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Insects

Insects are categorized under Phylum Arthropoda, Class Insecta and constitute around
80 percent (3/4 of animal species) of all living organisms and are incredibly abundant. Among
the all insect orders Coleoptera, Lepidoptera, Hymenoptera, and Diptera comprise of fairly
large numbers of pest species. The insects have exceptional adaptability and are distributed
widely in different habitats. They play an important role in maintaining food chain and are
important component of ecological system. Some of them, have high commercial importance
such as honey bees, silkworms etc. A large number insects are known to cause heavy loss in
agricultural practice and are serious pest of crops as well as stored grains. They not only destroy
the crop, by feeding directly on the plant parts (leaf, stem, roots, fruits etc.), but also act as
vector and transmit the bacterial, viral or fungal infections from infected to healthy plants.
Furthermore, Lepidoptera, Diptera and Coleoptera are three major orders, which make major
component of agricultural and stored grain pests. The current study is focused on a lepidopteran

pest which causes serious loss of castor planataiton in various parts of India.

Control for pest based crop damage

Majority of pest management practices used today either rely on changing/modifying
the environmental conditions and/or application of various chemical formulations. Based on
their source the insecticdes are classified into different types (Fig. 1). Continous attempt to
develop effective insecticide for the control of crop pests has not only lead to the presence of
lot of these toxic compound in the environment but also promotes the generation of resistant
variety of pest. Therefore there is an increasing demand for natural/biological pesticides.
Recent pesticide usage trend also reveals that there is a shift towards the usage of
envioronmetnal friendly biological control agents, which are primarly derived from bacteria,

fungi, viruses and plants.
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Biopesticide
50, Organophosphates
Biochemical 23%
pesticide
21%
Carbamates
17%
Sulfonylureas
18%

Fig. 1 The above venn diagram represents the usage ratio of different kinds of insecticides for the

management of insect pests (adopted from Encyclopedia Britannica).
A comprehensive report from US, Canada, Japan, Europe, Asia-Pacific, Latin America,
and rest of world reveals that there is a 4,580 thousand US$ worldwide market for Biopesticides

(https://www.reportlinker.com/p02284883 press releases PR Newswire, 2018) which is

expected to rise in the span of next five years. Rising demand for biopesticides is associated
with increased awareness towards the side effects of toxic chemical pesticides and demand for
organic food. United States Environmental Protection Agency reported that 299 biopesticides

were registered till  April 2016  (https://www.epa.gov/ingredients-used-pesticide-

products/what-are-biopesticides). Bacillus thuringiensis (Bt) based biopesticides are

extensively used for controlling the lepidopteran pests, either in the form of Bt transgenic plants
or in form of Bt formulations. Among Bt based biopesticides, Crystalline (Cry) toxin is the one
which has been maximally exploited during past 30 years. In the present study, we have carried
out an study with a Cry toxin based formulation (DOR-Bt1) using a lepidopteran pest Achaea

janata.

Bacillus thuringiensis

Bacillus thuringiensis a gram positive bacteria, during growth and sporulation produce

variety of toxins which exhibit toxicity against various insect orders. Three different kinds of
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toxins produced are classified as i) Crystal (Cry), ii) Vegetative insecticidal proteins (Vip), and
iii) Cytolytic (Cyt) toxins. As these toxins are fairly species specific or order specific hence
they have been used for the management of specific insect pests (Fig. 2). Being in non-
pathogenic categories for humans, Bt based insecticides are the most successful and are being

used for the pest management.
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Fig. 2 Bt 6-endotoxins activity against various insect order, summarized view showing recognised host

spectrum (picture adopted from Palma et al., 2014).

As mentioned in above section current work is based on Cry toxin (3-endotoxins,
produced during sporulation) based Bt formulation which was prepared from local strain of Bt
(i.e. DOR-Bt1) isolated by Indian Oil Seed Reserch Institute, Hydreabad, India. Cry toxins are
known to be effective against lepidopteran, coleopteran, dipteran and hymenopteran order of
insects (Schnepf et al., 1998). Further being species specific and entomopathogenic in nature
they do not have deleterious effect on other organisms. This also makes Bt genes (primarily

cry genes) to serve as a reservoir for the generation of transgenic crops which are insect
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resistant. Few genetically modified crops have already been approved for cultivation such as
Bt cotton, Bt corn, Bt maize, Bt brinjal etc. in differenet countries including India where Bt
cotton is being successfully farmed (Report by Michael Specter in “The New Yorker”, 2014).
Presently usage of Bt based spray formulations of spores and crystal and Bt transgenic plant is
very popular among farmers.

Mechanism of Cry toxin insecticidal action

More than 500 different forms of Cry toxins have been reported so far (Crickmore et
al., 2005, 2008, 2016). These toxins have specific mode of action in various Cry susceptible
larvae and exhibit a specific mode of action. Effective Cry intoxication in larvae leads to midgut
cell death. Various models have been prepared to understand the Cry toxin effects on larval
physiology (Schenepf et al., 1998; de Maagd et al., 2001, 2003; Vacher et al., 2003; Bravo et
al., 2004, 2007; Zhang et al., 2006; Gonzalez et al., 2008; Feil et al., 2010; Pardo-Lopez et al.,

2012; Adang et al., 2014).

It has been shown that, 130 kDa 6-endotoxins (protoxin) upon ingestion, under alkaline
pH gets solubilised in the midgut lumen. Reducing alkaline condition in the gut lumen
facilitates proteases to cleave protoxin in into ~ 65 kDa active toxin (Schnepf et al., 1998). This
active toxin now binds to specific receptor present at midgut brush border towards apical side
of the epithelium (Vadlamudi et al., 1993; Gomez et al., 2001, 2002). After cleavage of o helix
from domain | of active toxin, it binds to Cadherin like receptor, present at brush border gives
rise to oligomeric form of toxin (Nagamatsu et al., 2003 Gomez et al., 2002). Additionaly Peng
et al., (2010) suggested that active toxin molecules interact among themselves to generate
effective form of toxin. The oligomeric form of toxin now binds to species specific receptor
such as GPIl-anchored receptors like aminopeptidase N (APNs) in Manduca sexta or alkaline
phosphatase (ALPs) in Heliothis virescences (Agrawal et al., 2002; McNall and Adang, 2003;
Bravo et al., 2004; Jurat-Fuentes and Adang, 2004; Angelucci et al., 2008; Pacheco et al.,

6
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2009). Midgut Cry toxin binding/receptor proteins are unique in different insectan orders such
as Cadherin, P252, APN and ALP in Lepidoptera; Cadherin, APN, ALP and alpha-glucosidase
in Diptera and Cadherin, ADAM 3 metalloprotease and ALP in Coleoptera (Rajmohan et al.,
1998; Nakanishi et al., 2002; Wang et al., 2005; Baxter et al., 2008; Bravo et al., 2013). Apart
from these, ATP-binding cassette transporter subfamily C member 2 (ABCC?2) is also shown
to be Cry toxin receptor in Bombyx mori, Helicoverpa armigera, Plutella xylostella and
Spodoptera exigua (Tanaka et al., 2013, 2016; Zhao et al., 2016; Endo et al., 2017; Pinos et al.,
2019). Altogether binding of oligomeric active form of Cry toxin to epithelial brush border
receptors, leads to its cellular insertion as a result Cry toxins are termed as pore-forming toxin
(PFT). Pore formation in midgut epithelial cell alters its osmotic behavior followed by
septicemia and cell death (de Maagd et al., 2003; Whalon and Wingerd, 2003; Bravo et al.,

2004; Soberon et al., 2009).

Zhang et al., (2006) proposed an additional hypothesis where the pore formation in
epithelial cells by Cry toxin was suggested to be associated with Mg?* dependent signal cascade
pathway. In vitro experiment using Cry toxin receptor transfected ovarian cell (Trichoplusia
ni) showed that active oligomeric form of toxin bound to guanine nucleotide-binding protein
(G-protein). This unique binding lead to adenylyl cyclase activation and production of
intracellular cyclic adenosine monophosphate (CAMP). Increased CAMP caused activation of
protein kinase A (PKA) which facilitated intracellular downstream pathway leading to cell
death. Overall effects of Cry toxins are purely based upon unique receptor identity of a given

pest species and varies significantly from one to another larvae even in same order.
The impact of Cry toxin application

The alteration, as well as adaptation in midgut cells, was carefully analysed in various

insect pests during Cry intoxication (Baines et al., 1997; Loeb et al., 2001; Knaak and Fiuza.,
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2005). In vitro and in vivo experiments using Lymantria monacha showed rupture of microvilli
and cytoplasmic vacuolisation upon Cry toxicity (Rausel et al., 2000). Loeb et al., (2001)
demonstrated that Bt-AA 1-9 and HD-73 intoxication in Heliothis virescens caused a reduction

in number of columnar and globular midgut cells.

In India there is a continuous increase in usage and more than five percent of pesticides
used presently are of biological origin. There is increasing evidences that continuous usage of
the same formulation and/or toxin also leads to the development of resistance to Bt based
biopesticide. As mentioned above pest insects demonstrate enormous adaptive capabilities
which supports them to survive during adverse conditions, and develop tolerance/resistance
against Bt based formulation. In India, the pink bollworm was shown to become resistant to
Monsanto 1% generation, Bt toxin (CrylAc) transgenic plant (Bagla, 2010;

http://www.monsanto.com/newsviews/Pages/india-pink-bollworm.aspx). Which was followed

by release of 2" generation of cotton seeds with multiple Cry genes. Resistance in bollworm
was also reported in China, Spain, Australia and America (Just, 2006; Lu et al., 2010;
Tabashnik et al., 2013, 2014). In addition, Indian meal moth was also reported to be resistant
against B. thuringiensis based biopesticide (Candas et al., 2003; Baxter et al., 2011), suggesting

that lepidopteran pests have tendncy to become Cry toxin tolerat.

Its nearly two decaded since plantaion of Bt crops is being used in various countries
including India. The uncontrolled widespread use of biopesticides seems to be the major reason
for development of tolerance and resistance in insect pest. Alteration/mutation in midgut
binding/receptor sites is one of the major reason which causes development of resistance
(Pigott and Ellar, 2007; Guo et al., 2015). Extensive studies report mutation in different Cry
toxin receptors, Cadherin, APN, ALP and ABCC2 which contribute to the development of Cry
toxin resistance in various insects (Gomez et al., 2002; Xie at I., 2005; Fabrick et al., 2009;
Zhang et al., 2006, 2008; Khajuria et al., 2011; Likitvivatanavong et al., 2011, Pardo-Lopez et

8
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al., 2013; Bravo et al., 2013; Endo et al., 2017; Nakaishi et al, 2018; Martinez-Solis et al., 2018;
Liuetal., 2018; Pino etal., 2019). In addition other physiological responses which are primarily
based on non-receptor mediated mechanisms also facilitate the development of Cry toxin
resistance. Enhanced midgut regeneration was observed during Cry intoxication as well as in
Cry resistant larvae. In lepidopteran larvae recovery during Cry toxin exposure was supported
by midgut epithelial regeneration (Dulmage et. al., 1978; Spies and Spence, 1985; Martinez-
Ramirez et al., 1999; Loeb et al., 2001; Tanaka et al., 2012; Castagnola and Jurat-Fuentes
2016). Evolution of Cry ressitance is definitely an important facet in optimal usage of

biopesticide and needs a proper attention for its judicious application in long term.

Castor plant and its uses

The cu rrent study was carried out using a lepidopteran insect model Achaea janata
which is a major pest of castor plant (Riccinus communis). Castor is non-edible oilseed crop
and is grown extensively in Gujarat, followed by Rajasthan, Andhra Pradesh and Telangana.
According to ‘The Economic Times’ a total production of castor plant was estimated to 11.26
lakhs tonnes in 2018-19 and 14.16 lakhs in 2017-2018

(https://economictimes.indiatimes.com/news/economy/agriculture/). At present (2018-2019)

in Indian agriculture scenario castor average yield is estimated around 1520 Kg/Ha. Castor oil
has a worldwide demand and United States, Japan, China and Thailand are the major importers

of it (https://www.castoroilworld.com/). The growing demand for Castor bean oil is associated

with its high viscosity and presence of ricinoleic acid (mono-unsaturated fatty acid). This is of
great economic importance and used for in due trial applications such as lubricants in aviation,
industrial paints and varnishes, synthetic polymers, resins, fabric dyeing, leather manufacturing
etc. It is a powerful laxative and natural moisturizer. It also exhibits countless medicinal
properties which promote wound healing and represent anti-inflammatory, anti-fungal,
antimicrobial, hydration cleansing properties

9
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(https://www.medicalnewstoday.com/articles/319844.php). Being a major source of ricinoleic

acid with other fatty acids, castor oil is a powerful medicinal product, particularly for derma

care.

Achaea janata Linn.

Achaea janata (Castor semilooper) is a holometabolus insect and a major pest of castor

plant  (https://www.krishisewa.com/articles/disease-management/64-castor-pests.html). It

belongs to Noctudidae family and order Lepidoptera. A. janata larvae cause extensive damage
to castor foliation and it is widely spread in tropical and sub-tropical agricultural region of the
world. Its larvae primarily damage/feed on fresh castor leaves and completely defoliate it which
leads to complete devastation. Along with Ricinus communis, castor semilooper occasionally
feeds on Euphorbiaceae, Brassica and Ficus species in the absence of priamary host plant.
Gaikwad and Bilapte (1992) reported that during July-September (monsoon season) A. janata

larvae are responsible for 50-70% loss of castor crop in various parts of India.

Pupa

Larvae (five different
instars)

Fig. 3 Life cycle of A. janata larvae showing egg, larva, pupa and adult stages.
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Holometabolous insect complete their life cycle in four different stages i.e. adult, egg,
larvae and pupa (Fig. 3). A. janata completes its life cycle in 45-50 days under favorable
condition (Karmawati and Tobing, 1988). The larval stges consist of five different instars
which are voracious feeders and defoliator. From one instar to another instar larva takes 3-5
days. Before pupation it attains the size up to ~6 cm. Pupation normally takes place in
moisturised soil and during unfavorable condition it remians as pupa for longer times i.e. called
diapause. Environmental temperature and humidity have direct influence on pupal

metamorphosis.

Various larval organs of A. janata:

i) Gut: The larval gut, is majorly associated with the digestion and absorption of food. It is
subdivided into foregut, midgut and hindgut. From lumen side, gut is continuously protected
by peritrophic matrix membrane which also acts as first-line defense against various pathogens.
Arrangement of gut in larvae allows the uptake of nutrient and ion as well as removal of excess
water is associated with defensive behaviour (Lehane and Billingsley, 1996, Terra et al., 1996;
Grant, 2007). The outer periphery of gut is also supported by basal muscular layer, which has

rich supply of trachea/ tracheoles and nerves.

In gut, midgut plays an important role in enzyme secretion, food digestion and
absorption (Chapman, 2013; Nation, 2015). It consists of different cell types which are
commonly known as columnar cells (containing dense microvilli and basal foldings), entero-
endocrine cells, Goblet cells and midgut stem cells. Lepidopteran midgut is not only involved
in food digestion but also plays role in immune response. The columnar epithelial cells possess
microvillar apical brush border (microvilli increases surface area), which helps in enzyme

secretion and digested nutrient absorption (Cavalcante and Cruz-Landim, 1999).

11
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ii) Fat body: Fat body is a primary larval metabolic organ which is important for
macromolecular synthesis as well as nutrient storage in insect (Law and Wells, 1989). It is
majorly composed of adipocytes, oenocytes, urocytes and bacteriocytes (Arrese and Soulages,
2010). Fat body is multifunctional organ which synthesizes and stores various insect proteins.
It co-ordinates hormonal and nutritional signals that regulate insect development as well as
metamorphosis. During pupal adult development fat body is known to be associated with

synthesis of vitellogenin and regulates ovarian development (Colombani et al., 2005).

iii) Malpighian tubules: In insect larvae, Malpighian tubules are attached at the junction of
midgut and hindgut. Malpighian tubule is primary excretory and osmoregulatory organ in
insect larvae. Larval metabolic waste from gut is collected by the Malpighian tubules through
gut specific valve. Furhtermore, Malpighian tubules also collect secretory wastes or toxic
content from the haemolymph, followed by release of collected waste/toxic content into

exterior side through hindgut and rectum.

iv) Salivary gland: Salivary glands are specialized tubular structure in lepidopteran larvae
majorly associated with mouth part. They play important role during metamorphosis because
they are specialized to secrete silk as well as other salivary enzymes. Salivary glands are
associated with different mouth parts i.e. mandibular, maxillary, hypopharyngeal, and labial.
Each of them have unique function in different species and at different stages of development.
In present study it was the labial gland which commonly known as silk gland was used for the

study.

v) Haemolymph: In insect haemocoelic cavity is filled with a circulatory fluid which is called
as haemolymph. It is a connective tissue which primarily consist of plasma and haemocytes.
Larval haemolymph shows presence of large number of storage proteins such as hexamerins.

It is rich in macro and micro molecules which are needed for the development and growth of
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insects. Hexamerin constitute more than 70-80% of insoluble protein during the final larval
instar which are synthesised by fat body and released into the haemolymph during active
feeding phase (Telfer and Kunkel, 1991; Zhao and Kanost, 1996; Burmester, 1999; Wheeler et

al., 2000).

Midgut cell types

Insect larval midgut represents the association of internal and external surrounding as
discussed above. It consists of four cell types i.e. columnar cell, entero-endocrine cell, Goblet

cell and midgut stem cell (Dow, 1987).

i) Columnar cells: Columnar cells are the primary midgut cell type, which is responsible for
digestion and absorption (Nation, 2015). These cells are commonly involved in transport of
solutes, ions etc. Moreover microvilli present in these cells increase the surface area which is
responsible for nutrient absorption. The innser laminal brush border of these cells possses large
number of molecules such as cadherin, aminopeptidases and alkaline phosphatase, which play
important role in gut biology. These cells are also responsible for various signalling network
and crucial for larval development and metamorphosis. It is interesting to note that the common
molecules present at the brush border (cadherin, APNs, ALPs etc.) also interact with Cry toxins

and act as their receptors.

if) Entero-endocrine cell: Similar to columnar cells, entero-endocrine cells are also distributed
throughout the epithelium. These cells are secretory in nature and release bioactive humoral
molecules into the lumen. These cells are also responsible for hormonal regulation as well as
tissue homeostasis. Song et al., (2014) demonstrated that quality of ingested nutrient can be
assessed using humoral secretion. Further few other reports suggest that stem cell proliferation
linked peptide is also released by entero-endocrine cells (O’Brien et al., 2011; Amcheslavsky

etal., 2014).
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iii) Goblet cells: Among all the cell type Goblet cells exhibit unique characteristics, they are
characterised by large cavity with the presence of extreme pH condition (Terra et al., 1996).
They are exclusively present in larval midgut epithelium and scattered in between entero-
endocrine and columnar cells. They possess large cavity but lined by dense microvilli from
internal cytoplasmic side (Caccia et al., 2019). Goblet cell nucleus is positioned towards lateral

side because of thin cytoplasmic layer cannot harbour large dense nucleus (Gomes et al., 2013).

iv) Midgut stem cell: Apart from digestion, absorption, ionic regulation etc. midgut
epithelium additionally maintains itself or repairs itself during development or any other
adverse/impaired condition. The overall integrity of the midgut is maintained by these midgut
stem cells. They are present primarily at the base of midgut epithelium and exist in form of
scattered cells (Lepidoptera and Diptera) or organised in cluster/nidi (Orthoptera and Odonata)
or lie inside regenerative crypts/pouches (Coleoptera) (Lehane and Billingsley, 1996). They
are characterised with dense cytoplasm containing lipid droplets and glycogen granules
(Tettamanti et al., 2007, Chajec et al., 2012; Franzetti et al., 2015). Midgut stem cells
demonstrate remarkable division capacity which is fundamental to ensure larval growth.
Franzetti et al., (2015) reported that in larvae, midgut epithelium was completely replaced by
new one during metamorphosis. There is dearth of knowledge in lepidopteran larval midgut
stem cell regulation however ecdysteroids, a-arylphorin and bombyxin were reported to
promote midgut stem cell proliferation (Hakim et al., 2010). Source of midgut stem cell
regulating factor is not yet clear, however in current study we made an attempt to see the midgut

stem cell regulation in lepidopteran pest A. janata.

Objective

Earlier studies from our laboratory in various lepidopteran insects have revealed

alteration in midgut luminal protease profile, presence of Cry toxin receptor, altered
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development, histopathological changes in gut, fat body, Malpighian tubule and salivary gland,
occurence of necrotic cell death, alteration in aminopeptidase profile upon Cry toxin
application (Budhata et al., 2007, 2008; Ningshen et al., 2017; Chauhan et al., 2017). In current
study taking preliminary background from afore mentioned reports, research was carried out
to check the impact of long term field application of DOR-Bt1 formulation and find out whether
or not castor semilooper also becomes toxin tolerant? In an earlier study we reported that
actively dividing cells are primarily located in basal region of midgut epithelium (Chauhan et
al., 2017). In this present study an attempt was made to analyse, how these proliferative cells
support repair of larval midgut epithelium and what mediates it? Keeping this in mind

following objectives were framed to evaluate the effect of sublethal Cry toxins exposure-

. Cry toxin induced cellular changes in the larval midgut of Achaea janata.
. De novo transcriptome analysis and gene expression profiling of larval midgut.

. Analysis of regeneration:

a) Evaluating the role of arylphorins in regeneration and repair of midgut epithelium

b) Analysis of epithelial alteration in APN profile of Cry toxin susceptible and tolerant larvae.
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Insect rearing

Achaea janata eggs were collected from the fields of the Indian Institute of Oil Seed
Research, Hyderabad, Telangana, India. The collection was carried out from the fields which
were never sprayed with pesticides and hence, the collected eggs were free from their exposure.
Further, immediately after hatching, the neonates were fed on fresh castor leaves and
maintained for a total life cycle of five generations at the insectary of School of Life Sciences,
University of Hyderabad, Hyderabad, Telangana, India. Susequently for each generation larvae
were maintained on fresh castor leaves collected from university open field where castor
plantation was grown free of pesticides/herbicides and maintained throughout the year. The
larvae were maintained under 14h light and 10h dark period with 70 = 5% relative humidity
and 27 + 2°C temperature until pupation. The larval instars (from 1%- 5 were maintained in
plastic troughs till pupation. Pupae were collected from the plastic trough and transferred on
the sterilized moist sand. Soon after the emergence, the adult male and female moths were
collected and transferred to wooden breeding cages and maintained at room temperature (RT).
The adults were fed with 10% honey solution in breeding cages, where female moths laid eggs
on castor leaves. Once again eggs were collected, sterilized and used for maintenance of
continuous cultures. They hatched in 6-7 days and neonates larvae were collected and
transferred into plastic troughs containing fresh castor leaves. The cycle was maintained

throughout the study and several generations of these insects were used.
RNA isolation

Larvae were narcotized by placing them on ice. The required tissue was dissected in
insect Ringer solution under cold condition and transferred to TRI reagent TM (Sigma Aldrich,
USA). For total RNA isolation, 100 mg tissue was homogenized using all glass

microhomogeniser. To the homogenate gently 200 ul chloroform was added and left for 10
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min at room temperature followed by centrifugation at 15,000 rpm at 4°C for 15 min. After
centrifugation separated aqueous layer was carefully collected with a pipette and transferred
into a fresh Eppendorf tube. To it, two volumes of iso-propanol was added, gently mixed and
kept for 1 h at -20°C for precipitation. The precipitated RNA was pelleted by the centrifugation
(15000 rpm at 4°C for 15 min). The centrifuged pellet was washed thrice with 70% DEPC
(diethylpyrocarbonate) treated ethanol and air dried. The RNA pellet was dissolved in DEPC
treated nuclease free water and quantity as well as quality was evaluated using Nanodrop
(Thermo Scientific, USA). Further integrity of isolated RNA was checked by performing 1%
agarose gel electrophoresis (Sambrook et al., 1989). For obtaining DNA free RNA, DNase
treatment was carried out by incubating 2 pg of RNA with 1 pl of DNasel enzyme (1 U/ul)

(Invitrogen, Life Technologies, USA) in DNasel reaction buffer at 37°C for 20 min.

Complementary DNA (cDNA) synthesis

DNA free RNA prepared using the above protocol was used for first strand cDNA
synthesis using SuperScript™ III First-Strand synthesis Kit, protocol was followed as
prescribed by the manufacturer (Invitrogen, Life Technologies, USA). For synthesis of cDNA,
reaction mixture was prepared by adding 1 pul RNA solution containing 1 pg RNA, 2 pl of
dNTP mix, 1 ul of oligo dT primers and 16 ul nuclease free water in a final volume of 20 pl in
PCR tube. The reaction mixture was incubated at 65°C for 5 min. After this cDNA synthesis
mix was prepared by adding 4 pl of reaction buffer (5X), 1 ul of RT enhancer and 1 pl of
reverse transcriptase enzyme (200 U/ul) to the pre-incubated reaction mixture. Finally to carry
out first strand cDNA synthesis, total mixture was incubated at 42°C for 60 min followed by
reaction termination by heating at 85°C using thermocycler for 5 min. The freshly synthesized

cDNA was kept on ice to chill and for long term storage it was further stored at -20°C.

Primer designing of short oligos
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As for the model organism (Achaea janata) midgut transcriptome assembly
(GHGZ00000000.1) was generated and submitted at NCBI database, so most of the primers
used in the present study were gene specific primers. However few of the gene sequences from
other tissues were not available, so the degenerate primer based strategy was adopted using the
gene sequences of closely related lepidopteran species available in NCBI database

(https://www.ncbi.nlm.nih.gov/) (Dieffenbach and Dveksler, 2003). For the nucleotide/ amino

acid multiple sequence similarity analyses, MAFFT version 7 was used

(https://mafft.cbrc.jp/alignment/). Designing of the primer was constrained with parameters of

primer length (15-30 bp), GC content (~ 50%), annealing temperature (~ 55-60°C) and other
features like hairpin, homodimer and heterodimer formation etc. Oligoanalyzer tool 3.1

(Integrated DNA Technologies Inc., USA) was used to check the final primer parameters.

Polymerase chain reaction (PCR)

PCR was carried using 10 pl reaction mixture containing 5 pl master mix (2X)
(Clonetech, USA), 0.5 ul each of forward and reverse primers (10 pmol each), 0.5 pl cDNA
template (1:10 dilution) and 3.5 ul nuclease free water. The reaction was carried out for initial
denaturation at 94°C for 2 min followed by 30-35 cycles of denaturation-annealing-amplification
(94°C for 30 sec — ~55-60°C for 30 sec — 72°C for 30-90 sec) respectively and final amplification
at 72°C for 10 min. Finally, the thermocycler was adjusted at 4°C until the PCR product was taken

out from the blocks.

Agarose gel electrophoresis

Separation of nucleic acids was carried out using 0.5~1.2 % agarose gel electrophoresis.
It was used for total RNA, PCR product, plasmid DNA, digested fragments separation etc. It
was prepared using TAE buffer (Tris base (40 mM), acetic acid (20 mM) and 0.5 M EDTA (2

mM)). Solid 1g agarose (Lonza, USA) was mixed in 100 ml of TAE buffer. The suspension was
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boiled for 2 min 10 sec using microwave and further allowed to cool down at room temperature.
Ethidium bromide (10 mg/ml) was added to this solution before pouring the solution into casting
boat. The casting boat was sealed using plastic adhesive tape and required size comb was
positioned. The agarose solution with EtBr was poured into it and left at room temperature for
solidification. For separation, the nucleic acid sample was mixed with loading dye containing
0.25% (w/v) bromophenol blue, 30% (v/v) glycerol and 0.25% (w/v) xylene cyanol. Each gel
was also loaded with appropriate DNA marker such as 100 bp (SM0241), 1 Kb (SM0312)
ladders (Thermo Scientific, USA). After loading the samples (total RNA, PCR product,
plasmid DNA or digested fragments) the gel boat was submerged into the electrophoretic tank
containing TAE buffer and electrophoresed at 100 V for 30~40 min. After completion, the
nucleic acid fragments were visualized using UV illuminator or documented using gel

documentation apparatus (Bio-Rad, USA).

PCR product elution

Once the required PCR product obtained was confirmed with gel electrophoresis, it was
either eluted using PureLink™ PCR purification kit (Invitrogen, Life Technologies, USA) or
extracted using gel extraction kit (Thermo Scientific, USA). The steps were followed as per
the manufacture’s protocol. For purifying the PCR product, binding buffer with isopropanol
was added to the sample and mixed gently. Sample was loaded onto a clean-up spin column
and centrifuged at 12000 rpm for 1 min. In clean-up, flow-through was discarded and column
was placed back into the wash tube. Then wash buffer with ethanol was added in the column
and centrifuged at 12000 rpm for 1 min. This centrifugation step was once again repeated for
the removal of excess ethanol. Following which 20-30 pl elution buffer or nuclease free water
was added to the column and was kept for 8~10 min at room temperature. Column was
reinserted into the collection tube, for the collection of elute by centrifugation at 12000 rpm for

1 min. Purified DNA sample was checked for quantity/quality using Nanodrop. However, for
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the gel extraction based DNA purification, required gel slices were chopped and dispersed into
the L3 buffer (PureLink™ Gel Extraction Kit (Invitrogen, Life Technologies, USA)). For this,
the tube containing dispersed DNA containing agarose sample was incubated at 50°C for 10
min and inverted thrice in-between for better dissolving. All other steps followed were the same as

for the purification of PCR products.

Recombinant vector construction

The amplified DNA product (desired nucleotide fragment) was inserted into a cloning
vector pTZ57R/T (Thermo Fisher Scientific, USA) for sequencing and storage. For protein
expression, pET-28a(+) expression vector (Novagen, USA) was used. Insert and vector ratio
was maintained at 3:1 or 5:1 as suggested in the manufacturer’s protocol. In a complete ligation
reaction mixture, 4 pl reaction buffer (5X), 2 pl pTZ57R/T (55 ng)/ pET-28a(+) vector, 1 pl
T4 DNA ligase, PCR product (variable volumes) and 10-13 pl nuclease free water were added
to make up the final volume 20 pl. The ligation reaction mixture was mixed gently by shaking

the tube and centrifuged briefly followed but incubation at 4°C for 12-16 h.

Competent cells preparation

Competent E. coli bacterial cells either of DH5a or BL21 strain were prepared. For this,
cells from the glycerol stock was first streaked on LB (Luria-Bertani) agar plate, followed by
incubation for 12-16 h at 37°C for optimal growth. Once bacterial colonies appeared on the
agar plate, carefully a single colony was picked up by sterile toothpick and inoculated in 10 ml
of LB broth for 12-16 h at 37°C with 200 rpm shaking. A small inoculum of prepared culture
(0.1 ml in 10 ml) was further used for the inoculation of fresh LB broth and grown for 2~3 h
till the growth reached 0.5-0.6 optical density. This actively growing culture suspension was
placed on ice for 30 min and later centrifuged at 6000 rpm for 10 min at 4°C. The supernatant

was discarded and leftover bacterial pellet was suspended in 0.1M CaCl, (10 ml) on ice and
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incubated for 60-90 min. After cold treatment the cell suspension was centrifuged at 4°C for
6000 rpm. The upper supernatant layer was carefully discarded so that the pellet remained
suspended in 1 ml solution. The prepared cell pellet was dispersed and sample was aliquoted

(100 pl) and used, or stored at 4°C for later use.

Transformation

For ligation reaction, vectors pTZ57R/T and pET-28a were used and transformation
was carried out. Ligation mixture containing plasmid (50-100 ng) was added to DHS5a or BL21
E. coli competent cells and incubated on ice for 30 min. Immediately after cold treatment, the
reaction was subjected to heat shock at 42°C for 90 sec followed by incubation in ice for 5 min.
Then, 1 ml of LB broth was added to transformed cells and incubated at 37°C for 1 h with
continuous shaking at 200 rpm. This actively grown suspended culture was centrifuged for 5
min at 3000 rpm, the supernatant was gently removed leaving 200 pl in the tube. To this 200
ul of cell culture, 10 pl of IPTG (1M) and 20 ul of X-gal (40 mg/ml) was added for blue white
colony screening. This mixed cell culture was plated on LB plate containing antibiotics.
Desired antibiotics was used in LB plate for the growth and selection of specific transformed

cells. The plates were incubated at 37°C for 12 h to 14 h, till the colonies appeared.

