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Abstract

The expression of fatty acid binding protein (FABP) is often up-regulated during
high energy demanding activities. In this study, we have confirmed the expression of
two FABPs in the flight muscles of the fall armyworm, Spodoptera frugiperda. Based on
real-time PCR results, the expression of both genes appeared to be affected by flight.
The promoter of one gene was sequenced and cloned into a GFP reporter vector for a
reporter assay using the SF9 cell line. The expression of this gene in the SF9 cell line
does not appear to be up-regulated in response to fatty acid treatment. Therefore,

alternative strategies to analyze the regulation of this gene are required.
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1. Introduction

1.1. Fatty acid transport in mammals and insects

In animal muscle cells, a variety of molecules can be used to provide energy
during contractions. When muscles undergo short-term contraction, carbohydrates are
normally used as the primary source because they can be quickly mobilized and
metabolized. For long-term contraction activities, such as doing a Marathon run, the
amount of carbohydrates stored in cells is not sufficient to meet the energy demand.
Under those circumstances, fatty acids (FAs) serve as the major energy-providing

molecules, because they contain more energy per unit mass than carbohydrates.

In most animals, fatty acids are not abundant in muscle cells (but are stored in
adipose tissues). Thus, in order to let the energy production rate to keep up with the
continuous consumption of ATP during sustained muscle contraction periods, fatty acids
are constantly transported through the circulatory system from adipose tissues to the
target sites. Fatty acids are taken up by the muscle cells and sent to the mitochondria,
where beta-oxidation releases the energy needed for muscle contraction. While the
general process of fatty acid transport and utilization appears to be conserved in most

animals, several noteworthy differences can be spotted between mammals and insects.

In mammals, fatty acids are normally stored in the form of triacylglycerol (TAG),
which is synthesized and stored in adipose cells. When required, TAG is hydrolyzed by
the action of a lipase, and free fatty acids are released into the bloodstream, where they
bind to serum albumin and flow to target sites (Figure 1-1). Alternatively, TAG,
embedded in the core of lipoproteins, can be transported to muscles. For dietary and
endogenous fatty acids, the corresponding carrier lipoproteins are chylomicrons and
very low-density lipoproteins (VLDLSs), respectively (Van der Vusse et al., 1998). These

particles consist of a core made of TAG, surrounded by phospholipids and proteins.



Once at the target sites, TAG is converted into free fatty acids and glycerol by the action

of lipoprotein lipase (Figure 1-1) (Van der Vusse et al., 1998).
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Figure 1-1 Schematic representation of fatty acid transport in mammals

TAG - triacylglycerol; FFA - free fatty acid; VLDL - very low density lipoprotein; LPL - lipoprotein
lipase; FABPpm - plasmalemmal fatty acid binding protein; FAT/CD36 - fatty acid translocase;
FATP - fatty acid transport protein; FABP - fatty acid binding protein

In the past, it was believed that fatty acid molecules are able to penetrate the
lipid bilayer cell membrane and enter cells by passive diffusion due to their hydrophobic
nature. More recent findings suggest that in addition to passive diffusion, a variety of
proteins are involved in transporting fatty acids into the intracellular compartment.
These transmembrane-trafficking proteins, including plasmalemmal fatty acid binding
protein (FABPpm), fatty acid translocase (FAT/CD36), and fatty acid transport protein

(FATP), ensure that the water-insoluble fatty acid molecules are carried efficiently across
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cell membrane (Baillie et al., 1996; Bonen et al., 2003; Jia et al., 2007). Once inside the
cells, cytosolic fatty acid binding protein (FABP) will bind the fatty acids and transport
them from the sarcolemma to the mitochondria for oxidation. Binding to FABPs may
also prevent that the detergent-like fatty acid molecules damage cellular proteins and

membrane structures (Glatz et al., 1998).

Insects appear to be similar to mammals with respect to extended muscle activity,
such as sustained flight, which also relies on fatty acid as the major fuel source. For
example, the migratory locust is capable of sustaining flight activity for more than 10
hours. In the initial phase of the flight, the energy used is mainly supplied from
carbohydrates, but when the sugar pool is depleted, the insect switches to fatty acid as

the main source of ATP production (Van der Horst, 2001).

In order to meet the high energy demand in the flight muscles, insects have
developed a shuttle system that efficiently transports fatty acids from storage tissues to
their target sites (Figure 1-2). In insects, fatty acids are stored in the form as TAGs in fat
body, a multifunctional organ involved in lipid storage and protein synthesis. In response
to flight, adipokinetic hormone (AKH) released from the corpus cardiacum triggers the
activation of TAG lipase, which hydrolyzes TAG into diacyglycerol (DAG), which in turn
is released into the hemolymph (Van der Horst et al., 2001). In the hemolymph, DAG
binds to the surface of a lipoprotein known as high density lipophorin (HDLp), which is
structurally distinct from mammalian lipoproteins. To reduce exposure of the
hydrophobic DAG molecules to the aqueous surroundings of the hemolymph, additional
apolipoprotein molecules (apolipophorin Ill, apoLp-lll) assemble to the surface of the
complex. This lipid-enriched lipophorin has a lower density than HDL, and is therefore
referred to as low density lipophorin (LDLp). When LDLp particles reach the muscle
tissues, apoLp-Ill and the DAG is released, returning lipophorin into its HDLp state.
HDLp is now ready for reloading of lipid molecules at the fat body, and the cycle of
loading and unloading can continue (Weers and Ryan, 2003). Once released, DAG
molecules are hydrolyzed at the flight muscle cell membrane into free fatty acids and
glycerol by a lipophorin lipase, and free fatty acid is taken into the cells, where
intracellular FABP facilitates transport to the mitochondria for subsequent B-oxidation
(Figure 1-2).
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Figure 1-2  Schematic representation of fatty acid transport in insects
AKH - adipokinetic hormone; TAG - triacylglycerol; DAG - diacylglycerol; apoLp-III - apolipophorin

lII; LDLp - low density lipophorin; HDL - high density lipophorin; FFA - free fatty acid; FABP - fatty
acid binding protein.

1.2. Cytosolic FABP

Within cells, cytosolic FABPs are responsible for transporting fatty acids to the
mitochondria. The binding of fatty acids to FABPs results in a gradient of free fatty acids
between the two sides of the cell membrane, thus enhancing the influx of free fatty acids
(Weisiger, 1996). This results not only in a pool of intracellular fatty acid as substrates

for B-oxidation, but also reduces the amount of unbound free fatty acids on both sides of



the membrane, which could be damaging to cellular membranes due to their detergent-
like property (Glatz et al., 1998). Therefore, cytosolic FABPs seem to participate in both

fatty acid transport and cellular protection.

Cytosolic FABPs belong to a conserved multigene family known as intracellular
lipid binding proteins (iLBPs). Members of this family have been identified throughout
the animal kingdom, both in vertebrates and invertebrates; however, none have been
identified in plants and fungi. It is believed that this gene family evolved after the
separation of the animal kingdom from other organisms, more than 1000 million years
ago (Haunerland and Spencer, 2004). The members of this family originated from their
common ancestor through gene duplications before the vertebrate-invertebrate split,

giving rise to two major branches on the phylogenetic tree (Schleicher et al., 1995).

All members of the iLBP family are characterized by a common three-
dimensional structure, which consists of a barrel made of antiparallel beta strands, and
two alpha helices that form the lid of the barrel (Figure 1-3). Stabilized through
combination of enthalpic and entropic forces governed by the tertiary structure of the
protein, a single fatty acid molecule can be enclosed within the barrel with strong affinity
(Banaszak et al., 1994).

The different types of FABPs were originally named based on the tissue from
which they were discovered. However, this naming system is not very accurate because
most FABPs are found expressed in tissues other than their discovery site. For example,
mammalian heart FABP (H-FABP) is synthesized in abundant quantity in heart muscles,
but it has also been found in lower quantities within other tissues, such as skeletal
muscles, brain, stomach, and lungs (Table 1-1). In addition, often more than one type of
FABP is present in a single tissue type, as in the adipose tissue, where L-FABP and I-
FABP were found to coexist (Murphy, 1998).



Table 1-1 Members of the iLBP family

iLBP type Mammalian expression site Ligand
Subfamily |

CRBP I, 11, 1ll, and IV Ubiquitous in mammalian cells Retinoid
CRABP | and II Ubiquitous in mammalian cells Retinoic acid
Subfamily Il

L-FABP (liver)

[-BABP (intestinal)
Lb-FABP (liver-basic)

Subfamily Il
I-FABP (intestinal)

Subfamily IV
H-FABP (heart)

A-FABP (adipocyte)
E-FABP (epidermal)

B-FABP (brain)

M-FABP (myelin)
T-FABP (testis)

Liver, intestine, kidney, lung, and pancreas

lleum

Intestine, liver

Heart, skeletal muscle, brain, kidney, lung,
mammary, placenta, testis, ovary, stomach

Adipose tissue, liver, and macrophages

Skin, adipose tissue, lung, brain, heart,
skeletal muscle, testis, retina, and kidney

Brain, glia cells, and retina

Brain and Schwann cells

Testis

Haunerland, 2004, used with permission.

Long chain fatty acids,
acyl-CoA, heme

Long chain fatty acids

Long chain fatty acids

Long chain fatty acids

Long chain fatty acids

Long chain fatty acids

Long chain fatty acids,
docosahexahenoic acid

Long chain fatty acids

Long chain fatty acids



Figure 1-3  Structure representation of the iLBP family

A: top view from the opening of the beta barrel. B: side view. Yellow highlights: beta strands.
Green highlights: alpha helices. Picture from Protein Data Bank (ID: 2RCT). Tarter et al, 2008,
used with permission.

1.3. FABP Expression

In both mammals and insects, high metabolic activities such as repeated cycles
of muscle contraction and relaxation depend on fatty acids as the primary energy source.
Based on this fact, one would anticipate that the amount of cytosolic FABP produced in
muscle cells is correlated to the rate of metabolism. This hypothesis was supported by
evidence in which rats trained with weeks of endurance exercise possessed a ~30%
higher cytosolic FABP content in the muscles than untrained rats (Clavel et al., 2002).
Moreover, after the desert locust Schistocerca gregaria, whose metabolic activity in the
muscle can increase up to 20 times during flight (Kammer and Heinrich, 1978), was
subjected to endurance training by sustained flight, the expression of muscle FABP
increased several folds (Haunerland, 1994). Increases in FABP expressions are also
common in other tissues where lipid metabolism is prominent, such as hepatocytes,
macrophages, and cardiac myocytes (Kazemi et al, 2005; Vida et al, 2013; Zheng et al,
2012). Therefore, the rate of FABP synthesis appears to have a positive correlation with
lipid metabolic activity, and the amount of intracellular fatty acid. This relationship is

often controlled by transcription factors such as the peroxisome proliferator-activated
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receptor (PPAR) (Huang et al, 2012), which belongs to a group of ligand activated

transcription factors known as nuclear receptors (NRs).

1.4. Nuclear receptors

Nuclear receptors are often involved in regulating various physiological
processes, from development and reproduction, to homeostasis and metabolism within
the animal kingdom. Upon binding to a ligand, nuclear receptors will respond by
interacting with the regulatory regions of target genes, thus affecting gene expression
(Owen and Zelent, 2000). Their ligands are usually small, hydrophobic molecules, range
from steroid and thyroid hormones, to retinoic acids, vitamin D, and fatty acids (Laudet,
1997). For some members of the NR superfamily, called “orphan receptors”, ligands
have not been identified and/or may not exist; they in turn are thought to alter the gene

expression pattern in a ligand-independent manner (Giguere, 1999).

Throughout the animal kingdom, the general structure of nuclear receptors is
known to be evolutionarily conserved. Nuclear receptors share a common organization
of five major domains (A/B-C-D-E-F) (Brelivet et al, 2004): near the end of the N-
terminus is the transactivation AF-1 domain (A/B), whose sequence is less conserved
than the other domains. Following AF-1 is the DNA binding domain (DBD), region C,
which, upon binding to the DNA sequence, will enable AF-1 to activate transcription.
This is also the most conserved domain with two zinc finger motifs, which play crucial
roles in DNA binding and are found in all members of the superfamily, plus a carboxy-
terminal extension (CTE). In some cases, two sets of DBD can exist in tandem on a
single nuclear receptor (Wu et al., 2007). Following the AF-1 and DBD is the hinge
region D, which participates in nuclear localization signaling and linking the C-terminal
ligand binding domain (LBD). The overall architecture of the LBD is well conserved:;
however, variations in the amino acid sequence still allow a high degree of ligand
specificity between family members. The LBD is usually linked to a second
transactivation domain, known as the AF-2 domain, which is responsible for recruiting
coactivators upon conformational change due to ligand binding (Renaud et al., 1995).
The C-terminal F domain shows little evolutionary conservation, and is even missing in

certain members; it may play a role in coactivator binding (Figure 1-4).
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Figure 1-4  Schematic structure of a nuclear receptor

The DNA sequence motifs recognized by nuclear receptors are known as
hormone response elements (HREs). These elements usually contain one or two of the
consensus half-site sequence PUGGTCA (where Pu is a purine). These half-sites can
be configured as direct repeats (DRs), inverted repeats (IRs) or everted repeats (ERs),
each with a number of spacer nucleotides in between (Escriva et al., 2004). Nuclear
receptors can bind to HRE sequences as monomers, homodimers, or heterodimers. For
monomeric receptors, a single half-site preceded by a 5’-flanking A/T rich sequence is
usually recognized (Giguere, 1999). Retinoid X receptors, on the other hand, are known
to form dimers with itself (homodimers), or dimers with other receptors (heterodimers),
such as PPAR (RuizLozano et al., 1997). Their binding sites usually exist in the direct
repeat of an imperfect NR consensus sequence AGGTCANAGGTCA (also known as a
DR1 element).

