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Abstract

Aim: The holistic management of pink bollworm is possible only after uncovering the underlying mechanism/s of pink bollworm resistance. The present
study was carried out for investigating the effect of Cry2Ab toxin on alkaline phosphatase activity and expression of its isoforms in midgut of Pectinophora
gossypiella.

Methodology: Resistant and susceptible pink bollworm larval
populations were subjected to Cry2Ab bioassays using F1 larvaeina [~ | | : -
21 days diet-incorporation method. The total midgut protein was | The Cry2Ab toxin LGy, ranged from 0.461 to 1.285 ug mi |

Pink ballworm resistant and susceptible larval populations were subjected to Cry2Ab toxii\

estimated by Bradford method. Alkaline phosphatase activity was Alkaline phosphatase activity of lab susceptible population was
i i i - i " 4.88 fold lower than the field population having
estimated in midgut homogenates, Non-denaturing SDS-PAGE and loast L, and 340 fold ower than thay with he highast LG,

Native polyacrylamide gel electrophoresis was performed by the
following standard procedures.

ALP activity was estimated in midgut
homogenates. ALP activity in PBW midgut
increased was correlated with insect
resistance in response to Cry2Ab toxin

Results: The study showed increased alkaline phosphatase activity
in pink bollworm midgut is correlated with insect resistance in
response to Cry2Ab. The non-denaturing SDS-PAGE analysis of pink
bollworm midgut alkaline phosphatase isozymes had differential
banding patterns in resistant and susceptible populations. Yavatmal
(R1), Hingoli (R4) and Parbhani (R5) showed similar banding patterns
ranging from 65-95 kDa; Guntur (R2) and Hingoli (R3) showed near
similar banding patterns ranging from 70-95 kDa; whereas susceptible

I I

population showed banding pattern in the range of 50-70 kDa. >Non-denaturing SDS-PAGE analysis of PBW midgut ALP isozymes had
differential banding patterns in resistant and susceptible populations

Interpretation: The expression profiles of alkaline phosphatase > ALP activity and expression patterns of ALP isozymes resulting from resistant

isomers in resistant and susceptible populations can be utilized as a and susceptible PBW midgut contents can be explored as biomarker for

biomarker to aid for the screening of PBW infected Bt -cotton fields and screening the PBWW populations from the infected fields of Bt-cotton

developmentof pink bollworm management strategies.
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Introduction

The commercialization of Bt-cotton cultivation has
affected the farming communities in terms of application of
pesticides, cotton yields and income generation of farmers. After
the introduction of first generation Bt-cotton (Bt-/) during 2002 in
India; the susceptibility of pink bollworm to Cry1Ac was in order
until 2008; which was also found to be safe for non-target
organisms (Dhurua et al., 2011; Ojha et al., 2014; Mohan et al.,
2016). However, it was reported that continuous exposure of pink
bollworm to Bt-I expressing Cry1Ac crystal toxin resulted in
evolution and development of resistance to Bt-cotton in Gujaratin
2009 (Dhurua et al., 2011). The second generation Bt-cotton (Bt-
Il) introduced for cultivation in India during 2006 was found to be
effective and durable against pink bollworm until recently; but
surveys undertaken from 2010 to 2017 in different cotton growing
states of India indicated that Pectinophora gossypiella had
started developing resistance on Bt-Il (Naik et al., 2018).

The development of pink bollworm resistance on Bt-
cotton is therefore a serious concern that needs to be addressed
on priority to break down this resistance. The development of
resistance is due to multiple factors such as absence of refuge or
supply of fraudulent refuge, monocropping, cultivation of long
duration hybrids, extended cropping season (Wan et al., 2012).
Resistance in insects is usually a complex phenomenon with
more than one mechanism operating simultaneously within the
same insect strain (Oppenorth and Welling, 1976). Alkaline
Phosphatase, Cadherin (CAD), Aminopeptidase-N (APN) and
ATP binding cassette transporter (ABC) are the key receptors,
found on the midgut brush border membrane of lepidopteran
larvae which may be responsible for remoulding insect resistance
to different Cry toxins (Perera et al., 2009; Chen et al., 2015; Song
etal., 2015; Zhao et al., 2017; Wang et al., 2019; Xiao et al., 2019;
Fabrick et al., 2020). Midgut membrane bound CAD, APN and
alkaline phosphatase after toxin ingestion by the susceptible
insects, the protease activated crystal toxins follows a “ping-
pong” binding mechanism in which the toxin monomer first binds
to high abundant glycosyl phosphatidyl inositol (GPI) anchored
alkaline phosphatase or APN proteins.