Plasmid isolation

Overnight grown bacterial cell culture was used for the plasmid isolation using Plasmid
DNA Miniprep Kit (Thermo Scientific, USA). Steps were followed as mentioned in
manufacturer’s manual, firstly the suspended cell culture was centrifuged at 6000 rpm for 5
min at RT. The centrifuged pellet was suspended in resuspension buffer with RNase A by
gently inverting the tube for 6-7 times. To this 400 pl lysis buffer was added and incubated at
room temperature for 4-5 min, until clear solution was visible. Immediately after that

precipitation buffer was added and tube was gently inverted until the mixture became
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homogenous. This lysate suspension was centrifuged at 12000 rpm for 10 min at room
temperature. Prepared cell lysate was loaded on to the equilibrated column and washed twice
with wash buffer given in the kit using gravity flow.
The flow-through was discarded and the plasmid was eluted with elution buffer or TE buffer
into a sterile micro-centrifuge tubes. The quality and concentration of plasmid was assessed
using Nanodrop. Plasmid was either sequenced commercially or stored at -20°C for further
usage.
Real time PCR for gene expression analysis

Quantitative expression analysis was carried out using real time PCR analysis, SYBR®
Premix Ex Taq™ II (Takara, USA) master mix based 10 pl reaction. The total reaction mixture
was prepared by adding SYBR master mix (5 ul), PCR gene specific forward primer (0.5 pl),
reverse primer (0.5 pl), template (1 pl) and nuclease free water (3 pl). The primer was custom
designed to attain amplicon size of 180-200 bp for various genes. A standard PCR protocol
was used for the reaction which was performed in 3 steps; i) holding stage (95 °C for 10 min),
i) cycling stage (95 °C for 5 sec followed by 60°C for 30 sec) /40 cycles and iii) melt curve
stage (fluorescent signal was monitored as the gradual increase of temperature from 59°C to
68°C). After the completion of PCR reaction, amplification and melting curves were checked.
Cycle threshold (Ct) value for each reaction was obtained and expression was calculated using

22 method (Livak and Schmittgen, 2001).

Heterologous expression and recombinant protein purification
Desired cDNA sequence (open reading frame) without any cleavage site for the
restriction enzyme was inserted into expression vector pET-28a(+) (Novagen, USA). The

restriction sites were checked with Nebcutter version 2.0 (http://www.labtools.us/nebcutter-

v2-0/), based on that expression primers were used. Transformed vector was sequenced and

cross checked with 5' to 3° end protein expression as well as restriction site sequences. The
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desired cDNA overhangs with sticky ends were maintained. The recombinant vector thus
generated was used for the transformation of BL21 E. coli expression host cells. The
transformed cells were plated on the agar plate and a single positive colony was used for
inoculating in 10 ml of LB broth with required antibiotics. This culture was allowed to grow at
37°C for 12-14 h. After optimal growth the culture was induced with IPTG (100 pl of 0.5 M)
and allowed to grow for another 3-4 h at same temperature. Finally, it was centrifuged at 6000
rpm for 10 min and the pellet thus obtained, was washed thrice with phosphate buffered saline
(PBS; 1.8 MM KH2POg4, 137 mM NaCl, 10 mM Na;HPO4 and 2.7 mM KCI, pH 7.4).

The His-tagged recombinant protein was expressed and purified using Nickel-NTA
column. IPTG induced recombinant protein was suspended in Tris-imidazole equilibration
buffer (pH 7.4) containing 50 mM Tris, 10 mM imidazole and 250 mM NacCl. To this lysozyme
(10 mg/ml) was added for bacterial cell lysing; after 10 min the samples were sonicated with
31% amplitude, 10 sec on and 30 sec off. During sonication, the samples were maintained on
ice. The lysate obtained was constantly kept on ice. Further, the bacterial cell lysate was
centrifuged at 4°C for 30 min at 10000 rpm. The supernatant was collected and loaded onto
equilibrated Ni-NTA column (Qiagen, Gemany). It was further washed extensively with wash
buffer (50 mM Tris, 40 mM imidazole and 250 mM NaCl; pH 7.4). After washing, the bound
His-tagged recombinant protein was eluted using elution buffer (50 mM Tris, 250 mM
imidazole and 250 mM NaCl; pH 7.4). Eluted 1 ml fraction was collected in tube and purity of
the protein was assessed using SDS-PAGE.

Protein estimation

Bradford colorimetric assay was used for estimation of protein in the required sample
(Bradford et al., 1976). Bovine serum albumin (BSA) 10 mg/ml was used for the preparation
of standard solution. For each sample, small aliquot (~ 10 pl) was taken and it was made to

100 ul by adding 10 mM Tris-HCI (pH 7.4). To this, 900 ul of Bradford reagent (Bio-Rad,
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USA) was added. The tubes were incubated for 10 min in the dark at room temperature and the
absorbance was measured at 595 nm using spectrophotometer (Shimadzu, Japan). A BSA

standard curve was used to assess the protein sample concentration.

Protein profiling

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was carried out for protein profiling using well established protocol of
Laemmli (1970). Stacking and resolving gels were prepared in Tris-HCI buffer using
acrylamide, ammonium per sulphate and TEMED. In a solution, proteins were normally folded
with positive and negative charges, hence B—mecaptoethanol and SDS were added to reduce
the disulfide bonds and linearize it with negative charge. For the preparation of SDS based gel
matrix, stacking gel with a lower pH (6.8) and resolving gel with a higher pH (8.8) was used.
For 10% resolving gel (3/4™" of the complete gel matrix), 1.83 ml of 1.5 M Tris-HCI (pH 8.8),
2.43 ml of 30% acrylamide mix, 150 pl of freshly prepared 10% APS, 3.5 ml double distilled
water and 10 pl of TEMED was added. The solutions were quickly mixed and poured into
casting unit which was sealed with agarose solution. Solidification of resolving gel was
followed by preparation of stacking gel which was 1/4" of the complete gel matrix. For this
625 pl of 0.5 M Tris-HCI (pH 6.8), 400 ul of 30% acrylamide mix, 25 pl of 10% APS, 1.44 ml
double distilled water and 10 pl of TEMED were added. After quick addition of TEMED,
stacking gel was poured on the top of resolving gel in casting unit and desired volume sized
plastic comb was inserted before its polymerization. The casted gel was assembled in the
electrophoretic unit with the help of binder clips and buffer tanks were filled with running
buffer containing Tris-base (25 mM), glycine (192 mM) and SDS (10%). The protein samples
were mixed with loading buffer containing 10% p-mercaptoethanol, 4% SDS, 20% glycerol in
0.125 M Tris-HCI (pH 6.8) with tracking dye (0.02% wi/v bromophenol blue). Initially the

electrophoresis was carried out at 60 V and once the samples crossed the stacking matrix area,
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the voltage was increased to 100 V for the separation of proteins in the resolving gel. Once the
run was completed, the gel was taken out carefully and stained for visualizing the

protein/peptide.

Visualization of separated peptide fragments using Coomassie staining

The electrophoresed gel with proteins/ peptides was stained with Coomassie brilliant
blue stain by following protocol of Wilson et al., (1979). A 0.025% solution of Brilliant Blue-
R 250 was prepared in 40% methanol containing 7% acetic acid. The gel was submerged in
staining solution at room temperature for 12-14 h with continuous gentle shaking on rocker.
To avoid overstaining or to perform destaining; destaining solution containing 40% methanol
with 12% glacial acetic acid was used. Once the gel background was clear and bands were
clearly visible it was documented with the scanner.

Silver nitrate staining

Silver nitrate staining method was primarily used to visualize the proteins/ peptides of
lower concentrations in the sample after SDS-PAGE separation (Blum et al., 1987). This
method has higher sensitivity when compared with Coomassie staining. This staining method
involved five sequential steps: i) fixation: the gel with separated proteins/ peptides was
incubated with 50% methanol, 12% acetic acid and 0.05% formaldehyde solution for 3 h, it
was followed three times washing by in 50% ethanol, ii) sensitization: gel was soaked in
sodium thiosulphate hypo-solution (0.02%) and washed thrice with distilled water (1 min
each), iii) staining: 0.2% silver nitrate in 0.076% formaldehyde solution was used for staining
the peptides/proteins in gel matrix (20-30 min incubation on slow moving rocker), iv)
development of color: after staining the gel was washed with distilled water and submerged in
6% sodium carbonate containing 0.05% formaldehyde solution till the bands were clearly
visible and v) stopping: to avoid over-staining and to obtain clear background, the stained gel
was transferred to 12 % acetic acid and documentation was carried out using scanner.
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Generation of polyclonal antibodies

Model organism used in this study was A. janata, which is a local pest therefore specific
antibodies against required proteins were not commercially available. Hence BALB/c mice
based antibody was generated against A. janata midgut arylphorin. For generation of
polyclonal antibody six month old mice were used using standard protocol (Leenaars and
Hendriksen, 2005) after obtaining approval from Institutional Animal Ethics Committee, UH
(reg. no. 154/RO/C1999/CPCSEA). Recombinant arylphorin protein (100 ul) was emulsified
with 500 ul of complete Freund’s adjuvant and injected subcutaneously in mice. Before
injection, tail vein of mice was bled to collect pre-immune sera. Successively after two weeks
2" hooster was given to mice with 50 pg of recombinant protein emulsified with incomplete
Freund’s adjuvant. Mice was monitored daily after immunization and after 12-15 days of 2"
booster dose, blood was collected from mice. Collected blood was kept 12-14 h at 4°C for
clotting, followed by centrifugation at 6000 rpm for 20 min for collection of sera which was
processed for antibody purification.
Antibody purification

Protein-A agarose column (Amersham, Germany) based affinity chromatography was
performed to purify mouse IgG fraction. Binding/wash buffer containing 20 mM sodium
phosphate, (pH 7.4) in 150 mM NacCl solution was added to the serum protein (1:1 ratio).
Diluted sera was loaded onto equilibrated column and gently washed 5-10 times with wash
buffer till the eluted solution absorbance matched with the absorbance of wash buffer at 280
nm. The acidic elution buffer containing 100 mM glycine-HCI, (pH 3.0) was used to elute the
purified IgG fraction and recovered in several collected fractions. The eluted fractions were
pooled and neutralization was carried out using 1 M Tris HCI (pH 9.0). The purified IgG
fraction was aliquoted in several tubes and for long term storage it was lyophilized and kept at

-20°C.
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Western blot analysis

SDS-PAGE gel matrix based electrophoresed protein/peptides were transferred to
charged nitrocellulose membrane following the steps discussed in Towbin et al., (1979). Before
setting up the transfer the membrane and SDS gel was immersed in Towbin buffer contains 25
mM Tris, 192 mM glycine in 20% methanol for 10-15 min. Gel with seprated protein along
with membrane was stacked into a cassette containing filter paper, which was placed gently in
the transfer unit and filled with Towbin buffer, followed by transfer of peptides/proteins at 25
V with 250 mA current for 14 h. After the complete transfer of proteins/peptides, the
nitrocellulose membrane was stained with Ponceau S stain (0.1% (w/v)) in acetic acid (5%) to

confirm the transfer of proteins/peptides.

The nitrocellulose blot containing proteins/peptides was processed for washing with
Tris buffered saline (TBS) containing 10 mM Tris-HCI (pH 7.4) in 150 mM NacCl solution.
The following incubation steps were carried out on rocker with gentle shaking. The membrane
was washed thrice for 15 min and then submerged in blocking solution (5% bovine serum
albumin solution in 0.1% Tween-20 containing TBS) to avoid non-specific binding. After 3 h
of blocking the blot was washed thrice with TBS, TBST and TBS, 15 min each, followed by
incubation with desired/specific primary antibody with 1:1000 dilution (diluted in 2% BSA) at
4°C for 12-14 h. Further, primary antibody was collected in 50 ml tube and blot was washed
again with TBS-TBST-TBS, 15min each to remove excess antibody. Incubation of blot was
carried out with secondary mouse 1gG conjugated with alkaline phosphatase. The secondary
antibody was diluted using 2% BSA (1:4000) and blot was soaked for 3-4 h. The excess
unbound antibody was removed from blot by washing with TBS-TBST-TBS and processed for
color development using BCIP/NBT (G-Biosciences, USA). Developed blot was immediately

documented with Kodak Photo Imager.
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Histological analysis
Histological analysis included several steps from tissue dissection to microscopic
analysis. Detailed steps used in the experiments are mentioned below:

1) Tissue dissection and fixation: Firstly, insect larvae were narcotized by placing them on ice

for 15-20 min, followed by dissection in insect Ringer solution. Specific tissue (midgut, fat
body and ovary) was taken out carefully after cutting open the larval skin and transferred to
Bouin’s fixative (water saturated picric acid: formaldehyde: glacial acetic acid 15:5:1) for 12-
14 h at room temperature.

i) Dehydration and clearance: Before wax embedding the tissue was dehydrated by using

series of ethanol. In first step tissue was immersed in 70% ethanol for 1 h and repeated thrice
with different tubes containing 70% ethanol. Tissue dehydration was further continued by
transferring the tissue to 90% ethanol for 1 h followed by two changes of absolute ethanol for
1 h each. Finally the dehydrated tissue was processed through xylene for clearance (2-5 min).

iii) Paraffin embedding: The cleared tissue was and immediately transferred to the mixture of

xylene and molted paraplast (1:1) for 5-8 min at 60°C. Tissue was infiltrated with molted
paraffin at 60°C and three changes were performed each for 30 min. After three successive
changes, the tissue was finally embedded in semi molted paraffin wax at room temperature in
paper or L-shaped blocks and allowed to solidify.

iii) Trimming and sectioning: Prepared wax block was trimmed in square shape for sectioning

using clean knife/blade. The block was fixed on small wooden box (2 cm®) with the help of
molted wax and placed on block holder of rotary microtome (Leica Microsystems, Germany).
The blocks were sectioned and 3-5 pm thick tissues sections were cut. The strips were placed
on a clean glass slide. For attachment and flattering of the wax strip, slide was pre-coated with

Mayer’s albumin few drops of water was poured and kept on hot plate at 40°C. Once the wax
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strips was flattened, water was gently drained and slides were kept at 37°C for 12-14 h for
drying.

iv) Staining, mounting and visualization: Slides containing dried tissue section was cross

checked for the tissue presence and later processed for staining. Most of stains used in
laboratory were water soluble therefore the sections were first de-paraffinized by immersing
them in xylene filled coupling jar. Followed by rehydrating using ethanol series; 100%-100%-
90%-70%-50%-30% ethanol and water for 5 min each. Immediately after rehydration, water
soluble stain (Methylene blue) was over flowed on the sections and kept for 10-12 min at room
temperature. The overstaining of section and slide background was cleared by water
immersion. Stained section was again dehydrated using gradient ethanol series 30%-50%-70%-
90%-100%-100% for 5 min and cleared using xylene (2 changes for 5 min each). Finally the
section was mounted using DPX mountant (Sigma-Aldrich, USA) and left at RT for 3-4 h for
polymerization. The slides were visualized using compound microscope (Leica Microsystems)

and documented using attached CMOS camera.

Statistical analysis

Calculation and raw data presented in the current thesis was validated using various
statistical analysis. Most of the experiments were performed in triplicates, therefore the average
value was calculated and standard deviation was plotted against it (n=3). Statistical significance
between comparative values was calculated using Sigma Plot v14. For One-Way ANOVA
(Analysis of Variance) followed by SNK (Student-Newman-Keuls) post confirmatory test was
performed for pairwise comparative analysis. Significant p values were calculated for each

comparison.
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Cry toxin induced cellular changes in the larval
midgut of Achaea janata.
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1. Introduction

The insecticidal Bacillus thuringiensis (Bt) based Crystalline (Cry) toxins are being
used to manage Achaea janata larvae, which exhibit a specific mode of action leading to cell
death as discussed in General Introduction. Various models have been prepared to understand
the Cry toxin effects on larval physiology (Zhang et al., 2006; Pardo-Lopez et al., 2012; Adang
et al., 2014). Extensive studies in lepidopteran species represented several structural changes
after Cry toxin application such as elongation or rupture of intestinal lumen microvilosities,
vacuolisation of cytoplasm, cell hypertrophy and degradation of peritrophic membrane (Griego
et al., 1980; Mathavan et al., 1989; Bravo et al., 1992; Baines et al., 1997; Loeb et al., 2001,
Knaak and Fiuza., 2005; Knaak et al., 2010; Caccia et al., 2019). Alteration in intestinal
epithelium was also observed when intoxicated with nuclear polyhedrosis virus (Knaak and
Fiuza, 2005). Bacillus thuringiensis AA 1-9 and HD-73 toxication were also reported to reduce
columnar and globular midgut cell number in Heliothis virescens (Loeb et al., 2001). Cry toxin
exposed caterpillars had ruptured microvilli and vacuolisation of the cytoplasm in Lymantria
monacha (Linnaeus) as well as in vitro test of the same also revealed the disorganisation and
hypertrophy of the midgut cells (Rausel et al., 2000). Baines et al. (1997), tested Cry1A toxins
in lepidopteran species and demonstrated a collapse in the electrochemical gradient of midgut
epithelium which lead to insect mortality. In vitro reports using Lymantria dispar membrane
also showed irreversible depolarisation when treated with CrylAa proteins (Peyronnet et al.,

1997).

Interestingly, additional physiological responses revealed that when lepidopteran larvae
were exposed to Cry toxin, they recovered after initial toxin induced damage (Dulmage and
Martinez, 1973). As discussed earlier, toxin damage induced several other physiological
alterations which also lead to death of an organism. However, there are always descriptive

alternatives leading to physiological responsiveness which support animal survival during
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toxication. At present various insect pests have been reported to be resistant variety against Bt
toxin, which includes; Spodoptera frugiperda, Pectinophora gossypiella, Busseola fusca,
Diabrotica virgifera, Helicoverpa armigera, Chilo suppressalis, Tribolium castaneum,
Ostrinia nubilalis and Ostrinia furnacalis (Storer et al., 2010; Zhao et al., 2010; Carmona et
al., 2011; Dhurua and Gujar, 2011; Kruger et al., 2011; Zhang et al., 2011; Kliot and Ghanim,
2012; Jakka et al., 2015; Pereira et al., 2015; Xu et al., 2015; Shabbir et al., 2018; Yu et al.,
2018). Alterations in toxin receptor profile was observed in Cry resistant larvae of Trichoplusia
ni (Tiewsiri and Wang, 2011), which exhibited modulated expression of aminopeptidase-N
(APN) for insect survival. Affected intracellular protein trafficking was also observed during
Cry toxication, which was associated with alteration of midgut epithelial cadherin receptor and
supported cotton bollworm survival (Wang et al., 2018). Pink bollworm resistance was also
reported to be associated with alteration in cadherin alleles (Morin et al., 2003), while mutation
of cadherin gene was associated with resistance of Asian Corn borer (Jin et al., 2014). Changes
in receptor profile leads to alterations in several physiological properties which helps in insect
survival during toxication. Other than mutation/alteration in receptors, midgut epithelial cells
also facilitated repair and epithelial regeneration (Spies and Spence, 1985; Forcada et al.,
1999). Enhanced midgut regeneration in Heliothis virescens indicated midgut healing response
to facilitate recovery after Cry toxin damage (Martinez-Ramirez et al., 1999, Castagnola and
Jurat-Fuentes, 2009). In an earlier report, we presented histological analysis which revealed
cell death during early Cry toxin exposure recovered by active cell proliferation (Chauhan et

al., 2017). The current study further unravels the basis of larval survival upon Cry toxicity.

For Bt based biological control of insect pests, more than 400 formulations are available
and are used as sprays (Ahmedani et al., 2008; Ali et al., 2010; Sanahuja, et al., 2011). One of
the largely used biopesticides for controlling Achaea janata in Andhra Pradesh and Telangana

is Cry toxin based DOR Bt-1 formulation (Directorate of Oil Seed Research) which is proven
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successful against this castor pest (Vimaladevi et al., 2006). DOR Bt-1 formulation with high
potential insecticidal activity was formulated as powder/granules for field application similar
to other Bt formulations and named Wnock WP (DOR Bt-1). It was released by the Indian
Institute of Oil Seed Research (I1OR) in 2006. So far this formulation was given to farmers and
used in fields of Telangana and Andhra Pradesh and till now there is no reported resistance
against this particular Cry toxin formulation (Lakshminarayana and Raoof, 2005). This
formulation contains Cryl (CrylAa, CrylAb, and CrylAc) and Cry2 (Cry2Aa and Cry2Ab)
genes. As discussed in General Introduction part, Cry toxins have host specificity and its delta-
endotoxin protein inclusion caused insect cell death (de Maagd et al., 2003; Bravo et al., 2004;

Patel et al., 2009).

The most common practice of pesticide application on castor plant in India is spray
based, using mechanical sprayers, in which dry formulation is mixed with water or any other
liquid carrier and their emulsions are sprayed on plant. But spraying pesticide also has
applicative inefficiencies due to deposition, spray drift, leaching, seepage, precipitation,
evaporation, dry deposition etc. followed by loss of toxicity from degradation by UV light,
wash-off by rain, drying, temperature etc. (Pinnock et al., 1975; Leong et al., 1980; Beckwith
and Stelzer, 1987; VanFrankenhuyzen and Nystrom, 1989). All these are possible reasons for
sublethal or harmless toxin exposure on pest under previously mentioned conditions. Foliar
spray of Bt formulation often results in the loss of toxin effectively under afore mentioned
conditions, so there is always possibility of sublethal toxin exposure. Therefore, in the present
study we have aimed to understand the effect of sublethal DOR Bt-1 formulation on larvae of
castor semilooper. In the present study physiologically relevant sublethal toxin effects were

analysed during larval intoxication and survival.

Toxin exposure leads to physical impairment and damage of several tissues in an
organism including insects. However, some tissues or organs have the capacity to self-repair
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such as epithelial tissue in insect larvae, liver in human, tail regeneration in lizards etc. Hydra
is a well known regeneration model, repair in Hydra was reported through cell differentiation
to replace the damaged tissue during injury (Frank et al., 2009; Gold et al., 2013). Similarly
most of the species related to metazoans demonstrate restricted regenerative capabilities (Fig.
1) (Alvarado and Tsonis, 2006; Bely and Nyberg; 2010; Li et al., 2015) and these species have
functional capacity to repair themselves. Innate immunity dependent pathogen defense which
maintains physiological balance and promotes tissue regeneration is well reported in
mosquitoes (Hilyer et al., 2010; Sim et al., 2014). Various kinds of stress inducers were also
reported to promote tissue damage in Drosophila melanogaster, specifically gut epithelium
based cellular damage recovered through intestinal stem cell proliferation (Micchelli and

Perrimon, 2006; Ohlstein and Spradling, 2006; Nazzai et al., 2015).
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Fig. 1. Phylogenetic distribution of regeneration capacity seen in various animal taxa. Please note that

Arthropoda which include insect shows axis or tissue regeneration (adopted from Cary et al., 2019).
As discussed in General Introduction the lepidopteran larval midgut is composed of
four different cell type i.e. entero-endocrine cells, columnar cells, Goblet cells and
regenerative/stem cells (Lehane and Billingsley, 1996). These cells are responsible for
exclusive/limited functions such as secretion, digestion, homeostasis, absorption etc. In gut

epithelium scattered midgut stem cells are present, which helps in midgut extension, cellular
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distribution, tissue remodelling etc. (Cioffi 1979, Santos et al. 1984, Lehane and Billingsley

1996, Cristofoletti et al. 2000, Pinheiro et al., 2008).

Insect epithelium has multiple cells but each one performs its own function to maintain
cellular homeostasis (Huang et al., 2015). Enterocyte endoreplication promotes polyploidy
which contributes to cell size (Lee et al., 2009). Lepidopteran epithelial stem cells are the only
gut cells which help in homeostasis and regeneration, their division is the only source of repair
and growth which can increase the epithelial area upto 200-folds during larval development
(Baldwin and Hakim, 1991). Drosophila adult gut is well characterised for stem cell
differentiation and asymmetric intestinal stem cell division which facilitates in maintaining the
same number of intestinal stem cells. Symmetric division assists in growth under response of
various nutrients (O’Brien et al., 2011). However, no intestinal stem cell regenerates after
complete ablation of progenitor cell. Further, once the stem cell differentiates it will not
dedifferentiate (Lu and Li, 2015). In Manduca sexta, Nardi et al., (2011) reported that tracheal
stem cell regulates midgut epithelial regeneration, which increased the amount of tracheal
support during moulting and support muscle layer with epithelial division and differentiation.
Intestinal stem cells also restore the epithelial integrity during moulting in any kind of biotic
and abiotic stress. In some cases, it represented additional growth distinct from stem cell
proliferation such as DNA duplication which was detected during gastrointestinal perforation
followed by repair (Hung et al., 2016). Corcyra cephalonica and M. sexta midgut were shown
to regenerate upon Bt infection and same was also reported for in vitro culture of Heliothis

virescens larvae (Spies and Spence, 1985; Chiang et al., 1986; Loeb et al., 2001).

Morgan (1901) suggested that injury, loss of part will sharply lead to physiological
regeneration to repair. Moulting is a part of insect life cycle where insect renew or grow their
size by cellular regeneration and progressive increase in number of nuclei and cell cytoplasm
of gut epithelium is prominent. Followed by histogenesis during postembryonic development,
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migration of small nuclear cell (stem cell) from basal membrane to lumen side accompanies
new differentiated cell or the cells containing brush border membrane at the apical side
(Kellogg, 1906). Kellogg also described a phenomena called “complete metamorphosis” i.e.
larvae emerged from eggs are radically different from defined adults and this was achieved by
extraordinary dual process of degeneration and regeneration during postembryonic life
(moulting and metamorphosis). Metamorphosis in insect is regulated by an interplay of two
hormones, 20-hydroxyecdysone and juvenile hormone. Ecdysteroids coordinate moulting by
switching gene expression (Riddiford, 1996). All through moulting insect stem cells not only
divide but also differentiate and migrate from origin to precise functional position, which is an

essential step during larval development.

Tissue damage/injury is repaired by proliferation, differentiation and migration of stem
cells as well as progenitor cells. Cell migration is controlled by cytoskeleton elements and cell-
substrate adhesion sites, where front driving force is provided by actin cytoskeleton and
microtubule coordinates rear retraction (Wehrle-Haller and Imhof, 2003). Cross-talk of actin
and tubulin network is proposed well for the mechanistic movement of cell from one place to
other in tissue remodelling. The role of actin and tubulin is cell type specific but dynamic in
nature to support complex cytoskeleton environment. Recently actin-tubulin
microenvironment was reported to facilitate niche establishment of stem cell and differentiated
cell (Ambriz et al., 2018). Extracellular matrix environment was also shown to be associated
with inner structures of cell such as nucleus and regulated migration (Sen et al., 2015, 2017),
suggesting that the organization of tissue was initiated inside the cell. A complex scaffold of
cytoskeleton elements is required for division, differentiation, migration, tissue reorganization
and also to support the rigidity and structure of tissue (Janmey, 1998; Fletcher and Mullins,
2010). As discussed in earlier section that during Bt toxin exposure, larval gut tissue undergoes

damage and later it is repaired by gut healing process. This involves midgut stem cell division,
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differentiation and migration. In this study, we examined the role of actin and tubulin and tried
to decipher its function in midgut stem cell migration from basal border to lumen side of

epithelium.

Lepidopteran larvae were shown to recover from damage of Bt toxin exposure by
midgut epithelial regeneration (Spies and Spence, 1985; Forcada et al., 1999). In this chapter,
a detailed histological study has been carried out to analyse the major cellular changes induced
during sublethal Bt toxin exposure. Further, the study also revealed that how the midgut stem

cells repaired the epithelial damage in A. janata larvae during sublethal Cry toxin exposure.

2. Materials and Methods
2.1 DOR Bt-1 bacterial formulation

Bacillus thuringiensis DOR Bt-1 formulation was obtained from Indian Institute of
Oilseeds Research, Hyderabad previously known as Directorate of Oil Seed Research. This
formulation was proven to exhibit insecticidal activity against larval forms of castor semilooper
(Vimala Devi et al., 2006; Budatha et al., 2007; Ningshen et al., 2013, 2017; Chauhan et al.,
2017). The formulation was obtained in powder form and dissolved in distilled water.
Suspended toxin formulation in water was used for the treatment application on castor plant

leaves. Larval feeding bioassay was also performed using castor semilooper neonates.

2.2 Bt toxin activity evaluation and selection of sublethal dosage

Bioassays and other experiments were performed using 3™ instar larvae of A. janata.
Fresh castor leaf was collected from green house castor plantation area of University of
Hyderabad. The castor leaf was coated with suspended toxin formulation in water and kept for
air drying. This was followed by keeping the larvae with toxin coated leaves at different

concentrations (2-20 ng/cm?) of Cry toxin in a round plastic troughs. Control for each
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experiment was maintained on fresh castor leaf without any toxin coating. DOR Bt-1
formulation was used for the experiment and for LCso calculation Probit algorithm was used as

suggested by Finney, (1978).

2.3 Tissue isolation

For tissue damage analysis, 3" instar larvae were used and dissected after Cry toxin
exposure. The larvae were collected at 24 h, 36 h, 48 h, 60 h and 72 h time frame after Cry
toxin exposure. Prior to dissection, the larvae were narcotized by keeping them for 15-20 min
on ice. Followed by pinning them carefully on head and in the last abdominal segment on wax
plate using dissection pin. During dissection, these larvae were submerged in insect Ringer
solution containing 130 mM NaCl, 0.5 mM KCI and 0.1 mM CacCl, to sustain physiological
conditions. Through abdominal region, a gentle cut was made and continued along the length
of the body. The larvae were now opened and dissected to collect the required tissue such as
gut, fat body, salivary gland etc. Most of the experiments in current study was performed on
midgut therefore midgut was carefully excised excluding foregut (anteriorly to gastric caeca)
and hindgut (extended below from Malpighian tubules) region. Further, the larval tissues

collected were used for histological analysis.

2.4 Histological analysis of midgut

Larvae exposed to sublethal (2.5 pg/cm?) Cry toxin were carefully dissected and fixed
overnight with Bouin’s fixative as described in detail in General Materials and Methods
section. Isolated larval tissue was dehydrated using alcohol series and embedded in hot molten
paraplast (Sigma-Aldrich, USA) in glycerine coated square paper boat or steel container.
Paraplast embedded tissue was trimmed carefully with sharp blade and fixed on wooden blocks
for sectioning. Leica RM2255 rotatory microtome was used for cutting sections. Four micron
thick sections were cut and mounted on a clean glass slide coated with Mayer’s albumin. The

sections on the slide were floated with water on hot plate to remove the wrinkles and then dried
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overnight by keeping them in a dust free cabinet. Following it, the slides were de-
paraffinizatied- rehydrated- stained- dehydrated and cleared. The stained slides were mounted
using DPX mount solution and visualized under microscope. The sections were photographed

using Leica stereomicroscope.

2.5 Epoxy embedding

Dissected larval midgut was also embedded in Epoxy medium for detailed cytological
analysis, as it has comparatively lower viscosity than other resins or araldite based polymers.
Epoxy mixture was prepared as described in product information booklet (Epoxy-Embedding
Kit, 45359, Sigma-Aldrich, USA). To begin with, small midgut pieces (3 mm thickness) were
dehydrated using acetone gradient series 30%-50%-70%-90%-100%-100%-100% for 10 min

each. Epoxy embedding blend was prepared as per the instruction provided in the manual-

A: Epoxy embedding medium 5 ml and DDSA 8 ml (2-Dodecenylsuccinic anhydride) was

thoroughly mixed.

B: Epoxy embedding medium 8 ml, NMA 7 ml (Methylnadic anhydride) and DPM-30 [2,4,6-
Tris (dimethylaminomethyl) phenol] 1.5 %) were mixed together gently with a sterile wooden

stick till a homogenous solution was obtained.

After dehydration, the tissue was submerged in 50 % acetone + 50 % epoxy embedding blend
for 30 min followed by 25 % acetone + 75 % epoxy embedding blend for next 30 min. Finally
tissue pieces were embedded in Epoxy embedding blend and kept for polymerization at 45°C
for 12 h into pre-dried gelatin mould. After initial polymerization, the same block was kept for

24 hours at 60°C for hardening.

2.6 Ultramicrotomy
The Epoxy embedded larval midgut tissue was sectioned into thin section of 80 nm

which is normally referred as semithin section. For this, Epoxy embedded tissue block was
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trimmed under Leica EM UC7 Ultramicrotome (Leica Microsystem) attached with microscope
using sharp razor blade and trapezium shape was obtained in the end. Trimmed Epoxy block
was attached with specimen holder in the segment arc of ultramicrotome and tightened. The
angle was adjusted to 0° angle. Under the specimen, glass knife was inserted in the knife block
and knife angle was adjusted to 45° with reference to epoxy block. Before rotation, clearance
angle and knife holder angle was set accordingly and manually adjusted towards the sample.
Viewing angle was adjusted for ergonomic posture and knife centre as well as orientation was
adjusted to approach the optimum accuracy. After focusing the knife edge, backlight was
turned and by visualizing the “light-gap”, the knife alignment and distance was adjusted.
Cutting window was set by moving the sample above and below the knife followed by
switching on the top light and plastic trough (attached with glass knife), which was filled with
double distilled water. Before proceeding to specimen sectioning, water level was adjusted
until it became silvery. Feed was set at 80 nm and speed to 8 mm/sec, once the specimen section
started coming in the water boat, speed was reduced to 3-4 mm/sec. After obtaining the ribbon,
they were adjusted to place under circular ribbon, ribbon size was selected and carefully picked
with loop. Ribbon was placed on clean glass slide with a drop of water. Later water was drained
and sections were stained with methylene blue (0.1% in water). The stained tissue sections
were photographed using Leica stereomicroscope.
2.7 Differential interference contrast microscopy

The Cry toxin exposed larval midgut transverse sections were screened under Carl Zeiss
LSM 880 confocal microscope for better topographical visualization. DIC images were
acquired with higher contrast gradient. Unstained midgut tissue section was captured and
documented using attached high resolution camera. Topologically resolved micrographs were

visualized for cellular damage, cytoskeletal changes and brush border formation.