1.5. Nuclear receptors control FABP expression

In mammals, upon ligand binding, nuclear receptors RXRa and PPARa, are
known being able to dimerize and subsequently binding to peroxisome proliferator
response elements (PPREs), which are located in the promoter of target genes, thereby
regulating transcription (Fruchart, 2001). Transcription activity controlled by this type of
heterodimers can be regulated through phosphorylation or coactivator modulations
(Aubry et al., 1999). Some of the target genes controlled by the heterodimers are
involved in fatty acid transport in tissues most capable of catabolizing fatty acids. These
include the FATP, FAT/CD36 coding genes, and certain members of the iLBP family
(Motojima et al., 1998). For instance, liver FABP expression can be up-regulated at the
mRNA level upon the binding of the RXRa-PPARa to a PPRE in the promoter (Poirier et
al., 1997); ileal bile acid binding protein (IBABP) expression is regulated via binding of
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farnesoid X receptor (FXR) and RXRa to an inverted repeat element (Hwang et al.,,
2002); and the expression of cellular retinoic acid binding protein Il (CRABP-II) is
controlled by RXR dimerizing with retinoic acid receptor (RAR), followed by binding to a
DRS5 retinoic acid response element (RARE) (Hewson et al., 2002).

Although the natural ligands of some of these nuclear receptors remain unknown,
there is evidence that points to various polyunsaturated long chain fatty acids, branched
fatty acids, or eicosanoids (Gronemeyer et al., 2004). For example, RXRa, besides
being capable of binding to 9-cis retinoic acid and methoprene (an insect juvenile
hormone analog that is often used as a retinoic acid mimic), can also be activated by
docosahexaenoic acid, a long-chain polyunsaturated fatty acid enriched in mammalian
brain (Harmon et al., 1995). Thus, it is hypothesized that in addition of being substrates
of members of the iLBP family, fatty acid molecules themselves may also play roles as
signaling molecules, which interact with nuclear receptors and control gene expressions,
inducing the expression of their own binding proteins. Nevertheless, nuclear receptors

that control the expressions of iLBP genes have never been found in insect species.

1.6. Research goal

The first insect FABP was isolated from the flight muscle of the migratory locust
S. gregaria in 1990 (Haunerland and Chisholm, 1990), and later found in a different
locust species, Locusta migratoria (Maatman et al., 1994). This gene was found to be
up-regulated in the flight muscle when the locust species S. gregaria was tethered to fly
over long periods (Haunerland, 1994). Ever since its discovery, the number of FABPs
isolated from insects has been increasing: in 1992, two FABPs were found to be
abundantly expressed in the midgut of the tobacco hornworm Manduca sexta (Smith et
al., 1992), in which one had its 3D structure solved (Benning et al., 1992); in 2000, a
FABP was discovered from the thoracic muscle of adult triatomine bug Dipelogaster
maximus (Cavagnari et al., 2000); in 2011, Huang et al. have also cloned a FABP gene
from the midgut of the oriental leafworm moth Spodoptera litura, in which expression
was down-regulated by starvation but up-regulated by feeding (Huang et al., 2011).
Despite the fact that new FABPs have been constantly discovered and characterized in

many insect species, no one has attempted to study the expression of these genes
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during high metabolic activities such as flight after it was first performed on the locusts
(Haunerland, 1994).

The goal of this study was to identify any FABP genes in the flight muscle of the
fall armyworm Spodoptera frugiperda (Lepidoptera, Noctuidae), a holometabolous insect,
and study their regulation by flight on fatty acids. This insect is native to the tropical
regions of the Western hemisphere from the United States to Argentina. The life cycle of
this insect consists of the egg stage, six larval stages, a pupal stage, and the adult moth
stage. Similar to the migratory locusts, adult moths are also known for their migratory
characteristic, which increases the range of egg dispersal, sometimes dramatically. On
one occasion, it was documented that the long range movement from Mississippi to
Canada was achieved within thirty hours on a low level jet stream (Johnson, 1987). Due
to its migratory characteristic, we anticipated that the regulation pattern of the FABPs in
its flight muscle would be similar to the locusts; and since FABP expressions in
mammals are often controlled by nuclear receptors, we believed that seeking for
potential nuclear receptor binding sites within the promoter sequences would provide us

insights about the transcription regulations of insect FABPs.
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2. Search for a muscle FABP

2.1. Introduction

The first two FABPs within the insect order Lepidoptera were found in the midgut
of Manduca sexta larvae, which possess large amounts of lipid. When isolated, these
two proteins (named FABP1 and FABP2, accession P31416.1 and P31417.3) were
found to contain bound fatty acids in a 1:1 molar stoichiometric ratio (Smith et al., 1992).
Analysis of the alignment between each of the two amino acid sequences with
mammalian FABPs have revealed a number of shared features, including 9 conserved
glycine residues, a basic residue that may participate in binding to the carboxyl end of
fatty acid molecules, and conservation of many residues that are important in binding to
the hydrophobic tail of the fatty acid. Immunological screens in various Manduca sexta
tissues have demonstrated that the expression of the two genes is restricted to the

midgut.

A third FABP in M. sexta was discovered in brain tissue in 1998 (accession
AAC24317.1) (Mansfield et al., 1998). The amino acid sequence of this protein is most
similar to the CRABP | sequences from bovine (sequence similarity 71%). Moreover, it
was suggested that the promoter region of this gene contains a motif resembling a
mammalian retinoic acid response element. Based on these evidences, Mansfield et al.
concluded that retinoic acid plays a role in insect signal transduction, and named the
protein Manduca sexta cellular retinoic acid binding protein (msCRABP). However,
through competitive binding assays it was later discovered that this iLBP had negligible
interactions with retinoic acid but instead bound fatty acids with far higher affinity (Folli et
al.,, 2005). Given that the sequence is equally similar to vertebrate CRABP and heart-
type FABP, the protein should probably be designated as a FABP. To avoid confusion,
however, this lepidoptera member of the iLBP family will still be designated as CRABP,

based on the original discovery.
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In Noctuids, an additional FABP was discovered from the fat body of the fourth
instar of the corn earworm Helicoverpa zea (1998, accession AAC25674.1) and, later in
Helicoverpa assulta (2005, accession ABC02870.1). In this study, it was named as
FABP3.

While one of the two midgut FABPs has recently been found in Spodoptera litura
(Huang et al, 2011), no other FABPs have been identified in Spodoptera species. In this
study, we seek to investigate the expression of the 4 iLBPs mentioned above within
three types of tissues of the fall armyworm, Spodoptera frugiperda: sixth instar larvae fat
body, adult flight muscle, and a cell line derived from pupae ovarian cells, also known as
the SF9 cell line. Moreover, since the organism is known to engage in migratory flight
similar to the migratory locust species S. gregaria (see Chapter 1.6), we have also
decided to analyze the expression of any FABP(s) in the flight muscle during flight. In
the locust, expression of flight muscle FABP is only present in the adult state. Its
expression begins immediately after adult ecdysis and continues at high rates for almost
two weeks (Haunerland, 1997). Once reaching a constant level, the locusts can utilize
fatty acid as their primary energy source for endurance activity and hence are able to fly
for long periods of time. During flight, muscle FABP expression was shown to continue
to increase. When 20 days old adult locusts were tethered to fly, the level of FABP
mRNA increased up to 12-fold. However, this increase was observed only after a delay
of at least 4 hours of rest; and this phenomenon was observed for locusts that
underwent flight activity for 2, 4, 8 or 12 hours (Chen and Haunerland, 1994). Flight
times shorter than 1 hour had no influence in FABP expression. Since S. frugiperda
exhibits migratory behavior similar to the desert locust, we hypothesized that the

expression of crabp and/or fabp3 could be regulated in similar ways during flight.

2.2. Materials and methods

2.2.1. Total RNA extraction

Total RNA extraction was carried out according to the manufactorers’ protocol
(QIAGEN’s RNeasy® Mini Kit, Cat#: 74104). To extract TOTAL RNA from flight muscle,

total thoracic muscle tissues from an adult S. frugiperda were excised and immediately
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frozen in liquid nitrogen. The frozen tissues were ground into powder under liquid
nitrogen, followed by suspension in 350 pL of buffer RLT (containing B-mercaptoethanol).
The mixture was homogenized by passing through a 16 Gauge needle for 15 times. The
SF9 adherent cells were cultured in 5 mL of growth medium (500 pL of fetal bovine
serum (Gibco® Sera, Cat#: 12483-020), 4.5 mL of Grace’s supplemented insect medium
(Invitrogen, Cat#: 11605-102), 5 yL of 10 mg/mL gentamicin solution (Invitrogen, Cat#:
15710-064)) within the 25 cm? Corning cell culture flask (Fisher Scientific, Cat#: 10-126-
28) at 27°C. To keep the cells at the log phase of growth, they were sub-cultured using
fresh medium when reached roughly 80%. When required for RNA extraction, roughly
1x10° cells at passage #20-35 were manually detached from the bottom of the flask.
The cells were collected and briefly spun at 800 g, then washed twice with 1 mL of PBS.
The cell pellet was re-suspended using 350 uL of buffer RLT, and homogenized by
passing 10 times through a 21 Gauge needle. For extraction of RNA from fat body
tissue, fresh peripheral fat body from sixth instar larvae were excised and mixed with

350 pL of buffer RLT, followed by homogenization in the same manner as the SF9 cells.

After the total content for each sample was thoroughly mixed with 350 uL of ice
cold 70% ethanol by pipetting for 10 times, it was loaded onto the RNeasy Mini spin
column. The homogenate was filtered through the column by spinning at 13000 rpm for
15 seconds, followed by three additional washes: first with 700 uL buffer RW1, followed
by spinning for 15 seconds, and then second and third wash each with 500 pL buffer
RPE, followed by spinning for 15 seconds and 2 minutes, respectively. The column was
dried by spinning at 13000 rpm for 1 minute. Subsequently, bound RNA was eluted from
the column with 30 yL of RNase free water, and the RNA concentration in the elute

determined using the NanoDrop spectrophotometer.

2.2.2. cDNA synthesis

Total RNA (1000 ng) from muscle, SF9 cells, or fat body was pipetted and mixed
with 4 uL of the 5X iScript reaction mix and 1 uL of iScript reverse transcriptase from
BioRad’s iScript™ cDNA Synthesis Kit (Cat#: 170-8890). The total volume of the
reaction mixture was brought to 20 pyL by adding nuclease free water. The thermal
parameters were: 5 minutes at 25°C, followed by 30 minutes at 42°C, and 5 minutes at

85°C. cDNA concentration was then diluted to 25 ng/ulL for each sample.
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2.2.3. PCR

In order to detect the expression of the four iLBP genes, PCR primers were
designed based on EST sequences obtained using the tblastn tool of the online EST
data base SPODOBASE (Negre et al, 2006). Single-stranded cDNA (100 ng) from flight
muscle, SF9 cells, or fat body were mixed with 12.5 uL of Fermentas’ 2X PCR Master
Mix (Cat#: K0172), along with 10 ymoles of forward and reverse primer of each gene
(Appendix A). Total volume of each reaction was brought to 25 yL by addition of
nuclease free water. Thermal cycling parameters were: 5 minutes of initial denaturation
at 98°C, followed by 35 cycles of 30 seconds at 98°C, 30 seconds at 56°C, and 30
seconds at 72°C, and a final elongation time of 7 minutes at 72°C. PCR products were
analyzed on 1.0% agarose gel, and then purified with the QIAquick Gel Extraction Kit
from QIAGEN (CAT#: 28704) and sent for Sanger’s sequencing using the corresponding
PCR primers.

2.2.4. Flight experiment

S. frugiperda moths were held at 27°C for 11 to 21 days after adult eclosion.
Under these conditions, female adults usually start laying eggs 7 days after emergence,
and therefore flight experiments were conducted on day 6. At that age, most male
adults were able to sustain flight for a maximum of 2.5 hours; whereas females could
usually fly for at least 4 hours. As experimental subjects, 16 females were divided into
four test groups of equal size: three groups were allowed to fly for 4 hours, followed by 0,
2, or 4 hours of resting period, respectively; whereas the control group was neither put to
fly nor rest. Before flight, each moth was anesthetized using carbon dioxide. Next, a
piece of corrugated fiberboard was glued to the dorsal side of the cuticle (below the
wings) of using epoxy adhesive glue. Once the glue had dried, the moth was awakened
by being released from the carbon dioxide. Each fiberboard was fixed on the top of a
metal ring stand, having the posterior end of the insect facing an electrical fan. To
initiate flight, the fan was turned on to medium rotation level to generate wind flowing
towards the posterior end of the moth, causing it to fly continuously at room temperature
(Figure 2-1). After flying for a constant 4 hours period, the moth was released from the

apparatus and allowed to rest at 27°C for 0, 2, or 4 hours. Once the resting period was

15



over, the entire thoracic muscles of each moth was excised and used for total RNA

extraction and cDNA synthesis (section 2.2.1).

Figure 2-1 Flight experiment apparatus

A: sketch of the apparatus. B: photo of a moth flying in action.

2.2.5. Optimization of real-time PCR

The primers targeting the mRNA of crabp, fabp3, rpl37a, and gapdh were
intended to be used as real-time PCR primers. In order to test their efficiency, a regular
PCR was performed for each pair of primers using the conditions outlined in section
2.2.3. After the PCR products were purified and subjected to DNA concentration
measurement, each was diluted with nuclease free water in a 10-fold dilution series to
obtain seven standard solutions, ranging from 1.0 ng/pL to 1.0 fg/puL. Next, 1 uL of each
standard solution was mixed with 5 pymoles of each corresponding primer, along with 5
pL of BioRad’s SsoFast™ EvaGreen® Supermix (Cat#: 172-5200). Nuclease free water
was added into the mixture to bring the total reaction volume to 10 yL. Three replicates
were prepared for each sample. Once prepared, all samples were placed inside
BioRad’s MJ Mini™ Personal Thermal Cycler (Cat#: PTC-1148C). Cycling parameters
were: 30 seconds of initial denaturation at 95°C, followed by 40 cycles of 5 seconds at
95°C, 5 seconds at 57°C, and plate read. The reaction ended with a melting curve
analysis, in which the temperature slowly increased from 65°C to 95°C, with increments
of 0.5°C for every 2 seconds followed by a plate read. Once finished, BioRad's CFX
Manager™ Software (Cat#: 184-5003) automatically generated a standard curve by

plotting the Ct values against the logarithms of the starting template quantity in each
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corresponding sample (Appendix B). Each standard curve was used to generate

reaction efficiency for the corresponding target by using the formula:
Efficiency = (107" 1) X 100 (Livak et al, 2001)

To measure gene expression for each individual test subject, cDNA (100 ng) was

used as template; and each PCR reaction was carried out in triplicate.