The mechanism to bring the toxins close to insect midgut
epithelium followed by their interaction with Cadherin protein that
induces further cleavage of the helix a-1 region of domain |,
leading to subsequent conformational change from monomer to
oligomer, a flexible pre-pore complex stabilized by the alkaline pH
in the midgut of lepidopteran and dipteran larva. These toxin
oligomers again bind with high affinity to APN and alkaline
phosphatase which are GPI anchored receptors located in
specific membrane micro domain called lipid-rafts, leading to
membrane insertion by forming ion leakage pores resulting in
extensive damage to the midgut epithelial cells due to osmotic
lysis and eventually the larval death (Rausell et al., 2004; Parker
and Feil, 2005; Sengupta et al., 2013). Alkaline phosphatase is
one of the important biomarkers present in insect midgut whose
activity and expression profiles can be useful for screening of

resistant and susceptible pink bollworm populations. The studies
on alkaline phosphatase characterization of different field derived
pink bollworm resistant populations would be appropriate for
comprehensive analysis towards generation of additional
information on underlying biochemical mechanisms of pink
bollworm resistance to insecticidal crystalline proteins (ICPs) or
delta-endotoxins Cry1Ac and Cry2Ab. Therefore, in this study
larval population derived from the cotton fields of Yavatmal,
Nanded, Hingoli and Parbhani (Maharashtra) and Guntur
(Andhra Pradesh) exposed to Cry2Ab and alkaline phosphatase
of pink bollworm midgut was characterised.

Materials and Methods

Collection of insect: Fields were surveyed during 2017-18 for
the collection of pink bollworm from different locations viz.,
Yavatmal, Hingoli, Parbhani, Nanded in Maharashtra and Guntur
in Andhra Pradesh. The larvae from infested bolls were reared on
an artificial diet containing various concentrations of Cry2Ab
toxin. Similarly, susceptible insect population maintained at
Central Institute for Cotton Research, Nagpur were reared on an
artificial diet without any exposure to Cry toxins, and it was used
as control for biochemical characterization of alkaline
phosphatase in the midgut contents of pink bollworm.

Insect bioassay of Cry2Ab toxin on pink bollworm
populations: Pink bollworm larval populations were subjected to
Cry2Ab bioassays using F1 larvae in a 21 days diet-incorporation
method. Log doses were prepared using sterile distilled water. The
multi celled trays contained ~ one gram of the diet used in which
freshly hatched neonate larvae were released @ one larva per cell
and the cells were sealed with a perforated transparent film. The
trays were kept at 27+1°C, RH 60-65% under a photoperiod of Shr
light and 15hr dark conditions for proper growth of larvae. For each
concentration, 16 larvae were reared. Larvae that survived against
Cry2Ab protein at least upto 4" instar stage after 21 days of feeding
were considered as resistant, those which could not cross the 3"
instar were considered as dead (hence susceptible). The untreated
larvae of same age were considered as control. Mortality
corrections were calculated by Abbott's formula (Abbott, 1925) in
which control mortality did not exceed 10%. Dose-mortality
regressions were calculated by probit analysis (Finney, 1971). Final
instars larvae were used for estimation of alkaline phosphatase
whichwould otherwise pupate after 21 days.

Midgut isolation and sample preparation: Actively feeding final
instars were dissected for isolation of midgut in ice-cold MET
buffer (330mM mannitol, 5mM EGTA, 17mM Tris-HCI with pH
maintained at 7.5). The midgut contents were isolated and
washed thoroughly in the dissection buffer and transferred to 1.5
ml eppendorf tubes containing 50ul MET buffer for
homogenization. After addition of 50ul of 24mM MgCl,
homogenate was centrifuged at 4500rpm at 4°C for 30 min. The
supernatant was collected and stored at -20°C for alkaline
phosphatase characterization.
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Estimation of total protein and alkaline phosphatase activity
in pink bollworm midgut homogenate: The total protein
content present in midgut homogenates of pink bollworm larval
populations under study was estimated by Bradford method
(Bradford, 1976). The assay of alkaline phosphatase activity was
performed by following the protocol of Jurat-Fuentes et al. (2011).
Alkaline phosphatase hydrolyses p-nitrophenyl phosphate into p-
nitrophenol which is yellow in an alkaline medium and its activity
was read at 410 nm using a spectrophotometer. Enzyme activity
was expressed as umoles of p-nitrophenol released per ug of
total protein in midgut homogenate. The experiments were
carried outin triplicate.