2.8 Cytoskeleton staining
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The active involvement of cytoskeleton during midgut damage and repair was tracked
using a-actin and B-tubulin labelling. Paraffin embedded section was deparaffinised using
xylene followed by rehydration using alcohol series gradient. For immunocytochemistry tissue
slide was rinsed twice with phosphate buffer saline (pH 7.4) for 10 min. Tissue blocking was
done using 5% BSA dissolved in PBST (0.1% Tween 20). After blocking, slide was over
flowed with primary antibody of either a-actin or B-tubulin (1:500, dissolved in 2% BSA) and
kept for 12-14 h at 4°C. Slide was re-washed using PBST solution and antibody detection was
carried out using anti-mouse 1gG secondary antibody (tagged either with Alexa Flour 555 or
with Alexa Flour 633). Visualization of stained slide was carried out using confocal microscope

at specific wavelength.

3. Results
3.1 Toxicity and selection of sublethal dosage

The larval feeding bioassay was carried out using neonates and compared with DOR
Bt-4, DOR Bt-5 and Kurstaki HD1 formulation (Table 1). For neonates the calculated LCso
obtained was 4.01 pg/cm?, which matched with the previously reported one (Chauhan et al.,
2017). DOR1 showed high insecticidal activity and it lacked exotoxin activity. The higher
toxicity of this strain is known to be associated with the presence of multiple Cry toxins

(Vimala Devi et al., 2006).

Local toxins Feeding bioassay LC_, Exotoxins Reference
(ng/ cm® Leaf surface) Hedilay
DOR Bt-1 4.01 NO | Chauhan et al., 2017
DOR Bt-4 33.40 YES Budatha et al., 2007
DOR Bt-5 4.90 YES Ningshen et al., 2013
Kurstaki HD1 50.09 NO Monsanto

Table 1. Insecticidal activity of local Bt strain against Castor semilooper larvae. For the above

experiment neonate larvae were used.
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Histological and other experiments were carried out using 3" instar larvae therefore feeding
bioassay was performed using the samee. The result obtained showed that 2.50 pg/cm?, DOR

Bt-1 formulation feeding lead to 2-5% mortality and around 80% pupal-adult emergence (Table

2).
DOR B 0 atio Percentage of larva 2 age of pupal-ad
dosage (ug orta d 3 emerg

Nil (control) 1-2 % 95-98%

15 ug 40-46% 10%
10 ug 20-24% 25-28%
Sug 4-6% 50-55%

2.5 ug 2-5% 80%

Table 2. Evaluation of insecticidal activity by DOR Bt-1 formulation using the 3rd instar larvae of A.
janata.

3.2 Feeding behaviour and effect of sublethal Cry toxin exposure

Differential feeding behaviour was observed at different dosages (Table 2) of toxin
exposure. At higher dosages (15-10 pg/cm?) of Cry toxin application 3" instar larvae stopped
feeding, however at lower dosages (5-2.5 pg/cm?) larvae kept feeding on toxin coated leaves
(Fig. 2)

o

Control 10 pg/cm? 5 ng/cm? 2.5 pg/cm?

Fig. 2. Differential feeding behaviour was seen upon Bt toxin exposure. Please note that in higher

dosage coated leaves insect stops feeding.

Upon sublethal (2.5 pg/cm?) Cry toxin exposure, retarded larval growth and defective
development was observed (Fig. 3a). Further, this was associated with larval mortality.
Morphological changes were observed when toxin exposed larvae were dissected for

pathological analysis. Cry toxin exposed larval gut was shrunken when compared with control
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larvae and the fat body volume was reduced. The Malpighian tubules appeared opaque and

thinner and the salivary glands were also fairly thin in appearance. (Fig. 3b).

Experimental

HHEETE
jSata:. . i00) Sassanas
sssssia oee s

12h 24h  48h  60h
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Control
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() (b)

Fig. 3. Morphological alterations seen in larval tissue upon Cry toxin exposure. a) Comparison in size
of larval body length when 3 instar larvae was exposed to sublethal dosages of toxin. b) Internal larval
tissue after dissection in control and Cry toxin exposed larvae, please note the changes seen in various

tissue. Scale bar, 1 mm.

3.3 Cry toxin induced histological alterations in midgut epithelium

After morphological changes, cellular alterations were analysed using histological
approach. To analyse the damage associated with sublethal Cry toxin feeding, 4 micron thick
transverse tissue sections were stained with methylene blue, from the midgut tissue obtained
from different time points of toxin exposures (24, 36, 48, 60 and 72 h) and the results are
presented in figure 4. The following changes were observed in midgut epithelium; (a) during
early toxin exposure time point’s significant damage was seen in epithelial cells and their brush
border which was associated with swelling of cells, (b) the cells show condensed nucleus, large
number of vacuoles associated with low cytoplasmic content, (c) it was interesting to note that
the damage and repair of the brush border at apical end towards the luminal side was a fairly
dynamic process, during continuous sublethal toxin exposure. While analysis of sections, we
observed that the relatively large number of small size cells were intact even during the

maximum damage seen at 24 h toxin exposure (Fig. 5), suggesting the possibility of the
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presence of regenerative/putative midgut stem cell. This was confirmed by identifying the

active and dividing cells towards the basal side of the midgut epithelium.

Lu
3

~ Brush border

a) Control

d) Toxin Exposure 48h e) Toxin Exposure 60h f) Toxin Exposure 72h

Fig. 4 Damage and repair of midgut epithelium upon Cry toxin exposure. Maximum damage was
observed during early toxin exposure (24 h), followed by recovery till 72 h. At 24 h, 36 h and 48 h, the
damage or absence of brush border was observed, which was regenerated and repaired at 60 h and 72 h
even after continuous sublethal toxin exposure (orange arrow, —). Interestingly, midgut stem cell was

clearly visible at 24 h time point (black arrow, —). Scale bar, 20 um.
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- S AJND . HRS
a) Control b) Toxin Exposure 24h

Fig. 5 Midgut transverse section of control larvae represents all cell types with continuous brush border
at apical end, whereas 24 h toxin exposed midgut section showed alteration in cellular structure, damage
of brush border along with cellular swelling. However, intact midgut stem cells were still present (black

arrow, —). Scale bar, 20 pum.

3.4 ldentification of various cell types in midgut epithelium

Although, midgut is an important part in lepidopteran larvae, to the best of our
knowledge as well as literature survey did not show the cellular map of any lepidopteran
species. Hence, detailed analysis using semithin section was carried out. Epoxy embedded
midgut tissue was cut in 80 nm thin transverse sections and stained with methylene blue.
Midgut epithelium showed the presence of columnar cell, entero-endocrine cell; which are
primarily responsible for absorption and secretion (Fig. 6). Midgut of A. janata larvae showed
large number of Goblet cells (Fig. 6) which are known to be responsible for potassium ion
secretion. These cells could be identified easily because of large central cavity. The overall
growth, repair and regeneration of midgut is known to be associated with midgut stem cell. The
midgut sections of A. janata revealed the presence of a large number of compact, actively
dividing cells primarily towards the basal border of the epithelium, which possess a fairly
condensed chromatin (Fig. 6).
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Fig. 6 Micrograph showing details of the midgut epithelium from control and toxin exposed larvae.

Please note the presence of various types of cells and their specific localization in the epithelium. Scale

bar, 10 um, 20 um, 50 pum.

3.5 Topographical analysis of midgut epithelium

The larvae were fed with Cry toxin coated leaves and midgut tissue was isolated and

processed for detailed structural analysis to monitor the topographical changes at different time

points of exposure and this was observed by differential interference contrast microscopy.

Intercellular structural variation observed during 36-48 h of toxin exposure (Fig.7), clearly
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revealed extensive damage of epithelium primarily towards the luminal side of the gut
epithelium. It is interesting to note that the brush border, which underwent extensive damage
during initial toxin exposure of 24-48 h (Fig. 7 b and c) got regenerated and distinct microvillar
border once again developed with longer exposure times of 60-72 h (Fig.7 e and f). This clearly
suggested a progressive repair of midgut epithelium towards the luminal side even during the

continuous Cry toxin exposure.

PR La AFES e

d) Toxin exposure 48h e) Toxin exposure 60h f) Toxin exposure 72h

Fig. 7 Micrograph obtained using Differential Interference Contrast Imaging Microscopy from Cry
toxin fed larval midgut samples at different time points (24-72 h). Stem cell migration, differentiation
and formation of brush border was clearly visible in differential interference topographical images.
Please note the damaged microvillar border (red arrow, —) at early sublethal Cry toxin exposure (24-
48 h) which got repaired during 60-72 h. Topographical visualisation of cytoskeleton elements was

observed in 36-48 h time point micrograph (black arrow, —). Scale bar, 50 pum.
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3.6 Role of cytoskeletal elements in cell migration during midgut repair

Topographical visualisation of cytoskeletal elements using Differential Interference

Contrast imaging revealed the involvement of these elements in midgut cellular regeneration.

A detailed immuno-localization analysis of midgut epithelium using primary antibody against

mouse B-tubulin protein was carried out, which was detected using Alexa Flour 633 tagged

secondary anti-mouse antibody. It revealed B-tubulin distribution at different time points of

Cry toxin exposure (Fig. 8). Similarly Alexa Flour 488 tagged secondary anti-mouse was

employed to visualize for a-actin distribution in midgut epithelium (Fig. 9). Results obtained

clearly show that tubulin played an important role during the regeneration of midgut

epithelium. This is clearly visualized in figure 8, where tubulin got polymerized and formed

microtubules which were present in form of stack during 36-60 h Cry toxin exposure (Fig. 8 ¢

and d). The intensity of staining was fairly reduced at 72 h where the epithelium already

regenerated (Fig 8 e and f). Although, active cross reactivity persisted in the epithelium, it was

more dispersed.
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Toxin exposure 24h

Toxin exposure 48h Toxin exposure 60h Toxin exposure 72h

Fig. 8 Immunofluorescent staining of B-tubulin at different time points of toxin exposure. B-tubulin localization in the midgut epithelium was carried out using
Alexa Flour 633 tagged anti- mouse 1gG secondary antibody against primary mouse antibody. Fluorescent blue green staining indicates the presence of -
tubulin. Maximum labelled B-tubulin was observed at 36 h and 48 h of toxin exposure. (a) control, b) toxin exposure 24h, c) toxin exposure 36h, d) toxin
exposure 48h, e) toxin exposure 60h, f) toxin exposure 72h ). Comparative Differential Interference Contrast micrographs (a° to b*). Scale bar, 50 pum.
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Fig. 9 Immunofluorescent staining of a-actin during different time point of toxin exposure. a-actin localization in midgut epithelium was done using Alexa Flour
633 tagged anti- mouse IgG secondary antibody against primary a- actin antibody. Fluorescent red staining indicates the presence of polymerized a-actin. Higher
level of polymerized a-actin was observed at 24 h to 36 h of toxin exposure. Brush border of midgut from control as well as toxin exposed (72 h) showed higher
presence fluorescent staining which indicated the presence of abundant polymerized a-actin at brush border. Comparative Differential Interference Contrast

micrographs (a’ to b*). Scale bar, 50 pm.
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4. Discussion

The work presented in this chapter clearly demonstrates the cellular changes after
sublethal dosage of Cry toxin exposure. Effect of Cry toxin on midgut epithelium of A. janata
larvae was assessed at different time points of exposure. As mentioned in the earlier section of
this chapter, multiple Cry toxin based DOR Bt-1 formulation was used for this analysis and
was formulated by the Indian institute of Oilseeds Research, Hyderabad and released as Knock
WP in 2006 for the management of A. janata in the castor fields of Telangana/ Andhra Pradesh.
Reddy et al., (2012) described the presence of crylAa, crylAb, crylAc, cry2Aa and cry2Ab
genes in this formulation and demonstrated high toxicity against lepidopteran and dipteran
larvae. However, there are many evidences which suggest that, foliar spray of Bt toxin based
formulation (proteinaceous in nature) on leaves leads to dis-similar amount of toxins on various
parts of plants. Moreover, in canopy plants the leaves in upper whorl gets exposed to higher
concentrations of spray from the one in the lower whorl. In addition, the reasons for afore
mentioned toxicity loss could be degradation due to ultraviolet light, rain wash-off, heat
dryness, soil chemistry/properties and environment at temperature which once again varies
from upper to lower parts of the canopy plants and castor belongs to the same group (Leong et
al., 1980; Beckwith et al., 1987; Van Frankenhuyzen and Nystrom 1989). Hence, the possibility
of sublethal toxin exposure to field pest including lepidopteran insects is fairly common. Hence
in the present study, we tried to replicate the field possibilities of sublethal toxin exposure for
shorter and longer periods. Vimala Devi et al., (2006) reported 247.52 pug/ml as lethal dosage
for 3 instar old, A. janata larvae. In the present study 2.5 pg/cm? dosage was used for coating
castor leaf surface. The toxicity of DOR Bt-1 formulation was reassessed and found to be same
as previously obtained by other workers of our laboratory. This further signifies the stability of
Cry toxins in the DOR Bt-1 formulation even after longer storage period which was primarily

at 6-8°C.
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For the effective pest management of lepidopteran larvae, Bt based formulations are
sprayed in the field when 2" and 3" instar larvae are observed. The results obtained from the
present study clearly demonstrated retarded larval growth and defective development which
was associated with larval mortality. It was interesting to note that several morphological
changes occur in larval tissues upon sublethal toxin exposure. The results obtained in the
present study substantiate various earlier reports from other lepidopteran pests where Cry toxin
exposure was associated with reduced body weight, low digestive activities and retarded larval
growth (Eizaguirre et al., 2005; Hussein et al., 2006; Lomate et al., 2013; Palma et al., 2014;

Chauhan et al., 2017; Guo et al., 2019).

The larval midgut tissue of castor semilooper was further analysed after sublethal toxin
exposure. For that, 3" instar larvae were exposed to DOR Bt-1 sublethal toxin coated leaves in
a closed aerated plastic chamber and allowed to feed by their choice. After 24 h, 36 h, 48 h, 60
h and 72 h time frame larvae were collected and the midgut tissue was dissected and processed
for histological analysis. Notable feature in the present study was extensive damage of midgut
epithelium during early exposure to even sublethal dosages of toxin at 24 h time point.
However, it was interesting to note that the damaged epithelium started regenerating and got
repaired after longer duration of toxin exposure (60-70 h). Few other reports also demonstrated
similar phenomena in other lepidopteran species, where repair of injured midgut epithelium
lead to recovery of larvae during sublethal toxin exposure (Spies and Spence 1985; Loeb et al.,
2001). However, high dosages of Bt toxin caused persistent and irreparable damage followed
by larval mortality (Tabashnik et al., 2013). In the current study, Cry toxin induced histological
alterations observed in transverse section of midgut epithelium revealed significant changes in
gut epithelium which included damage of cellular organisation of midgut epithelium associated
with swelling of epithelial cells, condensation of nucleus and the appearance of a large number

of vacuoles which was associated with low cytoplasmic content. The damaged epithelium also
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revealed destruction of brush borders at initial time points (24 h-36 h) which slowly got
repaired upon continuous sublethal toxin exposure (48 h-72 h). These findings clearly suggest
that at initial toxin exposure, the larvae feed and later they reduce feeding on toxin coated

leaves, during which the damaged epithelium, starts getting repaired and gets regenerated.

Similar to many other tissue damage, the midgut epithelium repair is also associated
with regenerative cells. This kind of recovery/repair is known to be supported by the presence
of regenerative/proliferative cells present in a given tissue; Plasmodium falciparum ookinete
invasion in Anopheles stephensi midgut was followed by proliferative regeneration of
epithelium (Baton and Ranford-Cartwright, 2007). In Aedes albopictus damage, induced cell
regeneration was seen (Janeh et al., 2017), while in Culex quinquefasciatus also the midgut
recovered by cell proliferation after damage (Okuda et al., 2007). Drosophila, a widely studied
model for damaged based tissue regeneration, clearly revealed the presence of regenerative
cells (Lucchetta and Ohlstein, 2012, Tettamanti et al., 2019). Coleopteran beetle Epilachna cf
nylanderi showed recovery of midgut epithelium using cellular regeneration (Rost-
Roszkowska et al., 2010). During postembryonic development degeneration and regeneration
were shown to occur together in the midgut of Podisus nigrispinus (das Dores Teixeira et al.,
2013). Regenerative cells were the only population of cell which was reported to be capable of
division, differentiation and supported the damaged tissue in all the above lepidopteran species.
Epithelial cell regeneration was also demonstrated in lepidopteran larvae which replaced the
damaged epithelium (Martinez-Ramirez et al., 1999; Castagnola and Jurat-Fuentes, 2009,
2016). Present semithin section analysis clearly confirms the presence of regenerative/ putative
midgut stem cell in A. janata, which resides towards the basal side of midgut epithelium. Cell
mapping analysis using ultrathin sections clearly showed the presence of lumen followed by
brush border membrane, columnar cells, entero-endocrine cells, Goblet cells, midgut stem

cells, basement membrane supported externally by longitudinal and circular muscle cells.
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Midgut stem cells were found to be located at the basal part of epithelium responsible for

repair/regeneration of midgut epithelium.

Cell migration is an important phenomenon in organ/ tissue formation during
embryonic as well as postembryonic development of lepidopteran insects. As discussed,
midgut stem cells reside at the basal side of epithelium, but during repair process these cells
undergo active division and differentiate into various cell types as well as give rise to
regenerated epithelium with a defined brush border at the luminal side of the midgut. This
definitely generates an interesting question that how these undifferentiated cells replace

damaged differentiated cells, localized far away from the regenerative nidi.

This is only possible if these cells (midgut stem cells) divide, migrate and undergo
differentiation in the required location. Migration is a well-known phenomenon associated with
the involvement of cytoskeletal elements. Polarization of cytoskeleton elements is known to
initiate the movement of cell where cross-talk between actin and tubulin network is well known
to drive the mechanistic movement. During cell migration, it has been reported that
cytoskeleton elements bind to the substrate adhesion sites followed by movement providing
the driving force to the actin cytoskeleton and microtubule coordinated rear retraction (Wehrle-
Haller and Imhof, 2003), followed by development of cytoskeletal niche around differentiated
cell (Ambriz et al., 2018). Motility in cell was initiated by an actin-dependent protrusion of
the cell towards leading edge, which provided cellular architecture (Mattila et al., 2008).
Similarly microtubules get polarized to build a- and B-tubulin heterodimers which helped in
protrusion followed by movement of the cell to a given direction and location (Desai and

Mitchison, 1997).

To understand the involvement of actin and tubulin in midgut epithelium regeneration

of A. janata larvae, a-actin and B-tubulin were localized in the transverse section of midgut
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epithelium. Immunohistochemical analysis proved that at 36 h toxin exposure, most of the
epithelial cell got labelled with B-tubulin primary antibody followed by 48 h. The intensity of
the fluorescence was reduced gradually at 60 h to 72 h time points. Interestingly, these results
corroborated well with differential interface contrast imaging where maximum cytoskeleton
movement or protrusion was visualized during 36 h to 48 h time points. These time points are
crucial for larval survival where at early toxin exposure (24 h) midgut epithelium showed
maximum overall damage which was gradually reduced as well as repaired during 36 h to 72
h time points. However, cytoskeleton labelling of a-actin was comparatively lower than -
tubulin, except those time points when brush border was completely repaired (72 h). The results
obtained in the present study suggested that overexpression of B-tubulin plays an important
role in cell migration while a-actin expression primarily support brush border filament
formation. Further, these cytoskeletal elements facilitated midgut stem cell migration,

differentiation and formation of brush border towards lumen side of the epithelium.

Findings from this part of study clearly suggested that during sublethal Cry toxin (DOR
Bt-1 formulation) exposure, there is an early damage of gut epithelial cells including brush
border associated with deleterious effects of Cry toxin. Midgut epithelium underwent
significant amount of swelling and midgut cells showed condensed nuclei and a large number
of vacuoles in the cells related with low cytoplasmic content. This confirmed that Cry toxin
induced histological alterations in midgut epithelium. Cell mapping and histological analysis
proved the presence of midgut proliferative cells even during maximum toxin damage upon
sublethal exposure. With longer duration of toxin exposure- division, migration and
differentiation of midgut proliferative cells in the epithelium promoted and facilitated the

regeneration of midgut which supported larval survival upon sublethal Cry toxin exposure.
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1. Introduction

In earlier chapter, the changes during sublethal Cry toxin (DOR Bt-1 formulation)
exposure have been recorded. The findings suggest that early exposure of Cry toxin is
associated with gut epithelial cell damage followed by stem cell division, migration of newly
generated cells and their migration and differentiation for the recovery/repair of epithelium.
This promotes and facilitates the survival of larvae to sublethal dose of Cry toxin exposure.
Further, whenever the repair of epithelium takes place, it involves the regulation of various
factor which includes transcriptional factor as well as regulatory molecules. Detailed
characterisation of RNA profile would facilitate the understanding of larval biology during
sublethal Cry toxin exposure. RNA sequencing based transcriptome analysis would further
help to understand/characterize expression profile of various genes associated with this distinct
biological event. RNA-Seq analyses provides a wide range of data for temporal patterns of
MRNA expression at a given stage in specific tissue. It is especially useful for generating data
for non-model organisms such as Achaea janata (castor semilooper), which is of great
agricultural importance. Further, the literature survey revealed a total lack of genome or
transcriptome sequence information. Hence, RNA sequencing was employed to obtain the
transcriptomic data for A. janata larvae which causes severe loss of castor plantation in state
of Telanagana and other Indian states too. In earlier studies, various platform was used for
analysing mRNA expression data for other insect pests and the information obtained was
proved as a useful resource to gain insight in various properties of susceptible and resistant pest
larva (Li et al., 2013; Yin et al., 2014; Perera et al., 2015; Zhou et al., 2018; Pavlidi et al.,
2018). The role of RNA especially mRNA is well recognised in molecular biology as genomics
and proteomics intermediary and has become a standard part of research toolkit. VVarious RNA-

Seq data type presently used includes mRNA profiling, small RNA profiling, miRNA-Seq,
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ChlP-Seq, HiC-Seq, methyl-Seq, bisulfite-Seq etc. In the current study, mRNA profiling was

employed to obtain the required information.

Before discussing the type of sequencing platform, we would like to mention that in the
present study three different experiments were performed, at three time intervals with two
different NGS platforms. In the initial phase of study (March 2015), de novo transcriptome
analysis was carried out using lllumina Next Seq 500 platform with only two samples of control
(larvae without toxin exposure) and treated (larvae exposed to 24 h of sublethal toxin
exposure). As we found that the data has serious experiment shortenings, we expanded the
study in December 2016 and complete analysis was carried out. Large scale microarray
analysis was carried out using the Agilent’s Quick-Amp labelling Kit with microarray slides:
Castor semilooper_GXP_8X60K AMADID: 84278. This microarray was performed using the
transcript information obtained from afore mentioned NGS data of control and treated samples.
This included control, 12 h, 24 h, 36 h, 48 h, and 60 h time points of Cry toxin exposure.
However, once again detailed microarray analysis revealed few more loopholes such as
microarray gene expression data was based primarily on transcript information obtained from
control and 24 h toxin exposed larvae. Hence transcripts expression which were specific for
various other time points such as 36 h, 48 h and 60 h were completely missing. Keeping this
lacuna again in December 2018, we carried out an additional sequencing analysis using control,
starved and toxin exposed larva midgut samples of different time points of Cry toxin exposure
using Illumina HiSeq 2500 system. Further, during this duration laboratory based toxin tolerant
larval population were generated by feeding the larvae on toxin coated leaves for several
generations. Finally, transcripts generated from toxin tolerant population were compared with

control, starved and toxin exposed larval samples.

For A. janata based damage control, various strategies of pest management are being
adopted. Till a decade back, Castor semilooper was highly susceptible to Bacillus thuringiensis
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based bio pesticides in Andhra Pradesh and Telangana (Vimala Devi and Sudhakar, 2006).
However, like other lepidopteran larvae there is always a possibility of generation of Cry toxin
resistant population of A. janata after continuous application of Bt based crops and Bt based
formulation (Tabashnik et al., 2013, 2019; Badran et al., 2016; Melo et al., 2016). Due to long
term application of Bt various resistance insect species have emerged which including
Spodoptera frugiperda, Pectinophora gossypiella, Plutella xylostella, Busseola fusca,
Diabrotica virgifera, Helicoverpa armigera, Chilo suppressalis, Tribolium castaneum,
Ostrinia nubilalis and Ostrinia furnacalis (Sayyed et al., 2004; Storer et al., 2010; Dhurua and
Gujar, 2011; Kruger et al., 2011; Zhang et al., 2011; Kliot and Ghanim, 2012; Jakka et al.,
2015; Pereira et al., 2015; Xu et al., 2015; Shabbir et al., 2018; Yu et al., 2018). The major
reasons reported for the development of resistant behaviour such as alteration in proteolytic
cleavage (Candas et al., 2003) and reduction in Cry toxin binding to epithelial receptors (Ferre
and Van Rie, 2002; Tabashnik et al., 2013). Apart from defective proteolytic cleavage and
altered receptor binding, several other epithelial changes were shown to be responsible for the
development of resistance (Zhao et al., 2010; Bretschneider et al., 2016; Carriere et al., 2016;

Jurat-Fuentes and Crickmore, 2017).

Recent studies from our laboratory have also recorded several changes at the cellular
and molecular level in midgut epithelium of A. janata when exposed to Cry toxin sublethal
dosages (Ningshen et al., 2017; Chauhan et al., 2017), few of them have already been addressed
in Chapter 1. To the best of our knowledge no report has been published mentioning about
development of Bt resistance in A. janata. Keeping this in view, as the insect is an important
local pest of castor we made an attempt to generate laboratory based Cry toxin tolerant larval
population. This was done to primarily demonstrate various mechanism which might be
responsible for making Bt based biopesticide strategy less or not effective specifically for this

lepidopteran pest. In our laboratory, we have also tried to understand the biology of A. janata
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epithelium during Cry toxication. As A. janata is a local pest and non-model insect we needed
to generate our own genomics/ transcriptomics or proteomics dataset. Hence, in the present
study we employed next generation transcriptome analysis to characterize the gene expression
profile of A. janata larvae midgut epithelium during Cry toxication. Transcriptome sequencing
was one of the well proven strategies which provide useful resources to investigate various
characteristics of pest control methods, especially for non-model organisms which are
agriculturaly important (Paris et al., 2012; Wolf, 2013; Li et al., 2013; Lei et al., 2014; Perera
et al., 2015; Tassone et al., 2016; Song et al., 2016; Yao et al., 2017; Zhou et al., 2018; Pavlidi
et al., 2018). Transcriptomic repertoire obtained in the present study would provide a basic
platform to understand molecular basis of larval midgut responses during Cry toxin exposure.
Further, this transcriptomic profile of larval midgut responses would provide an insight of the
mechanisms which slowly evolve during generation wise development and facilitate Cry toxin
tolerance in the pest. This is used to obtain the basic information which could be use in

designing appropriate long term strategies for the field management of given pest.

In the first transcriptome profiling data obtained using lllumina Next Seq 500 platform,
in control and toxin exposed larval midgut sample a total of 34,612 and 41,109 transcripts were
identified respectively. The total annotated transcript was 18,836 in control and 21,046 in toxin
exposed samples. These genes were further monitored for expression pattern at distinctive time
points of toxin exposure using microarray data analysis. mMRNA expression data during Cry
toxin exposure revealed several upregulated as well as downregulated genes. Validation of
afore mentioned data was carried out using gqRT-PCR with randomly selected upregulated and
downregulated transcripts. In our recent transcriptomic data, we have performed a detailed
Sequencing of control, starved and toxin exposed larval midgut samples using Illumina HiSeq
2500 system. In absence of adequate genomic and transcriptomic information available for the

pest, this study would help in unravelling the molecular mechanisms of altered physiological
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responses of Bt exposed tolerant and susceptible insect strains. Furthermore, this biochemical
biological and molecular research information obtained for given pest species, would not only
facilitate us to find basic interaction but would provide a robust platform for extensive in silico
analysis. This could be employed for targeting the biopesticide at appropriate stage of
development/ timeframe as well as use them with other controlling agents in the practice of
IPM (Integrated pest management). This is useful for the present day demand of chemical
pesticide free ecofriendly insect pest controlling approach. In this chapter we report midgut de
novo transcriptome assembly and clustering of Cry toxin exposed susceptible and tolerant A.

janata larvae.

Note:

For this chapter commercial raw database (NGS; Illumina Seq 500 & Microarray) was
generated by Genotypic Pvt. Ltd., under Genotypic Project No: SO_5975 and SO_4020 and
detailed analysis was carried out us in our laboratory using various bioinformatics tools and
platform. Later (NGS; Illumina Seq 2500) by Xcelris Labs Limited with project ID: NGS_931
was obtained and further detailed analysis was carried out using appropriate bioinformatics

tools.
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2. Materials and Methods
2.1 A. janata collection and rearing

As discussed in General Materials and Methods, the A. janata larvae were collected
from the field of HIOR, Hyderabad, India (maintained for castor rearing only). These collection
fields were maintained without any exposure to chemical and biological pesticides. To carry
out further experimentation, larvae were reared and maintained on fresh castor leaves
(cultivated in University of Hyderabad plant culture facility without any chemical or biological
pesticides). Field collected fresh eggs were used and sterilized for laboratory breeding. The
larvae were maintained at 27 = 2 °C, 14:10 h (light:dark) photoperiod with 60-70% RH for
three successive generations at the insect culture facility of School of Life Sciences, University

of Hyderabad, India and a homogeneous population was obtained.

2.2 Larval sample processing for NGS library preparation

=

Achaea janata Pathway
analysis
| SSR
Cry toxin exposure identification
|
GO
|Midgut b isolatiori classification
De novo transcriptome and microarray analysis
Function
| mRNA enrichment by Oligo(dT) | annotation
|
RNA fragment pssombry  — SRR
| Agilent Castor semilooper
| cDNA synthesis by random hexamer I Clean reads 8 x 60K chip

. , e I
| Size selection andI PCR amplification | QCffilter

[
o O N RRIISEGB08l — Con'ios/Unigenes

Fig. 1 Flow chart showing summary of de novo transcriptome analysis and microarray gene expression

profiling of A. janata larval midgut.

For the present transcriptome and microarray analysis, 3™ instar larvae of A. janata

were used. Larvae were fed with DOR Bt-1 toxin coated leaves and it was uniformly done
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using a glass spreader. For initial transcriptome sequencing, 2.5 pg/cm? toxin was coated on
fresh castor leaves and two groups of 30 larvae were kept in closed chamber. They were
collected from a homogenous batch of larval population. For toxin treatment, one group of
larvae was exposed to Cry toxin coated leaves and in the same experiment another group of
larvae was exposed to water coated leaves as control sample (Fig. 1). Fifteen larvae were

randomly selected for midgut isolation and subSequently processed for the experiment.

For microarray analysis, a batch of 150 larvae was exposed to Cry toxin and fifteen
larvae were collected for tissue isolation after each successive 12 h time frame till 60 h (Fig.
1). Same experiment was repeated and sample was used for RNA isolation for validation, and
gRT-PCR analysis was carried out from the isolated RNA sample. Finally, an updated sequence
transcriptome was generated using four different groups of A, janata larval midgut samples.

The sample list includes:

Group (i) susceptible larvae exposed to medium (water)
Group (ii) susceptible larvae exposed to 1/10 of LD50 dosage of DOR Bt-1 formulation
Group (iii)  susceptible larvae subjected to starvation

Group (iv)  tolerant larvae exposed to LD50 dosage of DOR Bt-1 formulation
(reared for 15 generations)

For all afore mentioned Sequencing, larval midgut was dissected using routine method
followed in laboratory (Fig. 2). The larvae were narcotized by placing them on ice flakes
followed by the dissection in ice-cold insect Ringer solution (0.5 mM KCI, 0.1 mM CaCl; and
130 mM NacCl). TRIzol® method (Thermo Fischer Scientific, USA) was used for total RNA
isolation. Quantity and purity of isolated RNA was checked using NanoDrop™ 8000
spectrophotometer and sample were only processed if the assessed number was above

standards and satisfactory.
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| BlastP 2.2.30
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Fig. 2 Flow chart showing the summary of lllumina Seq 2500 sequencing, protocol and detailed assembly as well as gene expression analysis.
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2.3 Library preparation and Illumina sequencing

For both the next generation sequencing used in present analysis, lllumina 2 x 150 pair
end library was prepared. In pair end library, template can be sequenced in both the forward
and reverse directions. During Illumina Seq500 library preparation, Sure Select Strand-Specific
RNA Library Prep Kit (Agilent Technologies, USA, Cat #5500-0116, #5190-6410) was used
and initial control and toxin exposed midgut libraries were prepared. Enrichment of mMRNA
was carried out using oligo (dT) magnetic beads and poly (A)" mRNA was isolated. Using
RNA-Seq fragmentation mix purified mRNA was chemically fragmented to 150 bp with a
raised temperature of 94°C for 8 min. Using RNA-Seq First Strand master mix first-strand
cDNA was synthesized and Actinomycin D (120 ng/uL) was added into the reaction mixture
to maintain specificity. Before processing for the second strand cDNA synthesis and reaction
mixture was cleaned up using AMPure XP beads followed by synthesis of second-strand cDNA
using RNA-Seq Second Strand mix. Again, AMPure XP beads were used for cleaning up the
cDNA followed by end repair using RNA-Seq dA tailing based adapter ligation. Later, the
adaptor ligated purified cDNA was enriched and indexed by using 12 cycles of PCR. Final
cDNA library was quality checked by DNA High Sensitivity Assay Kit (Agilent Technologies,

USA) followed by sequencing using Illumina Next Seq 500, which was commercially done.