2.3. Results

2.3.1. iLBP expressions in different tissues

When 100 ng of cDNA from the adult flight muscle were used as template for
PCR, a clear band appeared below the 250 bp band when primers targeting the fabp3 or
crabp gene were used (Figure 2-2, A), which matched the expected sizes of the
products. The same two bands were observed when the cDNA from larval fat body was
used as template (Figure 2-2, B). With cDNA from SF9 cells as template, a clear band
was observed with the CRABP primers (Figure 2-2, C). These bands were purified and

sent for Sanger’s sequencing.

1 23 4 5 1 2 3 45
: EENPE 2Er:lb. EEpr-
250 bp

Figure 2-2  PCR detection of iLBP expression in S. frugiperda

PCR template: cDNA from adult flight muscle (A), larvae fat body (B), SF9 cells (C), or water (D).
Lane 1: DNA ladder. Lane 2: FABP1. Lane 3: FABP2. Lane 4: FABP3. Lane 5: CRABP.

The sequences of the PCR products were aligned with the EST sequences for

fabp3 and crabp (Figure 2-3); the nearly perfect match confirms the specificity of the
FABP3 and CRABP primers.
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Figure 2-3
A: FABP3. B:

2.3.2.

The real-time PCR standard curves created with primers targeting crabp, fabp3,
rpl37a, and gapdh were used to calculate the respective efficiency values of the
amplifications: 1.008, 0.837, 1.008, and 0.887 (Appendix B). Except for GAPDH, the R?
values of CRABP, FABP3, and RPL37A were all greater than 0.99. Unlike the other
three, the shape of the amplification curves of GAPDH did not reach the plateau phase;

the shapes of the melting peaks suggest that, a secondary peak may be present in some
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samples, indicating that the GAPDH primers are not specific. Thus, the GAPDH primers
were discarded.

In order to determine the specificity of the remaining housekeeping gene, primers
targeting rp/37a was used to perform a PCR reaction, using cDNA from flight muscle,
larval fat body, or SF9 cells as templates. In the gel image, a clear band is apparent
below the 250 bp band for all three samples (Figure 2-4). The sequence of the PCR
product closely matches the EST sequence of rp/37a (Figure 2-5), indicating that these
primers are specific for the np/37a mRNA of S. frugiperda.

Figure 2-4  PCR detection of rpl37a expression in S. frugiperda

PCR template: cDNA adult flight muscle (lane 2), larvae fat body (lane 3), SF9 cells (lane 4), or
water (lane 5). Lane 1: 1.0 DNA ladder. Lane 6: 100 DNA ladder.
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Figure 2-5  Alignment between PCR product and rpl37a EST sequences

2.3.3. Real-time PCR data analysis

In order to determine if the expression of the housekeeping gene rp/37a was
stable across different testing groups, the ANOVA test was used to compare the Ct
values (Appendix C). The results (F=1.778, P=0.20) indicated that no significant

difference existed between test groups.

Since serial dilutions were not carried out for each cDNA sample, the
corresponding standard curves could not be built, and the efficiency of each reaction
could not be determined. Instead, it was assumed that the reaction efficiency of each
reaction was similar to the efficiency derived from the corresponding standard curve built

from known amounts of template (Appendix B).

In order to analyze the expression of each target gene, we have developed a

method to normalize its initial quantity against the reference gene:
The equation that describes the exponential amplification of PCR is known as:
Xn = Xo X (1+Ey)°

Where X, is the number of amplicons at cycle n, X, is the initial number of
template molecules, E is the efficiency of amplification, and n is the number of cycles. If

we substitute n with Ct, the equation becomes:
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Xot = Xo X (1+E)™

Where X represents the number of target molecules at the threshold cycle. A

similar equation for the reference gene reaction will be:
Ret = Ro x (1+Eg)“F
When rearranged, these two equations become:
Xo = Xeix X (1+E)“* and Ry = Rer x (1 + Eg) ™"
To normalize X, against Ry, the expression becomes:

Xo _ Xox X (1+E)%™

Ro RCt,R X (1 + ER)-CLR

Since the PCR products of both the target and reference gene have similar sizes,
one can assume that the amounts of amplicon of the two genes are similar at the

threshold cycle. Thus, the expression becomes:

Xo _ (1+E)%

Ro (1 +Egy™"

By using this equation, we were able to compute the initial quantity of CRABP
and FABP3 for each cDNA sample using the Ct values (Appendix C), normalized against
the reference gene rpl37a (Table 2-1). When the normalized expressions for both genes
were compared between different test groups using ANOVA test, none of the differences
appeared to be significant (CRABP: F=1.988, P=0.17. FABP3: F=3.157, P=0.064).

Table 2-1 crabp and fabp3 expressions normalized against rpl37a
Group Subject crabp mean  variance fabp3 mean  variance
ID expression expression
#1: 01 0.17 0.23 0.03 0.18 0.29 0.02
Control 02 0.14 0.23 0.03 0.13 0.29 0.02
03 0.08 0.23 0.03 0.49 0.29 0.02
04 0.53 0.23 0.03 0.36 0.29 0.02
#2: 05 0.64 0.38 0.03 0.28 0.53 0.05
4 hours flight 06 0.36 0.38 0.03 0.58 0.53 0.05
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Group Subject crabp mean variance fabp3 mean  variance
ID expression expression
0 hour rest 07 0.35 0.38 0.03 0.38 053 0.05
08 017 0.38 0.03 0.87 0.53 0.05
#3: 09 1.72 0.83 0.29 0.38 0.16 0.02
4 hours flight 10 0.60 0.83 0.29 0.06 0.16 0.02
2 hours rest 1 0.28 083 029 0.05 0.16 0.02
12 0.71 0.83 0.29 017 0.16 0.02
#4: 13 042 0.72 0.12 0.22 0.25 0.00
4 hours flight 14 0.66 0.72 0.12 0.25 0.25 0.00
4 hours rest 15 131 072 012 033 0.25 0.00
16 048 0.72 0.12 0.21 0.25 0.00

2.4. Discussion

2.4.1. iLBP gene expressions

Previously, it had been demonstrated that the RNA extracted using QIAGEN’s
RNeasy® Mini Kit contained negligible amount of genomic DNA carryover, which alone
would not result in visible PCR bands for the 35 cycles (data not shown). Thus, the PCR
bands observed in figure 2-2 and figure 2-4 must originate from cDNA templates, rather
than genomic DNA carryover. Based on this assumption, we can conclude that crabp is
expressed in the flight muscle, fat body, and SF9 cells, whereas fabp3 is expressed in
both flight muscle and fat body (Figure 2-2). Expression of fabp1 and fabp2 appeared to

be absent in all three tissue types since no clear bands were observed (Figure 2-2).

2.4.2. Reference genes analysis

The housekeeping genes gapdh and rpl37a were selected as reference genes
for the real-time PCR experiments. GAPDH is known to catalyze the sixth step of
glycolysis and thus serves to break down glucose for energy extraction. Other than its
involvement in metabolism, it is also involved in transcription activation of certain genes

such as the histone H2B coding gene (Zheng et al., 2003). It is one of the most
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commonly used housekeeping genes selected for comparisons of gene expression data
(Barber et al., 2005). By using the tblastn tool of the SPODOBASE EST database, we
have found an EST sequence that codes a polypeptide sequence 89% identical to the
GAPDH from the silkworm Bombyx mori. However, when the primers GAPDH-F and
GAPDH-R were used to generate a real-time PCR standard curve using known quantity
of diluted templates, poor linearity with an R? value of 0.910 was observed when Ct
values were plotted against the logarithms of the starting template quantity in each
standard solution. Moreover, none of the amplification curves reached the plateau
phase of PCR, whereas the melting curves provided evidence that non-specific PCR
products were generated during the amplification process (Appendix B). These results
may be due to the fact that both primers contain several repeats of guanines or cytosine,
which may allowed them to easily form primer dimers during amplification, thus reducing
the efficiency of the reaction. Therefore, these primers were not used for real-time PCR

experiments, and gapdh was not used as a housekeeping gene.

The rpl37a gene encodes the ribosomal protein L37a, which is a structural
component of the 60S subunit of the ribosome. It is one of the mostly stably expressed
genes in various mammalian tissues and cell lines such as the brain, macrophages, and
granulocytes derived cell lines (Cao et al., 2012; Maess et al., 2010; Pfister et al., 2011).
Moreover, it has been previously reported that in the invertebrate Dictyocaulus viviparus
(also known as the lungworm of cattle), the expression of this gene had the least
variation during different developmental stages when compared with four other common
housekeeping genes (Strube et al., 2008). While we did not compare the stability of the
rpl37a gene with other housekeeping genes, the ANOVA test result suggested that the

expression of this gene is stable across different testing groups.

2.4.3. CRABP and FABP3 expression analysis

The expression levels of crabp and fabp3 in each tested subject were determined
by normalizing the initial quantity of each target gene template against rp/37a, under the
assumption that the reaction efficiency of each gene remained the same across all
samples. ANOVA test results revealed that the expression of each gene from each test
group was not significantly different from any other group. While this could indicate that

flight does not have an effect on iLBP expression in S. frugiperda, it is also possible that
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we could not detect statistically significant differences due to the small sample size.
Moreover, potentially different reaction efficiencies between test subjects within the
same group may also contribute to the crabp expression variances in group #3 and #4
(Table 2-1). Therefore, at this time, we do not have unambiguous statistical evidence to
either reject or accept the hypothesis that flight and post-flight resting have an effect on
the expression of crabp or fabp3.

On the other hand, a trend of increase is observed when the average expression
of crabp from the control group is subsequently compared with group #2, #3, and #4
(Table 2-1). This trend suggests that flight and post-flight rest can have an impact on
the expression of crabp in flight muscles. In contrast, a similar trend could not be
observed for fabp3. While the present study does not reveal conclusive evidence, our
results lend support to the hypothesis that the expression of crabp is affected by flight,

while fabp3 expression is largely independent.
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3. Sequencing of the CRABP promoter

3.1. Introduction

In the previous chapter, we described the identification of four different iLBP
genes in S. frugiperda. Among the four, crabp was found to be the only gene expressed
in adult flight muscles, larvae fat body, and the SF9 cell line; while fabp3 expression was
found to be present in all tissues except in SF9 cells. Some evidence was provided to
suggest that in adult flight muscles, expression of crabp, but not fabp3, may be affected
by flight.

As a prerequisite for understanding the molecular mechanism involved in this
gene regulation, we decided to characterize the promoter sequence of the crabp gene in
S. frugiperda, and search for potential regulatory elements that may interact with nuclear
receptors. By applying the rapid amplification of cDNA ends (RACE) technique, in
combination with another method that uses restriction enzyme digested genomic DNA
libraries as PCR templates, the 5’ untranslated region (5’UTR) and promoter sequence
can be obtained, for subsequent bioinformatics analysis with programs such as the
JASPAR (Casamar et al., 2010).

3.1.1.  5’RACE library construction

RACE is a technique that uses polymerase chain reaction (PCR) and reverse
transcriptase (RT) to rapidly obtain cDNA containing complete 5’ or 33UTR. Using cDNA
as template, along with gene specific primers, the 5’ or 3’'UTR sequence of target genes,
as well as the transcription start and end sites of the gene, can be obtained by PCR.
Previously, the transcription start site (TSS) of the mscrabp gene was determined using
combination of RACE and PCR with gene specific primers (Mansfield et al., 1998). In
this study, a similar approach was used in determining the 5’UTR sequence and TSS of

the crabp gene in S. frugiperda.
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The SMARTer™ RACE cDNA Amplification Kit from Clontech employs a
technology which enables the generation of full length double strand cDNA from mRNA
(Zhu et al., 2001). The primer used for the first strand synthesis is the 5’-CDS primer A,
which is an oligo (dT) primer with the sequence 5-(T)25VN-3’, where N = A, C, G, or T,
and V = A, G, or C. When the SMARTScribe™ Reverse Transcriptase reaches the end
of an RNA template, its terminal transferase activity adds 3-5 undisclosed residues to
the 3’ end of the first-strand cDNA. This added sequence can then anneal to the 3’ end
of a SMARTer Il A Oligonucleotide primer, which enables the RT to switch its template
from mRNA to the complementary cDNA, and start the synthesis of the second strand
(Figure 3-1). All of the resulting double-stranded cDNA have the SMARTer Il A
sequence on one side, which is also part of the Universal Primer A Mix (UPM) and

Nested Universal Primer A (NUP), the primers used for subsequent PCR reactions.

mRNA
S5 ORF Ut AMassa 3

Oligo (dT)
primer
First-strand

cDNA synthesis
with tailing by
SMARTScribe RT

mRNA
5' SUTR ORF SUTR Ammas 37

3" 000K Bt

Single strand cDNA
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annealing followed by

template switching
:;,~

oy

3" 00000

Single strand cDNA

Second-strand
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s oo ARARAR | 3/

3 X000

Double strand cDNA

Figure 3-1  Schematic representation of the SMARTer™ RACE cDNA
Amplification

Picture from Zhu et al., 2001, used with permission.
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Containing the sequence of the SMARTer Il A Oligonucleotide, the UPM and
NUP primers serve as the outer and inner forward primers for nested PCR, where the
reverse primers contained target gene specific sequences. The resulting PCR products
can be sequenced from the reverse end using a gene specific primer, in order to
determine the TSS located after the SMARTer Il A sequence (Figure 3-2, A). By
aligning the sequence of the PCR product with the coding sequence of the gene, the

entire 5’UTR sequence can be determined in this manner (Figure 3-2, B).

A

NuP
—
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e  'E
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! Gene Gene

SMARTer Il A Oligo sequence specific  specific
primerB primerA

\ 2

PCR product
g S B
e F

= Gene

specific
primer B

Double strand cDNA

TSS

5’UTR sequence
PCR product A

5 I

[HEITITH
5" ATGCAGICAGTCGTAGCGTA 3’
Coding sequence

Figure 3-2  Nested PCR schematics

A: Sequencing of nested PCR product determines TSS. B: Aligning PCR products with coding
sequence determines 5’'UTR sequence.

