online Resource Fig. 1 and
Online Resource Table 1). It is reported that the
decreasing expression of ICP increase the rate of
survival of targeted insect pests and the varying
mortality rates also indicate a gradual decline in
insecticidal proteins levels (Bakhsh et al. 2012).
Hereafter, for the effectiveness in the control of
lepidopteran pests, especially in case of bollworms,
the sustainability in the expression of CrylAc in Bt-
cotton is very crucial.

The percentage of leaf damage by the larvae of H.
armigera was found highly associated with the
expression of CrylAc in leaves. Leaves with higher
toxin level in upper canopy leaves, were less damaged
by the larvae and vice versa. On the other hand, though
the expression was low in middle and lower canopies’
leaves but the damage percentage was not so high,
which might be the outcome of harder scaffold of
leaves. The study makes us able to correlate the
mortality of H. armigera with the expression level of
Cry1Ac protein in Bt-cotton leaf tissues, thus finding a
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Fig. 6 Cannibalism. a A view of Cannibalism phenomenon;
b in a closer look, one larva eating another larva

critical expression level (LDgs = 1.59 ng/g), which is
almost double than the previously reported critical
level by Ullah et al. (2014). Farmers’ complaints are
quite addressed regarding survival of American boll-
worms on Br-cotton plants. The different survival
percentage on different plant canopies clearly explains
the differential rate of H. armigera survival on lower
leaves in Bt-cotton fields of Pakistan (Fig. 1). How-
ever, one of the reasons of high value of the LDgs
shown by our results was the survival of more larvae
on low concentration of CrylAc that is parallel to the
pest resistance, as the pest get older, they become more
resistant to ICP. Finally, in comparison with the
previous findings from Pakistan, it was concluded that
the insects are surge in resistance and also 2nd instar
larvae require more toxin to die as compared to 1st
instar larvae. Hence, the level of resistance in H.
armigera against the ICP produced by the Bollgard-I
transgenic cotton is increasing with the passage of
time.

The commercially grown Bollgard-I cotton culti-
vars differ in the expressed quantity of CrylAc
protein. Our results are in line with the findings of
many researchers who think that there is a correlation
between the “decline in efficacy” to “increased
survival rates of H. armigera” (Khan et al. 2018;
Olsen et al. 2005; Wan et al. 2005). A strong positive
correlation has been found among mortality of larvae
and the concentration of CrylAc. Instead, high rate of
larvae survival has been observed at low concentration