In Illumina Seq 2500 library preparation was carried out as suggested in manufactures
protocol and paired-end sequencing was generated. Illumina Seq 2500 library preparation was
carried out using TruSeq Stranded Total RNA Library Preparation Kit (Illumina Inc. USA, Cat
# RS-122-2201). TruSeq Stranded Total RNA Library prep workflow includes: Depletion and
fragmentation of RNA (RNA clean XP beads) — Synthesis of first-strand cDNA — Synthesis
second-strand cDNA — Adenylation of 3’ ends — Ligatation of RNA adapters (AMPure XP
beads®) — Enrichment of DNA fragments (AMPure XP beads®) — Nomalization and pooling
libraries.
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2.4 Transcriptome assembly and annotation of Illumina Seq libraries

Before assembly in both sequencing, lllumina Seq raw reads were subjected for quality
check. In lllumina Seq 500, raw reads were trimmed at 5’- and 3’-ends with in house script
followed by quality check using FASTA QC software. In Illumina Seq 500 samples (control
and toxin exposed), clean reads were pooled and assembly were done separately for each

sample using Grabherr et al., (2011) suggested Trinity software.

Clustering was done using CD-HIT-EST (Cluster Database at High Identity with

Tolerance) fast program (http://www.bioinformatics.org/cd-hit). Redundancy was avoided in

the final assembly of nucleotide sequence and threshold identity was maintained at 95% in
comparing sets (Li and Godzik, 2006). As the pair-end sequence was generated, alignment was
carried out using paired end alignment mode of Bowtie2 software (http://bowtie-

bio.sourceforge.net/bowtie2) (Langmead and Salzberg, 2012). Annotation was done using

BLASTX uniprot and sequence similarity was performed with transcripts of >300 bp length.
After obtaining similar sequences, identified protein sequence was annotated with putative

function (http://www.uniprot.org/). For comparing the sequence NCBI BLAST 222 and

animal TF database were used for homology search and transcription factor identification

(http://www.bioguo.org/Animal TFDB/). MlcroSAtellite (MISA) Perl script database was used

for simple sequence reads (SSRs) identification (http://pgrc.ipk-gatersleben.de/misa/). KEGG

Automatic Annotation Server (KAAS) database was used for pathway analysis

(http://www.genome.jp/tools/kaas/) (Moriya et al., 2007). For pathway analysis, reference

sequence of Nasonia vitripennis, Apis mellifera, Drosophila melanogaster, Anopheles
gambiae, and Acyrthosiphon pisum were used in KAAS database. Analysis of gene expression
was carried done in between control and toxin exposed sample using DESeq software

(https://www.huber.embl.de/users/anders/DESeq/) (Anders and Huber, 2010).
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In lllumina Seq 2500, 28 samples raw reads were processed and (phred40) was assessed
for sequence quality. Trimmomatic (v.0.36) was used for quality assessment followed by
removing adaptor sequence and filtered by quality score
(ILLUMINACLIP:adapter.fasta:2:30:8 MINLEN:40) (Bolger et al., 2014) followed by
trimming at 5’- and 3’-ends with in house script. Trimmed sequence was also quality checked
with FASTA QC software. Processed 28 sample raw reads were pooled together and denovo
assembly was carried out using “SOAP-denovo-Trans (v1.03)” assembler (Xie et al., 2014).
Assembled transcript was clustered using CD-HIT package (Fu et al., 2014) and redundancy
was removed using CD-HIT-EST v4.6.1 with 100% coverage and 90% identity followed by
designated non-redundant clustered transcripts as unigenes. Transdecoder with default
parameter were used to predict unigene sequences as CDS (coding sequences) and identified
CDS were subjected for annotation. NCBI's non-redundant (nr) database “BLASTP algorithm”
was used for similarity analysis of predicted CDS. NR, UniProt, KOG and Pfam databases

were used and e-value threshold was maintained at 1e™.
2.5 Microarray hybridization and analysis

Gene expression analysis was carried out using microarray expression analysis. One
colour based microarray gene expression analysis was done with 12 h, 24 h, 36 h, 48 h and 60
h toxin exposed larval midgut sample. Agilent’s Quick-Amp labelling Kit was used for
cyanine-3 (Cy3) labelling of complementary RNA of control and toxin exposed larvae sample
as suggested in manufacturer’s protocol. RNeasy mini column purification kit was used for
purifying Cy3-labeled cRNA (Qiagen, USA) followed by quality check of labelled cRNA using
NanoDrop spectrophotometer. As per manufacturer’s instructions, labelled cRNA (specific
activity >10 pmol of Cy3) was fragmented at 60°C for 30 min in 1x fragmentation buffer

(Agilent®) and 2x blocking agent (Agilent®).
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Agilent’s hybridization buffer was used for cRNA hybridization to Agilent® customised
made Castor semilooper 8 x 60K (AMADID: 84278) chip at 65°C in spinning oven for 17-18
h and washed with Gene Expression buffer. During post hybridisation, the slide was rewashed
and dried. For the image quality control, the images were manually verified and found to be
devoid of uneven hybridization, streaks, blobs and other artifacts. Hybridization across the slide
was clear based on their number of features that includes “g is PosAndSignif” which
symbolises whether it is positive and significantly above background. The normalization has

been done using GeneSpring GX Software (https://www.agilent.com/en/products/software-

informatics/life-sciences-informatics/genespring-gx). Intra-array normalization deals with

variability within a single array, “dye normalized background-subtracted signal intensity,
gProcessed signal” was log-transformed, following which each of the 75th percentile array
value was calculated separately and intensity values of each sample was log transformed. For
obtaining the expression values of each probe, obtained value was subtracted by calculated 75™

percentile value of the respective array.
2.6 cDNA synthesis and qRT-PCR validation

Illumina Seq de novo transcriptome and microarray data validation of was carried out
using real time PCR analysis. For the gene expression analysis ribosomal gene S7 (rS7) was
taken as internal reference control. As described in General Materials and Methods, larval
midgut RNA was isolated for respective time points using TRIzol methods followed by cDNA
synthesis. SuperScript™ III First-Strand Synthesis System kit (Invitrogen, Life Technologies,
USA) was used for the cDNA synthesis. Isolated RNA was dissolved in diethyl pyro carbonate
(DEPC) treated ddH20 (1 pg/ul). For cDNA synthesis RNA, oligo dT primer, dNTPs (10 pl)
was added to a PCR tube and incubated for denaturation at 65°C for 5 min later placed on later
placed on ice for 1-2 min. Kit based cDNA synthesis mix (10 ul) was added in the afore
mentioned tube and for annealing it was kept at 50°C for 50 min followed by termination of
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the reaction by adjusting the thermocycler at 85°C for 5 min. The residual RNA was eliminated

by adding 1 ul of RNase H and incubating the reaction tube at 37°C for 20 min.

Gene specific primer factors for qPCR analysis, after manually designing the primers
were analysed using Oligo analyzer tool 3 (Table 1)

(https://eu.idtdna.com/pages/tools/oligoanalyzer) (Integrated DNA Technologies Inc, USA).

Each primer was individually checked for oligonucleotide properties such as melting
temperature, hairpins, dimers, mismatches etc. Primers were commercially ordered from
Integrated DNA Technologies Inc, USA following the minimum standard. Before proceeding
to the gPCR each primer set was checked using regular PCR followed by agarose gel
electrophoresis. After primer confirmation gPCR reaction was carried out, in each 10 pl
reaction mixture 1 ul of sample cDNA, 1 pl of reverse and forward primer (10 uM), 10 pl of
SYBR® Green Master Mix was added. The reaction mixture was programmed in Step-One
Plus gRT-PCR system (Thermo Fisher Scientific, USA). The gPCR thermocycling parameters
were programmed as follows: 95°C for 10 min — 40 cycles of 95°C for 30 s and 60°C for 30
s, followed by melting curve generation from 59 to 68°C. Each qPCR reaction was performed
thrice for biological replicate and each time three technical replicates was used in the reaction.
Cycle threshold was obtained for each reaction and comparative Ct was calculated using
Schmittgen and Livak, (2008) method. Calculation of change (2"22<T) in Ct value with respect
control was carried out using Microsoft Excel and the obtained value was statistically analyzed

using Sigma Plot v14.0 software (https://systatsoftware.com). To check the significance of 2°

AACT value, One-Way ANOVA analysis was carried out followed by SNK test. Multiple
comparisons between each set of experiments was plotted as P value for each set of

experiments.
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S.No. Sequence Name Sequence (5°-3”)

1 DUF233 FP TCTTAGCAGTCGGCATTCCTGA

2 DUF 233 RP TATGATCACCACCTGCTTCGCT

3 SERINE PROTIASE | FP ACAGCGAGAATCACGACCTTGA

4 SERINE PROTIASE | RP TAGAGCGACGTCAACCTCTGTG

5 Unknown +8.0 FP GGACACGGGCACTATGAAGTGG

6 Unknown +8.0 RP TCCAGTATACTTATCACGGAAAGGCC
7 GST EPSILON FP CCACGGAGAAGAACATCGAGGA

8 GST EPSILON RP CGTGAGACCCACTCAGTGGTAC

9 Cocoonae 8.0 FP TTGCAAGGGAGATTATGGAGGTCC
10 Cocoonae 8.0 RP GGGCTAAAGCTAGTCGTGGATCA
11 Unknown -10.25 FP CGTGCCAATATGCGAAAGGACTTG
12 Unknown -10.25 RP ACGTCACTAGGAACACACCTTCCA
13 Chymotrypsin FP GGCCGACAAGATACGTAAGGCT
14 Chymotrypsin RP GAACTTCTCCGTCGAACCAGCA

15 Niemann FP ACTACGCTGGACCTCTTCCAAC

16 Niemann RP GGACTTTTCGCCCAAGTTGTAGG
17 Trypsin FP AGCTTGCCGTCATCATCTCGTA

18 Trypsin RP GTAGGTCCACCCTGCAAAACAGT
19 Unknown -9.0 FP CAACGCATGTAGCAATAGCCAGC
20 Unknown -9.0 RP CGCAGTCACCTTGTCATCAACG

21 Cytochrome P450 FP CGGGAACGTTTACCAACAGTCGA
22 Cytochrome P450 RP GCAGTTGATGAGCGGGATGACT

23 Defense Protein FP GGCAGAAATGCTGTGCAGACTG
24 Defense Protein RP ATCACAGTCGAAGGCTCAGGTAAC
25 60S ribosomal FP CAGGAAAGTTAGGCGTACCGAAGT
26 60S ribosomal RP ACGAGTGGGCTTCTTCATGTGG

27 Apoptosis linked FP AGAGACAACTCGGGCAACATTGA
28 Apoptosis linked RP GCCGGAATGCAGAAGTCAGAGTA
29 Cecropin FP CCGCTTCAGGTTGAATACTCGCTT
30 Cecropin RP CGAATGTTGCGACCCACTTTCTC
31 rS7 FP ACGTGGACGGTTCACAACTCATCA
32 rS7 RP TTCGCGGCCTGTTAGCTTCTTGTA

Table 1. List of primers used for real time PCR, expression analysis in control and toxin exposed larval

RNA sample for the validation of DESeq and microarray analysis.

2.7 Data Records

[llumina Seq de novo transcriptome raw sequencing data was submitted to NCBI-SRA
database (National Center for Biotechnology Information Sequence Read Archive). lllumina
Seq 500 raw data was deposited to NCBI SRA database with accession number SRX4119388

(https://www.ncbi.nlm.nih.gov/sra/SRX4119388[accn]). The microarray raw data was

submitted to Gene expression omnibus (GEO-NCBI) database with accession number

GSE114934 (https://www.nchi.nlm.nih.gov/geo).
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llumina Seq 2500 raw data was deposited to NCBI-SRA database

(https://identifiers.org/insdc.sra:SRP186750). The raw data of 28 samples was submitted with

accession numbers SRR8617834, SRR8617835, SRR8617836, SRR8617837, SRR8617838,
SRR8617839, SRR8617840, SRR8617841, SRR8617842, SRR8617843, SRR8617844,
SRR8617845, SRR8617846, SRR8617847, SRR8617848, SRR8617849, SRR8617850,
SRR8617851, SRR8617852, SRR8617853, SRR8617854, SRR8617855, SRR8617856,

SRR8617857, SRR8617858, SRR8617859, SRR8617860 and SRR8617861.

Followed by submission of assembled transcript in TSA-NCBI (Transcriptome
Shotgun Assembly Sequence Database) with accession number GHGZ00000000.1

(https://identifiers.org/ncbi/insdc:GHGZ00000000.1). The associated BioProject and

BioSample was submitted to NCBI database with accession number PRINA523326 and

SAMNO09241884 respectively.

3. Results

3.1 Hlumina Seq analysis and de novo assembly

Illumina Seq based de novo transcriptome assembly was carried using Trinity

assembler  (https://omictools.com/trinity-tool) and  SOAP-denovo-Trans  assembler

(https://omictools.com/soapdenovo-trans-tool) for Illumina Seq 500 and Illumina Seq 2500

respectively. Before processing the raw data for assembly, integrity of data transfer was
checked using MD5 checksum for Illumina sequencer and lab system. Detailed and technical
validation of present data is mentioned in Fig. 8. lllumina Seq 500 sequencing, resulted in
1,68,50,105 and 2,05,01,613 raw reads in control and toxin exposed larval samples, which
yielded a total of 37 million reads. After trimming in control and toxin exposed samples,

1,57,10,416 and 1,90,81,749 clean reads were obtained. In both the samples 44% GC content
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was calculated in the clean reads. Using Trinity assembler total 34,612 and 41,109 transcripts
were generated and 39.55 and 49.11 Megabytes length was obtained in control and toxin
exposed samples respectively. In control and toxin exposed samples, 1,772 and 1,992
transcripts showed N50 assembly quality in terms of contiguity. In both control and toxin
exposed samples, 200 and 500 bp length transcripts were obtained in maximun number. All

afore mentioned points are summarised in Table 2.

Sample Control Toxin exposed
Raw reads 1,68,50,105 2,05,01,613
Clean reads 1,57,10,416 1,90,81,749
Transcripts generated 34,612 41,109
Total transcripts length 3,95,54,452 4,91,15,238
Maximum transcripts length 17,216 26,151
Minimum transcripts length 301 301
Average transcript length 1,142.8 1,194.76
Sequences >=300-500 bp 12,085 14,524
Sequences >=500-1 Kbp 9,876 11,085
Sequences >=1-5 Kbp 12,141 14,696
Sequences >=5-10 Kbp 491 779
Sequences >=10 Kb-1 Mbp 19 25
N-50 Value 1,772 1,922
CD-HIT Clustering identity 95% 95%
GC % 44 44

Table 2. Details of reads and assembly statistics of Illumina Seq 500 de novo transcriptome data

obtained from control and toxin exposed larval midgut RNA samples.

Using Illumina Seq 2500, 28 libraries were sequenced and ~ 3.05 GB high quality data
was generated for each larval midgut sample (Table 3). Finally, from all the samples an average
of 19 million clean reads were obtained. High quality reads, base counts and data size statistics
are presented in Table 3. For assembly, all the 28 samples were pooled together to generate
one single transcriptome. Assembled transcript statistics and length distribution is summarised
in table 3. Finally, a total of 1,74,066 transcripts were generated using 28 raw sample clean
reads. SOAP-denovo-Trans assembler was used for master assembly and transcriptome length
of 10,02,47,510 bps was generated. An average of 575 bps transcript length was obtained in

master assembly (Table 4).
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Sample Id

Contorl_12h_R1.fq
Contorl_12h_R2.fq
Contorl_12h_replicate_R1.fq
Contorl_12h_replicate_R2.fq
Contorl_24h_R1.fq
Contorl_24h_R2.fq
Contorl_24h_replicate_R1.fq
Contorl_24h_replicate_R2.fq
Contorl_36h_R1.fq
Contorl_36h_R2.fq
Contorl_36h_replicate_R1.fq
Contorl_36h_replicate_R2.fq
Contorl_48h_R1.fq
Contorl_48h_R2.fq
Contorl_48h_replicate_R1.fq
Contorl_48h_replicate_R2.fq
Starved_12h R1.fq

Starved_12h _R2.fq
Starved_12h_replicate_R1.fg
Starved_12h_replicate_R2.fq
Starved_24h_R1.fq
Starved_24h_R2.fq
Starved_24h_replicate_R1.fq
Starved_24h_replicate_R2.fq
Starved_36h_R1.fq
Starved_36h_R2.fq
Starved_36h_replicate_R1.fq
Starved_36h_replicate_R2.fq
Starved_48h_R1.fq
Starved_48h_R2.fq
Starved_48h_replicate_R1.fq
Starved_48h_replicate_R2.fq
Toxin_exposed_12h_R1.fq
Toxin_exposed_12h_R2.fq
Toxin_exposed_12h_replicate_R1.fq
Toxin_exposed_12h_replicate_R2.fq
Toxin_exposed_24h_R1.fq
Toxin_exposed_24h_R2.fq
Toxin_exposed_24h_replicate_R1.fq
Toxin_exposed_24h_replicate_R2.fq
Toxin_exposed_36h_R1.fq
Toxin_exposed_36h_R2.fq
Toxin_exposed_36h_replicate_R1.fq
Toxin_exposed_36h_replicate_R2.fq
Toxin_exposed_48h_R1.fq
Toxin_exposed_48h_R2.fq
Toxin_exposed_48h_replicate_R1.fq
Toxin_exposed_48h_replicate_R2.fq
Toxin_tolerant_R1.fq
Toxin_tolerant_R2.fq
Toxin_tolerant_replicate_R1.fq
Toxin_tolerant_replicate_R2.fq
Toxin_tolerant_24h_exposed_R1.fq
Toxin_tolerant_24h_exposed_R2.fq
Toxin_tolerant_24h_exposed_replicate_R1.fq
Toxin_tolerant_24h_exposed_replicate_R2.fq

Reads

10028942
10028942
8628916
8628916
8034841
8034841
6983555
6983555
8192427
8192427
15482277
15482277
8122611
8122611
9181499
9181499
9799368
9799368
11031631
11031631
7656143
7656143
10655240
10655240
9079024
9079024
9110626
9110626
10697833
10697833
7723461
7723461
16730802
16730802
10576431
10576431
10730932
10730932
10807754
10807754
10061786
10061786
10027587
10027587
9080458
9080458
6058585
6058585
10917204
10917204
14952551
14952551
7372799
7372799
18861211
18861211

Total
reads
20057884
17257832
16069682
13967110
16384854
30964554
16245222
18362998
19598736
22063262
15312286
21310480
18158048
18221252
21395666
15446922
33461604
21152862
21461864
21615508
20123572
20055174
18160916
12117170
21834408
29905102
14745598

37722422

Bases

1494397342
1494390352
1290865585
1290832153
1200570075
1200596481
1041173358
1041169378
1225981812
1225918810
2300666804
2300739231
1215439428
1215292108
1368283592
1368207811
1436448890
1436205916
1644880206
1644857110
1147275767
1147055005
1590345218
1590414009
1355319182
1355331637
1356931776
1356952410
1597804024
1597698881
1148556771
1148383745
2493020155
2493019946
1579145784
1579113790
1594011699
1594066814
1612408105
1612373870
1500281280
1500174909
1490013434
1489766604
1332234024
1332150600
900542510

900375353

1616926175
1616927448
2225358452
2225298721
1094370604
1094413464
2813649674
2813539020
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Total
bases
2988787694
2581697738
2401166556
2082342736
2451900622
4601406035
2430731536
2736491403
2872654806
3289737316
2294330772
3180759227
2710650819
2713884186
3195502905
2296940516
4986040101
3158259574
3188078513
3224781975
3000456189
2979780038
2664384624
1800917863
3233853623
4450657173
2188784068

5627188694

Data
in Gb
3
2.6
2.4
2.1
25
4.6
2.4
2.7
2.9
3.3
2.3
3.2
2.7
2.7
3.2
2.3
5
3.1
3.2

3.2

2.7
1.8
3.2
4.5
2.2

5.6

Table 3. Presents statistics of high-quality data obtained from midgut RNA samples of A. janata larva,

under different experimental conditions.
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Description Master Assembly
Total number of transcripts 1,74,066
Total transcriptome length in bps 100,247,510
Average transcript length in bps 575
N50 421
Maximum transcript length in bps 25,338
Minimum transcript length in bps 200
Metrics Master Assembly
Length >= 200 & <= 300 85429
Length > 300 & <= 400 32056
Length > 400 & <= 500 13439
Length > 500 & <= 600 8124
Length > 600 & <= 700 5796
Length > 700 & <= 800 4098
Length > 800 & <= 900 3028
Length > 900 & <= 1000 2444
Length > 1000 & <=5000 18383
Length >5000 1269

Table. 4 Illumina Seq 2500 statistics of assembled transcripts and length distribution, of different

Sequence.

3.2 Annotation

[llumina Seq 500 assembly reads were annotated using BLASTXx algorithm against
NCBI's non-redundant (nr) database. A total of 18,836 and 21,046 transcripts were annotated.
However, in control and toxin exposed larval samples, a total of 34,612 and 41,109 transcripts
were obtained. In this transcriptome analysis, A. janata sequence showed a close matching with
Bombyx mori (35.66%), followed by Danaus plexippus (32.63%), Parargea egeria (10.22%),
and the same is summarised in pie chart (Fig. 3a). Transcripts were classified into three major
groups, on the basis of gene ontology i.e. cellular component, molecular function and biological
processes; respectively subcategories in 11 types (Fig. 3b). In biological process category, the
maximum number of transcripts in both the samples were associated with serine/threonine
kinase activity. However, the maximum number of transcripts in the cellular component

category were found to be associated with the integral membrane components followed by
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nucleus. Subsequently, ATP and Zinc-ion binding factor transcripts were primarily represented

in the molecular function category (Fig. 3b).
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Fig. 3. This figure represents Illumina Seq 500 transcriptome analysis of control and toxin exposed
larvae. (a) Pie chart showing species percentage distribution of most closely related insect species
resulting from annotation, (b) Gene ontology classification based on cellular component, biological

process, and molecular function, (y-axis: percentage of transcript in each category).

Illumina Seq 2500 annotation was carried out with NCBI's nr database (non-redundant)
using the BLASTP algorithm. From 1,74,066 transcripts, a total of 35,559 proteins were
reported and 32,561 proteins were captured with hits and 2,998 with no hits. In this
transcriptome analysis data, A. janata sequence closely matched with Spodoptera litura (23%)
followed by Helicoverpa armigera (23%) and Heliothis virescens (22%) (Fig. 4). In parallel to
this NR, UniProt, KOG and Pfam database were also used for sequence similarity search and
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alignment was carried out using BLASTP algorithm with 1e™ e-value threshold. The inclusive

BLAST result of four databases is presented in figure 5.
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Fig. 4 Pie chart showing species percentage distribution of transcriptome of most closely related insect
species resulted from annotation.

UniProt KOG
(21808) (16496)

Pfam
(12103)

Fig. 5 Venn diagram representation of annotated proteins obtained using different protein databases
(NR, UniProt, KOG and Pfam).
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3.3 Differential gene expression analysis

With Illumina Seq 500 sequencing data, differential gene expression (DGE) analysis
was carried out between control and toxin exposed samples. FPKM (Fragments Per Kilobase
of exon per Million reads) count based volcano plot was constructed using log2fold change
obtained from transcriptome analysis (Fig. 6). For this current analysis, 2-fold capping was
kept for log2 fold-change in determining upregulated and downregulated genes (Fig. 6). A total
of 41,224 transcripts were obtained out of which 16,670 transcripts were differentially
expressed. In these 16,670 transcripts, 8,033 and 8,637 were upregulated and downregulated
respectively. On the other hand in both samples 24,574 transcripts were impartially regulated.
In addition, a total of 1,701 in control and 5,002 transcripts in toxin exposed samples were

uniquely present (Table 5).
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Fig. 6 Volcano plot analysis of differentially regulated genes in control and toxin exposed samples. DeSeq was
used for determining upregulation and downregulation of genes based upon relative FPKM counts (x-axis:

log2fold change; y-axis: -log, P value) plot was generated using RStudio Version 1.1.453° 2009-2018.
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DGE Statistics \

Total Unigene available 47959

No. of transcript in each category Total Up Down Neutral
No. of transcript expressed in both samples 41244 8033 8637 24574
No. of transcript expressed only in Control 1707 -- - --
No. of transcript expressed only in Treated 5002 -- - --
No. of P-significant transcript 1611 701 910 --
No. of Q-significant transcript 280 115 165 --
Software used for carrying out DGE DeSeq

Table 5. Shows the result obtained from differential gene expression statistics of transcriptome analysis
of the lllumina Seq 500. P (probability of the occurrence of a given event) and Q (probability of any

single false positive) significant transcripts were obtained after normality expression of data.

Once again the data obtained from Illumina Seq 2500 was analysed for differential gene
expression. In this analysis we compared the control and Cry toxin tolerant larval transcript
profile using map reads obtained in the differential expression analysis. Analysis of count data
was carried out using DESeq.2 in RStudio platform. A significant difference was noticed in the
tolerant larval population. In this DESeq analysis a total of 35,559 CDS were analysed and 320
CDS showed significant variation, with padj < 0.05 (Fig. 7). Few of the genes like (i)
0i|1131919362| Ca2+-binding protein, RTX toxin-related, (ii) gi|1199381583| superoxide
dismutase [Cu-Zn] 2-like, (iii) gi|315139350| serine protease 63, (iv) gi|1274141826| trypsin,
alkaline C-like and (v) Qi|1274136486| apolipophorins isoform X2 were shown to be
upregulated, while (i) gi|123995301| ribosomal protein SA, (ii) gi|744619941| predicted: 60 S
ribosomal protein L8, (iii) gi|45219787| ribosomal protein S3A, (iv) gi|1344818460| alanine

aminotransferase 1-like and (v) gi|501300966| ubiquitin were downregulated.

(Data available at figshare,

https://springernature.figshare.com/articles/Differential expression analysis of susceptible

and tolerant larval population/8255996).
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12h  24h 36h 48h 12h 24h 36h 48h 12h 24h 12h 24h 36h 48h
Control Toxin exposure Tolerant Starvation

Fig. 7 Differentially regulated genes in
control, toxin exposed, starved and tolerant
samples. FPKM counts were used for
determining upregulation and
downregulation of genes, heat plot was
generated using RStudio Version 1.1.453°
2009-2018. “Inset represents the difference
in toxin exposed and starved sample gene

expression.”
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3.4 Prediction of transcription factor and metabolic pathways

Using D. melanogaster as reference, a total of 1,052 and 1,221 transcription factors in
control and toxin exposed samples were respectively annotated using the transcription factor

database (http://www.bioguo.org/AnimalTFDB/). Zinc-finger family-Cys2His2, ZBTB and

homeobox transcription factors family were showed 401, 69 and 64 hits in control sample as
compared to 475, 66 and 63 hits in toxin exposed (Fig. 8a). A. janata metabolic
pathways prediction was carried out using KEGG pathway analysis, figure 8b repersents
percentage division of control and toxin exposed sample. These results revealed transcripts
associated with translation, signal transduction followed by folding, sorting and degradation

are maximum is both larval midgut samples (Fig. 8b).
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Fig. 8a. Transcription factor annotation with TFDB showing number of transcripts in each transcript

family, Distribution of transcript in control & toxin exposed samples.
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Fig. 8b. Prediction of metabolic pathways of A. janata midgut obtained using KEGG pathway analysis.
The histogram shows percentage distribution of various transcript distribution in control and toxin
exposed samples.

3.5 Identification of Single Sequence Repeats (SSR)

MISA Perl script was used for single sequence repeat identification and analysis. A
total of 3,947 and 5,043 transcripts were identified that harboured SSR motifs, which includes
SSRs prediction, 4,770 and 6,115 respectively in control and toxin exposed samples. SSR
analysis revaled that mono-nucleotide (72.41%) followed by di-nucleotide (13.12%) and tri-
nucleotide (12.64%) repeats were present in control samples. However, mono-nucleotide
(72.51%), tri-nucleotide (13.01%) and di-nucleotide (12.72%) repeats were present in treated

samples (Fig. 9).
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Fig. 9. Identification of SSR using MISA perl script, for total SSRs prediction in control and toxin
exposed samples, (pl = mono-nucleotide, p2 = di-nucleotide, p3 = tri-nucleotide, p4 = tetra-nucleotide,

p5 = penta-nucleotide and p6 = hexa-nucleotide).

3.6 Microarray analysis

The microarray based expression analysis clearly revealed differential gene expression
values of toxin exposed time-series samples (12, 24, 36, 48 and 60 h) when compared to control
sample (Fig. 10). Labelled cRNA spectrophotometric testing of cRNA showed 260/280 ratio
of samples >2.29 with specific activity varying from 6.71 to 9.61. A total of 954 genes were
differentially regulated in all the samples where 375 genes were upregulated and 579 were
downregulated. In toxin exposed samples of 12 h, 24 h, 36 h, 48 h and 60 h; 192, 111, 187, 156
and 106 mRNAs were uniquely upregulated (Fig. 11, i) in contrast 97, 85, 108, 104 and 69
mMRNASs were uniquely downregulated (Fig. 11, ii) (Transcript details is available in Dhania et
al., 2019a; Supplementary File 1, 2). For the present study, heat maps were generated for

visualisation of differential gene expression achieved from the microarray data.

3.7 qRT-PCR validation

The qRT-PCR analysis was performed to validate the results of microarray gene
expression with fifteen selective differentially expressed genes. “DUFF233, Serine protease
inhibitor, Serpin 1a, GST-epsilon, Cocoonase, Chymotrypsin, Niemann-Pick type C2 protein,

Trypsin-like proteinase T23, Cytochrome P450, Defense protein 1, 60S ribosomal protein L18,
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Apoptosis-linked protein 2, Cecropin and three uncharacterized proteins’ were checked in this
study (Fig. 12). The gRT-PCR and microarray gene expression data synchronised equally well

with the respective results. Associated Pearson’s correlation coefficient 0.5866864 was

calculated for microarray and gRT-PCR dataset, this indicates a noble correlation.
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Fig. 10. Differential gene expression analysis upon continuous toxin exposure using microarray. The

overall cluster of differentially regulated genes obtained through microarray analysis. The red colour
indicates high, green indicates low and yellow indicates neutral gene expression levels (fold change

expression is provided as log2).
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Fig. 11. Venn diagram depicting the number of larval midgut transcripts at various toxin exposure time

points. (i) Commonly upregulated transcripts at the various time point of toxin exposure, (ii) commonly

downregulated transcripts at various time points of toxin exposure.
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Fig. 12. Validation of the RNA-Seq and microarray data using gRT-PCR analysis, data was normalised with rS7 as reference gene. The transcripts
validated were (1) DUFF233, (2) Serine protease inhibitor, Serpin 1a, (3) Unknown +8 fold upregulated, (4) Glutathione S-transferase epsilon, (5)
Cocoonase, (6) Unknown —10 fold downregulated, (7) Chymotrypsin, (8) Niemann-Pick type C2 protein, (9) Trypsin-like proteinase T23, (10)
Unknown —9 fold downregulated, (11) Cytochrome P450, (12) Defense protein, (13) 60S ribosomal protein L18, (14) Apoptosis-linked protein 2 and
(15) Cecropin. Microarray analysis heat plot were generated using value obtained from RNA-Seq and microarray data, Real time PCR heat plot were
generated using value obtained from qRT-PCR analysis. Plots were generated using RStudio Version 1.1.453-© 2009-2018. Statistical significance
for qRT-PCR data was calculated using Sigma plot (P <0.005, between experimental groups (n = 3)). Pearson's correlation coefficient was 0.5866864
between microarray data and qRT-PCR analyses calculated from RStudio.
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3.8 Expression of Cry toxin receptors

In this study Cry toxin receptor’s gene expression was monitored (Pigott and Ellar,
2007; Tabashnik et al., 2013). These results revealed downregulation of “protocadherin-like
protein, DE-cadherin, cadherin, alkaline phosphatases 1, 2, and 3, aminopeptidases N (APN1,
APNG6, APN7, APN9, APN8 and APN11), fat body APN and amino peptidase P-like protein”.
In correlation to the above “mutant cadherin and midgut class 2 aminopeptidase N” mMRNASs

revealed significant upregulation upon toxin exposure (Fig. 13).
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Fig. 13. Expression analysis of transcripts of Cry toxin receptors at various time points of toxin
exposure.