Construction of a restriction DNA library is useful for determining unknown
genomic DNA sequences that are in close proximity to known sequences. In this study,
the strategy was to carry out a restriction digestion of intact genomic DNA, followed by
ligating the digested fragments with a linearized pZsGreen1-DR vector using T4 DNA
ligase. The resulting DNA library is useful as template for PCR, using a gene specific
primer that annealed to the 5’UTR sequence of crabp, and another primer that annealed

to the multiple cloning region of the vector. Ideally, any resulting PCR product would
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consist of a piece of unknown sequence upstream of the 5’UTR, flanked by a portion of
the vector sequence and the 5’UTR sequence. By sequencing the PCR product, the

unknown sequence upstream of the 5’UTR can be determined (Figure 3-3).
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Figure 3-3  Sequencing strategy using restriction DNA library

3.1.2. Promoter sequence analysis

The JASPAR database is a leading open-access database of matrix profiles

describing the DNA binding patterns of various transcription factors and other proteins
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(Casamar et al., 2010). With its aid, potential binding sites of nuclear receptors within
the conserved regions of the promoter sequence can be predicted based on existing
matrix profiles generated from experimental evidence. These potential hormone
response elements may be employed in reporter gene studies or gel shift assays, which

may be useful in analyzing the regulation of the gene.

3.2. Materials and methods

3.2.1. MRNA extraction

The QuickPick™ SML mRNA kit from Bio-Nobile (Cat#: 51012) was used to
extract total mRNA from 1.0E6 SF9 cells, with some modification of the manufactory’s
protocol. After the cell media was removed from the cell pellet, cells were washed with
600 uL PBS by a quick spin at 300 x g for 5 minutes. After the wash, cells were re-
suspended using 400 pL lysis/binding buffer. Homogenization of the cells was achieved
using a mechanical agitator, followed by 10 needle strokes using the 21 Gauge needle.
Next, 4 pL of B-mercaptoethanol was added into the mixture, followed by addition of 60
uL of Oligo (dT)sp coated magnetic particles. The mixture was then continuously mixed
on a tube rotator for 5 minutes at room temperature. Next, the magnetic particles from
the mixture were removed using a PickPen® tip (Bio-Nobile), and washed twice for 15
seconds with 400 pL buffer A, and once with 300 uL buffer B. After the third wash, the
particles containing mRNA were eluted into 30 uL DEPC-treated water. The particles
were heated at 70 °C for 5 minutes, and then removed from the water with the aid of the
PickPen® tip. The concentration of the mRNA that remained dissolved in the water was

determined with the NanoDrop spectrophotometer.

3.2.2. 5’RACE library

The procedure of double stranded cDNA library synthesis was performed as
outlined in the protocol of the SMARTer™ RACE cDNA Amplification Kit from ClonTech
(Cat#: 634923): 2.75 pL of the isolated mRNA was mixed with 1 pyL of 5’-CDS Primer A,
then heated at 72°C for 3 minutes, followed by 2 minutes of incubation at 42°C. Next, 1

uL of SMARTer Il A Oligonucleotide primer was then added to the mixture, followed by
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addition of 4 yL master mix A (2 yL 5X First-strand buffer, 1 yL 20 uM DTT, and 1 pL 10
mM dNTP mix), 0.25 yL RNase inhibitor (40 U/uL), and 1 yL SMARTScribe™ Reverse
Transcriptase. The mixture was then incubated at 42°C for 90 minutes, followed by 10
minutes of incubation at 70°C. At the end, 100 pL of Tricine-EDTA buffer was added to

the mixture. The mixture was then placed at -20°C for short term storage.

To obtain the 5’UTR sequence of crabp, a hemi-nested PCR was performed. For
the first run, 5 puL of 5’RACE library cDNA was mixed with 25 pL of 2X PCR master mix
from Fermentas, 5 pL of 10X UPM primer, 10 pmoles of CRABP-A primer
(TTGGCACCATCAGCTCGGTCC), and variable amount of water for a total reaction
volume of 50 yL. Thermal cycling parameters were: initial denaturation at 94°C for 3
minutes, followed by 40 cycles of 94°C for 30 seconds, 55°C for 30 seconds, and 72°C
for 3 minutes, along with a final extension at 72°C for 7 minutes. First round PCR
products were analyzed on a 1.0% agarose gel, and then used as template for a second
round of PCR: 5 uL of template was mixed with 25 yL of PCR master mix, 1 yL of NUP
primer, 10 ymoles of CRABP-B primer (CATCGAACTCCTCACCAGGC), and water up
to a total volume of 50 yL. Thermal cycling parameters were: initial denaturation at
94°C for 3 minutes, followed by 40 cycles of 94°C for 30 seconds, 54°C for 30 seconds,
and 72°C for 1 minute, along with a final extension at 72°C for 7 minutes. PCR products
were analyzed on a 1.0% agarose gel, and then purified with the QIAquick Gel
Extraction Kit from QIAGEN (CAT#: 28704) and sent for Sanger’s sequencing.

3.2.3.  Restriction library

Genomic DNA from S. frugiperda was extracted from SF9 cells using the
GenElute™ Mammalian Genomic DNA Miniprep Kit from Sigma-Aldrich (Cat#: G1N10),
following the manufacturers’ protocol. Isolated DNA was analyzed on a 1.0% agarose
gel for quality check. DNA concentration and purity were determined based on

NanoDrop readings.

To digest the genomic DNA, 100 ng was mixed with 5 pL of 10X Standard
FastDigest Buffer, 5 puL of FastDigest restriction enzyme from Fermentas (Smal, Bglll, or
BamHlI), and water to a total reaction volume of 50 uyL. To digest the pZsGreen1-DR

vector, 700 ng of the vector was mixed with 2 yL of 10X buffer, and 1 pL of the same

30



FastDigest restriction enzyme. Incubation and enzyme inactivation procedures were
performed based on the protocol of the manufacturer. Digested vectors were analyzed
on a 1.0% agarose gel to confirm digestion success, and then purified with QIAGEN’s
QIAquick Gel Extraction Kit.

For ligation, 2 yL of the digested genomic DNA was mixed with 250 ng of vector
digested with the corresponding enzyme, along with 2 pL of 10X T4 DNA ligase buffer, 1
uL of T4 DNA ligase, and water up to a total volume of 20 yL. The reaction mixture was
incubated at 25°C for 2 hours, followed by 15 minutes at 65°C for enzyme inactivation.

Products were kept at -20°C for long term storage.

3.2.4. Promoter sequencing

In order to obtain the sequence upstream of the 5’UTR of crabp, a nested PCR
strategy was applied. For the first run, 1 pL of the restriction library (Smal, Bglll, or
BamHI) was used as template, which was mixed with 25 pmoles of pZs-1 (CCTGCGTTA
TCCCCTGATTCTGTGGATAAC) and CRABP-1(GTATTTCTTGCCGACAAATTCCAT)
primers, and 1 yL of 10 mM dNTP mix. In addition, 10 pL of 5X iProof HF Buffer and 1
uL of iProof DNA Polymerase from BioRad’s iProof ™ High-Fidelity DNA Polymerase kit
(Cat#: 172-5300) were added into the mixture, along with nuclease free water to bring
the total reaction volume to 50 pL. Thermal cycling parameters were: initial
denaturation at 98°C for 5 minutes, followed by 40 cycles of 98°C for 30 seconds, 59°C
for 30 seconds, and 72°C for 10 minutes, along with a final extension at 72°C for 10
minutes. The resulting PCR products were analyzed on a 1.0% agarose gel; and then
used as templates for the second run. The pipetting and cycling parameters for the
second run was same as the first, with the following exceptions: the primers used were
pZs-2 (AGCGCTACCGGACTCAGATCT) and CRABP-2 (TGTGTGAGTCCGTACTACC
G); and the annealing temperature was 59°C. When analyzed on a gel, major bands

were purified and sent for Sanger’s sequencing using pZs-2 and CRABP-2 primers.

3.2.5. Promoter amplification

To amplify the genomic sequence from upstream of the 5’UTR to the first exon of

the gene, ~100 ng of intact genomic DNA was used as PCR template, which was mixed

31



with 25 pmoles of CRABP-3 (AACATTCCGTTGTATCGTCC) (designed based on
Sanger's sequencing results) and CRABP-4 (CCGATAGCCTTCATGAACTCGTCG)
primers, along with 1 pL of 10 mM dNTP mix, 10 pL of 5X iProof HF Buffer and 1 pL of
iProof DNA Polymerase. Thermal cycling parameters were the same as in the nested
PCR mentioned above, except that the annealing temperature was changed to 55°C,
and the extension time was changed to 2 minutes. After gel analysis, the major PCR

product was purified from the gel and sent for Sanger’s sequencing.

3.3. Results

3.3.1. 5’ RACE nested PCR

The mRNA extracted from SF9 cells had a concentration of 13.5 ng/pL. Since
2.75 pL of this mRNA solution were used for 5’RACE cDNA library synthesis, it was
assumed that 37.13 ng of mMRNA were converted into cDNA. When the gene-specific
primer CRABP-A and the Universal Primer Mix (UPM) were used to perform PCR on the
cDNA template, a clear band appeared above the 250bp ladder band, with a faint band
below (Figure 3-4, A). Due to the presence of the minor band, it was difficult to obtain
the major amplification product in sufficient purity for sequencing; therefore a hemi-
nested PCR was performed using the gene specific primer CRABP-B and the Nested
Universal Primer (NUP), whose sequence is part of UPM’s. After the nested PCR, a
single clear band was observed above the 250 bp ladder band (Figure 3-4, B). This

band was purified and sent for Sanger’s sequencing, using the CRABP-B primer.

3.3.2. Identification of 5’-UTR sequence

When the sequence of the nested PCR product was aligned with the EST
sequence of CRABP (Spodobase, cluster SFOL03784), a 100% sequence match was
observed at the beginning of the open reading frame (ORF) and the 26 bases upstream
of the start codon. Four mismatches were present within the sequence further upstream
(Figure 3-5). As expected, the 5’ end of the sequenced PCR product is identical to the
sequence of the UPM and NUP primers, which annealed to the SMARTer Il A Oligo

sequence.
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Figure 3-4  5°-RACE gene specific hemi-nested PCR

A: outer PCR. B: hemi-nested PCR. Lane A: 1.0 DNA ladder. Lane B: PCR product. Lane C:
negative control using water template. Lane D: 100 DNA ladder.
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Figure 3-5  Sequence alignment for EST and nested PCR product

The alignment shown here contains the 5’end of the EST sequence and the nested PCR product.
The coding sequence is indicated by the amino acid labels. Arrows indicate the positions of
primers.

3.3.3.  Restriction digestion

Genomic DNA extracted from SF9 cells had a concentration of 36.9 ng/uL, and

an Ageo/Azs0 absorbance ratio of 2.10. When ran on a 1.0% agarose gel, a smear
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appearance was observed in the upper region of the gel, indicating little degradation of
the DNA (Figure 3-6).

Figure 3-6  Quality of genomic DNA extracted from SF9 cells
Lane A: 1.0 DNA ladder. Lane B: Genomic DNA.

The genomic DNA obtained from SF9 cells and the pZsGreen1-DR vector was
digested by the restriction enzymes Smal, Bglll, and BamHI. The digested vector
samples were analyzed by agarose gel electrophoresis to confirm complete digestion.
From the gel image, band shifting was observed for all three digestions when compared
with undigested vector, indicated successful digestion (Figure 3-7). After purified from
the gel, DNA concentration for Smal, Bglll, and BamHI digested vectors were 14.6 ng/uL,
10.0 ng/uL, and 17.2 ng/uL, respectively. For each restriction digest, digested vector
was ligated with genomic DNA digested with the corresponding enzyme to produce three

restriction libraries.

Figure 3-7  Restriction digest of pZsGreen1-DR vector

Lane A: 1.0 DNA ladder. Lane B: Smal digestion. Lane C: Bglll digestion. Lane D: BamHI
digestion. Lane E: Undigested vector.
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3.3.4. Sequencing of the crabp promoter

When PCR was performed with the vector specific primer pZs-1, the CRABP-1
primer, and the three restriction libraries as template, no band larger than 250 bp was
visible (Figure 3-8, A). However, when the PCR products were re-amplified with the
nested primers pZs-2 and CRABP-2, a strong band with the size of ~1.5 kb was
observed for the BamHI library (Figure 3-8, B). This band was purified and sent for
Sanger’s sequencing, using the nested primers pZs-2 and CRABP-2.

A ABC DE FG B ABCDEFG

1.5kb

Figure 3-8  Restriction library nested PCR

A: outer PCR. B: nested PCR. Lane A: 1.0 DNA ladder. Lane B, C: Smal library. Lane D, E:
Bglll library. Lane F, G: BamHlI library.

The sequence obtained from Sanger’s sequencing contained a few unresolved
nucleotides in the middle region (Figure 3-9, A). Since this sequence ended upstream of
the 5’-UTR region, a PCR reaction was performed using primers CRABP-3 and CRABP-
4, which annealed to the 5’ end of the obtained sequence and the first exon of the gene,

respectively (Figure 3-9, B). Genomic DNA was used as template.

