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AA change. Region in blue represents three conserved His-box motifs
H1, H2 and H3 in both the structures A and B

Ramchandran plots of the -TASSER generated model for (A) FAD3A
and (B) FAD3B protein

Z-score plots of the homology model generated for (A) FAD3A (B)
FAD3B protein indicated by black filled circle (Z-score of FAD3A:
-2.56 and FAD3B: -2.79)

ProSA based energy profiles of the homology model generated for (A)
FAD3A and (B) FAD3B protein

FAD3A protein model (helix region in blue represents three conserved
His-box motifs, H1, H2 and H3)

NCBI FAD3A protein model (grey) superimposed with (A) FAD3A
protein model of NL260 (green), (B) FAD3A protein model of NL97
(green), (C) FAD3A protein model of TL23 (brick red). The regions in
red indicate the position of AA changes while helix regions in blue
represent three conserved His-box motifs. In TL23, the protein is
truncated and the H3 motif is absent. The superimposition model
shows incomplete alignment of TL23 model with the NCBI model
(Only grey motifs are visible in the figure C from where the TL23
protein is truncated)

FAD3B protein model (region in blue represents three conserved His-
box motifs, HI, H2 and H3)

NCBI FAD3A protein model (grey) superimposed with (A) FAD3A
protein model of NL97 (green) (representative of 8 varieties other than
NL260 and Padmini), (B) FAD3A protein model of TL23 (green). The
regions in red indicate the positions of AA change while the regions in
blue represent three conserved His-box motifs

X1



THESIS ABSTRACT

Common flax or linseed (Linum usitatissimum L.) is a versatile crop grown since
prehistoric times for seeds and fiber. More recently, flax seed oil has come into focus
due to its fatty acid (FA) composition. It is the richest agricultural source of a-
linolenic acid (ALA), an essential dietary polyunsaturated fatty acid of ®-3 class
(Morris, 2007), which serves as a precursor for biologically active longer chain poly-
unsaturated fatty acids (PUFA), mainly eicosapentanoic acid (EPA) and
decosahexanoic acid (DHA). They are components of cell membranes and play
important metabolic roles. The presence of high levels of ALA in flax seed oil has
lead to its use in both, industrial as well as food and feed products including a wide
variety of nutraceuticals and health foods. Further, flax seeds are also a rich source of
soluble and insoluble dietary fibers as well as lignan, a phytoestrogen compound,
which add to its positive health attributes. Keeping in view the nutritional importance
and future market requirement of flax, I initiated my work towards the molecular and

biochemical analysis of Indian flax varieties.

The first part of my work involved analysis of genetic and fatty acid diversity
among 70 flax genotypes actively utilized in Indian flax breeding programs. I used the
PCR based ISSR markers to reveal the genetic polymorphism. We detected 63.9%
average loci polymorphism among these genotypes using 12 consistently amplifying
polymorphic ISSR primers and the average gene diversity (H;) observed among the
genotypes was 0.15, which was low. Both the results were indicative of overall low
genetic diversity in these 70 flax genotypes. Based on their genetic diversity, the 70
flax genotypes were grouped in five clusters using the Unweighted Pair Group
Method with Arithmetic Mean (UPGMA). Fatty acid analysis of the same genotypes
showed the presence of five major fatty acids with predominance of 18 carbon
species, namely, a-linolenic acid (ALA 18:3), linoleic acid (LA 18:2), oleic acid (OA
18:1) and stearic acid (SA 18:0) and 16 carbon species, namely palmitic acid (PA
16:0). Correlation of FA contents with the genetic clusters exhibited a meaningful
segregation of two clusters with high ALA content and one cluster with that of LA.
The genotypes in these clusters suggested genetic differences associated with these
chemotypes. Further, the Mantel’s test revealed significant statistical correlation

between the molecular variation and the LA and ALA variation.
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Flax varieties differ markedly in ALA levels. Fatty acid desaturases play key
roles in accumulating ALA in seed. Considering this, we planned our second aspect of
the work where we performed FA profiling of various seed developmental stages of
ten Indian flax varieties including one mutant variety, TL23. Depending on their ALA
contents, these varieties were grouped under high ALA and low ALA groups.
Transcript profiling of six microsomal desaturase genes (SADI, SAD2, FAD2, FAD2-
2, FAD3A4 and FAD3B), which act sequentially in the fatty acid desaturation pathway,
was performed using real-time PCR. We observed gene specific as well as temporal
expression pattern of all the desaturases and the expression profiles correlated well
with the FA data for the groups. From our analysis we concluded that, though all the
desaturase genes are required for the final ALA accumulation, four genes (SADI,
FAD2, FAD3A and FAD3B) might be specifically responsible for its differential

accumulation.