3.9 Arylphorin and REPATS (pathogen-response gene) expression

Bt toxin damaged based regeneration associated midgut responsive genes such as

arylphorins and REPATs were monitored (Burmester, 2015; Castagnola and Jurat-Fuentes,
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2016; Chauhan et al., 2017). Results revealed that arylphorin was initially downregulated upon
Cry toxin exposure (24 h) insects but it was upregulated during 36 h and 48 h time period.
Several REPAT mRNAs showed differential responses to Cry toxin exposure. In this study,
REPAT 32, REPAT 38 were upregulated and REPAT 30, REPAT 34 transcripts were shown

downregulated (Fig. 14).
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Fig. 14. Shows the profile of arylphorin and REPATS transcript expression during Cry toxin exposure.

3.10 Expression of gut proteases

Bt toxin activation in larval gut lumen is associated with gut proteases which are initial
determining steps for Bt toxicity after ingestion. In current study primarily serine proteases
constituted large group of differentially expressed transcripts in toxin exposed sample.
“Trypsin, trypsin-like proteins, chymotrypsins (C3, C6, C7 and C14)” encoded transcripts were
downregulated. However, chymotrypsin (2) and chymotrypsin like-protein transcripts were
selectively upregulated at some time points. Expression of protease inhibitors including “serine
protease inhibitor 1, 2 and 3 and serpin 1a” transcript was upregulated. It is interesting to note
that transcript expression of “26s protease, endoproteases, ATP-dependent Clp proteases,

protease M1, zinc metalloprotease and endopeptidases” reamined unaffected (Fig. 15).
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Fig. 15. Shows the transcripts analysis of various gut proteases during Cry toxin exposure in the larval

midgut of A. janata.
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3.11 Expression of detoxification enzymes

The detoxifying enzyme-mediated endogenous anti-oxidative activity was well
reported in the counterbalance of toxin-induced oxidative damage in susceptible larvae
(Rodriguez-Cabrera et al., 2008; Gullipalli et al., 2010; Lei et al., 2014, Pavani et al., 2015).
Various glutathione S-transferases (GSTSs) transcripts belonging to various super-families were
identified in A. janata transcriptome analysis. In the present study, “GST-delta 4, GST-epsilon,
Cytochrome p450 and Cu-Zn superoxide dismutase” expression was significantly upregulated
however GSTs including “GST-omega,-sigma, -zeta and -theta” was marginally

downregulated or unaffected (Fig. 16).
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Fig. 16. Expression analysis of detoxification enzyme transcripts at various time point of Cry toxin

exposure.
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3.12 Expression of aquaporins

Agua-glyceroporin and aquaporin transcripts (Aquaporin-1 and Aquaporin-Gra2) were
identified in the present larval midgut transcriptome. Notably, transcript expression of both

“integral gut membrane water-transport” proteins was seen to be downregulated during toxin

transcript 1 |-
transcript 2 i
transcript 3
transcript 4 -

Aquaporin AQP-Gra2.1
Aquaporin transporter

I—
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exposure (Fig. 17).

246800

Aquaporin

Fig. 17. Profile of aquaporin and aqua glyceroporin transcripts expression during Cry toxin exposure.

4. Discussion

In the current study RNA sequencing was carried out using lllumina platforms that
account for large data size, precision and ease. Sequence assembly was done using Trinity
which is one such efficient tool for a robust de novo assembly of transcriptomes particularly of
species without a reference genome (Yin et al., 2014; Song et al., 2016). Trinity revealed the
presence of large number of genes which was reported in A. janata transcriptome. Further a
detail analysis was carried out using the transcripts associated with five important classes’ viz.,
“Cry toxin receptors, gut proteases, arylphorins & REPATS, detoxification enzymes and

aquaporins” to evaluate their role during Cry toxicity.

Description of Bt insecticidal proteins relation with their hosts is crucial for
understanding the molecular basis of Bt specificity and its insecticidal activity. Various studies

demonstrated that APNs and cadherins are the functional Cry toxin receptors in large number
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of lepidopteran speices including A. janata (Xu et al., 2005; Pigott and Ellar, 2007; Chauhan,
2017). However so far eight different classes of aminopeptidaseN have been characterised in
lepidopteran insects (Crava et al., 2010, 2013; Lin et al., 2014). APNs differential expression
and its subsequent binding to Cry toxin proteins was shown to determine insect’s susceptibility
or tolerance to the toxin (Pigott and Ellar, 2007; Tiewsiri and Wang, 2011; Qiu et al., 2017;
Chauhan, 2017). Pacheco et al., (2009) proposed “ping-pong” binding mechanism, where in
initially APNs bind to the Cry toxin, promote toxin localization at the brush border and
facilitate its successive binding to cadherin. Following which the toxin binds to
aminopeptidase(s) with a higher affinity for post oligomerization. Moreover, cadherin gene
mutation has been reported to be associated with the generation of Cry toxin resistance (Xu et
al., 2005; Zhao et al., 2010; Pardo-Lopez et al., 2013; Fritz et al., 2019). In present study,
upregulation of APN2 transcripts and mutant cadherin was observed to implicates their role in

Cry toxication.

The lepidopteran larvae require a repertoire of “proteolytic enzymes including trypsins,
chymotrypsins, aminopeptidases, carboxypeptidases, elastases and cathepsin-like proteases”
for protein digestion. In lepidopteran larvae, protein-digestion primarily depends on trypsin,
chymotrypsin and serine protease active sites. Budatha et al., (2007) reported multiple isoforms
of trypsin and chymotrypsin in A. janata, as well as in other lepidopteran insect species the
same was reported in associtation to “naturally occurring antagonistic biomolecules” and/or
“adaptation to their different food sources” (Zhu-Salzman and Zeng, 2015). Bravo et al., (2007)
and Budatha et al., (2007) showed activation of protoxin which is mediated by midgut
proteases, particularly trypsin and chymotrypsin. In present study, the reduced transcript levels
of trypsin, chymotrypsin and elevated levels of serine protease inhibitors were shown during
sublethal exposure of Bt toxin. Reduced activities of trypsin and chymotrypsin were correlated

to decreased conversion of protoxin which activates Cry toxin, a well established phenomena
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(Oppert et al., 1997; Pardo-Lopez et al., 2013; Adang et al., 2014). Further the involvement of
altered trypsin, chymotrypsin and proteinase/protease activity has been shown in the context
of Bt resistance among several lepidopteran insects (Li et al., 2004; Zhu et al., 2011). It was
demonstrated in a recent study that trypsin gene downregulation is correlated with the
development of Bt toxin resistance (Yao et al., 2017). In contrast, the present study
demonstrates high expression of serine protease inhibitor transcripts which successively reduce
gut protease activities and thereby prevent any further gut tissue damage and induce Cry toxin

tolerance.

In current study, arylphorin expression was upregulated during 36-48 h time span of
Cry toxin exposure from “log2 value of -7 fold to 1.6 fold”. This coincides with active cell
proliferation phase which was demonstrated by BrdU labeling in A. janata larvae (Chauhan et
al., 2017). In H. virescens mitogenic effect of arylphorin was reported to play a significant role
in midgut regeneration during Cry induced damage (Castagnola and Jurat-Fuentes, 2011,
2016). In addition to that REPAT “low molecular weight proteins” gene expression was shown
to be associated with midgut cells. Under the aREPAT and BREPAT groups, forty six REPAT
proteins have been characterised. In Spodoptera larvae REPAT genes differential expression
was reported upon Cry toxin exposure (Navarro-Cerrillo et al., 2013). In CrylCa treated
Spodoptera larvae, upregulation of REPATs 4, 21, 32, and 42 transcript expression was
observed in midgut stem cells, whereas REPAT 39 and 44 were shown to be downregulated
(Navarro-Cerrillo et al., 2013). Genes are modulated upon toxin exposure in species specific
manner and REPATS differential response seen in the present study upon Cry toxin exposure

corroborates well with previous findings and suggests the same.

Variety of insecticides are used for the management of insect that infests agricultural
crops. Insect’s are known to detoxify them using various metabolic pathways. In general
insecticide detoxification happens in two phases- “phase | enzymes”, include cytochrome P450

89



| Chapter-2 |

proteins (P450s) which participate in metabolism of xenobiotics. These enzymes are divided
in four groups; CYP2 (Cytochrome P family), CYP3, CYP4, and mitochondrial (Feyereisen,
2006). “Phase Il enzymes”; include GSTs, which transform allelo-chemicals into water-soluble
compounds for excretion. In insect’s GSTs are classified into seven major classes: “sigma, zeta,
omega, theta, microsomal, delta, and epsilon” (Friedman, 2011). In present transcriptomic
analysis, GST sigma, omega, delta, and epsilon classes of genes are shown to be present in A.
janata. Among them, only GST-delta 4 was upregulated upon Cry toxin exposure. In addition,
Cu-Zn superoxide dismutase expression was also upregulated in A. janata. These findings
corroborated well with the report of higher enzymic activity seen in the larval forms of S. litura

fed on Cry1Ab transgenic crop (Yinghua et al., 2017).

Like other animals, the osmotic balance in insect is also regulated by aquaporins
(Spring et al., 2009). Cohen, (2012) suggested that aquaporins also plays a vital role in
developing cold tolerance as well as evolving resistance against desiccation. Only few aqua-
glyceroporins have been characterised in insects up till now (Campbell et al., 2008; Ishibashi
et al., 2017). A recent report on hemipteran white-backed planthopper, Sogatella furcifera
demonstrated altered mRNA levels of aquaporin upon insecticide exposure (Zhou et al., 2018).
Moreover in Aedes aegypti mosquito larvae, enhanced desiccation resistance was shown to
associate with downregulation of aquaporins (Drake et al., 2015). In current study we reported
downregulation of aquaporins and aqua-glyceroporin transcript during Cry toxin exposure.
However, the exact significance of them has to be looked in and further studies need to be

carried out to elucidate their exact role during Cry toxicity.

Using 15 selective gene, gqRT-PCR analysis was carried out to validate in silico (NGS
and microarray) differential expression of transcripts. Results of transcriptome and microarray
analyses were found to be in agreement with the expression pattern of the genes. The findings
of the present study revealed that a repertoire of differentially expressed transcripts are
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involved in Cry toxin induced responses in A. janata larvae. Current RNA-Seq analysis
provides first step towards unraveling the molecular mechanisms at transcriptomic level.
Results from this chapter potentially aid to develop strategies against toxin resistance in Bt-
exposed insect larvae. In near future, studies will be carried out to investigate that whether the
reported DEGs in this study are truly associated with Cry toxication in A. janata larvae and
aimed to provide a basis for their functional role in pest management and Bt toxin

tolerance/resistance.

The lack of adequate information about insect pest genome and transcriptome limit our
ability to determine the molecular mechanisms of altered physiological responses in Bt-
exposed susceptible and tolerant insect strains. The present study reports midgut de novo
transcriptome assembly and clustering of susceptible Cry toxin exposed and Cry toxin tolerant
A. janata larvae with appropriate age-matched and starved controls as well. This will facilitate

us for more efficient biocontrol of A. janata.

It is now possible to characterize complete repertoire of transcripts under different
conditions with the advent of next generation sequencing technology, further one can also
predict pathways with their molecular mechanisms. The RNA Sequencing data presented here
is the first de novo transcriptome assembly of castor semilooper larvae. The work has been
recently published in two different research article (Dhania et al., 2019a; 2019b). Further a
comparison of gene expression signatures between toxin exposed susceptible and tolerant
larvae provides the primary basis for Cry tolerance in the pest, which could be utilized for
designing the safe pest management strategies of economically important lepidopteran pest

castor semilooper that causes serious loss of castor crop in Indian continent.
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Analysis of regeneration:

a) Evaluating the role of arylphorins in regeneration
and repair of midgut epithelium.

b) Analysis of epithelial alteration in APN profile of
Cry toxin susceptible and tolerant larvae.
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1. Introduction

Insect midgut epithelium symbolises border involving external and internal
environment in the insect body cavity. This unique tissue supports various functions such as
food uptake, enzyme secretion, digestion, absorption, transport of ions and nutrient as well as
others functions such as the first line of defence against various infectious microorganisms.
Release of signalling molecules including various hormones that regulate general physiology
of insect is also one of the important characteristics. As discussed in “General Introduction”
and demonstrated in Chapter 1, the larval epithelium consists of columnar cells, epithelial cells,
Goblet cells and stem cells. Furthermore, these various cell types are located at a specific site
in epithelium such as the stem cells are primarily present at the basal side of epithelium, while
the differentiated and mature secretory/absorptive cells with microvillar border are present at
the apical end, towards the luminal side. During the evolution, insects are known to undergo
enormous changes in various parts of alimentary canal, reflected by variety of adaptations,
primarily to meet the adverse conditions (Terra 1988). Larval midgut represents a specific
section that is derived from the endoderm during embryonic development which acts as an
effective defense barrier for entrance of the pathogens in haemocoel where majority of other
visceral tissues are localized (Ryu et al., 2010; Huang et al., 2015). A complex regionalization
was also seen in the midgut where, the anterior, middle, and the posterior regions could be
characterized with specialized features, such as columnar cell morphology, region specific gene
expression, presence of atypical cell types, secretion of different digestive enzymes, altered
luminal pH, differential microbiota load and varied cellular architectural arrangement (Lemos
and Terra 1991; Buchon et al., 2013; Broderick et al., 2014; Buchon and Osman 2015; Pimentel
et al., 2018; Bruno et al., 2019; Casartelli et al., 2019). Due to such uniqueness, the midgut is
emerging as a fascinating tissue for investigation of regeneration and recovery after toxin

damage (Loeb et al., 2001; Castagnola and Jurat-Fuentes 2016; Janeh et al., 2017). Drosophila
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melanogaster has been well studied and the presence of midgut stem cells, their involvement
in active regeneration of tissue upon variety of damages induced by various factors/
physiological reasons is being widely investigated (Bonfini et al., 2016; Jiang et al., 2016). In
lepidopteran larvae, midgut tissue remodelling has also been analysed during metamorphosis
as well as during complete renewal of alimentary canal (Morgan, 1901; Hakim et al. 2010;
Romanelli et al. 2016; Tettamanti and Casartelli 2019; Tettamanti et al. 2019). The total cell
number increased during each larval instar and was supported by repetitive stem cell
proliferation (Baldwin and Hakim, 1999; Hakim et al., 2007). However in Drosophila, the
larval epithelium showed constant number of intestinal stem cells, which underwent
symmetrical division in response to enriched nutrients (O’Brien et al., 2011). In addition, once

stem cell differentiated they were incapable of division (Lu and Li, 2015).

To the best of our knowledge and the search of literature survey revealed that the
lepidopteran insect larvae have not been investigated well for stem cell proliferation. However,
they serve to be an ideal model to elucidate regeneration because cells in the epithelium,
divided and differentiated during molting (Sadruddin et al., 1994). In addition, majority of the
existing reports on regeneration were carried out using the primary midgut cell culture (Loeb
et al., 2001, Castangnola and Jurat-Fuentes., 2011). Further, these cultures were transient in
nature and were not stable cell cultures. During the initial period of work, we also tried
establishing A. janata midgut primary cell culture but were not able to successively propagate
them due to high levels of contamination which was primarily associated with the luminal food
content. However, few reports in lepidopteran species do claim the isolation of Drosophila type
intestinal stem cells which undergo asymmetric cell division during growth and repair (Inaba
and Yamashita, 2012). Loeb (2010) demonstrated the division of lepidopteran intestinal stem
cells by adding midgut differentiation factors called MDFs. Later, in Heliothis virescens larvae,

midgut stem cells were cultured by adding fetal bovine serum in media and in the same study
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active cell proliferation was demonstrated to be induced by Albumax Il (Castangnola and Jurat-
Fuentes., 2011). Hakim et al., (2010) also discussed several other mitogens for cultured stem
cell systems which were identified from conditioned media as well as from the larval

hemolymph of various insects (Hakim et al, 2010).

Midgut differentiation factor (MDF) was identified as a peptide with 30 amino acid
which exhibited high similarity to fetuin towards C-terminus end (Loeb at al., 1999). This
fetuin like peptide was also reported to promote cell division and cell attachment in mammalian
cell cultures (Nie, 1992). However midgut cell culture of H. virescens was reported to be
unaffected when supplemented with undigested fetuin but proliferation was promoted after
addiction of tryptic digested fetuin peptide supplementation and was termed as midgut
differentiating factor 2 (Loeb at al., 1999). This was followed up by identification of several
other midgut differentiating factors and named MDF3 and MDF4. Both of these were obtained
after chymotryptic digestion of MDF extracted from Lymantria dispar haemolymph (Loeb and
Jaffe, 2002). Though midgut differentiating factors were shown to promote the differentiation
but never with 100% efficiency, which suggested that there might be several other molecules
that were responsible and played a synergistic role in midgut cell proliferation as well as
differentiation. Factors/molecules like ecdysone (Boudjelida et al., 2005), a-arylphorin
(Blackburn et al., 2004) and insulin-related Bombyxin (Goto et al., 2005) were also

demonstrated to promote midgut cell differentiation when supplemented in culture media.

Amongst afore mentioned factors, a-arylphorin was reported to be a major
differentiating factor in in vitro midgut cell cultures as well as under in vivo conditions, and it
was proposed as a mitogen for midgut mitogenic activity (Blackburn et al., 2004; Hakim et al.,
2007; Castangnola et al., 2017). Earlier this aromatic amino acid (phenylalanine, tryptophan,
tyrosine, histidine) rich protein commonly known as hexamerin (arylphorin) was reported to
present in very high level in the haemolymph during the growth of last larval instar, where the
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larvae attained maximum size during postembryonic development (Kramer et al., 1980;
Willott, 1988; Ismail et al., 1993). Same was reported again with in vivo effect, when the 4™
instar larvae were fed with arylphorin supplemented diet, larvae showed increased in weight
gain after feeding (Hakim et al., 2007). Other than intestinal stem cell regeneration,
lepidopteran cell proliferation was also reported to regulate by tracheal regeneration. Nardi et
al., (2011) demonstrated that in Manduca tracheal epithelial stem cell increased number during

larval molting were supported by muscle layer present beneath the basal epithelium.

In lepidoptera, during molting extensive intestinal stem cell proliferation reported is
known to restore epithelial integrity (Baldwin and Hakim, 1991). Further similar restoration of
lepidopteran larval epithelium was also reported during abiotic and biotic stress or injuries
(Huang et al., 2016). This healing responses not only involved, intestinal stem proliferation but
also other additional processes, as an example after physical perforation of gut in Bombyx mori,
recruitment of hemocytes followed by production of melanized scab and repair of damaged
epithelium associated with stem cell proliferation was detected by DNA synthesis (Huang et
al., 2016). Furthermore, Bacillus thuringiensis infection based damage was also shown to be
repaired by midgut regenerative response (Spies and Spence, 1985; Chiang et al., 1986). This
suggested that Cry toxin promoted damage and facilitated stem cell proliferation in midgut
stem cell cultures (Loeb et al., 2001). Herndndez-Martinez et al., (2010) reported up regulation
of arylphorin and other gene transcripts during Bt pesticide intoxication. As mentioned above
that insects represent exceptional variety of morpho-functional adaptations when they were fed
with Cry toxin containing food, the larvae continuously replaced the damaged cells which is
invariably associated with midgut stem cell proliferation and mediated by MDF-1 (Loeb,
2010). Replaced epithelium upon continuous exposure showed alteration in cellular properties
such as changes in cell surface profile which also lead to the development of resistance in

insects (Spies and Spence, 1985; Martinez-Ramirez et al., 1999; Castagnola and Jurat-Fuentes,
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2016). Lehane, (1997) suggested that insect evolution was driven by nutritional quality, food
texture, type (solid, liquid) and other factors which facilitated the specialization of various

cell’s in gut.

Additionally larval midgut arrangement allowed contact of the anterior and posterior
parts of alimentary canal which facilitated removal of excess water and concentration of ions
as well as nutrients (Hubert et al. 1989; Lehane and Billingsley, 1996; Le Caherec et al. 1997;
Shanbhag and Tripathi, 2009). As discussed earlier in General Introduction, Bt toxication
primarily damaged the midgut section of alimentary canal, in current chapter we have evaluated
and discussed about the role of arylphorins during sublethal Bt toxin exposure. Earlier
mentioned reports from Blackburn et al., (2004); Hakim et al., (2007); Castangnola et al.,
(2017) suggested arylphorin to be the major differentiating factor in midgut and termed this as
mitogen. This arylphorin protein primarily a hexamerin is a well known storage protein with
multiple functions. Hexamerins are synthesized by fat body and released into the haemolymph
during active feeding phase of larvae. They are hexameric in nature which could be either a
homomers or heteromers with a subunit size of 70-90 kDa (Telfer and Kunkel, 1991;
Burmester, 1996, 1998, 1999; Hathaway et al., 2009). Hexamerins constitute 70-85% of
haemolymph protein in final instar and based on their chemical composition. The subunits are
divided into i) arylphorin, ii) methionine rich and iii) riboflavin binding proteins. Receptor
mediated sequestration of these proteins by different visceral tissues are well demonstrated
(Ismail et al., 1991; 1993; KiranKumar et al., 1997; Pan et al., 2001; Chandrasekar et al., 2008;
Budatha et al., 2011; Martins et al., 2011). During amino acids requirement, these stored
proteins in the fat body get hydrolysed and become accessible to support the insect's metabolic
needs. Telfer and Kunkel, (1991) and Burmester, (1999) initially proposed hexamerins act
solely as storage proteins that provide amino acids and energy during non-feeding periods.

Effect of fat body extract (synthesis and storage site of hexamerins) was also demonstrated to
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be associated with midgut cell proliferation, a purified protein from fat body extract showed
growth in larval midgut cell (Smagghe et al., 2003). Presence of exogenous arylphorin is
significantly high in midgut regenerative cells suggesting that it might play an important role
in cell proliferation. In this chapter we discuss about two different types of arylphorin (i)
exogenous and (ii) endogenous arylphorins and evaluate their role in midgut regeneration.
Confirmation of endogenous arylphorin was carried out using real time PCR and in-situ
hybridization. Further the involvement of Cyclin B, which is known as hallmark for cellular
proliferation was also checked for midgut stem cell proliferation/ regeneration in the midgut of

castor semilooper.

As discussed in Chapter 2, we had generated laboratory based tolerant larval population
subjected to sublethal dose of DOR Bt-1 formulation exposure and reared for following 15
generations. Aminopeptidase N are well known Cry toxin receptors, in lepidopteran insect and
has already been reviewed in General Introduction. In this chapter we carried out a detailed
analysis of epithelial alteration if any in APN profile using Cry toxin susceptible and tolerant
larvae. The study in this chapter was primarily aimed to carry out an comprehensive analysis
of susceptible and tolerant larval midgut at the cellular level. Along with cell morphology,
development of altered epithelium in sublethal toxin exposed tolerant larval population of A.

janata in a fifteen generation analysis is being reported in current study.

97



| Chapter-3|

2. Materials and Methods

2.1 Sequence analysis

Arylphorin sequences were pooled out from transcriptomic sequence data, presented in
Chapter 2, and were analysed using Basic Alignment Search Tool based algorithm. Homology
of these sequences were checked using sequence database available on NCBI web portal.
Obtained sequences from NCBI database and Illumina seq result was aligned based on
CLUSTAL format alignment by MAFFT (v7.427). MAFFT based L-INS-I result was obtained.
Fat body arylphorin (named as exogenous arylphorin in the present study) and midgut
arylphorin (endogenous arylphorin) were analysed using open Rost Lab software

(https://rostlab.org/).

2.2. Haemolymph collection

For the current experiment 4" instar larvae were narcotised (Fig. 1). After ensuring
numbing of larvae, larval prolegs was carefully excised using sharp scissors which were
sterlized. Larvae was bled directly into 1.5 ml Eppendorf tube, pre-coated with 0.1% of
phenylthiourea. Phenylthiourea was added to stop the melanisation and tyrosine kinase activity
in the haemolymph. Before processing the haemolymph sample was centrifuged for 2 min at
4000 rpm. Centrifugation was carried out at 4°C to sediment the haemocytes. Collected

supernatant, which contained hexamerins and was used for sequestration analysis.

Fig. 1 Showing larvae narcotisation using
ice based cold shock therapy. This helped in
maintaining the insects in immobilized state

for collection of haemolymph.
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2.3 Alexa Flour labelling of haemolymph protein

Our group has already demonstrated the sequestration of hexamerins (Arylphorin;
confirmed with sequence similarity) by the fat body, salivary gland, male accessory
reproductive glands and ovary (Ismail et al., 1991; 1993; KiranKumar et al., 1997; Damara et
al., 2010; Budatha et al., 2011). With this prior knowledge and that arylphorin is large sized
(~75 kDa) protein, the isolated haemolymph was concentrated using sucrose bed dialysis (Fig.
2). Diluted haemolymph was transferred to dialysis membrane bag with 50K MWCO, which
retained the all proteins with at least size of 50 kDa. The bag was sealed with plastic clips and

placed on dry sucrose bed, which allowed excess of fluid to get drained out.

Hemolymph isolation Sucrose bed dialysis
Step 1: Labeling
[v.m f\lwﬁu
/ S |
Dissolve Protein Add dye and =
n buffer sticfor2 h ‘.\
Step 2: Purification —_— =
N @ &
| QQQQQQQQQQQQQQ SOkDa
[ —
Add reaction Colles urified
mix! labeled protei:
Equilibrat Star! lon solution
e art separatio

Alexa Flour labelling

Fig. 2 Collecion of haemolymph from narcotised larvae by cutting their prolegs. The haemolymph was
diluted and transferred to dialysis bag (50 kDa pore size cutoff) and concentrated using sucrose bed.

The haemolymph proteins were labelled with Alexa Flour using kit based protocol.

Concentrated protein (100 ul of 1 mg/ml) was diluted in 0.1 M sodium carbonate buffer
(pH 9.2), was added with Alexa Flour™ 488 NHS Ester (Succinimidyl Ester) (Invitrogen,

USA) activated dye provided in protein labelling kit. Reaction mixture was kept for slow stir
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at 4°C for 4 h. The labelled protein was purified using column provided in kit. Column was first
thoroughly equilibrated with equilibration buffer (0.1M sodium carbonate buffer in MilliQ
water). After equilibration reaction mixture was added the column (Fig. 2; this was adopted
from Invitrogen manual). After separation started, purified labelled protein was collected. The
total process was carried out either in dark room or the column and tube were covered with
aluminium foil. Labelled protein mixture was electrophoresed using 10% SDS-PAGE for
quality check. Unbound fluorescent dye was separated from labelled protein by Millipore
Amicon ultra centrifugal filters with 50 kDa cut off size.
2.4 Microinjection

Labelled hexamerin protein was injected into A. janata 3" instar larvae. Hamilton
syringe (Hamilton™) was used for the microinjection. Before microinjection larvae were
narcotised using ice based cold shock therapy. After numbing of larvae, they were blot dried
using soft tissue paper, followed by injection of labelled protein between intersegmental
membranes through anterior side of the larvae (Fig. 3). Prior to injection labelled protein
sample was once again checked under UV illuminator for confirmation of sufficient
fluorescence (Fig. 3). After injection, needle was gently pulled out and the wound was sealed
with moulten paraplast to prevent leakage of haemolymph. Once again the larvae were placed
back on ice for 30 min. Later they were transferred to fresh castor leaves and maintained for

different time period.

Fig. 3 Haemocoelic injection of Alexa Flour labelled hexamerin (arylphorin) into 3 instar larval

haemocoel using Hamilton microsyringe.

100



| Chapter-3|

2.5 Sequestration analysis of labelled arylphorin using confocal microscopy

For this study, the larva injected with labelled hexamerin protein (Fig. 3) was dissected
carefully under moderately dark condition and various tissues were collected. For the
fluorescence observation confocal laser scanning ZEISS LSM 900 microscope (CLSM) was
used. Fluorescent image capturing was done using microscope integrated Axiocam cameras
enabled with low-noise electronic and cooled image sensing. Captured images were further
processed using microscope integrated ZEN Imaging core software. Image acquisition and
processing was performed using setting up image processing speed time. Image data
acquisition was optimized by frame acquisition at multiple positions. For final image capturing,
region of interest (ROI) was defined and the ROI was captured with scanning field of 6144 x
6144 pixels. Few tissue sample were also analysed along z-axis, optical serial sectioning was
carried out by suitably modified plane and ROI followed by the production of clear images of
fairly thick midgut samples. Excitation/emission spectra of individual flour component was

used for setting up the wavelength.

Arylphorin incorporation was also analysed during sublethal Cry toxin exposure. Prior
to sublethal exposure larvae were injected with labelled arylphorin using microinjection. As
discussed in previous section, 3" instar larva were fed with Cry toxin and they were collected
at 12 h, 24 h, 36 h, 48 h, 60 h and 72 h time frame after Cry toxin exposure. The larvae were
narcotized by keeping them for 15-20 min on ice, and the tissues were dissected as mentioned

in earlier section.
2.6 Cell proliferation analysis using BrdU incorporation

Midgut cell proliferation analysis was carried using BrdU incorporation (Invitrogen
Corporation, USA) following the manufacture’s protocol with small alteration. For the current

experiment, prior to tissue isolation, larvae were injected with BrdU labelling reagent (10 pl/g
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body weight). Microinjection was carried out similar to afore mentioned method in section
(2.4). After different time points, the midgut tissue was dissected and fixed in 4% PFA for 12-
14 h. Embedding and sectioning was done in similar pattern as mentioned in General Materials
and Methods section. After removing paraplast from the embedded midgut sections, quenching
was performed using peroxidase with 30% H:0O: in absolute methanol (1:9) and the flouro-
immunocytochemistry of injected BrdU was carried out. Firstly slide was washed twice with
PBS (pH 7.4) for 10 min then tissue blocking was done using 5% BSA dissolved in PBST
(0.1% Tween 20). After blocking slide was over flowed with primary antibody solution, mouse
monoclonal BrdU Antibody [MoBU-1 (B35128, Invitrogen)] in 1:500 ratio, diluted with 2%
BSA-PBST solution and incubated for 12-14 hr at 4°C. Slide was re-washed using PBS and
antibody detection was carried out using anti-mouse 1gG secondary antibody (tagged with
Alexa Flour 555). Visualization of stained section was carried out using confocal microscope
at specific wavelength (mentioned in section 2.4). For colocalization of labelled arylphorin and
BrdU proliferative cells, prior to sublethal exposure larvae were injected with labelled

arylphorin using microinjection.

2.7 cDNA synthesis and qRT-PCR validation

Gene specific primers for midgut specific arylphorin, Cyclin B, Cyclin E, Cyclin J and
CDK2 were designed for gPCR analysis. After manually designing the primers, they were
analysed using Oligo analyzer tool 3 (Table 1). Each primer was individually checked for
oligonucleotide properties such as melting temperature, hairpins, dimers and mismatches etc.
and commercially procured (Integrated DNA Technologies Inc, USA). Before proceeding to
the gPCR each primer set was checked using regular PCR followed by detection of amplicon
using agarose gel electrophoresis. After primer confirmation gPCR reaction was carried out, in
each 10 pl reaction mixture 1 ul of each primer (10 uM), 1 ul of sample cDNA, 10 ul of master
mix (SYBR® Green) was added. Reaction was programmed in gRT-PCR system (Step-One
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Plus, Thermo Fisher Scientific). The gPCR theromocycling parameters: 95 °C for 10 min, 40
cycles of 95 °C for 30 s and 60 °C for 30 s, were programmed and followed by melting curve
generation (59 to 68 °C). Each gPCR reactions were performed thrice for obtaining biological
replicate and each time three technical replicates were used in the reaction. Cycle threshold
was obtained for each reaction and comparative Ct was calculated using Schmittgen and Livak,
(2008) mehtod. Calculation of change (224€T) in Ct value with respect control was carried out
using Microsoft Excel and obtained value was statistically analyzed by Sigma Plot software
(v14.0, Systat Software Inc., USA). To check the significance of 22T value One-Way
ANOVA analysis was carried out, followed by SNK test (Student-Newman-Keuls).
Comparison between each set of experiment was performed and plotted as P value for each set

of experiments.

S.No. Sequence Name Sequence (5°-3°)

1 Aryl FP GTCATGTGCTTGGCGCAAGT

2 Aryl RP CGAAACTTTCGGGCTGTTGCTG

3 Aryl T7 FP TAATACGACTCACTATAGGGGTCATGTGC
TTGGCGCAAGT

4 Aryl SP6 RP ATTTAGGTGACACTATAGAACGAAACTTT
CGGGCTGTTGCTG

5 Cyclin B FP GCCCTTTGGAGAATGTGGCAA

6 Cyclin B RP CATCACAGTCACACATGCTGTTCC

7 Cyclin J FP CCCATCGCCAGGTTACTGCAG

8 Cyclin J RP CTACGTTGAGTTGGCTGCGGG

9 Cyclin E FP GCCCTTTGGAGAATGTGGCAA

10 Cyclin E RP CATCACAGTCACACATGCTGTTCC

11 CDK2 FP CCACGATTGCTGTGAGTGTGC

12 CDK2 RP GCCTGGCTGTTATTGCCATGG

13 APN2 FP CGCTCCACCACAGTACAATGTTGTC

14 APN2 RP CTCTGAAGGGAATGTTGAAGATGGGA

15 APN4 FP CACCCGTGACATCAATCTTAGCCCT

16 APN4 RP CGTGGGTAAGATCTTCAGCGATCG

Table 1. List of primers used for PCR expression analysis of control and toxin exposed larval RNA

samples and RNAi as well as dsSRNA RNA preparations.