The resultant PCR product yielded a strong band with a size of ~1.5 kb (Figure 3-
10). When the product was sequenced from both ends, one of its ends was virtually
identical with the 5-UTR sequence, indicating that the 1.5 kb sequence obtained by
restriction library-nested PCR was indeed the promoter sequence of the crabp gene.
The transcription start site appeared to locate at -76 bp upstream of the start codon
(Figure 3-11).
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A

CGLGGOLCCGGGATCOCAGAGTC TOGTAATTATATTTAATGTTT TG TACGTTGNTTAAACATICC GT TG TATCG TCCAATAARCTCTTTATTTGATTTGCAAAT
TGAGTATTTATITTTC T TGO AGAATAATTTC TTTAACACTGAATTGATAATCAATC TTTTATTACCG TACCTGG GTTTGAGAACACTCOCTGLTTGTTCATAAT
TACTTTGATTTATT T GAAGAAGT TTCAATAACACCTCGGCCTCTCCAG TRACACTACTCT TCARATARTGTAACT TT TGAACATCACTACTOGCOG TG TTTTCAT
GAACTAATGAAATAAATAAGT T TGAAAGGTACGCCAATCTTCATAATTCCCACTAAATC TTGNNANTG TATCC TOGATGANC TAACGAGTTGATCATTANTC
ATATTTGAARATGAATTATGTTTCGATGA TG TRGGTACGRACGATGOGC TTATCG TCNACARAAGGLC TTGTAAATCNGC TAATAACCCAANANATHNNTCT
TCATAATTATANAAATCCTOGTTNACNAANNA TTTAACGTTTGNTNNT GTTCTTTCNNTGNTATC TTGACTANTTGTGGAT GANAT TCTC TRAATG TTGTCCAA
TATTICGTCTATNCATTTTATTC TTGCC TCGACG TANNNTTTG TCANCC TGGT T TAGGACATTTIC TTAATGTTTACTTGOG TTTTTTGTAATAAAGCAGCTGTGT
NI AR ARG T ATTAGL T T TAGTAGTCATTGLACC TTTTCTTGC TTC TATTCA TTCATTAATGAC GGACNT TCGGAATGLGA TG TCGC TATTGTTCTCGTT
GOOCGGLCGATAT T GATAACTT G T TT T TGLAATTAGE TOGG TTOG TARATCL GEC TCGAAG GACCACTATGTTT TTGATATTAAGC TTGATGG TAGTTTC
GTAGGAATTGATTCAGTTAAAATGCGTGTTTG CTTTAGGAGTTTTTATTTACGACARACGGG TEACAACTAGTGACAAATACATITIGTTTATITATTCTTTITT
TACCATAAACAATATAGATATAACAGGGAATATTATITTGGTTGGGAAAGAAGEGGA TAGGARATAACTTGTTAAATAATTTTTGCAATG GTCCTGCTGTTAC
TAGGACGAATGAATAATGGATAGARAGTCATGGGGT TACAAATAGGTAGCTATTACTCGLTCA TAATATG TTTTATGT TG TCTGTAACG TAATTTTCTTCAAA
GGATTACAAAAATGCTTGTITGGLTTCG TCAATC TTCCCAGATTAAGCCACAAGACATE TAATCATC TCC TTTATATG TG TATAATC TAATTTGCAAAGCAAAC
AR AT T A G T G G A AT TG TACA LG TCAC AL CATC LT LG T TCACAATT TECCCC GLTACAGA GTATATAATCAGCGL GG GTGTCAAGG TCAATT
AT AATAACTT AT G T I G T TCATC TCAG TCATIC GTTCG TTGACGCATGOGCAGAGCOGAGCAGTTG TACCN NN N NCGL GNNMNN N NN N NNNNN
T

T

Vector sequence - sure [
— — — e
PEE-1 BEn-X CRABP-2 C(RARP-1 CRARP-3

Figure 3-9  Restriction library nested PCR product sequence

A: Sequence obtained from Sanger’s sequencing. Arrow indicates the location of the CRABP-3
primer. B: Positions of PCR primers. Color coded areas indicate regions with known sequence;
black lines indicate unknown sequence. Primers are represented by arrows.

1.5kh

Figure 3-10 Amplification of crabp promoter
Lane A: PCR product obtained using genomic DNA template. Lane B: 1.0 DNA ladder.
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Figure 3-11 Promoter sequence of crabp

A: Sequence upstream of the 5UTR. B: Alignment between the PCR product sequence and the

5’UTR sequence. Asterisk: transcription start site.
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3.3.5.  Analysis of the crabp promoter sequence

When the 1.5 kb promoter sequence from S. frugiperda was aligned with the
promoter from the closely related species Helicoverpa zea (obtained from unpublished
previous work), high level of conservation was observed from the start codon to -289 bp
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upstream of the transcription start site (Figure 3-12). By analyzing this piece of
conserved region with the online program ConSite, it was found that an area between -
112 and -79 contained four potential binding sites for nuclear receptors, with three on the
positive strand and one on the negative. These sites were for chicken ovalbumin
upstream promoter transcription factor (COUP-TF) on the negative strand, RAR-related
orphan receptor alpha 1 (RORa1), retinoic X receptor dimerized with vitamin D receptor
(RXR-VDR) from Homo sapiens, and ultraspiracle (USP) from Drosophila melanogaster
on the positive strand (Figure 3-13). This characterized area appears to be highly
conserved between these two species, with only three nucleotide mismatches. In
addition, three separate consensus sequences for nuclear receptor binding half-sites
were identified in a direct repeat conformation: AGGTCAattcAGTTCAataACTTCA
(Figure 3-13). Similar cluster of consensus binding sites was not found within 1500 bp
upstream of the coding area from two other lepidoptera species, Manduca sexta and

Bombyx mori.
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Figure 3-12 Local alignment between H. zea and S. frugiperda promoters

Box: conserved area from -289 to coding region.
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CTTGETTTRGECTTCGTCAATCTTCC CAGATTAAGC CACAAGAC ATGTAATCATCTCCTTTATATG T GTATAATC TAATT

TGCAAAGCAAACAAAATCTTAGC TCGCGAAATCTCGCTACACGCTCACACCATCCTCCGTCTCACAATTTCCOCE

ROR 1
TATA kot usp
. A o -
GLTACAGAGTATATAATCAGC GLGLGGTGTCAAGGTC AATTCAG TTCAATAACTTL -'ﬂ']'l.“r.‘E.T‘1"‘.:4:'{_'1TTC.ﬂ'.‘TCT'::“G
COUP-TF RXR-VDR 55

{McPromaoter 006]

TCATTCGTTCGTTGACGCAT GO CAGAGCLGAGCAGTTGTACCGTTTGLCGOGTTTATTCAT TCCAGTTCCGAC

T55 [5'RACE)

COGTAGTACGGACTCACALA ARATCACTT TAAAAAAAAACATTTTTATATTT TAAAAAT GOAATTTGTCGG

M E F V G

Figure 3-13 Promoter analysis by ConSite and McPromoter 006

Genomic DNA sequence from -289 upstream of transcription start site to coding sequence. Red
text region: three consensus nuclear receptor binding half-sites.

When using ConSite to search for any potential TATA box within the promoter
sequence, the predicted site appeared at 115 bp upstream of the experimentally
determined TSS. On the other hand, when the promoter prediction server McPromoter
006 (http://www.cbs.dtu.dk/services/Promoter) was used to predict the location of the
TSS, it appeared to locate at 62 bp upstream of the experimentally determined location
(Figure 3-13). Nevertheless, the experimentally determined site region appears to be
highly conserved in six different lepidoptera species; whereas less sequence identity

was observed in the 62 bp upstream area (Figure 3-14).
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K melpomene
8. mori

TSS (McPromoter 006)

——ﬁGTTCAﬁTﬁACTTCATTCGTTCCGTTCATCTC!GTCATTCG—TTCGT —————————— T
-~AGTTCAGTAACGTCATTCGTTCCACTCA-CTCACTCATTCG G TC6T———————— T
~-ACTCCGGTCA-—-ATTCGTTCCATTCA-TTCAATCACGCA-TGCGTGRCTGOGGCTC
-~—GTTCAAT-ACATAATA-—GTTCGTTCG-TT -—CTCGTTCA-TGCGCA-—————- T
GAAATTGAATGAAATAATACCATCCOTTCA-ATAGTTCATTCACTACOCAAGCOC ———CC
GTAAACTGGTATTACAATATGACGCATGOG-————- TCGAGAG—AACGC—————-—————
* deok * % 4k Fk
TS5 (5'RACE)

GACG———CATGCGCAGAGCCGAGCAGTTGTACCGTTTGC—CGCGTTTATTC!TTCCAGTT
CACG—CATGCGCAGAGGCGAGTAGCTGAACCCTTTGC -CoCGTATATTCATTOCAGTT
AACGATCCATACCAAGAGGUGAG—ATACGAG———- TGC-CGCGTTTATTCATTCTAGTT
AACTACAMTOCCGCT —TTAAGTGCTCG ——COCCTTGOGUTCGUATAT -CATTCTGGT
GAACGOGAATOCCACCOGOCGAGT AACCG—CTCTCT ————— —CAAAT-CATTCTAGTT
GAGG————GCTCTGOCAGCTAACGGGTCGACAACTCCACAGTAGAGAATTCATTCTAGTT
* * * * dok hekdok ko

COGAC GG TAGTACG A CTCACACATTTTTAAATC -ACTTTAAALA LA —ALCATTTTTA

GOGACCGGTAGTACGEA-CTCACATACTTTTA——— ACTTCACCALMAL-AGCATTTTT -

GTAGCCGGT-GTOCGEGTCTGACATATTTTTAAATCAMATATATTAMAT -AL—ATCCTT -

GTCTAGGCACAAC G TG ——AACACGTCTOGACTTCTCTC TG AT AAAG —AA A AN —————

GTAGCCGGTAMCGCGEG ——AGCACGTCTT-ACTTCTAACTA—AMAG-TATATTCTTA

TTAGCCGGOGCTALAA L —CAGACGTATTAAAAACCTTTCTCTTAAATCTATAAAGTTA
ke * * ok sfokeok *

———TATTTTAAAAATCGAATTTGTOGGCAAG
———TATATTAAAAMATCGAATTCGTOGGCAAG
————————— TAABAATGGAGTTTGTCGEC ARG
————— ATTTTCAAAATGEAATTOGTTGECAAG
“TTTCATTTC AAAMATCEAATTOGTTGGCAAG
————ATCTATAAABATCGARTTCGTAGGCAAG
Bk bk ok ek

M E F V G K

Figure 3-14 Multiple sequence alignment of crabp promoters

Promoter sequence of H. zea was obtained from previous unpublished work. M. sexta
accession#: JH668378.1. D. plexippus scaffold#: DPSCF300001 (Zhan et al., 2011). H.
melpomene accession#. HE667817.1. B. mori accession#: DF090534.1.

3.4. Discussion

3.4.1. Transcription start site

Most of the sequence of the nested PCR product obtained from RACE matched
with the EST sequence of crabp, indicating that the CRABP-1 and CRABP-2 primers
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had targeted the correct gene (Figure 3-5). The sequence ends with an area that
matched the sequence of the SMARTer Il A Oligo, which annealed to the first cDNA
strand during the 5’RACE reaction. If we assume that littte mRNA degradation was
present during the reaction, the sequence located next to the annealing site of the
SMARTer Il A Oligo would be the experimentally determined TSS (Figure 3-5). In M.
sexta, the experimentally determined start site was 70 bp upstream of the start codon; its
sequence is similar to that of S. frugiperdia. However, the sequence between the TSS
and start codon share little conservation across the two species (Figure 3-14). The other
four lepidoptera species, whose TSSs were not experimentally determined, contain the
same conserved sequence at 69-76 bp upstream of the start codon (Figure 3-14).
Based on these observations, there is strong likelihood that the experimentally

determined start site is correct.

3.4.2. TATA box

The TATA box identified by ConSite has the sequence: TATATAA, which
located at 127 bp upstream of the experimentally determined TSS (Figure 3-13). This
distance seemed to be different from most eukaryotic genes, which varies between 25 to
35 bp upstream of the TSS. In H. zea, the predicted TATA box was at the same location,
with the sequence TATAAAA. However, for more distant species such as M. sexta, no
potential TATA box was found anywhere within the first few hundred base pairs
upstream of the start site, which could suggest that such an element is not necessary for
the transcription of this gene. Examples of genes lacking TATA box were found to be
prominent throughout the animal kingdom, such as the rat insulin-like growth factor-
binding protein-2 gene (Brown and Rechler, 1990) and various mammalian ribosomal-

protein genes (Perry et al., 1992).

3.4.3.  Nuclear receptor binding sites

The crabp promoter sequences from M. sexta, D. plexippus, H. melpomene, and
B. mori were obtained from whole genome sequencing projects (Figure 3-14); whereas
the sequence from H. zea was obtained from previous unpublished work. Among these
five lepidoptera species, H. zea is the species closest to S. frugiperda; therefore, we

focused on conserved regions between the two species in the search for potential
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nuclear receptor binding sites which are evolutionarily conserved between different
species. By using ConSite, potential human COUP-TF, RORa1, RXR-VDR heterodimer,
and a D. melanogaster USP binding sites were predicted, in the conserved cluster
between -112 and -79 (Figure 3-13).

Based on our hypothesis mentioned in section 1.5, nuclear receptors that
regulate the expression of iLBP coding genes may become activated through binding to
fatty acids or other hydrophobic molecules. Among the four nuclear receptors, COUP-
TF is known to become activated by retinoic acid, and to initiate the expression of
reporter construct containing corresponding regulatory elements.  Although the
concentration of retinoic acid needed in in vitro experiments was substantially higher
than physiological levels, this evidence strongly suggests that this receptor can be
activated through retinoic acid binding (Kruse et al., 2008). Similarly, RXR was also
shown to become activated and dimerize with other protein components upon binding to
9-cis retinoic acid. Since CRABP is a protein thought to be involved in retinoic acid
transport, regulation of its gene by retinoic acid is not unlikely, which could be mediated
by retinoic acid activated receptor homologous to receptors such as COUP-TF or RXR.
On the other hand, RORa1 is a receptor that does not bind all-trans retinoic acid, but
rather, melatonin and cholesterol derivatives, making it less likely to be involved in the
regulation of crabp (Wiesenberg et al., 1995). Lastly, USP is an invertebrate homolog of
mammalian RXR, which can also dimerize with other receptors, such as the ecdysone
receptor (EcR), and control developmental events. Natural high-affinity ligands for USP,
a highly conserved protein with a large hydrophobic pocket, have not been identified,
and thus USP remains an orphan receptor (Clayton et al., 2001). More than a decade
ago (Jones and Sharp, 1997), it was demonstrated that USP can interact with juvenile
hormone lIl (JH IlI) while forming homodimers, and activate reporter construct containing
a direct repeat response element, so its role as juvenile hormone receptor remains
highly controversial (Maki et al., 2004). Better characterized is the role of vertebrate
RXR in the regulation of many genes, including the genes coding iLBPs (Hewson et al.,
2002; Hwang et al., 2002; Poirier et al., 1997); as vertebrate and invertebrate iLBPs
have highly conserved gene and protein structures, their genes could also be under

similar control mechanisms, and hence it is possible that the insect RXR-analog USP
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also plays a role in regulating the fatty acid-controlled expression of insect genes such
as crabp.