Non-denaturing SDS-PAGE: To investigate the pattern of
alkaline phosphatase isozymes between resistant and
susceptible pink bollworm populations; non-denaturing SDS-
PAGE was performed (Suurs et al, 1989). Pink bollworm
midgut protein homogenates equivalent to 10ug from each pink
bollworm population under study were subjected to non-
denaturing gradient SDS-PAGE (5-10%). Samples were loaded
using sample buffer (60mM Tris buffer, 2% SDS, 20% glycerol
and 0.02% bromophenol blue). Samples were separated on 5-
10% acrylamide concentration gradient gel at 30mA/gel along a
lane of broad range proteins Page Ruler™ pertained protein
ladder (Thermo Scientific™). The gel was stained using
alkaline phosphatase specific BCIP-NBT colour development
substrate of Sisco Research laboratory, in alkaline
phosphatase buffer (100mM Tris-HCI pH 9.0, 100mM NaCl,
50mM MgCl, and 0.1% Tween 20) as per manufacturer’s
instructions. Various isoforms of alkaline phosphatase in gels
were documented with Image Lab™ software in the Gel Doc™
EZ system. These experiments were repeated more than three
times and the results were reproducible.

Native polyacrylamide gel electrophoresis: Expression levels
of alkaline phosphatase in resistant and susceptible pink
bollworm populations present in the guthomogenate was studied
using native PAGE (Sambrook et al., 1989). Bovine serum
albumin was taken as a reference standard and the gel was
stained in coomassie brilliant blue dye. While the gel containing
midgut homogenate samples were stained using alkaline
phosphatase specific BCIP-NBT colour development substrate of
Sisco Research lab respectively in alkaline phosphatase buffer
(100mM Tris-HCI pH 9.0, 100mM NaCl, 50mM MgCl, and 0.1%

Table 1: Toxicity analysis of Cry2Ab on Pink bollworm larval populations

Tween 20) as per manufacturer’s instructions. This was repeated
atleastthree times and experimental results were reproducible.

Statistical analysis: Quantification of total protein content and
alkaline phosphatase expression present in midgut homogenate
was done via regression equation obtained from a standard curve
using XLSTAT and Microsoft excel. POLO PC software was used
to estimate LC,, of Cry2Ab toxin. The resistance ratio calculated
by LC,, of aresistant strain was divided by LC,, susceptible strain

Results and Discussion

The populations of pink bollworm collected from the
cotton fields of Yavatmal, Nanded, Hingoli, Parbhani in
Maharashtra and Gunturin Andhra Pradesh were used for toxicity
assay of Cry2Ab on pink bollworm populations. The progenies
derived from these pink bollworm populations exposed to Cry2Ab
were considered as the resistant larvae survived at 10pg ml" of
Cry2Ab. Cry2Ab susceptible larvae maintained at CICR, Nagpur
was used as control. The median lethal concentration (LC,,) with
activated Cry2Ab ranged from 0.461 to 1.285ug ml”" (Table 1).
Alkaline phosphatase activity analysed in resistant and
susceptible pink bollworm populations in the F1 generation of
field populations surviving 10ppm Cry 2Ab in laboratory
bioassays ranged from 70.88 to 114.84 of p-nitrophenol released
per ug of protein while the laboratory susceptible (control)
showed alkaline phosphatase activity of 22.95 25uM of p-
nitrophenol released per pg of protein in midgut homogenate
(Table 2). The alkaline phosphatase activity of laboratory
susceptible was 4.88-fold lower than the field population having
leastLC,,and 3.10-fold lower than the highest LC,, (Table 1, 2).