2.8 Western blot and immunohistochemical analysis for the detection of Cyclin B

A. janata Cyclin B antibody was not available so the NCBI database was checked for

sequence similarity. Interestingly, human Cyclin B showed resemblance with A, janata
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sequence, using this information Cyclin B sequences were pooled out from transcriptomic
sequence data, mentioned in Chapter 2. These sequences were checked using Basic Alignment
Search Tool based algorithm. Homology of A. janata Cyclin B with Human Cyclin B sequence
was checked using CLUSTAL format alignment by MAFFT (v7.427) and MAFFT based L-
INS-I result was obtained. For antibody assisted analysis human antibody (monoclonal
antibody; Sc7393, Santa Cruz Biotechnology) was used. Before proceeding for
immunohistochemical analysis, cross reactivity of Cyclin B human sequence based
monoclonal antibody with A. janata tissue protein was checked using western blot analysis.
Laval midgut proteins/peptides were electrophoresed and transferred to nitrocellulose
membrane (details mentioned in General Materials and Methods). The membrane was washed
thrice for 15 min and then submerged in blocking solution (5% BSA solution with 0.1% Tween-
20 containing TBS) to avoid non-specific binding. After 3 h of blocking the blot was washed
with TBS-TBST-TBS, 15 min each, followed by incubation with Cyclin B (Sc7393) primary
antibody with 1:1000 dilution (diluted in 2% BSA) at 4°C for 12-14 h. Further, primary
antibody was collected in 50 ml tube and blot was washed again with TBS-TBST-TBS, 15 min
each to remove excess antibody. Incubation of blot was carried out with secondary mouse IgG
conjugated with alkaline phosphatase. The secondary antibody was diluted with 2% BSA
(1:4000) and blot was soaked for 3-4 h. The excess unbound antibody was removed from blot
by washing with TBS-TBST-TBS and processed for blot development with BCIP/NBT (G-

Biosciences, USA). Developed blot was immediately documented with Kodak Photo Imager.

For immunocytochemical detection of Cyclin B, midgut transverse sections were
p repared using cryotome and fixed on clean glass slide. They were rinsed twice with PBS (pH
7.4) for 10 min. Tissue blocking was done using 5% BSA dissolved in PBST containing 0.1%
Tween 20. After blocking, the slide was over flowed with primary antibody of Cyclin B (1:500,

dissolved in 2% BSA) and incubated for 12-14 h at 4°C. Then it was washed using PBST
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solution (3 times, 5 min each) and antibody detection was carried out using anti-mouse IgG
secondary antibody (tagged with Alexa Flour 555 and Alexa Flour 633). Visualization of

stained slide was carried out using confocal microscope at specific wavelength.

2.9 Detection of various mRNA using fluorescence in situ hybridization

Larval midgut was dissected and fixed in 0.1 M PBS containing 4% PFA (pH 7.4)
(Sigma-Aldrich, USA) and 5 pm transverse sections were obtained as discussed in General
Materials and Methods section. A. janata arylphorin, aminopeptidase-2 and aminopeptidase-4
cRNA probes were prepared and midgut specific arylphorin gene fragment (289 bp) was
prepared. T7 promoter sequence (5'-TAATACGACTCACTATAGGGAGA-3') based primer
was used for synthesis of the antisense probe (positive), while Sp6 based promoter sequence
(5"-ATTTAGGTGACACTATAG -3°) was used for sense probe (negative). In vitro
transcription of DNA template was carried out using thermocycler followed by RNA probe
synthesis using DIG RNA labelling kit using manufactures protocol (Roche Diagnostics,
Germany). DIG labelled mRNA was synthesized and analysed using sequencing and agarose

gel electrophoresis.

Cryotome cut midgut transverse section was fixed on the clean glass slide and washed
with PBST buffer. Then it was permeabilized using proteinase K (1 pg/ml) and fixed again
with 4% PFA. After fixation the slides were incubated with 200 pl hybridization buffer (50%
formamide, 5X SSC, 1% SDS, 5 mM EDTA, 0.1% CHAPS, and 50 ug/ml heparin) for 1 h at
50°C. Laboratory prepared DIG labelled cRNA (added with 200 pl of hybridization buffer)
probe was used and heat denatured by incubating it for 5 min at 80°C. While incubating the
slides were covered with parafilm and kept in sterile incubator. After cRNA hybridisation, the
slides were washed using wash buffer (SSC, 50% formamide, 0.1% Tween 20), five times for

5 min at 50°C. Each time SSC concentration was gradually decreased followed by incubation
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of slides with solution A (10 mM Tris-HCI pH 8.0, 0.5 M NaCl, 5 mM EDTA, containing 0.1%
Tween 20,) at RT for 5 min. To avoid any irrelevant contamination reaction was supplemented
with RNase A (20 pg/ml) and incubated for 20 min at RT. After RNase treatment the probed
sections slides were rewashed twice for 5 min with solution A. Followed by washing with
maleic acid buffer (150 mM NaCl, 100 mM maleic acid, 0.1% Tween 20, pH 7.5) for enhanced
antibody reaction at RT for 5 min, incubated with 5% BSA blocking solution at RT for 1.5 h
followed by incubation with Anti-Digoxigenin-FITC antibody [21H8] (FITC) (ab119349) (1:
500) at 4°C for overnight. These slides were washed four times for 15 min with DIG wash
buffer (Roche Diagnostics, Germany). Visualization of fluorescent labelled section was carried

out using confocal microscope at 480 nm wavelength as mentioned in Chapter 2 Section 2.5.

2.10 Double stranded RNAI preparation

A. janata arylphorin dsRNA as well as midgut specific arylphorin gene fragment (289
bp) were generated for this protocol. T7 promoter sequence added (5'-
AATACGACTCACTATAGGGAGA-3') forward and reverse primers were used for the
synthesis of dSRNA synthesis. Further in vitro transcription, based on midgut arylphorin cDNA
template was carried out using Ambion® MEGAscript™ RNAi Kit (Invitrogen™, USA). Prior
to final transcription T7 sequence attached cDNA template was prepared. PCR reaction was
carried out with three different set of primers i.e. i) T7 sequence attached forward primer +
gene specific reverse primer, ii) gene specific forward primer + T7 sequence attached reverse
primer and iii) T7 sequence attached forward primer + T7 sequence attached reverse primer.
PCR product of first and second reactions was used as template for third set of reaction. Finally
the amplicon obtained was used for dsSRNA synthesis. Final in vitro transcription reaction
mixture consisted of 2 ug linear cONA template, 8 ul nucleotide mixture (2 ul of ATP, CTP,
GTP and UTP each), 2 ul 10X T7 reaction buffer, and 2 ul of T7 RNA polymerase enzyme

and then the final volume made up to 20 ul using nuclease free water. The reaction mixture
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was incubated at 37°C for 6 h followed by short incubation (5 min) at 75°C. Afore mentioned
steps lead to formation of dsSRNA complex, which was used for knock down experiments. For
arylphorin transcript knockdown analysis, 4-5 ul of 100 ng dsSRNA was microinjected into
haemocoel Hamilton micro-syringe. Subsequently microinjected larvae were sacrificed for
transcript analysis. For confirmation of appropriate nucleotide delivery larvae were
microinjected with fluorescent nucleotide probe (ChromaTide™ Texas Red™-12-dUTP). As
discussed in section 2.6 cDNA synthesis was carried out and efficacy of dSRNA was checked
using gRT-PCR validation.
2.10 Brush border labelling

High affinity F-actin conjugated antibody probe was used for the detection of
epithelial brush border. For immunocytochemical analysis of brush border, midgut transverse
section fixed on clean glass slide was rinsed twice with PBS (pH 7.4) for 10 min. Tissue
blocking was done using 5% BSA dissolved in PBST (0.1% Tween 20). After blocking slide
was over flowed with primary antibody of Alexa Fluor® 647 phalloidin (1:500, dissolved in
2% BSA) and kept for 12-14 h at 4°C. Slide was re-washed with PBST solution and
visualization of fluorescent stained section was carried out using confocal microscope at

specific wavelength.

3. Results

3.1 Sequencing analysis for exogenous and endogenous arylphorin

Endogenous arylphorin sequences were pooled out from transcriptomic sequence data
and sequence homology was checked by comparing it with exogenous arylphorin (Chauhan,
2017). CLUSTAL format alignment result is presented in figure 4. NCBI-BLAST based

Sequence similarity analysis confirmed that both the sequence resemble with silkworm storage
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protein, hemocyanin and others. Interestingly, endogenous arylphorin sequence resembled with
Bombyx mori Sp3 transcription factor (sp3) sequence. Protein prediction for the sequence was
done using PredictProtein® 1992-2019 Rostlab software, and result revealed endogenous
arylphorin deduced amino acid sequence, showed a polynucleotide binding region, which was

absent in exogenous arylphorin sequence (Fig. 5).
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Fig. 4 CLUSTAL format based sequence alignment of endogenous arylphorin (gut) and
exogenous arylphorin (fat body).
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Fig. 5 Protein prediction analysis using deduced amino acid sequence, thr query is available online in
Rostlab database (https://www.predictprotein.org/text_results?req_id=672366).

3.2 Analysis of Alexa Flour 488 labelled protein

Labelled protein mixture was electrophoresed using 10% SDS-PAGE in light protected
chamber. The labelled fluorescent proteins obtained from A. janata larval haemolymph clearly
show the presence of two fluorescent proteins in the expected molecular weight region of

arylphorin (~75 kDa) (Fig. 6).

Lanel Lane2

75 kDa ~75 kDa

Fig. 6 Visualization of Alexa Flour labelled proteins- labelled protein was
purified with kit based column separation. The intense thick band seen in lane 2
at 75 kDa size represents arylphorin protein. Lane 1 repersents molecular mass
marker in kDa.

25 kD
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3.3 Sequestration of labelled arylphorin (exogenous) by larval midgut

Alexa flour 488 . DIC | ~ Merge
Whole mount visualization of labelled arylphorin

(a)

20 um

(ii) High Squeeze squash BSA (Labeled)
preparation

(b) (c)

Fig. 7 Shows the sequestration of labelled arylphorin (exogenous) by midgut, a) Fluorescent green

(i) Squeeze squash
preparation

colour indicates the presence of labelled exogenous arylphorin which is present in midgut tissue (whole
mount). b) Squeeze squash prepared from midgut tissue also confirmed the result as seen in whole
mount, however high squeeze squash prepared sample clearly revealed presence of exogenous
arylphorin in specific midgut cell. c) Please note that sequestration was not seen in midgut tissue isolated
from larvae, injected with flour labelled BSA solution. Scale bar, in (a) 0.5 mm, (b) (i) 100 pum, (ii) 20
um and 50 um in (c).

Larva injected with labelled protein was dissected and whole mount of larval midgut
tissue was visualized under confocal microscope. Results obtained clearly show that exogenous
arylphorin gets sequestrated into midgut tissue dissected after 12 h of incubation period. High
intensity of labelled protein was observed in whole midgut mount (Fig. 7a). This was followed

by midgut visualization, using squeeze squash and high squeeze squash prepration (Fig. 7b)
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and both of them showed presence of labelled arylphorin in cells. Labelled BSA was injected

as positive control but there it did not sequestered (Fig. 7¢)

3.4 Sequestration of labelled arylphorin by other visceral tissues

3 Instar

Fig. 8 Sequestration of labelled arylphorin (exogenous) after haemocoelic injection by other visceral
tissues, a) Fluorescent green colour indicates the presence of labelled exogenous arylphorin, please note
the sequestration of this protein and its presence (i) 3" instar larval fat body (whole mount), ii) in
transerverse section of fat body (late 5" instar larva). b) The sequestration was also seen in whole mount
of vas deferens (i, ii) and MARG (iii, iv) as well as c) in transverse section of testis. Scale bar, in (a)
(i) 200 um, (a) (ii) 50 um, (b) 0.5 mmand 20 pum in (c).

Larvae injected with labelled protein was dissected and different visceral tissues (fat
body, vas deferens/ MARG and testis) were collected. They were visualized under confocal
microscope and documented. Results obtained clearly show that exogenous arylphorin gets
sequestered into other visceral tissues too after 12 h of incubation period. High intensity of

labelled protein was observed in whole mount as well as transverse sections (Fig. 8) showing
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its localization in various visceral tissues including testis. Further, labelled BSA experiment

was carried out as positive control and it did not get sequestered.
3.5 Detection of presence of exogenous arylphorin in midgut muscle cells

For finding out the route of arylphorin entry in midgut, larva injected with labelled
protein was dissected after 2 h of injection. Optical serial sectioning of whole mount of larval
midgut tissue was carried out using confocal microscope. Presence of green fluorescence
indicated the presence of labelled exogenous arylphorin at specific site. Results obtained
clearly demonstrated the presence of exogenous arylphorin in outer layer of midgut which was
selectively localized in midgut muscle cell (Fig. 9) suggesting that arylphorin molecules were

sequestered through these cells.

Smooth muscle cell

Fig. 9 Optical serial sectioning (0.5 mm) carried out after labelled protein microinjection for 2 h, figure
shows localization of fluorescence green colour protein in midgut muscle (—) cells suggesting that the

sequestration of labelled arylphorin (exogenous) is most like mediated by them. Scale bar, 20 pum.
3.6 Sequestration of exogenous arylphorin by midgut during Cry toxin exposure
Arylphorin sequestration was also analysed during Cry toxin exposure. Fluorescent
labelled arylphorin was microinjected into larval haemocoel prior to sublethal Cry toxin
exposure and kept for 72 h. Transverse section of larval midgut showed the presence of
fluorescent labelled protein (Fig. 10). Intensity of green fluorescent colour was more towards
the basal epithelium of both control and toxin exposed 24 h midgut tissue sample. In addition,
significant number of labelled cells were visualised during 24 h and 36 h time point.

Interestingly, during 60 h and 72 h time points these cells were present towards lumen side.
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Studies using whole mount (Fig. 7) as well as transverse section (Fig. 10) parallely confirmed
that exogenous arylphorin gets sequestered in midgut tissue even during sublethal toxin

exposure.

a) Control b) Toxin exposure 24h ¢) Toxin exposure 36h

Lu

Vs

=) um
e—

d) Toxin exposure 48h e) Toxin exposure 60h f) Toxin exposure 72h

Fig. 10 Shows the transverse section of midgut during Cry toxin exposure (24 — 72 h). Please note the

presence of exogenous arylphorin in the midgut epithelium. Scale bar, 50 um.

3.7 Colocalization of proliferative cells and labelled exogenous arylphorin

Proliferative cells during Cry toxin exposure were labelled using BrdU labelling kit. At
the start of sublethal toxin exposure, the larvae were injected with BrdU labelling reagent as
well as fluorescent labelled exogenous arylphorin. After various time points BrdU detection
was carried out using anti-BrdU mouse monoclonal antibody. Results present in figure 11 show
the presence of few pockets of red fluorescent stained cell (Fig. 11a, b, c). During cell division
BrdU gets incorporated and found in the nucleus of the dividing cells. The BrdU positive cells
were only present in the midgut towards the basal epithelium in control as well as toxin exposed
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larvae at 24 h time point. However, interestingly in 72 h toxin exposed midgut sample BrdU
labelled nuclei/cells were also seen towards the luminal side of the epithelium (Fig. 11d inset,
11c). Figure 10b shows the presence of localization of green fluorescence labelled exogenous
arylphorin in BrdU positive cells. Presence of exogenous arylphorin was significantly high in
midgut regenerative cells when compared with other epithelial cell suggesting that it might
play important role in cell proliferation. Further, the exogenous arylphorin might support,

precursor supply for macromolecules synthesis as well as provide energy to proliferative,

migratory and differentiating cells.

a) Control b) Toxin exposure 24h c) Toxin exposure 72h
Cont.

d) Magnified histogram

c) Toxin exposure 72h
T

Fig. 11 Transverse section of midgut with dual staining showing the presence of exogenous arylphorin
(green flourescence) during Cry toxin exposure and BrdU positive cells with red fluorescence. a) Basal
midgut epithelial cells were labelled with BrdU in control larvae while upon toxin exposure- (b) at 24

h time point and (c) 72 h time point sample and their distribution was different. d) Magnified image of
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midgut epithelium (T.S.) showing dual fluorescent stained cell, the red fluorescent (BrdU) positive

nuclei and green cytosolic flourescenc with labelled arylphorin. Scale bar, 10 um.

3.8 Endogenous arylphorin gene expression during Cry toxin exposure

Endogenous arylphorin transcript level in midgut tissue was monitored using real time
PCR analysis. Larval midgut tissue of non-exposed and sublethal toxin exposed was used for
current experiment. Compared to control, arylphorin transcript expression was more in toxin

exposed larval midgut samples (Fig. 12).

From 12 h to 36 h time point mMRNA level gradually increased in toxin exposed midgut
sample, followed by a decline at later time points of 48 h and 60 h (Fig. 11). Interestingly, there
was a significant increase at 72 h in control larval sample (Fig. 11). This period basically

coincided with the moulting of the larvae to next instar.
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Fig. 12 Showing the expression of midgut arylphorin (endogenous) mRNA during toxin exposure, A
gradual increase was observed from 6 to 36 h of Cry toxication which declined later to a basal level.
Note the higher expression of arylphorin transcript in 72 h control larvae, a period which coincides with
molting (from 3rd to 4th larval instar). *p < 0.05 indicates significance between experimental groups,

#p < 0.005 significant among control groups and A, the values are non-significant.
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3.9 Analysis of Cyclin mRNA during Cry toxin exposure

In our previous publication we have reported that midgut cells undergo proliferation
during Cry toxin exposure between the time points of 24 h to 48 h (Chauhan et al., 2017). In
current study we have checked cell cycle associated Cyclin mRNA expression using real time
PCR analysis. Cyclin B, Cyclin E, Cyclin J and CDK2 mRNA expression was monitored (Fig.
13). mRNA isolated from larval midgut tissue of non-exposed and sublethal toxin exposed was
used for the analysis. Cyclin B expression was relatively more as compared to other Cyclins in
toxin exposed midgut sample. Cyclin E mRNA expression was also relatively higher at 36 h
time point of Cry toxin exposure. Cyclin J and CDK2 mRNA expression at all time point was
at basal level except at 72 h toxin exposure where it was slightly high. Interestingly, Cyclin B
expression was relatively higher during 36 h of toxin exposure, when cell proliferation was

seen in our earlier study (Chauhan et al., 2017).

12

Control T.E. 12h T.E.24h T.E.36h T.E.48h T.E. 60h T.E.72h
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Fig. 13 Expression of midgut Cyclin mRNAs during Cry toxin exposure- Cyclin B mRNA expression
was relatively higher at 36 h of Cry intoxication as compared to other time points. Further compared to
Cyclin E, Cyclin J and CDK; Cyclin B mRNA expression was significantly altered during all time
points. Symbol *p < 0.05 indicates significance between experimental groups and A, the values are non-

significant.

3.10 Characterisation of Cyclin B as midgut stem cell marker

A. janata is a non model organism so availability of antibodies against its protein is

very difficult. However, Cyclin B annotated sequences of A. janata align well with human
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Cyclin B1 sequence. Sequence similarity of human Cyclin B1 and A. janata Cyclin B was
analysed using CLUSTAL format alignment with MAFFT (v7.427) software. MAFFT-L-INS-
i result was obtained, revealed ~70% similarity with ~50% query coverage of a small human
sequence against which monoclonal antibody is commercially available (Fig. 14a). NCBI
BLAST®» blastp suite based obtained results showed the maximum similarity of A. janata
Cyclin B with Spodoptera litura, Manduca sexta, Heliothis virescens and Helicoverpa

armigera (Fig. 14b).

CLUSTAL 0(1.2.4) multiple sequence alignment

Castor ----cemmemmemm e e 2}
Sc7393 MALRVTRNSKINAENKAKINMAGAKRVPTAPAATSKPGLRPRTALGDIGNKVSEQLQAKM 60
Castor 0
SCc7393 PMKKEAKPSATGKVIDKKLPKPLEKVPMLVPVPVSEPVPEPEPEPEPEPVKEEKLSPEPI 120
Castor m e —m—mm— e e - - e m e - 0
Sc7393 LVDTASPSPMETSGCAPAEEDLCQAFSDVILAVNDVDAEDGADPNLCSEYVKDIYAYLRQ 180
Castor e --MRATLIDWLVEVQRQFSLVLETFHLTVGIIDRYLQAVPNV 40
Sc7393 LEEEQAVRP YLLGREVTGHHRAILIDHLVQVQHKFwLLQETHYHTVSIID\FHQHH CV 239
Castor QRNQLQLVGVTAMFIASKYEEIFAPDVGDFVYVTDHAYTKADVFQCEREIMSKLGFCLAR 100
Sc7393 PKKMLQLVGVTAMFIASKYEEMYPPEIGDFAFVTDNTYTKHQIRQMEMKILRALNFGLGR 299
Castor PIPLSFLRRFVKAAHGTSKNHHLAKYFVDLCLVEYTMAHYRPSELAAAAICLSLHLLSGK 160
Sc7393 PLPLHFLRRASKIGEVDVEQHTLAKYLMELTMLDYDMVHFPPSQIAAGAFCLALKILDN 358
Castor RLEEVWTATLSYYSGYTLEHIDPIIRKLAKIVVNVGNFRSQGCIQ 205
S$c7393 -GEWTPTLQHYLSYTEESLLPVMQHLAKNVVMVNQGL TKHMTVKNKYATSKHAKISTL 415
Castor - 205 Castor semilooper Cyclin B

Sc7393 PQLNSALVQDLAKAVAKV 433 Sc7393 Cyclin B1

Fig. 14a Sequence alignment of human Cyclin B domain against which monoclonal antibody was
commercialy procured (Sc7393, Santa Cruz). As this antibody was used for the detection a comparision

was made with Castor semilooper Cyclin B using Cluistal Omega (MAFFT-L-INS-i algorithm).
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G2/mitofic-specific cyclin-B1 [Spodoptera litura]

G2/mitofic-specific cyclin-B isoform X2 [Manduca sexta

G2/mitofic-specific cyclin-B2 isoform X1 [Manduca sexta]

hypothetical protein BSV51 8832 [Heliothis virescens]

nypothetical protein B5V51 8832 [Heliothis virescens]

G2/mitotic-specific cyclin-B [Ostrinia furnacalis]

hypothetical protein evm 004850 [Chile suppressalis]

G2/mitofic-specific cyclin-B2 [Bombyx mandarina

PREDICTED: G/mitotic-specific cyclin-B [Amyelois transi

Description

G2Imitofic-specific cyclin-B isoform X1 [Helicoverpa armigera]
G2/mitotic-specific cyclin-B isoform X2 [Helicoverpa armigera]

G2/mitofic-zpecific cyclin-B isoform X3 [Helicoverpa armigera]

tella

G2/mitofic-specific cyclin-B1 [Trichoplusia ni]

G2/mitotic-specific cyclin-B2-like [Galleria mellonella]

G2/mitofic-specific cyclin-B [Vanessa tameamea]

G2/mitolic-specific cyclin-B1-like [Galleria mellonella]

cyclin B profein [Danaus plexippus plexippus]

cyclin B profein [Danaus plexippus plexippus]

G2/mitotic-specific cyclin-B2 [Fieris rapae

unnamed protein product [Leptidea sinapis

PREDICTED: G2/mitotic-specific cyclin-B-like [Plutella xylostella)
PREDICTED: G2/mitotic-specific cyclin-B-like [Plutella xylostella]

PREDICTED: G/mitotic-specific cyclin-B1 [Papilio polytes]

G2/mitotic-specific cyclin-B2 [Hyposmocoma kahamanoa]

PREDICTED: G2/mitotic-specific cyclin-B-like isoform X2 [Papilio xuthus]

000000000 NERO0NL0RPDRLBEEe.

G2/mitotic-specific cyclin-B [Papilio xuthus]

I
Q

Cyclin B deduced amino acid sequence.
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Max  Total Query E Per.
Score Score  Cover value Ident

Accession
280 280 95% 5e-90 9353% XP 0223221241
270 270 95% 2e-86 89.21% XP 0300293911
271 271 95% 2e-86 89.21% XP 030029390.1
270 270 94% 2e-86 89.78% PCGE5637.1
270 270  94% 2e-86 89.78% PCG65686 1

268 268 04% 2e-85 88.32% XP 0211873501
268 268 94% 2e-85 B88.32% XP 0211873511
268 268 94% 2e-85 88.32% XP 0211873521
266 266 95% 1e-B4 B7.77% XP 0281562351
265 265 95% 4e-84 87.77% RVES0521.1

263 263 95% 2e-83 86.33% XP 028028961.1
262 262 95% 7e-83 8561% MNP 001037343 1
256 256 95% 9e-81 8561% XP 013191183.1
256 256 95% 1e-80 8345% XP 0267318291
252 252 95% 4e-79 82.01% XP 0267590141
249 249 98% 2e-78 8042% XP 0265010451
249 249 08% 3e-T8 T8.32% XP 0267556151
239 239 92% Te-76 T9.85% XP 011566029.1
240 240 92% 1e-74 T9.85% XP 0115561131
236 236 98% 2e-73 8252% OWR48918.1

235 235 97% Ge-73 8310% OWR489171

232 232 100% le-71 T1.72% XP 022117536.1
228 228 97% 4e-70 T113% VUZ042301

225 225 95% 5e-69 T4.82% XP 0131347621
224 224 95% 2e-68 T698% XP 0263197661
218 218 96% 3e-66 T8ATW XP 0131774201
218 218 96% 4e-66 TBAT% KPI94796.1

. 14b Shows NCBI BLAST® blastp suite based sequence similarity search of castor semilooper

Prior to immunohistochemical analysis of midgut stem cell, human monoclonal Cyclin

B1 antibody was checked for its cross reactivity using western blot analysis. Western blot

analysis confirmed a selective cross reactivity of a midgut protein of A. janata having the size

of ~32 kDa (Fig. 15). For immunohistochemical analysis toxin exposed 24 h midgut transverse

section was used. The results obtained clearly revealed the cross reactivity in the basal stem

cells suggesting the presence of Cyclin B in these cells of midgut (Fig. 16).

M Cyt Mem Cyt

75kDal

37kDa

25kDa

10kD

Mem

~32kDa

Fig. 15 Western blot analysis of midgut cytosolic
and membrane proteins, showing its cross
reactivity with Cyclin B antibody (human
monoclonal). The band at ~32 kDa size
represents A. janata CyclinB protein. (M,
Molecular Mass Marker in kDa; Cyt, cytosolic

protein; Mem, membrane protein)
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Midgut stem cell

Midgut stem cell . : /
f

@) \ (b)

Fig. 16 Cross section of midgut- (a) Cyclin B labelled midgut stem cells toward basal epithelium (—).
(b) Methylene blue stained section shows the similar stem cells during toxin exposure 24 h time point.
For this study secondary Alexa Flour 555 tagged mouse antibody was used for the detection of primary

human monoclonal Cyclin B1 anitbody (Sc7393). Scale bar, 20 um.
3.11 Detection of endogenous arylphorin mRNA in larval midgut using in situ

hybridization

DIG labelled probe was generated for endogenous arylphorin mRNA detection, and
DIGmMRNA (289 bp) obtained by in vitro transcription was confirmed using agarose gel
electrophoresis (Fig. 17a). Sense and antisense probe was checked for their usage as positive
and negative controls (Fig. 17b). DIG labelled arylphorin probe was detected using anti-
digoxigenin, FITC labelled antibody. Green fluorescence indicated the presence of endogenous

arylphorin mRNA in the cells (Fig. 17b).

Antisense Sense

DIG

M mRNA

(a) +ve control (Probe) (b) -ve control (Probe)

Fig. 17 For in situ hybridisation study endogenous arylphorin mRNA was in vitro transcribed and DIG
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labelled cRNA was generated (a) agrose gel showing the size and quality of generated cRNA (DIG
labelled) of ~289 bp. (b) In situ hybridization using midgut cross section showing the localization of
endogenous arylphorin mRNA (green fluorescent). Scale bar, 50 um.

In situ hybridization based arylphorin mRNA expression was also analysed during Cry
toxin exposure. Presence of DIG labelled arylphorin cRNA was confirmed in transverse section
of larval midgut (Fig. 17). The results presented in figure 18 show anti-DIG-FITC tagged based
intensity of green fluorescent colour was more prominent in epithelial cells of toxin exposed
24 h and 36 h midgut sample (Fig. 18b, c). In addition, a small number of labelled basal
epithelium cells were seen in control, toxin exposed 60 h and 72 h midgut sample. Precise
cytological localization of arylphorin mRNA transcript was carried out using toxin exposed 24
h sample at higher magnification. Results obtained revealed that arylphorin transcripts are
primarily located in the stem cell (Fig. 19). These result corroborate well with Cyclin B analysis

and both were found to be localized in same epithelial cell type (Fig. 16, 19).

Vs

50 pm
—_—

a) Control b) Toxin exposure 24h ¢) Toxin exposure 36h

Lu

Vs

50 um
—

d) Toxin exposure 48h e) Toxin exposure 60h f) Toxin exposure 72h

Fig. 18 Midgut transverse section from Cry toxin exposed larvae showing the presence of endogenous
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arylphorin mRNA. Fluorescent green stain in cells represent the presence of DIG labelled cRNA. Please
note that samples obtained after 24 h and 36 h time point of Cry toxin exposure show relatively higher
labelling as compared to other time points. Fluorescent stained cells are observed in basal part of

epithelium in control as well as 60 h and 72 h Cry toxin exposed midgut samples.

Midgut stem cell

Midgut stem cell \

Fig. 19 Cross section of midgut from 24 h toxin exposed larve. a) In situ hybridization showing
distribution of endogenous arylphorin. b) Methylene blue stained section showing intact midgut stem
cells during toxin exposure. ¢) Please note the clear distribiution of endogenous arylphorin in cytosol

of midgut stem cell upon in situ hybridization. Scale bar, in (a) (b) 20 um and 10 pum in (c).

3.12 Endogenous arylphorin mRNA knockdown study

In vitro transcription of midgut specific arylphorin dsSRNA (289 bp) was carried out
using MEGSscript RNAI kit (Fig. 20a). Further, the delivery of dSRNA was also checked using
midgut cross section labelling with fluorescence nucleotide tag (ChromaTide™ Texas Red™-
12-dUTP tagged dsRNA) (Fig. 20b). Efficacy of dsSRNA was verified using qRT-PCR anlaysis.
The results obtained clearly shows a decline of midgut arylphorin mRNA (Fig. 20c). However,

with a single micro injection successful knockdown was seen only till 24 h of dSRNA injection,

and subsequently the values were comparable with respective control.
M dsRNA

289bp
Fig. 20. Cont.
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mRNA expression (24

24hr

1.-RNAi ®.+RNAi

(b) (©

Fig. 20 In vitro transcription of arylphorin dsRNA prepared for knock down analysis, a) Agarose gel
electrophoresis of arylphorin dsRNA, the band seen at ~289 bp marker represents the in vitro
transcribed dsRNA. b) Proper delivery of microinjected fluorescent tagged dsRNA was confirmed using
microinjection followed by midgut histological analysis. c) Efficacy of dsSRNA delivery was checked
using qRT-PCR analysis. A significant decline in endogenous arylphorin mRNA is observed in 12 h
and 24 h time points after the injection. *p < 0.05 indicates significance between experimental groups,

A the values are non-significant. Scale bar, 20 um.

3.13 Cyclin B mRNA expression upon dsRNA arylphorin microinjection

For this study dsRNA was injected in 3™ instar larvae and maintained for Cry toxin
exposure upto 72 h. Cyclin B mRNA expression was checked using real time PCR analysis
upon dsRNA injection. Results obtained in arylphorin knockdown experiment showed
relatively lower Cyclin B mRNA expression in RNAI(+) sample as compared to RNAI(-)
sample (Fig. 21). Intriguingly, Cyclin B mRNA expression was higher in Cry toxin exposed
larval midgut sample of 36 h time point but it reduced significantly when subjected to
arylphorin dsRNA based RNA. (Fig 21). In gqRT-PCR analysis it was noticed that after 48 h of

dsRNA injection, Cyclin B expression got restored to its original level.

i—

Relative mRNA expression (2-4dct)

Control T.E. 24hr T.E. 36hr T.E. 48hr T.E. 60hr

® -RNAi = .+RNAi

Cont.
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Fig. 21 Cyclin B mRNA expression upon arylphorin dsRNA microinjection during continuous sublethal
Cry toxin exposure. Cyclin B mRNA expression was significantly lower in 12 h to 36 h time point and
the expression restorted back gradually after 48 h of RNAI injection. *p < 0.05 indicates significance

among experimental sets, A the values are non-significant.