In order to determine whether the sequence cluster between -112 and -79 indeed
contains elements involved in regulation of the crabp gene, reporter gene studies could
be carried out with constructs in which suspected regulatory elements in the promoter
sequence have been altered. Such a study requires a suitable cell system that is easily
transfected with the constructs, and is able to express genes under the control of the
crabp promoter.
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4. Analysis of the SF9 cell line

4.1. Introduction

4.1.1. GFP reporter gene

In molecular biology, the term reporter assay often refers to attaching the coding
region of a gene (known as the reporter gene) to the promoter sequence of a different
gene of interest. By transferring this artificial reporter construct into living bacteria, fungi,
plants, animals, or cell cultures, one will be able to characterize and study the strength of
the promoter by measuring the expression level of the reporter gene. In order to have
the measurement achieved easily, the reporter gene must not be naturally expressed in
the host organism, while possessing certain characteristics that allow easy detection and
quantification of its expression. For instance, the most commonly used reporter genes
often enable visual detection and quantification due to their enzymatic activity, which can
result in the production of colored, fluorescent or luminescent molecules. One such
example is the lacZ gene from the bacteria Escherichia coli, which encodes the
polypeptide B-galactosidase, an enzyme that produces a blue dye by cleaving the
substrate analog 5-bromo-4-chloro-indolyl-B-D-galactopyranoside (X-gal). To quantify
the activity of this enzyme, cells from the host organism need to be isolated and stained
with X-gal. The disadvantage of this approach is that it is necessary to destroy the cells
for the purpose of quantification, thus causing difficulties if the sample has to be kept for

downstream experimental analysis.

In order to overcome this difficulty, the gfp gene discovered from the jellyfish
Aequorea victoria can serve as an alternative. The gfp gene encodes the green
fluorescence protein (GFP), a 26.9 kDa protein that exhibits bright green fluorescence
when exposed to light at the blue to ultraviolet range (Prendergast and Mann, 1978).
The properly folded form of this polypeptide possesses a major excitation peak at the

wavelength of 395 nm and a minor one at 475 nm; whereas the major emission peak is
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at 509 nm. Unlike B-galactosidase, the detection and quantification of GFP does not
require the addition of substrates, but only needs the samples being exposed to light
with the proper wavelength. As a result, samples can be kept away from potential
toxicity of substrates and used for other experimental analysis after detection and

quantification.

4.1.2. Choosing a host system

Choosing a proper host system is a very important task if one decides to use the
reporter assay to study the strength of the promoter of a target gene. lIdeally, the host
must be able to naturally express the target gene, so that when the reporter construct is
transferred into the host, the reporter gene will be expressed in similar manner as the
target gene. This is important when one wants to identify any regulatory elements within
the promoter. In order to do so, a deletion analysis can be performed by deleting any
potential sequence elements (such as the -112 to -79 sequences in section 3.4.3) within
the promoter, followed by comparison of the reporter gene expression with the reporter
construct that has the full length promoter (Figure 4-1). Using this strategy, key

regulatory elements can be identified.

Full length  Reporter

romoter
Wildtype B ——ge'—ﬂe‘

construct ﬂ | -
Reg Ié‘mry

elements

Deletion

construct A
EADsLen Expression
1o host

measurement

[} .
Deletion
construct B [__§
WT A B C
[

Deletion
construct C

Expression level

Figure 4-1 Overview of promoter analysis by reporter assay

Sometimes, after the reporter constructs have been transferred to the host, a
treatment with hormone analogs is performed on the host. This treatment procedure

may allow certain regulatory sequences that are hormone response elements (HREs) to
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be identified (Beckers et al., 1997). As depicted in Figure 4-2, hormone treatment of
host cells transfected with constructs containing the full length promoter increases the
expression level of the reporter gene, indicating that at least one HRE is present in the
promoter. When combined with deletion studies, it can be determined that element A is
a HRE, while element B is not (Figure 4-2). This combined strategy has been widely
used in finding and characterizing HREs (Montoliu et al, 1995). However, a major
requirement for this type of study is to have a host system that not only expresses the
target gene, but is also able to regulate its expression through the act of hormones or
hormone analogs. One example related to the iLBP family is the discovery of a fatty
acid response element within the promoter of rat H-FABP (Qu et al., 2007). This gene is
naturally expressed in L6 cardiomyocytes, and up-regulated in response to fatty acid

exposure.
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Figure 4-2  Strategy for finding HREs using reporter assay

While far fewer well-characterized insect cell lines exist, a commercial protein
expression system is based on lepidoptera cells, which can result in very strong
expression from a baculovirus promoter. The SF9 cells of this system, which is derived
from an ovarian cell line of S. frugiperda, can be easily transfected and maintained in cell

culture (Vaughn et al., 1977). In this study, we intended to test if the SF9 cells can be
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used as a suitable system to identify any potential fatty acid response element within the

promoter of the crabp gene.

4.1.3. Cloning of the crabp promoter

The reporter construct was made by cloning the ~1.5 kb promoter sequence into
pZsGreen1-DR vector, a promoterless vector that encodes ZsGreen1-DR, a variant of a
Zoanthus species GFP, which has the maximum excitation and emission at 496 nm and
506 nm, respectively (Figure 4-3). In order to evaluate whether the construct was able
to successfully produce GFP in S. frugiperda, it was used to transfect the SF9 cell line.
The resulting GFP expression was then evaluated using a BioTek fluorescence

microplate reader.

MCS
(12-83)

Not | (320)

42 kb

poly A

P
Kan'/
Neo Ps\mg SV
e ori

Figure 4-3  Map of pZsGreen1-DR vector

The GFP coding sequence is located downstream of the MCS. Clontech Laboratories, Inc. Used
with permission.

It is commonly assumed most regulatory elements are contained within first
kilobase upstream of the proximal promoter of a gene, and therefore we cloned 1.5 kb of
sequence upstream of the start codon of the crabp gene into the reporter gene vector.
To do so, we amplified the promoter sequence using a set of primers that contained
adaptor sequences complementary to the sequence at the vector insertion site (Figure
4-4, A, B). Next, the vector was amplified with primers that also anneal at the same site
(Figure 4-4, B). The two PCR products were then joined into a circular vector using the
CloneEZ® PCR Cloning Kit from GenScript (Cat#: L0O0339) (Figure 4-4, C). The
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resultant vector, named pZsCRABP, had the complete 1.5 kb promoter sequence placed

immediately upstream of the GFP start codon (Figure 4-4, D).

A
AGCGCTACCEn CRABPpZs-F CRABPpZs-R
SCGOACTCAGATEY. - iR
AACATTCCGTTGTATCGTCCAATAA. .15 kb.... ATTTTAAAAATGGAATTTGTCGGCAAGA
ME F¥V 6K
B
pZsMC-R pZsGFP-F
pZsGreen1-DR........... TTACT AGCGCTACCGGACT CAGATCTCGAGCTCAAGCTTCGAATT CTGCAGTCGACGGTACCGCGGGCCCGGGATCCGCCACC T  C TG .......... pZsGreen1-DR
M A E S ¥ H G L
C
AGCGCT ACCGGACT CAGATCTAACATTCCGTTGTATCGTCCAATAA..... 1.5 kb..... ATTTTAAAA
pZsGreen-DR..........ATTACTAGCGCTACCGGACTCAGATCT N  CTGACC........... pZsGreenl-DR
D

pZsGreenl-DR...........ATTACTAGCGCT ACCGGACTCAGATCTAACATTCCGTTGTATCGTCCAATAA. ... 1.5 kb..... ATTTTAAA A C C 7G............ pZsGreen1-DR
M AE S5 KHGHL

Figure 4-4  Cloning strategy for the crabp promoter

A: PCR amplification from genomic DNA. B: PCR amplification from pZsGreen1-DR vector. C:
Recombination between PCR products. D: Circular product from recombination. Red and yellow
highlights indicate homologous sequences.

4.1.4. Transfection

Transfection is the process of deliberately introducing nucleic acids into cells. It
usually involves opening of transient pores in the cell membrane in order for the uptake
of foreign material to proceed. Some typical methods of transfection are electroporation,
calcium phosphate-mediated delivery, and deposit by liposomes made from cationic
lipids (Safari and Hosseinkhani, 2013; Schroeder et al, 2013; Sun et al, 2013). All these
processes can successfully transport foreign nucleic acid through the hydrophobic cell
membrane, but also result in varying degrees of cell damage. Once inside the cells, one
cycle of cell division must be completed in order to let the foreign genetic material reach

the transcription machinery inside the nucleus, so that its genes can be expressed.

In electroporation an electric field is applied to cells to increase the electric

conductivity of the cell membrane, causing the lipid membrane to undergo structural
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changes and creating hydrophilic pores that allow the entrance of foreign substances
such as DNA plasmids, which could never passively diffuse across the hydrophobic lipid
bilayer (Neumann et al., 1982). One problem this process causes is that the transient
hydrophilic pores formed may not only contract and seal the cell membrane as intended,
but could also expand and eventually rupture the membrane. The outcome often
depends on the sizes of the pores, which are difficult to control (Joshi and Schoenbach,
2000). As a result, the degree of cell death often greatly reduces the efficiency of

transfection.

The transfection method using calcium phosphate was originally discovered in
the early 1970s (Graham, 1988). It works by forming precipitates of plasmid DNA and
calcium ions, which attach to cell surface and are randomly taken into cells by
endocytosis (Bose and Tarafder, 2012). It is well known for its simplicity, low toxicity to
the cells, and low cost; however, a major disadvantage of the method is its low

transfection efficiency.

Nowadays, one of most widely used methods for transfecting eukaryotic cells
involves the usage of cationic lipids, which can physically attach to DNA molecules and
form liposomes, small membrane enclosed vesicles that are structurally similar to cells.
These vesicles can deliver DNA into the cells by easily fusing with the cell membranes
because both contain lipid bilayers (Felgner et al., 1987). This gene delivery method is
often advantageous over the previous two due to its higher transfection efficiency, while
causing little cell death. In this experiment, transfection of SF9 cells was performed and
optimized using a cationic lipid based transfection reagents: the Cellfectin® Il Reagent
from Invitrogen (Cat#: 10362-100).

4.1.5. Optimization of transfection efficiency

In order to accurately determine the transfection efficiency of a particular
transfection experiment, the expression of the reporter gene from transfected cells must
be distinguished from untransfected cells. To achieve this goal, a GFP reporter
construct containing a strong promoter in SF9 cells and an effective detection method

that provides visual identification of any GFP expressing cells is required.
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In 1992, a second immediately early (IE-2) gene from the baculovirus Orgyia
pseudotsugata multicapsid nuclear polyhedrosis virus (OpMNPV) was identified and
characterized. It was discovered that the constitutive expression of this gene relies
primarily on the cis-acting regulatory elements within its promoter sequence (Theilmann
and Stewart, 1992). Although the natural host of the virus is the Douglas fir tussock
moth Orgyia pseudotsugata, this promoter was also found to be strongly active when
used for protein expression in the SF9 cell line (Hegedus et al., 1998). This promoter,
known as the OplE2 promoter, was cloned into the MCS region of the pZsGreen1-DR
vector, and used as a construct to determine transfection efficiency. Cells that
constitutively express GFP are visually detectable, and thus can be used for estimating

transfection efficiency (Figure 4-5).

Figure 4-5  Transfection of SF9 cells

SF9 cells transfected with pZsOplE2 construct using the Cellfectin® Il Transfection Reagent.

With the aid of the pZsOpIE2 construct and the UV fluorescence microscope, the
transfection efficiency from different experimental conditions can be accurately
determined. Once the best experimental conditions are established, the cells can be
transfected with the pZsCRABP construct, treated with fatty acids or other substrates,

and subjected to GFP expression measurement.
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4.2. Materials and methods

4.2.1.  Fatty acid treatment

The following long chain fatty acids were obtained from Sigma Aldrich dissolved
in DMSO to a concentration of 100 mM, and used to treat SF9 cells: palmitic acid (16:0,
Cat#: P0500), oleic acid (18:1, O7501), linoleic acid (18:2, L1012), and arachidonic acid
(20:4, A3555). Before treatment, 10° adherent SF9 cells were plated in each well of a
24-well tissue culture plate, and allowed to attach to the bottom. Once attached, growth
medium in each well was aspirated and replaced with 500 uL of treatment solution
containing 100 uM of fatty acid. The cells were then incubated at 27°C for four hours.
Each treatment was repeated three times. When the incubation period was over, cells
were subjected to total RNA extraction as outlined in section 2.2.1. cDNA synthesis and
real-time PCR analysis were performed with the same procedure as outlined in section
2.2.2 and 2.2.5, using the same cycling parameters and primers. Each PCR reaction

had four replicates.

4.2.2. PCR amplification of crabp promoter and vector

To add adaptor sequence homologous to the pZsGreen1-DR vector to the crabp
promoter sequence, roughly 100 ng of S. frugiperda genomic DNA was mixed with 25
umoles of CRABPpZs-F (AGCGCTACCGGACTCAGATCTAACATTCCGTTGTATCGTC
C) and CRABPpZs-R (CCGTGCTTGGACTGGGCCATTTTTAAAATATAAAAATGTTTTT
TTTTAAAGTGAT) primers, along with 1 yL of 10 mM dNTP mix. In addition, 10 uL of
5X iProof HF Buffer and 1 pL of iProof DNA Polymerase from BioRad’s iProof ™ High-
Fidelity DNA Polymerase kit (Cat#: 172-5300) were added into the mixture, along with
nuclease free water to bring the total reaction volume to 50 pL. Thermal cycling
parameters were: initial denaturation at 98°C for 5 minutes, followed by 40 cycles of
98°C for 30 seconds, 60°C for 30 seconds, and 72°C for 3 minutes, along with a final

extension at 72°C for 10 minutes.