of CrylAc which shows that there was an inverse
relation in the survival rate of larvae and the concen-
tration of CrylAc (see Online Resource Table 1).
Therefore, to find out the LD of CrylAc against H.
armigera, which was another objective of the study,
the second instar larvae of H. armigera were fed on the
leaves collected from the Bt cotton plants at the age of
60DAS from field to estimate the LD of CrylAc
endotoxin protein. Although the attack of 1st instar
larvae can be more on cotton crop and the 1st instar
stage might cause significant damage to plant but one
of the reasons for the selection of 2nd instar larvae of
H. armigera was that the larvae at 1st instar were
delicate and minute, in consequence difficult to
handle. The larvae were also dying while shifting so,
it was preferred to use 2nd instar larvae. Another
reason was the most dangerous and damage causing
stage of larvae, after Ist instar, is 2nd instar.
Additionally, a study on 1st instar has already been
published from Pakistan (Ullah et al. 2014). Mean-
while, several reports of using 2nd and 3rd instar
larvae for bioassays have been published and support-
ing this selection (Alvi et al. 2012; Wu et al. 2006;
Kranthi et al. 2001). Interestingly, the reason to choose
the leaves from 60DAS crop for bioassays to test the
efficacy of CrylAc against H. armigera was that there
were reports of having the highest concentration at the
age of 60DAS in leaves followed by 90DAS and
120DAS (Khan et al. 2018; Ullah et al. 2014).
However, regarding LD, many laboratory experiments
have been conducted in USA, Australia, China and
India that have shown that the H. armigera has ability
to develop resistance against Cry 1 Ac that expresses in
all parts of the cotton plant throughout the growth
period. Therefore, the baselines susceptibility values
of CrylAc for H. armigera in China (0.091 to
9.073 pg/ml and 0.01 to 0.71 pg/ml of diet), India
(1.9 pg/g), Spain (2.04 ng/g) and Australia (1.62 pg/
g) have been found variable (Heckel 1994; Ibargutxi
et al. 2006; Jalali et al. 2004; Kranthi et al. 2005; Wu
et al. 1999). Thus, from this study we also found that
the lethal level of CrylAc expression required to kill
50% population of the larvae of H. armigera was
0.62 ng/g. All the lethal doses i.e., LDso (0.62 pg/g),
LDgy (1.38 pg/g), LDos (1.59 pg/g) and LDgg
(2.00 pg/g) are required to kill their respective
percentage of indigenous population of larvae of H.
armigera (Table 3).
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Keeping in view the LDos (1.59 pg/g), from the
current study, the breeders should develop such Bt
cotton varieties which must have at least 1.59 pg/g of
fresh weight concentration of CrylAc with stable ex-
pression in leaves and reproductive parts of cotton
plants to control the maximum attack of H. armigera.
Because of the high variation in the expression of
CrylAc endotoxin crystalline protein, the given LDgs
is recommended only for 2 to 3 years. It is also
suggested that the bioassays should be conducted
regularly on yearly basis because the climatic condi-
tions are changing rapidly and the larvae have ability
to get the resistance against CrylAc. In addition,
according to our results of Principle Component
Analysis the best performing accessions of our study
with high concentration of CrylAc and maximum
larvae mortality were Accession-2, and Accession-16
(see Online Resource Fig. 3). Finally, the decline in
the effectiveness of insecticidal genes in different leaf
positions, the present study actually prompted the
research to find possible new promoters and insect pest
management strategies such as a struggle has been
made in confinement of the expression of CrylAc to
insect biting sites. Expression of insecticidal genes
through the plant and growth period of the cotton plant
was quite sustainable (Khabbazi et al. 2018). Simi-
larly, as experiment has performed to make consistent
gene expression by the use of promoter (RbcS) that
would control the insecticidal gene expression during
the whole life span of a cotton plant. In regards of
biosafety concerns the use of this promoter is also safe
and useful as the activities of this promoter are limited
to the green plant parts, hence gene will not be
expressed in the roots and the cotton seeds, in the end
no menace to the soil organisms and safety of the
products and by products of cotton would also be
guaranteed (Bakhsh et al. 2012). Alternatively, the
improvement of the toxicity of insecticidal gene
cry2Ahl also conferred high resistance to CrylAc-
resistant and susceptible cotton bollworm (Li et al.
2018). So, for the sustainable solution to these
problems of inconsistent effectiveness and evolution
of resistance against GM cotton, the different con-
ventional breeding methods, gene-pyramiding and the
selection procedure are the ways that must be adopted
to place the other promoters of the gene that can
produce more substantial expression of transgenes
through plant and the cotton growth season.
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Conclusion

Sixteen transgenic Bt cotton accessions including
Accession-2,3,4,5,6,7,8,9,11, 14, 15,16, 17,24, 25
and 26 are resistant to bollworm at 60DAS stage in
bioassays, though there are differences in resistant
level and Bt toxin content in these transgenic cot-
tons.These accessions are better to grow under field
conditions because they have shown the concentration
higher than the value (0.62 ng/g) of LDsy and this
level of CrylAc concentration is still effective in
controlling American bollworm in Pakistan due to the
presence of alternate non-Bt hosts. Inversely, due to
the presence of high variability in ICP expression,
there is a need to develop such mechanisms that could
maintain and control the variable expression of
transgene in cotton plant. In future, the resistant
accessions should be exploited directly or indirectly in
conventional breeding to improve cotton germplasm
at desirable level. There is also the need to understand
the molecular mechanisms to impede the evolution of
pest resistance to Bt crops.
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