3.14 Midgut epithelial regeneration associated with development of new brush border

Development of renewed brush border during regeneration of apical border of midgut
epithelium was analysed using phalloidin based immunohistochemical analysis. Cry toxin
exposed 24 h—72 h midgut transverse sections were carefully examined at higher magnification
(Fig. 22). Results obtained revealed specific F-actin fluorescent staining (Fig. 22). In control
midgut sections continuous line of brush border was observed (Fig. 22a) which was absent in
toxin exposed 24 h-48 h samples (Fig. 22b-d). However, in 72 h Cry toxin exposed midgut
sample, repaired/regenerated brush border was clearly visualized with Alexa Fluor® 647 tagged

phalloidin fluorescence (Fig. 22f).

Lu

Brush border

a) Control b) Toxin exposure 24h c) Toxin exposure 36h

Lu u
Brush borJElr

Y
y

d) Toxin exposure 48h e) Toxin exposure 60h f) Toxin exposure 72h

Fig. 22 Shows T.S. of midgut during continuous sublethal Cry toxin exposure undergoes regeneration

and new brush border is formed. Blue green fluorescens in micrograph selectively represents F-actin.

123



mRNA expression (2-9t)

| Chapter-3|

Uninterrupted F-actin labelling is selectively observed in control and 72 h toxin exposed midgut
samples. Whereas intruded brush border staining is seen in all other afore mentioned time points,
suggesting its damage.

3.15 AminopeptidaseN-2 mRNA expression in susceptible and tolerant A. janata larvae

As discussed in Chapter 2 that Cry toxin tolerant larval population was maintained in
laboratory condition. APN2 (Cry toxin receptor) mRNA expression was checked using real
time PCR analysis in susceptible and tolerant larval population. Results obtained revealed that
APN2 mRNA expression was significantly low in Cry toxin tolerant population when

compared with susceptible population (Fig. 23a).

Susceptible Tolerant Susceptible

- »
% DIG-APN2 cRNA
b ‘t /

X

*
*

Susceptible Tolerant

® 12 hr 2 g 1
12hr ®24 hr (@) Antisense

Fig. 23 APN mRNA expression analysis in Cry toxin susceptible and tolerant A. janata larvae. a) Upon
continuous sublethal Cry toxin exposure for fifteen generations APN2 mRNA expression is
significantly lower in tolerant larval midgut sample when compared with susceptible controls. *p < 0.05
indicates significance between experimental groups. b) Green fluorescence represents the presence
APN2 and APN4 mRNA tagged with DIG labelled cRNA (—). Micrograph clearly shows that APN
mRNAs are primarily located in differentiated cells of midgut and towards apical brush border side.

In situ hybridisation based aminopeptidaseN-2 (Cry toxin receptor) and
aminopeptidaseN-4 (control) mMRNA expression was also analysed Cry toxin tolerant and
susceptible larvae. Presewnce of DIG labelled APN2 and APN4 cRNA was confirmed in
transverse section of larval midgut (Fig. 23b). Anti-DIG-FITC tagged based intensity of green
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fluorescent seen for APN2 was more prominent in epithelium cell of Cry toxin susceptible
larvae (Fig. 23b). APN2 and APN4 mRNA were primarily localized in differentiated epithelial
cells present towards lumen side (Fig 23b). Further, decreased fluorescent visualized for APN2
cRNA in tolerant larvae midgut sample suggested significant decline in APN2 mRNA

expression upon generation wise continuous Cry toxin exposure.

4. Discussion

The results obtained in present study clearly show that A. janata larval midgut epithelial
cells undergo structural as well as functional reorganisation during Cry toxication. In general,
cellular alteration in midgut epithelium is known to be affected by food intake and growth
habitats (Wu et al., 2009; Roel et al., 2010). Appropriate distribution of various cell types in
gut epithelial is responsible for its unique function. However this may vary from insect to insect
during moulting, metamorphosis, intoxication etc., where larval epithelium was shown to
undergo significant cellular rearrangement (Judy and Gilbert, 1969; Baldwin and Hakim,
1991). Though several changes take place during these cellular process but the overall integrity
of larval gut is always retained. During Cry toxication, the larval midgut of lepidopteran insect
faces lots of challenges which include peritrophic membrane alteration (Rees et al., 2009),
altered enzyme secretion (Gonzélez-Cabrera et al., 2013) and food digestion (Mohan and
Gujar, 2003), brush border impairment (Tiewsiri and Wang, 2011), epithelial cell damage
(Chauhan et al., 2017) etc. However the larvae try to cope up with the altered physiology and
the structural damage of midgut via stem cell mediated repair mechanism (Huang et al., 2015).
Insect gut stem cells play a key role in all regenerative/restoration responses. Similar to other
lepidopteran and dipteran insects, in the present study we have identified midgut stem cells in
the A. janata larva, which are primarily located at the base of midgut epithelium and are quite

distinctive from other mature epithelial cells (Fig. 11). In Lepidoptera and Diptera, stem cells
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are normally present in small clusters in addition to regenerative nidi cell, whereas in
Orthoptera and Odonata they are arranged in regenerative crypts or pouches (Wigglesworth
1972). Lehane and Billingsley, (1996) microscopically characterised these stem cells and
showed that their morphology, cytoplasmic content, and few other organelles are dissimilar to
all differentiated/mature cells present in gut eithelium. In A. janata, the stem cells are primarily
localized in the basal part of midgut, aligned adjacent to basal epithelial muscle layer which is
in direct contact with haemolymph present in the open circulatory system (Figs. 11, 15).
Various lepidopteran and dipteran midgut stem cells were shown to be rich in glycogen
granules and lipid droplets in its cytoplasm (Tettamanti et al. 2007; Marianes and Spradling
2013; Franzetti et al. 2015). Exact role of these storage granules are yet to be deciphered, in
our current study, optical serial sectioning confirmed the presence as well as sequestration of
fluorescent labelled arylphorin by muscle cells lining the visceral side of the midgut after 2 h
of haemocoelic microinjection (Fig. 9). Further, the midgut transverse sections prepared from
Cry toxin exposed larvae also confirmed the presence of arylphorin. Detailed analysis revealed
that stem cells were labelled in both control and toxin exposed larvae after 24 h (Fig. 11).
Interestingly BrdU labelled midgut stem also displayed, relatively higher presence of
fluorescent labelled arylphorin (Fig. 11d). The above findings clearly suggested that
sequestered exogenous arylphorin, which was present in significantly higher quantity played a
crucial role in cell proliferation and most likely facilitated the cell migration from basal to
apical luminal side of the epithelium. As hexamerin including arylphorin are known to supply
precursors as well as energy for macromolecular synthesis during moulting and metamorphosis
(Pan and Tefler, 1996). The sequestered exogenous arylphorin in A. janata larva might act as
a building block for proliferative migratory cells which undergo differentiation during
epithelial repair seen in the present study. As discussed before presence of glycogen granules

and lipid droplets present in midgut stem cell cytoplasm, this study shows the presence of
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storage proteins primarily arylphorin in the stem cell of midgut. We also suggest that
exogenous arylphorin (well-established insect storage molecule) might enter into midgut
through basal muscle cells in glycogen and/or lipid covered droplets and then gets incorporated
into stem cell as well as other epithelial cells. However, further studies need to be carried out

to ascertain this.

Like other organism in insect stem cells undergo division and during the process few
proliferative cell divide and undergo differentiation to ensure the maintenance of gut
epithelium. Literature survey reveals that our knowledge of insect stem cell is primarily based
on holometaolus insect particularly D. melanogaster and few lepidopterans like Bombyx mori,
Helicoverpa armigera and Manduca sexta (Loeb and Hakim, 1996; Dubreuil et al., 1998;
Loeb etal., 1999; Loeb et al., 2001, 2003; Smagghe et al. 2005; Ohlstein and Spradling 2006;
Lin et al., 2008; Hakim et al., 2007, 2010; Lucchetta and Ohlstein 2012; Buchon and Osman
2015; Nészai et al., 2015; Guo et al. 2016; Li et al., 2016; Gervais and Bardin 2017). The well
reported remarkable proliferative capacity of stem cell and describes its fundamental character
to ensure not only growth but also repair epithelium during larval development. A 200 fold
increase in midgut stem cell number was reported in M. sexta during larval development
(Baldwin and Hakim 1991), which was established as episodic behaviour during each moult.
Ecdysteroid peak which occur prior to moult was shown to trigger the division and the stem
cells continued to divide to increase in number during early moulting (Baldwin and Hakim
1991). Contrasting to above result Franzetti et al., (2016) proved that in stem cell proliferation
activity is basically limited to first half of the moult period. Biphasic pattern of stem cell
division was also reported in silkworm when the two ecdysone peaks were observed, first at
spinning stage when the larva starts to spin cocoon and second when cell division resumed at
pupal stage (Franzetti et al. 2015). However, in both lepidopteran species moulting process

lead to differentiation of stem cell into mature cell types. In addition to the tissue remodeling,
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which occured during metamorphosis it also facilitated larvae to reach its final size. Further,
these studies revealed that epithelial cells originated from the previous one via proliferation

and differentiation of stem cells (Tettamanti et al. 2007; Franzetti et al. 2015).

The insects undergoes exposure to variety of pathogenes and xenobiotics which cause
physical, chemical, or pathogen-induced midgut epithelial damages and the homeostatic stem
cell renewal facilitates repair. Recent studies revealed high plasticity of the midgut stem cell,
even during alteration of nutritional condition and starvation (Shim et al., 2013; Hudry et al.
2016; Mattila et al. 2018; Obniski et al. 2018). However, very less is known about their
regulatory factors which mediate the proliferation, based on the information available in
Drosophila or primary cell culture of lepidopteran larval midgut, few mitogenic proteins have
been identified. Using in vitro study Baines et al., (1994) and Sadrud-Din et al., (1994)
demonstrated that M. sexta midgut stem cell actively proliferated and differentiated by
supplementing fat body extract in the media culture, suggesting that midgut stem cell respond
to fat body signals/molecules. H. virescens based immunohistological studies demonstrated
that four peptides isolated from haemolymph, MDF 1-4 (midgut differentiation factors),
promoted differentiation of stem cells (Loeb et al. 2004). Further, in vitro proliferation and
differentiation of midgut stem cell was also promoted by 20-hydroxyecdysone (20E;
ecdysteroids derivatives) (Smagghe et al. 2005). Blackburn et al., (2004) presented evidence
that a-arylphorin (pupal fat body extract) promoted stem cell proliferation in M. sexta larval
midgut primary cultures. Followed by Hakim et al., (2007), who demonstrated that o-
arylphorin induced in vitro as well as in vivo stem cell proliferation in H. virescens larvae. In
addition, Bombyxin (insulin family peptide) was shown to stimulate stem cell proliferation in

H. virescens, M. sexta and Mamestra brassicae larvae (Goto et al. 2005; Nijhout et al. 2007).

As cited earlier in Introduction, arylphorins are high molecular weight proteins which
are subunits of storage protein hexamerins. This protein is synthesised by fat body and released
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into the haemolymph followed by sequestration/uptake in various tissues during late larval,
pre-pupal and the early pupal stages (Bumester, 1999; Arif et al., 2003, 2008; Martins et al.,
2008, 2010, 2011; Damara et al., 2010; Manohar et al., 2010). Interestingly in present study,
next generation sequencing, real time PCR and in situ hybridization results confirmed the
presence of an additional arylphorin transcript in midgut named as endogenous arylphorin. To
the best of our knowledge till now no one has reported expression of arylphorin gene in midgut
of insects in any literature. Present transcriptomic data from A. janata larval midgut showed
not only the presence of endogenous arylphorin transcript but also showed its similarity with
exogenous fat body origin arylphorin transcript. Further, this study clearly showed presence of
endogenous arylphorin mRNA in midgut stem cell which increased at 24 h and 36 h Cry toxin
exposure (Fig. 18). Magnified view of in situ hybridised micrographs clearly revealed
localization of endogenous arylphorin in midgut stem cells (Fig. 19). These result suggested
that endogenous arylphorin expressed by midgut stem cells, might play role in stem cell
proliferation. Further, localization of large quantity of Cyclin B protein in midgut stem cell
prompts us to propose that endogenous arylphorin might act as mitogen and promotes Cyclin

B expression which is well proven cell cycle regulatory molecule.

Interestingly endogenous arylphorin knockdown lead to decline of Cyclin B transcript
level (Fig. 21) once again supported the concept. Hence, the findings of the present study
suggest that endogenous arylphorin in A. janata larval midgut functions as mitogenic factor
and this is different from that of exogenous arylphorin mentioned in earlier reported in vitro
studies. Overall the findings of regenerative analysis in the present study show that a small
number of undifferentiated cells remain as midgut stem cell, these midgut stem cells of A.
janata larvae are subjected to a significant turnover during Cry toxin exposure which caused
damage. Midgut stem cells proliferated, differentiated and migrated towards the apical border

and repaired the damaged area. Further, the exogenous arylphorin most likely acted as a
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building block and provide precursors for molecular synthesis as well as energy for the cell
proliferation and has altogether a different function from endogenous arylphorin which

functioned as mitogenic factor.

In addition, midgut stem cells located at the base of midgut epithelium proliferate,
differentiate and migrate to ensure the renewal and repair of damaged midgut during Cry
intoxication. In current study we have analysed epithelial alteration in APN profile of Cry toxin
susceptible and tolerant larvae. AminopeptidaseN’s are well known Cry toxin receptors and
there are several reports which suggest that reduced and differential expression of various APN
isoforms is related with toxin tolerance (Ma et al., 2005; Herrero et al., 2005; 52. Heckel et
al., 2007; Hernandez-Martinez et al., 2010; Tiewsiri and Wang, 2011, Guo et al., 2015).
Mutation of Cry toxin receptor, well correlated with toxin resistance (Ferre et al., 1991; Gahan
etal., 2001, 2010; Bravo et al., 2013; Jin et al., 2014; Wang et al., 2018; Fritz et al., 2019; Guo
etal., 2019; Yang et al., 2019). In present study we demonstrated that midgut stem cell migrate
and diferentiated to ensure the renewal and repair of damaged midgut and each time whenever
it happened it repaired the damaged brush border (Fig. 22). Every time the larvae try to cope
up the toxic effect and for their survival they try to alter cell surface toxin receptor profile.
Altered expression of APN2 (Cry toxin receptor) during sublethal toxin exposure might be one
of them. In our laboratory we have maintained fifteen generations of insect on sublethal dosage
of DOR Bt-1 formulation, which became fairly tolerant to this formulation. Findings from the
present study suggest that long term generation causes a significant decline of APN2 transcript
expression. Current study further supports the view that A. janata larvae like many other
lepidopteran larvae (Tabashnik et al., 2013; Tabashnik and Carriere, 2019) adopt receptor
alteration strategy to avoid Cry toxin based deleterious effects of Cry intoxication and become

tolerant against Bt formulations.
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The present study was carried out to evaluate the Cry toxin induced cellular changes in

the larval midgut of Achaea janata. For this study the major focus was on the usage of sublethal

dosage of toxin, which is frequently seen in field based application. Further to understand the

epithelial regeneration- i) Role of various arylphorins was evaluated in regeneration and repair

of midgut epithelium and ii) Analysis of APN profile in Cry toxin susceptible and tolerant

larvae was carried out. The above study revealed following interesting findings:

1.

There was early damage of gut epithelial cells including brush border upon Cry toxin
feeding (24 h). The gut epithelial cells were swollen and vacuolized during Cry
intoxication.

With longer period of 36-48 h toxin exposure of the midgut, proliferation of cells
towards basal border of epithelium was seen.

Several changes were noticed with longer duration of toxin exposure which included

division, migration and differentiation of midgut proliferative cells in the epithelium
that supported the regeneration and repair of the apical border of epithelium.
The transcriptomic study revealed a large repertoire of differentially expressed genes
involved in modulating Cry toxin responses in A. janata midgut. The RNA-seq
analysis provided an initial step towards unraveling the molecular mechanisms in
the organism that potentially aid to understanding the toxin induced
tolerance/resistance in Cry exposed A. janata larvae.

Detailed DEG analysis revealed the group of genes associated with Cry toxication
in A. janata larvae.

The transcriptome analysis once again confirmed altered profile of expression of
various gene which further supported that histological alteration seen in the midgut

was associated with the molecular alteration during sublethal Cry toxin exposure.
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7. The present study revealed transcript level variation in susceptible and tolerant
larvae exposed for fifteen generation.

8. Sequestration of exogenous arylphorin by the midgut and localization of this
exogenous arylphorin was primarily found in proliferative cells.

9. Interestingly for the first time we found the presence of endogenous arylphorin
transcript in midgut stem cells. It was also observed that endogenous arylphorin
knockdown was associated with CyclinB decline.

10. The formation of brush border is a proof of regeneration of midgut cell and it was
associated with alteration in its protein profile. The detailed study revealed
downregulation of Cry toxin receptor APN2 in tolerant larval midgut as compared

to susceptible insect once again suggested it to be a Cry toxin receptor in A. janata.

Finally the present study clearly demonstrated that the Cry toxin sublethal toxicity is
associated with damage as well as stem cell proliferation in midgut epithelium. Endogenous
and exogenous arylphorin support and promote midgut stem cell proliferation. Proliferative,
differentiated migratory cells help in the regeneration of new epithelium. Generation wise toxin

exposure leads to the alteration in Cry toxin receptor profile.
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Larvae of most lepidopteran insect species are known to be voracious feeders and important agricultural
pests throughout the world. Achaea janata larvae cause serious damage to Ricinus communis (Castor)
in India resulting in significant economic losses. Microbial insecticides based on crystalline (Cry) toxins
of Bacillus thuringiensis (Bt) have been effective against the pest. Excessive and indiscriminate use
of Bt-based biopesticides could be counter-productive and allow susceptible larvae to eventually
develop resistance. Further, lack of adequate genome and transcriptome information for the pest limit
our ability to determine the molecular mechanisms of altered physiological responses in Bt-exposed
susceptible and tolerant insect strains. In order to facilitate biological, biochemical and molecular
. research of the pest species that would enable more efficient biocontrol, we report the midgut de novo
. transcriptome assembly and clustering of susceptible Cry toxin-exposed and Cry toxin tolerant Achaea
. janata larvae with appropriate age-matched and starvation controls.

: Background & Summary
. Bacillus thuringiensis (Bt) insecticidal proteins used in sprayable formulations and transgenic crops are the most
© promising alternatives to synthetic insecticides. However, the evolution of resistance in the field, as well as labora-
© tory insect populations is a serious roadblock to this technology. Achaea janata, a major castor crop pest in India,
is controlled using Bt-based formulation' comprising of Cry1 (CrylAa, CrylAb, and CrylAc) and Cry2 (Cry2Aa
and Cry2Ab) genes?. Recent studies from our group reported extensive changes at the cellular and molecular level
in the midgut of A. janata exposed to a sublethal dose of the Bt formulation®~. Since a decade, reports of resist-
© ance against Bt toxins and their mechanisms have been emerging®’. Long term exposure to Cry toxin formula-
. tions promotes tolerance in larvae which eventually leads to resistance®-®. Development of Bt resistance could be
. due to alterations in proteolytic cleavage of the Cry toxin, altered receptor binding or enhanced midgut regener-
: ation responses’!!. With the advent of next generation sequencing technology it is now possible to characterize
© the entire repertoire of transcripts under different conditions and predict pathways involved in various molecular
. mechanisms. The RNA sequencing study presented here generated the first de novo transcriptome assembly of
. castor semilooper, Achaea janata (Noctuidae: Lepidoptera), and compared gene expression signatures between
. toxin-exposed susceptible and tolerant larvae. This article, is a first step in determining the primary basis for Cry
- tolerance in the pest, which could facilitate new long term management strategies.

Methods
. Toxin administration and sample preparation. Wild population of A. janata larvae, unexposed to pes-
© ticides, was field collected from the Indian Institute of Oil Seed Research, Hyderabad, India. Further, the larvae
. were reared and maintained on castor leaves at 27 £2°C, 14:10h (light: dark) photoperiod and 60-70% relative
: humidity for three generations at the insectary of School of Life Sciences, University of Hyderabad, India. In the
. present de novo transcriptome analysis for the sublethal toxin exposure, 1/10 of LD5, was used (Group ii) (Fig. 1),

!Department of Animal Biology, School of Life Sciences, University of Hyderabad, Hyderabad, 500046,
India. 2Department of Animal Sciences, School of Basic and Applied Sciences, Central University of Punjab,
Bathinda, 151001, India. Correspondence and requests for materials should be addressed to A.D.-G. (email:
aparnaduttagupta@gmail.com) or R.K.C. (email: chaitanyark@cup.ac.in)
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4 Achaea janata (Castor semilooper)
Insect larvae (3. instar)

Group iv: Toxin tolerant

/Group iii: Starved / \’

\ Toxin tolerant Toxin Tolerant & 24h toxin exposed ‘

Group i: Control Group ii: Toxin exposed

[ Collected at 12h, 24h, 36h and 48h |

Midgut RNA isolation
| Trizol method and mRNA enrichment
Library prepration using Illumina Tru Seq stranded mRNA librabry prepration kit
| Hlumina seq 2500

| soap denovo-Trans V1.03
RNA seq de novo assembl;
| CD-HIT-EST 4.6.1

[ Transcript clustering and uni generation |
| TransDecoder 2.0.1

[CDS prediction from unigenes|
| BlastP 2.2.30
[ Functional annotation of CDS |
| DESeq2

[ Differential expression analysis|

Fig. 1 Flow chart showing the methodology used for the present study.

while for the generation of a tolerant population (Group iv) (Fig. 1) an LD, dose of DOR Bt-1 formulation was
administered'. Larval batches (n = 100) designated as Cry-susceptible larvae and control larvae were exposed to
toxin-coated and distilled water coated leaves respectively. The midgut was isolated from 15 randomly selected
surviving larvae from each batch after every 12 h till 48 h. In earlier study we noticed that larvae probably sense
the toxin and avoid feeding on toxin coated leaves after a short exposure. Hence, to eliminate any effect induced
by starvation, an additional batch (Group iv) of 3™ instar larvae was maintained on moist filter paper and col-
lected for the midgut isolation every 12h till 48 h. All the midgut dissections were carried out in ice-cold insect
Ringer solution (130 mM NaCl, 0.5 mM KCl, and 0.1 mM CaCl,). The experiment was performed in duplicates.
For the Cry tolerant larval population, larvae (n=100) in each generation were exposed to LD, dose and the
surviving insects were maintained for larval development, pupal molting, adult emergence and egg laying. The
larvae hatched from the eggs were collected and reared till 3" larval instar larvae and exposed to LD, Bt dose
once again. This schedule was carried out for fifteen generations. The batch (n=100) of Cry tolerant larvae thus
generated were exposed to toxin-coated leaves and the midguts were isolated from randomly selected fifteen
larvae after 24 h. Total RNA was isolated from the midgut samples using Trizol-based method. The RNA was
quantified using NanoDrop™ 8000 spectrophotometer and the quality was assessed using 1% formaldehyde
denaturing agarose gel.

Library preparation. Illumina 2 x 150 pair end libraries were prepared as follows. Briefly, mRNA was
enriched from isolated total RNA and fragmented. The fragmented mRNA was used for first-strand cDNA syn-
thesis, followed by second-strand generation, A-tailing and adapter ligation. Adapter ligated products were puri-
fied and PCR amplification was carried out. PCR amplified cDNA libraries were assessed for quality and quantity
using DNA High Sensitivity Assay Kit (Agilent Technologies).

Quality assessment prior to cluster generation and sequencing. The amplified libraries were ana-
lyzed using Bioanalyzer 2100 and High Sensitivity DNA chip (Agilent Technologies). After obtaining the Qubit
concentration for each of the libraries, it was loaded on Illumina platform (2 x 150 bp chemistry) for cluster gen-
eration and sequencing. Data was generated on Illumina HiSeq. 2500 system and paired-end sequencing allowed
the template fragments to be sequenced in both the forward and reverse directions. The library molecules bind to
complementary adapter oligos on paired-end flow cell. The adapters were designed to allow selective cleavage of
the forward strands after re-synthesis of the reverse strand during sequencing. The copied reverse strand was then
used to sequence from the opposite end of the fragment. Total RNA was subjected to pair-end library preparation
with Illumina TruSeq Stranded Total RNA Library Preparation Kit. The mean size of the libraries was between
357bp to 567 bp for the 28 samples. The libraries were sequenced and high quality data was generated for ~ 3.05
GB data per sample (Online-only Table 1).

Sequence analysis. Illumina 2 x 150 pair end libraries were prepared using the Illumina TruSeq stranded
mRNA Library Preparation Kit and as per the firm’s protocol (Illumina Inc.). The amplified libraries were ana-
lyzed on the Bioanalyzer 2100 with a High Sensitivity DNA chip (Agilent Technologies). The de novo master
assembly was generated using “SOAP-denovo-Trans (v1.03)” assembler (Short Oligonucleotide Analysis
Package)'?. For each data set, raw quality was assessed and filtered with Trimmomatic (v.0.36)"3. Transcripts were
clustered using the CD-HIT (Cluster Database at High Identity with Tolerance) package'. The predicted proteins
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Description Master Assembly
Total number of transcripts 1,74,066

Total transcriptome length in bps 100,247,510
Average transcript length in bps 575

N50 421

Maximum transcript length in bps | 25,338

Minimum transcript length inbps | 200

Metrics Master Assembly
Length >=200 & <=300 85429

Length >300 & <=400 32056

Length >400 & <=500 13439

Length >500 & <=600 8124

Length >600 & <=700 5796

Length >700 & <=800 4098

Length >800 & <=900 3028

Length >900 & <=1000 2444

Length >1000 & <=5000 18383

Length >5000 1269

Table 1. Statistics of assembled transcripts and transcript length distribution.

Description Unigenes
Total number of unigenes 1,36,618
Total size of all unigenes in bps 86,577,226
Average unigene length in bps 633

N50 458
Maximum unigene length in bps 25,338
Minimum unigene length in bps 200
Metrics Unigenes
Length >=200 & <=300 56403
Length >300 & <=400 26874
Length >400 & <=500 12354
Length >500 & <=600 7740
Length >600 & <=700 5647
Length >700 & <=800 3980
Length >800 & <=900 2941
Length >900 & <=1000 2366
Length >1000 & <=5000 17193
Length >5000 1120

Table 2. Statistics of unigenes and length distribution.

of CDS (Coding sequence) were subjected to similarity search against NCBI’s non-redundant (nr) database using
the BLASTP (Basic Local Alignment Search Tool) algorithm.

Data Records

The total raw sequencing data from 28 samples (14 biological replicates, where the sequencing experiment was
performed twice and the replicates are derived from different pool of larvae and they are biologically independ-
ent samples) was used for assembly in the present study. They have been deposited in the NCBI SRA database,
with identifier SRP18670'° and accession numbers SRR8617834, SRR8617835, SRR8617836, SRR8617837,
SRR8617838, SRR8617839, SRR8617840, SRR8617841, SRR8617842, SRR8617843, SRR8617844, SRR8617845,
SRR8617846, SRR8617847, SRR8617848, SRR8617849, SRR8617850, SRR8617851, SRR8617852, SRR8617853,
SRR8617854, SRR8617855, SRR8617856, SRR8617857, SRR8617858, SRR8617859, SRR8617860 and
SRR8617861, under BioProject PRINA523326 and BioSample SAMN09241884. This Transcriptome Shotgun
Assembly project has been deposited at DDBJ/ENA/GenBank under the accession GHGZ00000000'¢. The ver-
sion described in this paper is the first version, GHGZ01000000.
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Description Metrics
Total number of cds 35,559
Total size of all cds in bps 25,527,927
Average cds length in bps 717
Maximum cds length in bps 8,595
Metrics CDS
Length >200 & <=300 761
Length >300 & <=400 9515
Length >400 & <=500 5643
Length >500 & <=600 4127
Length >600 & <=700 3003
Length >700 & <=800 2275
Length >800 & <=900 1867
Length >900 & <=1000 1652
Length >1000 & <=5000 6684
Length >5000 32

Table 3. Statistics and length distribution of the predicted CDS.
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Fig. 2 Top-hit species distribution of most closely related insect species demonstrated using a horizontal bar
graph.

Technical Validation

SOAPdenovo-Trans assembler was used to generate de novo transcriptome assembly from four experimental
sets of midgut samples viz. Group (i) susceptible larvae exposed to medium (water), Group (ii) susceptible larvae
exposed to 1/10 of LDs, dosage of DOR Bt-1 formulation, Group (iii) susceptible larvae subjected to starva-
tion and Group (iv) tolerant larvae exposed to LDs, dosage of DOR Bt-1 formulation (reared for 15 genera-
tions) (Fig. 1). A total of 1,74,066 transcripts were generated for master assembly with a transcriptome length
of 10,02,47,510 bps (base pairs). A total of 1,36,818 unigenes were reported using CD-HIT and 35,559 coding
sequences were predicted by Transdecoder. The top-hit species distribution revealed that majority (23%) of the
CDS aligned with Spodoptera litura followed by Helicoverpa armigera and Heliothis virescens all of which belong
to family Noctuidae in the Lepidoptera order.

Transcriptome assembly. The de novo master assembly of high quality reads of 28 processed samples
was accomplished using “SOAP-denovo-Trans (v1.03)” assembler'?. For each data set, raw quality (phred40)
was assessed and filtered with Trimmomatic (v.0.36) using the parameters ILLUMINACLIP:adapter.fasta:2:30:8
MINLEN:40 to remove adaptor sequence and filter by quality score'. An average of 19 million clean reads were
obtained. Statistics of high quality reads with total reads, base count and data size are summarized in Online-only
Table 1 and statistics of assembled transcripts as well as length distribution is presented in Table 1.
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UniProt KOG
(21808) (16496)

Fig. 3 Venn diagram representation of annotated protein in different databases.

Clustering. To filter the redundancy or the noise, it was required to select one representative transcript for
transcripts clusters. Transcripts were clustered using CD-HIT (Cluster Database at High Identity with Tolerance)
package'®. CD-HIT-EST v4.6.1 was used to remove the shorter redundant transcripts when they were 100% cov-
ered by other transcripts with more than 90% identity. The non-redundant clustered transcripts were then des-
ignated as unigenes (Table 2). CDS were predicted from the unigene sequences with Transdecoder at default
parameters which resulted in the identification of 35,559 CDS (Table 3).

Annotation. The predicted proteins of CDS were subjected to similarity search against NCBI’s non-redundant
(nr) database using the BLASTP algorithm. Out of total 35,559 proteins, 32,561 proteins were captured with hits
and 2,998 with no hits (Annotation of each transcript of the assembled transcriptome)!”. The top-hit species
distribution revealed that majority of the hits were found to be against the species Spodoptera litura followed by
Helicoverpa armigera and Heliothis virescens (Fig. 2). Simultaneously, all protein sequences were searched for simi-
larity against NR, UniProt (Universal Protein Resources), KOG (EuKaryotic Orthologous Groups) and Pfam data-
base using BLASTP with an e-value threshold of 1e~>. The BLAST result of four databases has resulted in Fig. 3.

Differential expression. In this work we compared the control and Cry toxin tolerant larval transcript
map reads for the differential expression analysis. Analysis of count data was done using DESeq. 2 in RStudio
platform?®. Differential expression analysis shows significant differences in the tolerant larval population as com-
pared to the susceptible population (Differential expression analysis)'”. Out of 35,559 CDS analysed, 320 CDS
show significant variation (padj < 0.05). Few of these genes like (i) gi|1131919362| Ca?*-binding protein, RTX
toxin-related, (ii) gi|1199381583| superoxide dismutase [Cu-Zn] 2-like, (iii) gi|315139350]| serine protease 63,
(iv) gi|1274141826| trypsin, alkaline C-like and (v) gi|1274136486| apolipophorins isoform X2 were shown to
be upregulated, while (i) gi|123995301| ribosomal protein SA, (ii) gi|744619941| predicted: 60 S ribosomal pro-
tein L8, (iii) gi|45219787| ribosomal protein S3A, (iv) gi|1344818460| alanine aminotransferase 1-like and (v)
gi|501300966| ubiquitin were downregulated.

Code Availability

The following software version/script were used in the current manuscript. The RStudio software packages
are available open-source from the repository at https://www.rstudio.com/. SOAPdenovo-Trans (v.1.03)*2.
Trimmomatic (v.0.36)"3. CD-HIT-EST (v.4.6.1)!*. BlastP (v.2.2.30). The DESeq. 2 scripts were used for plotting the
differential expression data. https://bioconductor.org/packages/release/bioc/vignettes/DESeq. 2/inst/doc/DESeq.
2.html. As an input we have used- (1) a table having RAW read counts and (2) metadata, that is, each line contains
description of one of the samples. See example below: #SampleName Condition. C1_raw_read_count control.
D1_raw_read_count tolerant.
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ABSTRACT

India is the major producer and exporter of castor oil in the world. Castor semilooper, Achaea janata is one of the
main castor crop pests, which causes serious economic loss of crop, hence management and control of the pest
are important. Currently, Bacillus thuringiensis (Bt) based biopesticides are being used for their control. However,
the insects are known to develop resistance not only against chemical pesticides but also to Bt based biopesti-
cides. In the present study, de novo transcriptome analysis was conducted to monitor the expression pattern of
larval midgut genes in Achaea janata exposed to sublethal dose of Bt formulation. A total of 34,612 and 41,109
transcripts were identified in control and toxin-exposed larval midgut samples out of which 18,836 in control
and 21,046 in toxin-exposed samples are annotated. Microarray data analysis employed to monitor the gene
expression upon Cry toxin exposure revealed that 375 genes were upregulated and 579 genes were down-
regulated during all the time points (12-60 h) of toxin exposure. The differentially expressed transcripts include
i.e. Cry toxin receptors, gut proteases, arylphorin, REPATs, detoxification enzymes and aquaporins. Validation of
microarray data was performed by real-time quantitative PCR using few randomly selected genes and the results
obtained were in corroboration. This is the first study on transcriptome data from the castor semilooper and the

results would provide valuable resources for the characterization of Bt toxin response in the pest.