The pZsGreen1-DR vector was linearized using Smal in the same procedure as
outlined in section 3.2.3. Once digestion and purification were completed, roughly 50 ng
of the linearized vector were mixed with 25 pmoles of pZsGFP-F (ATGGCCCAGTCCAA
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GCACGG) and pZsMC-R (AGATCTGAGTCCGGTAGCGCT), along with the appropriate
amount of PCR ingredient as described from the PCR above. All cycling parameters
were maintained except that the annealing temperature and the time for extension has
been changed to 62°C and 5 minutes, respectively. The resulting PCR products from

both reactions were analyzed on a 1.0% agarose gel and purified.

4.2.3. Recombination cloning

Once purified and quantified using the Nanodrop spectrophotometer, ~220 ng of
each of the two PCR products were mixed, along with 2 yL of 10X buffer and CloneEZ
enzyme from the CloneEZ® PCR Cloning Kit from GenScript (Cat#: L00339), giving a
total reaction volume of 20 yL. The mixture was incubated at 22°C for 30 minutes, then

used for transformation directly.

Prior to transforming DH5a E. coli cells (Invitrogen, cat#: 18258-012) with the
recombination reaction product, 50 pL of cells were thawed on ice. Once thawed, 8 uL
of the reaction product were mixed with the cells. The mixture was incubated on ice for
30 minutes. Next, the cells were placed in 42°C water bath for 90 seconds, and placed
on ice for 3 minutes. SOC medium (600 uL) was slowly added to the cells, followed by
incubation at 37°C on a 225 rpm shaker for 1 hour. Cells were pelleted by centrifuging
at 4000 rpm for 5 minutes. Next, an aliquot of 500 pL of the supernatant was then
removed from the cells, and the cell pellet was re-suspended using the remaining
supernatant. From this all suspension, 10 yL and 100 yL were plated separately on LB

plates containing 100 ug/mL of kanamycin. The plates were incubated at 37°C overnight.

On the next day, a total of 24 colonies from both plates were selected and used
as templates for colony PCR. For each reaction, 3.5 pyL of Fermentas’ 2X PCR Master
Mix (Cat#: KO172) was mixed with 1.4 ymoles of pZs-1 (AGCGCTACCGGACTCAGATC
T) and pZs-2 (CTCCACCACGCACAGGTTGATGGCCT) primers, along with nuclease
free water to add up to a total reaction volume of 7 pyL. To each of the PCR tube, a
portion of a single colony was picked using a pipet tip and mixed with the reaction
mixture. The remaining colony on the pipet tip was streaked over a LB plate (containing
kanamycin) and allowed to grow at 37°C. PCR cycling parameters were: initial

denaturation at 95°C for 5 minutes, followed by 35 cycles of 95°C for 1 minute, 57°C for
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30 seconds, and 72°C for 2 minutes, along with a final extension at 72°C for 10 minutes.

PCR products were analyzed on a 1.0% agarose gel in order to identify positive colonies.

When positive colonies were identified, each was used to inoculate 5 mL of liquid
LB contained kanamycin, which was then placed in a 37°C shaker overnight. On the
next day, plasmid DNA from the liquid bacteria culture was isolated using QIAGEN’s
QlAprep Spin Miniprep Kit (Cat#: 27104). The concentrations were measured using the
Nanodrop spectrophotometer; and the plasmids were sent for sequencing using pZs-1
and pZs-2 primers. When sequencing results confirmed about the correct insertion
orientation of the crabp promoter, the corresponding colony was used to make several

liquid cultures and glycerol stocks.

4.2.4. Transfection

SF9 adherent cells were allowed to grow to ~80% confluence inside a 25 cm?
Corning cell culture flask (Fisher Scientific, Cat#: 10-126-28). Upon reaching the desired
cell density, the growth medium was replaced with 5 mL of transfection medium, which
was composed of 75 uL of fetal bovine serum (Gibco® Sera, Cat#: 12483-020), 675 uL
of Grace’s supplemented insect medium (Invitrogen, Cat#: 11605-102), and 4250 pL of
Grace’s unsupplemented insect medium (Invitrogen, cat#: 11595-030). Next, 3 ug of
pZsOplE2 plasmid and 24 uL of Cellfectin® Il Reagent were separately dissolved in 300
uL of unsupplemented medium, and incubated at room temperature for 30 minutes. The
two solutions were mixed together, and incubated at room temperature for an additional
15 minutes. The reaction mixture was slowly added into the cell culture flask containing
the transfection medium, dissolved by gentle swirling, and incubated at 27°C for 4 hours.
This incubation period was later increased to 29 hours for maximizing transfection
efficiency. After this period, the medium inside the flask was replaced with 5 mL of
growth medium, followed by an additional 36 hours growth period at 27°C. Cells were
then observed under the UV inverted microscope for estimating the transfection

efficiency.
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4.2.5. GFP quantification

Once the optimal experimental condition was established, cells were transfected
with the pZsCRABP construct using the optimized transfection protocol. Transfected
cells were allowed to grow to 100% confluence, and were plated onto 8 separate wells of
a 24-well cell culture plate, with each well having 10° cells. The plate was placed inside
a BioTek fluorescence microplate reader for fluorescence reading. Reading parameter
settings were: excitation at 485 nm, emission at 528 nm, detection from top of the plate
with 100% sensitivity. The average reading from the 8 wells were compared with those

transfected with pZsOplE2 and untransfected SF9 cells using unpaired student t-test.

4.3. Results

4.3.1. Fatty acid treatment

In order to determine if the expression of the housekeeping gene rp/37a was
stable across different treatment groups, the ANOVA test was used to compare the Ct
values (Appendix D). The results (F=1.172, P=0.38) indicated that no significant
difference existed between test groups.

In order to normalize the initial quantity of crabp mRNA against rp/37a mRNA,
the computation method mentioned in section 2.3.4 was applied, under the assumption
that the efficiency of each reaction was similar to each other. The normalized
expressions (Table 4-1) were compared between different treatment groups using the
ANOVA test, which resulted in no significant differences (F=1.333, P=0.33). The results
maintained the same when fatty acid concentration for each treatment was increased to
500 uM and 1000 pM, or when the treatment period was prolonged to 6, 8, 10, and 24
hours (data not shown).

Table 4-1 crabp expression normalized against rpl37a
Treatment crabp mean variance
expression
Control 0.07 0.06 0.0006
0.09 0.06 0.0006
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Treatment crabp mean variance

expression

0.04 0.06 0.0006
Oleic acid 0.06 0.06 0.0004

0.04 0.06 0.0004

0.08 0.06 0.0004
Arachidonic 0.07 0.08 0.0007
acid 0.6 008 00007

0.11 0.08 0.0007
Palmitic acid 0.08 0.09 0.0002

0.09 0.09 0.0002

0.11 0.09 0.0002
Linoleic acid 0.08 0.08 N/A

4.3.2.  Cloning of the crabp promoter into pZsGreen1-DR vector

When the primers CRABPpZs-F and CRABPpZs-R were used to amplify the
crabp promoter sequence from genomic DNA template, a clear band appeared at the
position of the 1.5kb band when the PCR products were analyzed by agarose gel

electrophoresis (Figure 4-6). After purification, the DNA concentration was 41.1 ng/uL.

Figure 4-6  PCR amplification of the crabp promoter
A: 1.0 DNA ladder. B, C: PCR product.

When the pZsGreen1-DR vector digested with Smal and undigested vector were

analyzed by agarose gel electrophoresis, a shift in band position was observed,

confirming the success of the digestion (Figure 4-7). When the digested vector was
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used as template for PCR amplification using pZsGFP-F and pZsMC-R primers, the
PCR product appeared to have a size between 4.0 and 5.0 kb, which matched with the
expected size of 4194 (Figure 4-8). The PCR product was purified and had a

concentration of 20.7 ng/uL.

Figure 4-7  Smal digestion of the pZsGreen1-DR vector
A: 1.0 DNA ladder. B: Smal digested vector. C: undigested vector.

Figure 4-8  PCR ampilification of the pZsGreen1-DR vector
A, B: PCR product. C: 1.0 DNA ladder.

After transformation and colony PCR, gel electrophoresis analysis result
indicated that four out of the twenty-four selected colonies appeared to have a strong
band above the 1.5 kb band, which matched with the expected size of 1746 bp for
successful insertion of the promoter sequence (Figure 4-9, lane B, H, O, U). These were
colony #1, 7, 13, and 19. Nineteen colonies had a PCR band below the 250 bp band,
consistent with the expected size of 171 bp for an insertion failure (Figure 4-9, lane C-G,
I-K, M, P-T, V-Z). No PCR band was observed for colony #11 (Figure 4-9, lane L). The
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plasmid isolated from colony #1 was sent for Sanger's sequencing using the primers
pZs-1 and pZs-3, to confirm the correct insertion orientation (Figure 4-10).

250bp

Figure 4-9  Colony PCR results
A, N: 1.0 DNA ladder. B-M, O-Z: colony PCR products.

A
Hypothetical 1 TacTTATTACTAGCoCTACCscAcTCAsATCT 72
R nnmmmm
pZs-1 1 NN A TG CNT TA-TTATTACTAsCocTacoscacToar T e
B
Hypothetical 225 RO . CCCCAGTCCAAGCACOGCCTCACCAACOAGATCACCATC ARGTACCGCATAEAGOECTOC 524
LCEEEEE LR PP P T
pZs—3 an1 1000

Figure 4-10 Cloning orientation confirmation

Sanger’s sequencing results using pZs-1 and pZs-3 primers were aligned with hypothetical
construct sequence near the multiple cloning region (A) and the GFP coding region (B). Yellow
highlight: multiple cloning region sequence. Green highlight: GFP coding sequence. Red
highlight: crabp promoter sequence.

4.3.3. Transfection

When SF9 cells were transfected with the pZsOplE2 construct, a transfection
efficiency of about 8% was observed following an incubation period of 4 hours (Figure 4-
11, A). This percentage was increased to about 30% when the incubation period was
extended to 29 hours (Figure 4-11, B). Using the condition with the higher efficiency,
SF9 cells were transfected with the pZsCRABP. The pZsOplE2 construct and non-
transfected SF9 cells were served as positive and negative control, respectively. After
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three attempts, fluorescence produced by cells transfected with the pZsCRABP
construct was similar to non-transfected SF9 cells (Figure 4-12). The cells transfected
with pZsOpIE2 construct, however, were able to produce significantly more fluorescence,
where P<0.0001 using the student t-test.

Figure 4-11 Optimization of transfection efficiency

A: 4 hours post-transfection incubation. B: 29 hours post-transfection incubation.

B pZsOPIE2
B pZsCRABP
W SFO

Relative Fluorescence Unit

Figure 4-12 Fluorescence detection by microplate reader

Error bars represent standard deviations. n=8.
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4.4. Discussion

4.4.1.  Fatty acid treatment on SF9 cells

Based on the assumption that real-time PCR efficiency remained unchanged
across all tested samples, the ANOVA test results suggested that none of the four fatty
acid treatments affects the expression of crabp in SF9 cells. This is in contrast to
previous observations in mammalian L6 myoblasts, where significant increases in H-
FABP expression were observed following incubation with similar amounts of fatty acids,
bound to bovine serum albumin (Qu et al., 2007). While this could indicate that the SF9
cells may require a carrier protein similar to bovine serum albumin to effectively deliver
the fatty acid molecules to their surface, it is also possible that the expression of crabp
cannot be up-regulated by fatty acids in SF9 cells, either because a necessary
transcription factor is absent, or because a fatty acid response element does not exist in
the gene. In any case, SF9 cells would not be a suitable system to study the fatty acid

controlled regulation of crabp.

4.4.2. Testing of reporter construct

Although we do not have evidence to show that the expression of crabp can be
up-regulated in response to fatty acid exposure, SF9 cells can still be used to test the
ability of the pZsCRABP construct to express GFP. The pZsCRABP construct contains
1.5 kb sequence upstream of the start codon of crabp, which is generally believed to
contain most of the elements crucial for transcription. However, when SF9 cells were
transfected with the construct using the optimized condition, little differences in
fluorescence was detected when compared with non-transfected cells, which suggests
that the amount of GFP produced is too small to generate detectable fluorescence levels
(Figure 4-12). This could be due to a very low level of natural expression of the crabp
gene in SF9 cells, or due to limitations of the pZsCRABP reporter construct, which may
not contain all the elements crucial for strong expression in the -1500 bp upstream of the

transcription start site.

While it is still commonly believed that most regulatory sequences are contained

in the vicinity to the promoter, many studies have demonstrated that important regulatory
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sequences can be located in more distant locations, or within intron sequences. Chung
and Perry (1989) have demonstrated that deletion of the first intron of the mouse
ribosomal protein gene rp/32 causes its transcription rate to drastically decrease to less
than 20% of maximum level. In 2005, Logette and colleagues have described the
presence of a sterol regulatory element binding protein response element located within
the first intron of the human CASP-2 gene (Logette et al., 2005). Moreover, recent
evidence has demonstrated that non-intronic genes exhibit higher transcription rate
when an intron has been inserted, whereas deletion of a natural intron can cause

significant decrease in the transcription rate (Moabbi et al., 2012).
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5. General discussion

5.1. Flight muscle iLBP

The initial goal of this study was to identify any FABP coding gene(s) in the flight
muscle of S. frugiperda and study their up-regulation by fatty acid-dependent flight.
Based on our analysis of the data from flight experiments, the expression of the crabp
gene appears to be mildly affected by flight activity. However, the observed trend was
significantly weaker than in 3 week old adult desert locusts, where the expression
increases several-fold during flight (Chen and Haunerland, 1994). This may be because
S. frugiperda do not usually migrate as far and as fast as locusts, and hence do not

require the same high rate of fatty acid transport.