Research reports on the development of resistance by
pink bollworm on Bt-cotton have emerged as a serious problem
for attaining potential cotton yield and quality attributes (Fuentes
et al., 2011; Ojha et al., 2014). To establish insect management
strategies for the breakdown of pink bollworm resistance on Bt-
cotton there is a need to understand the underlying mechanisms
and develop methodologies to screen resistant and susceptible
populations in short period of time (Spurgeon, D.W., 2007;
Edpuganti, 2018: Tabashnik and Carriere, 2010; Zafar et al.,
2020). Cadherin, alkaline phosphatase, aminopeptidase-N
(APN), an ATP-binding cassette (ABC) transporter protein are

PBW population (Cry2Ab resistant)

LC., (95% fiducial limits) (ug mI" of diet)

Resistance ratio

Yavatmal 0.461 (0.184-1.119) 461
Guntur 0.648 (0.266-1.703) 648
Nanded 0.591 (0.238-1.435) 591
Hingoli 0.955 (0.327-2.56) 955
Parbhani 1.285 (0.500-3.079) 1285
PBW lab Susceptible 0.001 (0.00-0.002) 1
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Table 2: Mean Alkaline phosphatase activity activity in midgut contents of Pink bollworm larvae exposed to Cry2Ab

Pink bollworm population

Alkaline phosphatase activity

(Cry2Ab resistant) (uM of p-nitrophenol released pg” protein)
Yavatmal 112 +2.493

Guntur 75.66 + 1.7412

Nanded 114 +2.16

Hingoli 11.87 £4.73

Parbhani 70.88 + 0.8746

PBW lab susceptible 22.95+0.8125

Values are mean + S.E.

regarded as the candidate receptors for Cry1A toxin, and their
functional role during the process of lepidopteran insect-Cry1A
toxin interactions are known (Pardo-Lopez et al., 2013; Wu, 2014;
Jurat-Fuentes and Crickmore, 2017; Xiao and Wu, 2019).
However, their roles in the case of Cry2A toxin for binding to
these receptors of lepidopteran pests is not completely
revealed. Though enzyme alkaline phosphatase has been well
studied but when it comes to insect resistance, less information
is available on Cry2Ab associated with the alkaline
phosphatase activity in the midgut contents of pink bollworm
larvae, as most of the work has been reported on Cry1Ac. Zhao
et al. (2017) reported that CAD, APN4 and alkaline
phosphatase2 peptides from Helicoverpa armigera midgut
were found to be associated with the mechanism of action of
Cry2Aa and toxicity of Cry2Aa toxin even as Bt-I/ was released
to broaden the insecticidal spectrum and delay the adaptation
of lepidopteran pests on cotton as a part of the insect
management system. However, there is an associated negative
impact of Bt-Il where both Cry1Ac and Cry2Ab crystal toxins are
present. Since farmers grow only BG II; selection pressure on
pink bollworm would most certainly lead to the development of
insect resistance to Cry2Ab, particularly in the absence of
refugia and it may also lead to phenomena of cross resistance
(Knightetal., 2013; Fand et al., 2019).

Information on Cry2Ab toxicity and alkaline phosphatase
activity in midguts of pink bollworm populations is limited. For
instance, Malthankar and Guijar (2014) reported that increased
alkaline phosphatase activity was associated with pink bollworm
resistance to Cry2Ab. Similarly, in this study also resistant pink
bollworm populations exhibited increased alkaline phosphatase
activity in the midgut when compared to the susceptible population.
Pink bollworm populations derived from the cotton fields of
Yavatmal and Nanded exposed to Cry2Ab toxin and midgut
contents of these pink bollworm larvae had shown 5 fold more
alkaline phosphatase activity than the susceptible population
whereas pink bollworm populations derived from Guntur, Hingoli
and Parbhani exposed to Cry2Ab showed 3-4 fold more alkaline
phosphatase activity than the susceptible populations (Table 2).
The results are partly in agreement with Caccia et al. (2012) who
reported that the specific alkaline phosphatase activity almost
increased to fold in the midgut fluids of resistant Helicoverpa zea
as compared to susceptible larvae and its specific activity was 3-

fold reduced in BBMVs from resistant H. zea than the susceptible
larvae in response to Cry1Ac toxin. Further they hypothesized
that increased alkaline phosphatase activity in lumen may be
contributing factor for Cry1Ac resistance. Jurat-Fuentes et al.
(2011) reported that the reduced levels of midgut membrane-
bound alkaline phosphatase was associated with Cry toxin
resistance in resistant strains of Helicoverpa armigera,
Heliothis virescens and Spodoptera frugiperda compared to
susceptible larvae. They had analysed membrane bound
alkaline phosphatase activity in the midgut content of these
insects rather than the combination of lumen and membrane
bound contents of insect midgut as observed in this study.