1. Introduction

Castor (Riccinus communis) is a non-edible oilseed crop cultivated in
various parts of India, Mozambique, China and Brazil, produce 1.7
million, 68.9, 40.0 and 37.5 thousand tons, respectively (http://www.
fao.org/faostat). Castor bean oil is known to have high viscosity due to
the presence of ricinoleic acid and extensively used in paints and
varnishes, lubricants in aviation, cosmetics, nylon type synthetic poly-
mers, textile dyeing, resins, leather industry etc. India exports (90%) of
castor oil (Kallamadi et al., 2015), the major state which grow castor
are Gujarat, followed by Andhra Pradesh and Rajasthan (Patel et al.,
2016). Its potential as a ‘biofuel crop’ is hindered by a number of biotic
factors, particularly pests which destroy the crop and productivity.

The main defoliator of castor crop is castor semilooper, Achaea ja-
nata, which occasionally feeds on other important crops (Sujatha et al.,
2011). In Indian subcontinent A. janata L. (Noctuidae: Lepidoptera)
infestation occurs during July-October during which larvae defoliate
the castor plantation causing serious loss of crop. The pest is highly
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E-mail address: apdgsl@uohyd.ernet.in (A. Dutta-Gupta).
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susceptible to Bacillus thuringiensis (Bt)-based biopesticides, which are
both economical and environment-friendly (Chauhan et al., 2017).
However, pest larvae are known to become tolerant as well as develop
resistance to Bt biopesticides which would become a serious threat in
long run for the application of Bt based formulation/Cry transgenics.
Instances of field evolved resistance to Bt crops have already been re-
ported in various insect species including Spodoptera frugiperda (Storer
et al., 2010; Jakka et al., 2016), Pectinophora gossypiella (Dhurua and
Gujar, 2011), Busseola fusca (Kruger et al., 2011), Helicoverpa armigera
(Zhang et al., 2011), Diabrotica virgifera (Pereira et al., 2015), Chilo
suppressalis (Shabbir et al., 2018), Tribolium castaneum (Kliot and
Ghanim, 2012), Ostrinia nubilalis (Yu et al., 2018), and Ostrinia furna-
calis (Xu et al., 2015) etc.

Well characterized and widely accepted resistance mechanisms to Bt
toxin include alterations in proteolytic cleavage of Cry toxins and re-
duction in toxin binding to their specific receptors due to mutations
(Ferré and Van Rie, 2002; Tabashnik et al., 2013). Recent reports on
non-receptor related resistance mechanisms suggest involvement of
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stem cell-mediated regeneration of midgut epithelium as well as dif-
ferential expression of pathogen-response (REPAT) and arylphorin
genes which might pose an additional threat to Bt crops as they affect
steps common to all Cry toxins resulting in cross-resistance (Herrero
et al., 2007; Navarro-Cerrillo et al., 2012; Bel et al., 2013; Park et al.,
2014; Burmester, 2015; Castagnola and Jurat-Fuentes, 2016, Chauhan
et al., 2017).

Transcriptome analysis through RNA-seq provides novel opportu-
nities to characterize the expression profile of unique genes and their
temporal patterns in non-model organisms of agricultural importance
lacking genome or transcriptome sequence information (Wolf, 2013).
RNA-seq data in insect pests would further serve as a useful resource to
study aspects of pest control (Li et al., 2013, Perera et al., 2015; Song
et al., 2016; Zhou et al., 2018; Pavlidi et al., 2018).

The larval stage is an important developmental stage in A. janata
being responsible for economic damage. The larval midgut is the pri-
mary target tissue for Bt toxins (Abrol and Shankar, 2016). Hence, in
the present study RNA sequencing was performed on the Illumina
platform to produce a midgut de novo transcriptome from the 3rd instar
A. janata larvae. De novo assembled unigenes were annotated and
analyzed, generating the first deep-sequencing gene catalogues for this
pest species. Microarray and Quantitative Real Time-PCR (qRT-PCR)
analysis further validate the gene expression in both control and toxin-
exposed larval insect groups at different time points. This study would
not only form a basis to investigate the molecular mechanisms under-
lying host responses to Bt toxins but also contribute towards the elu-
cidation of survival mechanism(s) of the pest against sub-lethal dose of
the Cry formulation.

2. Materials and methods
2.1. Insect collection and rearing

A. janata larvae were collected from the castor field of Indian
Institute of Oil Seed Research, Hyderabad, India without any exposure
to Bt pesticides. Before experimentation, the insects were reared and
maintained on castor leaves at 27 * 2°C, 14:10h (light:dark) photo-
period and 60-70% relative humidity for three generations at the in-
sectary facility of University of Hyderabad, India for obtaining a
homogeneous population (Ningshen et al., 2017).

2.2. Bioassay and sample preparation

A. janata 3rd instar larvae were fed with uniform toxin-coated castor
leaves. For the present analysis, one tenth of LCs, value (24.75 ug/ml of
toxin dissolved in distilled water) of a local DOR Bt-1 formulation was
used. Reddy et al. (2012) demonstrated the presence of Cryl (CrylAa,
CrylAb, and CrylAc) and Cry2 (Cry2Aa and Cry2Ab) genes in the iso-
late. For de novo transcriptome analysis, two groups of 30 insects each
were separated from a homogenous batch. One group of insects was
exposed to distilled water coated leaves (control larvae) and the other
group was exposed to the toxin coated leaves (toxin-exposed larvae).
After 24 h, fifteen surviving larvae from each set were randomly col-
lected for subsequent midgut isolation. For microarray and qRT-PCR
analysis, control and experimental insect groups were collected for
tissue isolation after every 12 h exposure till 60 h. Larval midgut tissue
was dissected in ice-cold insect Ringer solution (130 mM NacCl, 0.5 mM
KCl, and 0.1 mM CaCl,) and RNA was isolated quickly using TRIzol®
method (Thermo Fischer Scientific, USA). The purity and quantity of
the obtained RNA samples was assessed using NanoDrop™ 2000 spec-
trophotometer (Thermo Fischer Scientific, USA). The quality of the RNA
was assessed on the Bioanalyzer 2100 (Agilent Technologies, USA). The
RNA integrity number (RIN) threshold was found to be ~7.5.
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2.3. ¢DNA library construction and Illumina sequencing

Control and toxin-exposed midgut libraries were prepared using the
Sure Select Strand-Specific RNA Library Prep Kit (Agilent Technologies,
USA, Cat # 5500-0116; # 5190-6410). Briefly, poly(A) + mRNA from
the total RNA was isolated using oligo (dT) magnetic beads. The pur-
ified mRNA was chemically fragmented to 150bp at elevated tem-
perature (94°C for 8 min) using RNA-Seq fragmentation mix. First
strand cDNA was synthesized using RNA Seq First Strand Master Mix
(Actinomycin D (120 ng/ul) was added to maintain specificity) and
cleaned up using AMPure XP beads. Second strand cDNA was synthe-
sized using RNA-Seq Second Strand Mix. The cDNA was cleaned up
using AMPure XP beads followed by end repair, addition of poly A and
adaptor ligation using RNA-Seq dA Tailing Master Mix. The adaptor
ligated cDNA was purified and indexed. Further amplification and en-
richment was carried out using 12 cycles of PCR with adapter ligated
fragments. Agilent 2100 Bioanalyzer system was used for quality check
of final cDNA library (Supplementary Fig. 1), and was sequenced by
using Illumina NextSeq500 (Illumina, San Diego, CA, USA).

2.4. De novo assembly and annotation

Before assembly, the raw reads were processed for quality based
trimming towards 5- and 3’-ends using an in-house script. Quality
check was performed by FASTA QC software. Clean reads from both the
samples were pooled and de novo assembled into transcripts using
Trinity software (Grabherr et al, 2011). CD-HIT (http://www.
bioinformatics.org/cd-hit/) fast program was used for clustering,
comparing sets of nucleotide sequences and avoiding the redundancy in
the final assembly at 95% threshold identity (Li and Godzik, 2006).
Alignment of reads (control and treated samples) were done using
Bowtie2 paired end alignment mode (http://bowtie-bio.sourceforge.
net/bowtie2/index.shtml) (Langmead and Salzberg, 2012). Tran-
scripts > 300 bp were annotated using BLASTx uniprot (http://www.
uniprot.org/) and the high sequence similarity proteins were identified
and assigned with putative functional annotation. Homology search and
transcription factor identification were carried out using NCBI BLAST
2.2.29 and animal TFDB (http://www.bioguo.org/AnimalTFDB/) da-
tabases. Simple sequence reads (SSRs) were identified in each transcript
using MlcroSAtellite (MISA) Perl script (http://pgrc.ipk-gatersleben.
de/misa/). Pathway analysis was carried out using KAAS server (http://
www.genome.jp/tools/kaas/) (Moriya et al., 2007) (Supplementary
Fig. 2a). Nasonia vitripennis (jewel wasp), Apis mellifera (honey bee),
Anopheles gambiae (mosquito), Drosophila melanogaster (fruit fly) and
Acyrthosiphon pisum (pea aphid) were used as reference organisms for
pathway analysis. Differential gene expression analysis in control vs
experimental samples was monitored using DESeq software (Anders
and Huber, 2010).

2.5. Microarray hybridization and analysis

The robustness and specificity of RNA-Seq reads was corroborated
by one-color microarray based gene expression analysis of midgut RNA
in toxin-exposed insects at different time points (12, 24, 36, 48 and
60 h). Cyanine-3 (Cy3) labeled complementary RNA was prepared from
the midgut tissue of both control and toxin-exposed larvae using
Agilent's Quick-Amp labelling Kit as per manufacturer's protocol. Cy3-
labeled cRNA was purified using RNeasy mini kit column purification
(Qiagen, USA). Dye incorporation and cRNA yield was checked with the
NanoDrop ND-1000 Spectrophotometer (Supplementary Fig. 3a). Cy3-
labeled cRNA with a specific activity > 10 pmol of Cy3/ug cRNA was
fragmented at 60 °C for 30 min in 1 X Agilent fragmentation buffer and
2x Agilent blocking agent as per manufacturer's instructions.
Hybridization to Agilent Castor semilooper 8 X 60 K chip was carried
out at 65 °C in a rotating oven for 17-18 h using Agilent's hybridization
buffer. Post hybridization, the slides were washed with Gene Expression
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wash buffers 1 and 2 and dried. The hybridized slides were scanned and
the images were manually verified for uneven hybridization, streaks
blobs and other artifacts. The array data normalization was carried out
using Gene Spring GX Software (https://www.agilent.com/en/
products/software-informatics/life-sciences-informatics/genespring-
gx). Normalization of each column in the experiment was done in-
dependently and the computed value was derived from the percentile of
expression values for a given array across all the spots (where n has a
range from O to 100 and n = 75 was the median) (Supplementary
Fig. 3b). Post intra-array normalization, the processed signal was log
transferred and 75th percentile value for each of the array was calcu-
lated separately. The expression values were obtained by subtracting
75th percentile value of the respective array from the log transformed
intensity value for each probe.

2.6. qRT-PCR validation

The NGS and microarray data was further validated by monitoring
the expression of selected genes by qRT-PCR with 40S ribosomal gene,
S7 as an internal control (Chauhan et al., 2017). RNA was isolated by
TRIzol method® and was dissolved in diethyl pyro carbonate (DEPC)-
treated H>O (1 pug/pl). cDNA synthesis was carried out using manufac-
turer's protocol (Invitrogen, Life Technologies, USA). Specific primer
pairs (Table 1) for each gene were designed using Oligo analyzer tool
3.1 (Integrated DNA Technologies Inc., USA). Each reaction of 20 pl
mixture containing 1 pl of sample cDNA, 1 ul of each primer (10 pM),
10 pl of SYBR® Green Master Mix was set up in Step-One Plus qRT-PCR
system (Thermo Fisher Scientific, USA). The qPCR cycling parameters
were programmed as follows: 95 °C for 10 min, followed by 40 cycles of
95°C for 30s and 60 °C for 30s, and melting curve generation was
performed from 59 to 68 °C. The qPCR for each sample was performed
in three technical and biological replicates for reproducibility. Relative

Table 1

List of primers used in Real time PCR for the expression analysis in control and
toxin-exposed larval sample for the validation of DESeq and microarray ana-
lysis.

S. no. Sequence name Sequence

1 DUF233 FP TCTTAGCAGTCGGCATTCCTGA

2 DUF 233 RP TATGATCACCACCTGCTTCGCT

3 SERINE PROTIASE I FP ACAGCGAGAATCACGACCTTGA

4 SERINE PROTIASE I RP TAGAGCGACGTCAACCTCTGTG

5 Unknown +8.0 FP GGACACGGGCACTATGAAGTGG

6 Unknown +8.0 RP TCCAGTATACTTATCACGGAAAGGCC
7 GST EPSILON FP CCACGGAGAAGAACATCGAGGA

8 GST EPSILON RP CGTGAGACCCACTCAGTGGTAC

9 Cocoonae 8.0 FP TTGCAAGGGAGATTATGGAGGTCC
10 Cocoonae 8.0 RP GGGCTAAAGCTAGTCGTGGATCA
11 Unknown —10.25 FP CGTGCCAATATGCGAAAGGACTTG
12 Unknown —10.25 RP ACGTCACTAGGAACACACCTTCCA
13 Chymotrypsin FP GGCCGACAAGATACGTAAGGCT
14 Chymotrypsin RP GAACTTCTCCGTCGAACCAGCA

15 Niemann FP ACTACGCTGGACCTCTTCCAAC

16 Niemann RP GGACTTTTCGCCCAAGTTGTAGG
17 Trypsin FP AGCTTGCCGTCATCATCTCGTA

18 Trypsin RP GTAGGTCCACCCTGCAAAACAGT
19 Unknown —9.0 FP CAACGCATGTAGCAATAGCCAGC
20 Unknown —9.0 RP CGCAGTCACCTTGTCATCAACG

21 Cytochrome P450 FP CGGGAACGTTTACCAACAGTCGA
22 Cytochrome P450 RP GCAGTTGATGAGCGGGATGACT
23 Defense protein FP GGCAGAAATGCTGTGCAGACTG
24 Defense protein RP ATCACAGTCGAAGGCTCAGGTAAC
25 60S ribosomal FP CAGGAAAGTTAGGCGTACCGAAGT
26 60S ribosomal RP ACGAGTGGGCTTCTTCATGTGG

27 Apoptosis linked FP AGAGACAACTCGGGCAACATTGA
28 Apoptosis linked RP GCCGGAATGCAGAAGTCAGAGTA
29 Cecropin FP CCGCTTCAGGTTGAATACTCGCTT
30 Cecropin RP CGAATGTTGCGACCCACTTTCTC
31 rS7 FP ACGTGGACGGTTCACAACTCATCA
32 rS7 RP TTCGCGGCCTGTTAGCTTCTTGTA
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expression of the genes was calculated using comparative 27 44T

method (Livak and Schmittgen, 2001). Data analysis was performed
using Sigma Plot v12.3 software (Systat Software Inc., USA). One-Way
ANOVA analysis followed by Student-Newman-Keuls test was con-
ducted to check significance between groups. P value was calculated for
pair wise multiple comparison between each set of experiments.

2.7. Data records

The de novo transcriptome data was deposited into the NCBI SRA
database (SRX4119388) (https://www.ncbi.nlm.nih.gov/sra/
SRX4119388[accn]). The microarray data was deposited on GEO-
NCBI (Gene expression omnibus) with the series number GSE114934
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE114934)
on NCBI database.

3. Results
3.1. Sequencing analysis and de novo assembly

As A. janata reference genome is not available we carried out de
novo transcriptome assembly using a Trinity assembler. Data was ver-
ified for integrity during the data transfer from Illumina sequencer
system to lab using MD5 checksums. The details of technical validation
of data obtained in the present study along with the results are pre-
sented below. Midgut sequencing of control and toxin-exposed larvae
yielded a total of over 37 million reads (1,68,50,105 and 2,05,01,613,
respectively). After trimming, a total of 1,57,10,416 and 1,90,81,749
clean reads were obtained from control and toxin-exposed larvae re-
spectively. A GC-content of 44% was calculated from the clean reads
obtained in both the samples. High quality reads were assembled into
34,612 and 41,109 transcripts with a total length of 39.55 and
49.11 Mb and N50 length of 1772 and 1922 nucleotides, respectively.
Transcripts with a length between 200 and 500 bp represented the
highest proportion in both control and treated samples (Table 2).

3.2. Functional annotation

The transcripts were annotated with BLASTx against NCBI nr da-
tabase. Out of the 34,612 and 41,109 transcripts obtained, a total of
18,836 and 21,046 transcripts were successfully annotated in control
and toxin-exposed samples, respectively. A high percentage of A. janata
sequences closely matched with Bombyx mori (35.66%) followed by
Danaus plexippus (32.63%), Parargea egeria (10.22%), Helicoverpa ar-
migera (2.15%), Papilio xuthus (2.05%) and Acyrthosiphon pisum (1.91%)
(Fig. 1a). Based on Gene Ontology (GO), A. janata transcripts obtained

Table 2
Reads and assembly statistics from de novo transcriptome of control and toxin-
exposed larval midgut of A. janata.

Sample Control Toxin-exposed
Raw reads 1,68,50,105 2,05,01,613
Clean reads 1,57,10,416 1,90,81,749
Transcripts generated 34,612 41,109
Total transcripts length 3,95,54,452 4,91,15,238
Maximum transcripts length 17,216 26,151
Minimum transcripts length 301 301
Average transcript length 1142.8 1194.76
Sequences = 300-500 bp 12,085 14,524
Sequences = 500-1 Kbp 9876 11,085
Sequences = 1-5Kbp 12,141 14,696
Sequences = 5-10 Kbp 491 779
Sequences = 10 Kb-1 Mbp 19 25
N-50 value 1772 1922
CD-HIT clustering identity 95% 95%
GC % 44 44
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Fig. 1. De novo transcriptome analysis of control and toxin-exposed larvae. (a) Pie chart showing species percentage distribution of most closely related insect species
resulted from annotation. (b) Gene Ontology classification analysis showing distribution based on cellular component, biological process, and molecular function, Y-
axis indicates the percentage of transcript in each category. (¢) Volcano plot analysis of differentially regulated genes in control and toxin-exposed sample. DeSeq was
used for determining upregulation and downregulation of genes based upon relative FPKM counts (x-axis: log.fold change; y-axis: —log (P value)) plot was generated

using RStudio Version 1.1.453-© 2009-2018.

were classified into three major groups: cellular component (11 sub-
categories), molecular function (11 subcategories) and biological pro-
cesses (11 subcategories). In both control and treated samples, max-
imum transcripts were attributed to serine/threonine kinase activity
under the biological process category. For the cellular component ca-
tegory, maximum number of transcripts was associated with integral
membrane components followed by nucleus. For the molecular function
category, maximum number of transcripts was associated with ATP and
zinc-ion binding (Fig. 1b).

3.3. Differential gene expression (DGE) analysis

To ascertain differential gene expression in control vs toxin-exposed
samples a volcano plot was constructed with a log, fold-change > 1 for
upregulated genes and < —1 for downregulated genes (Fig. 1c). Out of
the 41,244 transcripts that were expressed in both control and treated
samples, a total of 16,670 transcripts were differentially expressed in-
cluding 8033 and 8637 commonly upregulated and downregulated
transcripts respectively. A total of 24,574 transcripts were neutrally
regulated in both the samples. Further, a total of 1701 and 5002 tran-
scripts were exclusively expressed in the control and toxin-exposed
samples, respectively (Table 3).

3.4. Prediction of transcription factor (TF) family
A total of 1052 transcription factors in control and 1221 in toxin-

Table 3
Differential gene expression statistics from de novo transcriptome of control and
toxin-exposed larval midgut of A. janata.

DGE statistics

Total unigene available 47,959

No. of transcript in each category Total Up Down  Neutral
No. of transcript expressed in both samples 41,244 8033 8637 24,574
No. of transcript expressed only in control 1707 - - -
No. of transcript expressed only in treated 5002 - - -
No. of P-significant transcript 1611 701 910 -
No. of Q-significant transcript 280 115 165 -
Software used for carrying out DGE DeSeq
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exposed samples were annotated with TFDB (http://www.bioguo.org/
AnimalTFDB/), using D. melanogaster as reference. Transcription factors
from zinc-finger family-Cys2His2, ZBTB and homeobox showed 401, 69
and 64 hits in control compared to 475, 66 and 63 hits in toxin-exposed
samples (Supplementary Fig. 2b).

3.5. Single sequence repeats (SSR) identification

SSR mining using MISA Perl script identified a total of 3947 and
5043 transcripts that harboured SSR motifs in control and treated
samples respectively. Total SSRs predicted in control and toxin-exposed
samples were 4770 and 6115 respectively. In control samples, mono-
nucleotide repeats were the most represented (72.41%) followed by di-
nucleotide (13.12%) and tri-nucleotide repeats (12.64%) whereas in
treated samples maximum representation of mono-nucleotide repeats
(72.51%) was followed by tri-nucleotide (13.01%) and di-nucleotide
repeats (12.72%) (Supplementary Fig. 2c).

3.6. Microarray analysis

Heat maps generated from the microarray data reflects differential
gene expression values of toxin-exposed time-series samples (12, 24, 36,
48 and 60 h) compared to control (Fig. 2a). Spectrophotometric ana-
lysis of labeled cRNA showed ratio (260/280) of the samples > 2.29
and a specific activity ranging from 6.71 to 9.61. Microarray data
analysis revealed that overall 954 genes were differentially regulated
(375 upregulated and 579 downregulated) in all the analyzed samples.
In 12, 24, 36, 48 and 60 h toxin-exposed samples, 192, 111, 187, 156
and 106 mRNAs were uniquely upregulated (Fig. 2b, i) whereas 97, 85,
108, 104 and 69 were uniquely downregulated (Fig. 2b, ii) respectively
(Transcript details provided in Supplementary Files 1, 2).

3.7. qRT-PCR validation

To confirm the results of microarray analysis, QRT-PCR was per-
formed on randomly selected differentially expressed genes. Gene ex-
pression corresponding to DUFF233, Serine protease inhibitor, Serpin
la, GST-epsilon, Cocoonase, Chymotrypsin, Niemann-Pick type C2
protein, Trypsin-like proteinase T23, Cytochrome P450, Defense pro-
tein 1, 60S ribosomal protein L18, Apoptosis-linked protein 2, Cecropin
and three uncharacterized proteins were monitored (Fig. 2¢). The qRT-
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Fig. 3. Differential expression of widely reported and characterized genes at various time point of toxin exposure. (a) Cry toxin receptors transcript. (b) Arylphorin
and REPATS transcript expression. (c¢) Transcripts analysis of gut proteases. (d) Expression analysis of detoxification enzyme transcripts at various time point of toxin

exposure. (e) Aquaporin and aqua glyceroporin transcripts expression.

PCR patterns of the selected DEGs were in agreement with the results
microarray analysis. Pearson's correlation coefficient between the mi-
croarray and qRT-PCR data results was 0.5866864, which indicated
good correlation.

3.8. Expression of cry toxin receptors

We monitored the expression of the reported Cry toxin receptors
(Pigott and Ellar, 2007; Tabashnik et al., 2013). Cry exposure resulted
in downregulation of protocadherin-like protein, DE-cadherin, cad-
herin, alkaline phosphatases 1, 2, and 3, aminopeptidases N (APN1,
APN6, APN7, APN9, APN8, APN11), fat body APN and amino peptidase
P-like protein. On the other hand, mRNAs of mutant cadherin and
midgut class 2 aminopeptidase N showed significant upregulation
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(Fig. 3a).

3.9. Arylphorin and REPATS expression

Arylphorins and REPATs are candidate molecules suggested to be
involved in the non-receptor mediated midgut response to Bt toxins
(Burmester, 2015; Castagnola and Jurat-Fuentes, 2016; Chauhan et al.,
2017). Arylphorin was initially downregulated in Cry-exposed insects,
which were upregulated later during 36-48h time period. REPATSs
showed differential response to Cry toxin. REPAT 32 and REPAT 38
showed upregulation while REPAT 30 and REPAT 34 transcripts were
downregulated (Fig. 3b).
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Fig. 3.
3.10. Expression of gut proteases

Activation of Bt protoxin is the initial step determining its toxicity
after ingestion. Predominantly, serine proteases constitute the differ-
entially expressed group of transcripts in toxin-exposed A. janata larvae.
Transcripts encoding trypsin, trypsin-like proteins, chymotrypsin and
chymotrypsin-like proteins were downregulated during Cry toxin ex-
posure. On the contrary, mRNA expression of protease inhibitors in-
cluding serine protease inhibitor 1, 2 & 3 and serpin la were upregu-
lated. Expression of 26 s protease, endoproteases, ATP-dependent Clp
proteases, protease M1, zinc metalloprotease and endopeptidases was
unaffected (Fig. 3c).

(continued)
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3.11. Expression of detoxification enzymes

Insect cells are susceptible to toxin-induced oxidative damage that is
counter balanced by detoxifying enzyme-mediated endogenous anti-
oxidative activity (Rodriguez-Cabrera et al., 2008; Lei et al., 2014;
Pavani et al., 2015). A. janata transcriptome analysis identified nu-
merous Glutathione S-transferases (GSTs) belonging to various super-
families. In the present study, GST-delta 4, GST-epsilon, Cytochrome
p450 and Cu-Zn superoxide dismutase expression was significantly
upregulated during Cry toxin exposure. Expression of most GSTs in-
cluding GST-omega,-sigma, -zeta and -theta was marginally down-
regulated or unaffected (Fig. 3d).
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Fig. 3. (continued)

3.12. Expression of aquaporins

Both aquaporin and aqua-glyceroporin transcripts (Aquaporin-1 and
Aquaporin-Gra2) were identified in the midgut transcriptome of A. ja-
nata. Expression of these two integral gut membrane water-transport
proteins was downregulated in toxin-exposed insects (Fig. 3e).

4. Discussion

RNA sequencing using Illumina platform accounts for large data
size, precision and ease. Trinity is an efficient tool for robust de novo
assembly of transcriptomes particularly of species without a reference
genome. Trinity was successfully used in de novo assembly of other
insect pest's viz., Chilo suppressalis (Yin et al., 2014) and Spodoptera li-
tura (Song et al., 2016). In present report, the transcripts associated
with five important classes' viz., Cry toxin receptors, gut proteases, ar-
ylphorins and REPATsS, detoxification enzymes, and aquaporins were
detailed.

Elucidation of Bt insecticidal proteins interaction with their hosts is
crucial to explain the molecular bases of Bt specificity and insecticidal
activity. Previous reports demonstrated that APNs and cadherins are the
functional Cry toxin receptors (Pigott and Ellar, 2007). At least eight
different classes of APNs have been identified in lepidopteran insects so
far (Crava et al., 2010). Differential expression and subsequent binding
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of APNs to Cry proteins was shown to determine insect's susceptibility
or tolerance to the toxin (Tiewsiri and Wang, 2011; Qiu et al., 2017).
The “ping-pong” binding mechanism is proposed by Pacheco et al.
(2009) shows that in APNs initially binds to the Cry toxin facilitating
concentration of the toxin at the brush border membrane and sub-
sequent binding to cadherin. Subsequently, the toxin binds to the
aminopeptidases with a higher affinity post oligomerization. Further,
mutations in cadherin gene were also associated with generation of Cry
toxin resistance (Pardo-Lopez et al., 2013). The upregulation of APN2
and mutant cadherin observed in the present study implicates their role
in Cry intoxication.

The lepidopteran larvae require a repertoire of proteolytic enzymes
including trypsins, chymotrypsins, aminopeptidases, carbox-
ypeptidases, elastases and cathepsin-like proteases, for protein diges-
tion. Protein-digestion in lepidopteran larvae primarily depends on
trypsin- and chymotrypsin-like serine protease activities. Multiple iso-
forms of trypsin and chymotrypsin reported in A. janata and in other
known lepidopteran insect species could be due to insects' acquaintance
to naturally occurring antagonistic biomolecules and/or adaptation to
their different food sources (Zhu-Salzman and Zeng, 2015). Activation
of protoxin is mediated by midgut proteases, particularly trypsin and
chymotrypsin (Bravo et al., 2007). In the present study, sub-lethal dose
of Bt toxin resulted in the reduced transcript levels of trypsin and
chymotrypsin and elevated levels of serine protease inhibitors. A
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correlation of reduced activities of trypsin and chymotrypsin to the
reduced conversion of protoxin to activated Cry toxin was established
earlier (Pardo-Lopez et al., 2013; Adang et al., 2014; Tabashnik, 2015).
Also relation of trypsin, chymotrypsin and proteinase/protease has
been shown in the context of Bt resistance (Zhu et al., 2011). In a recent
study, it was demonstrated that downregulation of trypsin gene is as-
sociated with development of Bt resistance (Yao et al., 2017). On the
other hand, high expression of serine protease inhibitor transcripts
might subsequently reduce gut protease activities and thereby prevent
further gut tissue damage.

In the present study, arylphorin expression was upregulated from
log2 value of —7 fold to 1.6 fold during 36-48 h time span which co-
incides with the active cell proliferation phase demonstrated by BrdU
labeling and histological studies previously (Chauhan et al., 2017). The
mitogenic effect of arylphorin might play a role in midgut restoration of
Cry induced damage (Castagnola and Jurat-Fuentes, 2016; Castagnola
et al., 2017). REPAT genes encode low-molecular weight proteins and
their expression is restricted to the midgut cells. So far, 46 REPAT
proteins were identified using data mining, which fall under the
aREPAT and BREPAT groups. Variation in expression pattern of REPAT
genes was earlier demonstrated in Spodoptera larvae exposed to Cry
toxin. High level of expression of REPATs 4, 21, 32, and 42 was ob-
served in midgut stem cells relative to whole midgut in CrylCa treated
Spodoptera larvae. Further, REPAT genes 39 to 44 were downregulated
(Navarro-Cerrillo et al., 2013). The differential response of REPATS to
Cry toxin as observed in the present and previous studies indicate that
the regulation of these genes is specific to the insect species and the
type of Cry toxin exposure.

Insecticide detoxification occurs in two phases. Phase I enzymes,
include cytochrome P450 proteins (P450s) which directly participate in
metabolism of xenobiotics. These enzymes are divided in four groups;
CYP2, CYP3, CYP4, and mitochondrial (Feyereisen, 2006). Phase II
enzymes; include GSTs, which transform allelo-chemicals into water-
soluble compounds for excretion. In insect's GSTs are grouped into
seven major classes: sigma, zeta, omega, theta, microsomal, delta, and
epsilon (Friedman, 2011). In this study, unigenes that putatively encode
GST sigma, omega, delta, and epsilon classes of genes in A. janata were
found. Among these, only GST-delta 4 was found upregulated under Cry
exposure. In addition, Cu-Zn superoxide dismutase was also upregu-
lated. In corroboration, superoxide dismutase levels showed sig-
nificantly higher activities in S. litura larvae fed with CrylAb expressed
leaves (Yinghua et al., 2017).

The osmotic balance like other animals in insect is also regulated by
aquaporins, which also play a vital role in cold tolerance as well as in
resistance against desiccation. A recent report demonstrated altered
transcript levels of aquaporin in white-backed planthopper, Sogatella
furcifera (Hemiptera: Delphacidae) exposed to an insecticide (Zhou
et al., 2018). Down regulation of AQPs in Aedes aegypti enhanced
mosquito desiccation resistance (Drake et al., 2015). The present study
reported the downregulation of an aquaporins and aqua-glyceroporin.
Till date, only few aqua-glyceroporins have been identified in insects
(Campbell et al., 2008; Ishibashi et al., 2017).

To further validate the differential expression of genes, QqRT-PCR
analysis of 15 randomly selected genes was carried out. The expression
pattern of the genes was in agreement with the results of the tran-
scriptome and microarray analyses. The present study revealed a large
repertoire of differentially expressed genes involved in Cry toxin re-
sponses of A. janata. In conclusion, RNA-seq analysis provided an initial
step towards unraveling the molecular mechanisms, at the tran-
scriptome level, that potentially aid toxin resistance in Bt-exposed A.
janata larvae. Our ongoing/future study will be testifying that whether
DEGs reported in this paper is truly associated with Cry intoxication in
A. janata larvae, and check if they have any functional role in the Bt
toxin tolerance/resistance.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cbd.2019.02.005.
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