The insect order Lepidoptera is believed to have originated around 299 to 251
million years ago; whereas the more primitive insect order Orthoptera (which includes
the desert locust) arose earlier (359 to 299 million years ago) (Peck, 1991). Even
though considered “less primitive”, S. frugiperda possess a 16 times smaller genome
than the locust (407 Mb vs. ~6,500 Mb) (Negre et al., 2006). Thus, over the history of
evolution, the insects may have lost certain genes, but there is no evidence that genes
involved in fatty acid transport, metabolism, or signaling have been eliminated. In
Lepidoptera as well as in Orthoptera, fatty acids are the primary energy source for
extended flight activity, but Lepidopterean have a lower metabolic rate and hence
express less FABP/CRABP. These small iLBP genes may act as a fatty acid transport
protein, but to a lesser extent than in locusts, and may not be required in extremely high

concentrations.
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5.2. The SF9 cells

The SF9 cell line was originally established from ovarian tissues of S. frugiperda
and is commonly used for recombinant protein production by means of a baculovirus
expression system. In this study, we have chosen this easily maintained cell line as
potential host cell for reporter genes to study the expression and regulation pattern of
the crabp gene. However, treatment with linoleic acid, oleic acid, palmitic acid, or
arachidonic acid all appeared to have no effect on the expression level of the crabp gene.
Three of these four fatty acids were found in great abundance in total lipid extracts from
the insect (Khani et al., 2007): linoleic acid (16%-30% of whole lipid composition) is
necessary in the insect diet for the purpose of emergence and wing formation (Fraenkel
and Blewett, 1947); oleic acid (35%-39%) and palmitic acid (23-33%) are known
precursors of sex pheromones in lepidoptera species (Lofstedt et al., 1986; Roelofs and
Wolf, 1988); and arachidonic acid, although not found in great abundance, has a positive
effect on the growth of larvae (Fraenkel and Blewett, 1947). Since all four fatty acids
play important roles in growth or development of the insect, one would expect the need
for an intracellular binding protein, which in turn can be expected to be up-regulated by
fatty acids. Our inability to detect any change in crabp expression could be caused by
insufficient uptake, perhaps due to the lack of a lipoprotein in the growth medium, or
simply because the SF9 cell line does not express the necessary nuclear receptors that
can be activated by fatty acids. Although we found within the crabp promoter potential
binding sites for the nuclear receptor USP, which is homologous to vertebrate RXR and
is expressed in SF9 cells (Giraudo et al., 2011), it is not clear whether USP is involved in
fatty acid signaling or in the regulation of crabp. In any case, since we could not induce
the expression of crabp in SF9 cells, we conclude that the cell line is not a suitable

reporter system to study its regulation.

5.3. Future work

The flight experiment designed in this thesis was a preliminary study which
required improvement in various aspects in order to produce conclusive results. First, it
is necessary to establish that the expression of the reference gene used for

normalization in real-time PCR analysis remains constant between muscle tissues under
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different experimental conditions. In this study, we used the rp/37a gene, one of the
classic housekeeping genes used for real-time PCR experiments in mammals.
Previously, no studies have been conducted to test the stability of this gene in insect
muscle under various conditions, including flight. Thus, in order to minimize the errors
produced from expression variations of the reference gene, other housekeeping genes
could be tested and used alone or in combination with rp/37a for a more robust
normalization. This can be achieved with the aid of statistic algorithms such as geNorm,
NormFinder, and Bestkeeper (Andersen et al., 2004; Pfaffl et al., 2004; Vandesompele
et al.,, 2002;). Secondly, once a stable reference gene has been chosen, reaction
efficiency for both the target and reference gene must be accurately determined for
individual samples. This step is crucial for the accurate calculation of the amount of
template for each gene, which can be achieved by generating a standard curve based
on a dilution series of each cDNA sample (Figure 2-3) (Ramakers et al., 2003). Lastly,
in order to produce a conclusion based on statistically significant results, more subjects
must be tested for each experimental group, which will minimize the errors induced by
outliers. With these conditions optimized, one will able to provide more conclusive
evidence about whether or not crabp and/or fabp3 expression can be up-regulated
through flight.

Since we have concluded that the SF9 cell line is not suitable for reporter gene
study of crabp, alternative systems must be considered. However, the choice is limited
due to the small number of lepidopteran cell lines, especially from tissues other than
ovaries. In insects, the fat body is the major storage site for lipid molecules, equivalent
to the mammalian adipose tissue. Hence, fatty acid transport should be prominent in
this tissue, and thus fatty acid transport proteins should be expressed strongly. Very few
cell lines from fat body have been established, and even fewer sufficiently characterized.
Still, cell lines derived from the fat body, such as FB33, a cell line derived from H. zea fat
body (Kariuki et al., 2000) or IPL-LdFB, derived from the fat body of the gypsy moth
Lymantria dispar (Ferkovich et al., 1991), may be considered as a more suitable

alternative.
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5.4. Conclusion

In this study, preliminary flight experiments were performed to study the
regulation of crabp and fabp3 in the flight muscle of adult Spodoptera frugiperda.
Although no solid evidence was found to support the hypothesis that flight activity can
up-regulate the expression of either of the two genes, an expression trend similar to the
muscle FABP of the desert migratory locust Schistocerca gregaria during flight was
observed for crabp. To analyze the molecular mechanism that governs the regulation of
crabp, we have sequenced its promoter and attempted to use the SF9 cell line to
perform a reporter assay. Since the expression of crabp in the SF9 cell line does not
appear to be up-regulated in response to fatty acid treatment, alternative strategies to

analyze the regulation of this iLBP gene are necessary.
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Appendix A.

EST sequences of iLBP and housekeeping genes in
Spodoptera frugiperda

87

172

257

342

427

517

86

172

257

341

426

515

fabp1 (Accession: Sf2M09275-5-1)
CGTTAAACG GAAGAAGAGTCAATAGGCCAAAATGTCTTTCCTCAACAAGAACTTCAAATTCGTGAAGCAGGAGAACTTCGATGGAT

FABP1-F
TTCTCCGTGCTGTCGGTTTACCCGAGGAGAAGATTGCTCAGATCCTGAAGTACTCTCCTGACCAGAAGCTG GTGCAGGACGGTGA

FABP1-R
l
CAGCTACACGTACATCAGCAACGGCCCCGAGGGTG TCAAGGAGATCAAGTTCAAGTCCGGTGTGGAATTCGAAGATGTTATTGGC

ACTGACAAAGTTCCCATCAAGACCACGTACACAGTCGACGGCAACGTAGTGACACAGAACATCTCAGCTCCCCAAGGCACAGCCG

TCTTCAAGAGGGAATACAATGGCGACGAACTCACCGTGGTCATCACCGGTGACAAATTCGACGGTGTTGCCAAGAGGTACTACAA

GGCTGAATAAACTCATAGCTATTAGTAATTACGTTAATTTATTTTTATAAATAATAAATATTATTAT TAATTAAAAAAAAAAAAAAAAAN

AAAAAAAAAAAAAAAAAAAGGGG

fahp2 (Accession: 5f2M02196-5-1)

CTAAAAACTAACCGTGAAAAATGGCTTTCCTTAACAAGACCTACAAGTTTGTGAGCCAGGAGAACTTCGATGGTTTCCTCAAGGCA
TCTGGTGTCCCCGATGACAAGATAGAAMAGACTCAGAGCTACACACCAGACCAGAAGATCACTAAGGATGGTGACACCTACACTT
ACATCGTGTCTGGTGCTTTAGGCACAAAGGAAGTCAAATTCCAGTCTGGAGTTGAATTCGATGACAAACTTGGCGCTGAACAGACT

FABP2-F 8
CCCGTCAAGAGCACAATCGTCGTTGACGGCAACACAG T?AC TCAGACCGCTAAGGGAGCCACCGGAGTTGCTACCTTCAAGAGA

FABP2R
&
GAGTACAACGGAGACGATTTGGTTGTGACCATCAC CATEGAOAATFGGAACGGATCCGCCAAGAG GTACTACAAGGCTGCATGAA

CAAACTAACCAACAAACGAATAGTCCATAATTTAATTTATTTTTGTAATAAAATCGAAATTAACACCTAAAAAAAAAAAAANAANAAAN
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87

172

257

342

428

88

174

258

342

426

87

173

257

342

fabp3 (Accession: Sf1F10466-5-1)

GCAGTTTGCTATTCGAAGTAACCTAACCTACCAAAATGTCTTTCCTAGGCAAGGAATACAAATTTGAGAGGCAGGAGAACTTTGAG

FABP3-F 2
GAATTCGTGAACTCTTTGGGTCTTCCCGCAGAGCAGACTCAAGGGTACCTCAACTACAACCCTGTACTGAAGTACACCAAGAATG

FABP3-R
=
GAGACATGTACACCCTGACTTCCGTCACTGCTCAGGGCACGAAGGAGGTCTCCTTCAAGTCTGGAGTCGCCTTCGATGAGACTGT

TGCTGGCAAGAAGGTCAACACCACTTACACCGTTGACGGTGACACCATCACACAGGTCCAGAAGTCTGATGATGGAGTCCTCACC

ATCACCAGGACTTTCTCTGGAAATGAGTTGGTTGTGACCCTGAAGACCAACAAATGGGACGGTGTTGCTACTAGATACTACAAAGT

TGTTTAATTTA ATTGTACCTCAAAAGTATTATTATATTTATTACTTGAATTTATTACTGTTATTTAAANNNTTTAATTTTACCC

crabp (Accession: Sf2L00595-5-1)

CCCACGCGTCCGCCCACGCGTCCGGACCGGTAGTACGGACTCACACA AAATCACTTTAAAAAAAAACA ATA AA

AAATGGAATTTGTCGGCAAGAAATACAAGATGGTCTCTTCGGAGAACTTCGACGAGTTCATGAAGGCTATCGGCGTTGGTCTCATC

CRABP-F B
ACCCGCAAGGCTGCTAACGCCGTCACTCCGACGGTGGAACTTCGCAAGGAGGGAGACGTCTACAACCTAGTGACGTCATCCACC

CRABP-R
=
TTCAAGACCACTGAGGTCAAGTTCAAGCCTGGTGAGGAGTTCGATGAGGACCGAGCTGATGGTGCCAAGGTGAAGTCAGTGTGC

ACCTTCGAGGGTAACACCTTGAAGCAGATCCAGAAGGCTGCCGATGGCATGGAAGTCAGCTACGTCAGAGAATTCGGACCCGAA

GAGATGAAGGCTGTGATGACAGCTAAGGATGTGACCTGCACCAGGGTGTACAAGGTCCAATAATCTGCTTCTAAGACTGCGGGGEC

AGAGCCCTACCTGTGTCTATACTGCACAACTACTATAACTCTATAAATTATGTCGTTAGGCTACTAGTATCTACGTTCGTTCGA

rpi37a (Accession: STOLOT692)

GGTTTTTTICTITTICTGTCAACCGGAGAGTTAGACAGGTTATCAAAMMATGGCCAAACGCACGAAGAAGGTCGGAATTACTGGCAAAT

RPL37A-F
ATGGGACACGTTACGGTGCCTCCCTCCGTAAAATG GTCAAAAAATG GAAGTCACCCAGCACGCAAAATACACTTGCTCGTTCTGC

RPL37A-R
dk
GGTAAGGATGCCATGAAGCGTTCCTGTGTCGGCATCTGGTCATGCAAGCGCTGTAAGAGGACCGTAGCTGGTGGTGCGTGGGTA

TTCTCCACCACCGCTGCCTCCTCCTGCAGGTCCGCAGTCAGAAGATTGCGTGAGGTCAAGTAMCATCTGACGTTAGCTTAAGGA

AATAAACAAAAACAACC
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84

170

254

349

435

524

gapdh (Accession: SfOL06272)

GGAAAACTGTGGCGTGATGGCCGTGGTGCCCAGCAGAACATCATTCCCGCCGCCACCGGUCGCTGCTAAAGCCGTCGGCAMAGT

GAPDH-F _
CATTCCTGCTCTGAATGGAAGCTGACTGG TATGGCTTTCCGTGTTCCCG TTGCTAACGTCTCGGTCGTCGACCTGACTGTTCGTC

GAPDH-R
TTGGCAAGCCCGCCAGCTACGATGCCATCAAGCAGAAGGTCAAGGAGG (?CGCCCAAGG ACCCCTGAAGGGCATTCTTGACTACA

CCGAGGAACAGGTCGTGTCATCCGACTTCATCGGTGACAACCACTCATCTATCTTCGATGCTGCTGCCGGTATCTCTCTGAACGA

CAACTTCGTCAAGCTCATCAGCTGGTATGACAACGAGTACGGTTACTCCAACCGCGTTATCGATCTCATCAAGTACATCCAGACCA

AGGATTAAATGTTAGATTGCATTGTAGAGATAAATGTTGTTATGAATGTTTATGAATATGATTTTGTCGACGATATCGACTTTTATAAT

TTAAGCTTAAGTATAGCGTTCAAGTCTAAATTATTATTTAACCACTTTTGAAAGTGATGTTATACGTGTAATAATG

Blue arrows indicate locations of primers.
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Appendix B.

Optimization of Real-time PCR

78



A: CRABP. B: FABP3. C: RPL37A. D: GAPDH.
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Appendix C.

Real-time PCR data from flight experiment

Group Subject ID Ctcrasp Ctrasps CtreLsza

#1: 01 18.36 20.92 15.78
Control 02 18.89 21.77 16.06

03 2153 21.73 17.92

04 16.56 19.64 15.65
#2: 05 16.44 20.19 15.81
4 hours flight 06 17.97 19.84 16.52
0 hour rest 07 17.43 19.82 15.91

08 20.88 21.24 18.33
#3: 09 15.29 20.00 16.07
4 hours flight 10 16.00 22.19 15.26
2 hours rest M| 1719 2250 15.35

12 15.81 20.47 15.31
#4: 13 16.74 20.26 15.48
4 hours flight 14 16.11 20.09 15.51
4hours rest 15 | 1569 2025 16.08

16 16.58 20.38 15.54
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Appendix D.

Real-time PCR data from fatty acid treatment

Treatment Ctcrasp Ctrasps CtreLsza

Control 17.29 13.38 13.38
17.57 14.16 14.16

18.33 13.53 13.53

Oleic acid 17.76 13.76 13.76
17.74 13.17 13.17

17.54 13.87 13.87

Arachidonic acid 17.77 14.01 14.01
18.29 14.27 14.27

17.00 13.86 13.86

Palmitic acid 17.18 13.62 13.62
17.54 14.01 14.01

1747 14.00 14.00

Linoleic acid 1717 13.56 13.56
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