The midgut homogenate for alkaline phosphatase activity
was analyzed which comprised of both lumen and membrane
bound components. However, the results of alkaline phosphatase
activity were similar to those reported by Caccia et al. (2012),
which might be due to the presence of larger quantities of alkaline
phosphatase protein in lumen than the BBMVs, and also due to
binding of Cry2Ab toxin to the alkaline phosphatase receptors
present in the lumen, leaving behind very little interaction with
alkaline phosphatase component of BBMVs leading to higher
expression of lumen specific alkaline phosphatase activity. If toxin
could have had complete interaction with the membrane bound
alkaline phosphatase then the alkaline phosphatase activity of
insect midgut contents might have reduced (Fuentes et al., 2011).

The midgut contents of pink bollworm larvae were
subjected to native PAGE and also non-denaturing SDS-PAGE.
The expression analysis of resistant and susceptible pink
bollworm midgut contents showed significantly higher visible
expression in resistant populations than the susceptible
population (Fig. 1A). The alkaline phosphatase isoforms of pink
bollworm larval midgut homogenates had similar banding
patterns showing 2 prominent bands each with molecular weight
ranging from 65-95 kDa. The alkaline phosphatase isoforms of
Guntur (R2) and Hingoli (R3) samples exhibited near similar
banding patterns showing 3 and 4 prominent bands in the range
of 70-95 kDa; whereas the susceptible population showed 1
dense band in the range of 50-70 kDa (Fig. 1B), indicating
differential expression of alkaline phosphatase isoforms within
and among resistant and susceptible pink bollworm populations.
Upon exposure to Cry2Ab toxin, a significant polymorphism
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Fig. 1: Gel electrophoresis of midgut contents of Pink bollworm larvae. A. Native PAGE expression levels of Alkaline phosphatase activity in midgut
contents of PBW resistant and susceptible larvae. B. Non-denaturing SDS PAGE expression patterns of ALP and its isozymes in midgut contents of
resistant and susceptible PBW populations. R- Resistant population, R1 (Yavatmal), R2 (Guntur), R3 (Nanded), R4 (Hingoli), R5 (Parbhani), M- Protein
marker, S1-Laboratory susceptible PBW Population, BSA— Reference standard (Native PAGE).

accussed in the alkaline phosphatase isozymes between the
resistant and susceptible pink bollworm populations that could be
due to mutation and/or epigenetic changes in alkaline
phosphatase encoding gene/s, leading to divergence and
expression of various isozymes dominant in the range of 75-95
kDa (Jagadeshwaran et al., 2009; McNall and Adang , 2003). Itis
well known that alkaline phosphatase is one of the important
insect midgut receptors involved in insect resistance (Sarkar et
al., 2009; Arenas et al., 2010; Zhao et al., 2017). However, this
information is limited to other lepidopteran pests and crystal
toxins. It was evident from this study that the alkaline
phosphatase responded to Cry2Ab toxin and therefore, a
differential expression pattern was found between the resistant
and susceptible pink bollworm populations. This would contribute
towards the understanding of underlying mechanisms involved in
alkaline phosphatase receptor interactions with Cry2Ab toxin in
resistant pink bollworm populations.

Thus it can be concluded that methodologies developed
for determining of combined alkaline phosphatase activity in pink
bollworm midgut lumen and BBMVs rather than singly would
greatly accelerate the screening of pink bollworm infected Bt-
cotton and this would contribute to the development of timely pink
bollworm management strategies. Further, it is desired to explore
the interactions of Cry2Ab and alkaline phosphatase receptors in
great detail for cracking the particular role of alkaline phosphatase in
terms of molecular mechanism involved in pink bollworm resistance
to Cry2Ab toxin can be checked by silencing the expression of
alkaline phosphatase with the help of RNAinterference.
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