The third and the last part of my study consists of sequence characterization of
all the desaturase genes from the same ten varieties to find out if there is presence of
any nucleotide sequence variation leading to AA variation and whether these AA
sequence variants have any functional implications in the form of differential ALA
accumulation. The SAD and FAD?2 genes did not show much sequence variations
which would translate into nonsynonymous AA substitutions and hence resulted into
only one or two haplotypes and protein isoforms among the ten varieties. On the other
hand, both FAD3A and FAD3B genes showed more nucleotide variations and few of
them resulted into nonsynonymous AA substitutions, and showed more haplotypes
and protein isoforms compared to the other two genes. FAD3A4 gene of TL23 had a
premature stop codon, which resulted in a truncated protein and consequently very
low levels of ALA accumulation. Besides the mutant variety TL23, some of the high
ALA group varieties, like NL260 and Padmini, formed different haplotypes and
protein isoforms for both F4D3A and FAD3B. Further, protein structures were also
predicted for all the desaturases and they were compared among the ten flax varieties.
There were no structural variations observed due to any of the AA changes in the

desaturase proteins of these flax varieties except for TL23.
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CHAPTER 1

Introduction and review
of literature




Section 1: Fatty acids: saturated and unsaturated

Fatty acids (FAs) are carboxylic acids with a long unbranched aliphatic chain, which
is either saturated or unsaturated. Saturated FAs are the ones without any double bond
between the carbon atoms, and hence have a straight chain configuration. On the other
hand, unsaturated FAs contain double bonds (-CH=CH-) in the FA chain and can be
further differentiated as monounsaturated, i.e., having a single double bond, or
polyunsaturated, i.e., having more than one double bonds. Fatty acid fluidity increases
with increasing number of double bonds. These double bonds may have a cis or trans
configuration. Fatty acids with cis bonds are less flexible and a chain with many cis
bonds becomes curved. As a result of this, the ability of fatty acids with cis bonds to
be closely packed is limited when they are part of a phospholipid in a lipid bilayer, or
triglycerides in storage lipid and which in turn affects the melting temperature of the
membrane or of the fat. In contrast, rans bonds do not cause the chain to bend much,
and FAs with trans bonds have shape similar to straight saturated FAs. However,
most naturally occurring unsaturated FAs contain cis bonds while trans bonds are
characteristically produced due to human processing, such as during industrial
hydrogenation of plant oils. The differences in geometry between the various types of
unsaturated FAs, as well as between saturated and unsaturated FAs, play an important
role in biological processes, and in the construction of biological structures such as
cell membranes. Some examples of both saturated and unsaturated FAs are listed in

Tables 1.1 and 1.2.

Table 1.1: Examples of saturated fatty acids

Carbon chain length: double bonds

Fatty acid Chemical structure (C:D)
Caprylic acid CHj;(CH,)sCOOH 8:0
Capric acid CH;(CH;)sCOOH 10:0
Lauric acid CH;(CH,),(,COOH 12:0
Myristic acid CH;(CH,),,COOH 14:0
Palmitic acid CHj;(CH,),,COOH 16:0
Stearic acid CHj;(CH,),,COOH 18:0
Arachidic acid CHj3(CH,),sCOOH 20:0
Behenic acid CHj3(CH,),0COOH 22:0
Lignoceric acid CHj3(CH,),,COOH 24:0
Cerotic acid CHj3(CH,),4,COOH 26:0
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Fatty acids, being lipids, are generally water-insoluble but highly soluble in
organic solvents. They function as fuel molecules or sources of reserve energy and
serve as components of many other classes of lipids, including triglycerides
(commonly known as “fats”) and phospholipids, which are important building blocks
of biological membranes. FA derivatives also function as hormones, examples are
eicosanoids (the principal groups of hormones of this class are prostaglandins,
prostacyclins, leukotrienes and thromboxanes) (Lands, 1991; Wada et al., 2007) and
intracellular messengers, which negatively or positively control the steps involved in
the signal transduction, particularly at the level of cell membranes (Sumida et al.,
1993; Graber et al., 1994). In plants, FAs play a significant role in pathogen defense
as biosynthetic precursors for cuticular components or the phytohormone jasmonic
acid as well as participate in modulating basal, effector-triggered, and systemic

immunity (Kachroo and Kachroo, 2009).

Table 1.2: Examples of unsaturated fatty acids

Fatty acid Chemical structure A" C:D 0—X
Mpyristoleic acid CH;(CH,);CH=CH(CH,),COOH cis-A’ 14:1 o -5
Palmitoleic acid CHj;(CH,)sCH=CH(CH,),COOH cis-A’ 16:1 o -7
Sapienic acid CH;(CH,)sCH=CH(CH,),COOH cis-A° 16:1 ®—10
Oleic acid CH;(CH,),CH=CH(CH,);COOH cis-A’ 18:1 -9
Elaidic acid CH;(CH,),CH=CH(CH,);COOH trans-A’° 18:1 -9
Vaccenic acid CH;(CH,)sCH=CH(CH,),COOH trans-A" 18:1 o-7
. . . CH3(CH2)4CH=CHCH2CH=CH . 3 9 A 12
Linoleic acid cis,cis-A",A 18:2 o —6
(CH,),COOH
. . . CH;(CH,),CH=CHCH,CH=CH trans,trans- .
Linoelaidic acid (CH,),COOH A A 18:2 o —6
. . . CH;CH,CH=CHCH,CH=CHCH, Cis,Cis,cis- ) _
a-Linolenic acid CH=CH(CH,),COOH AP AZATS 18:3 o -3
CH;(CH,),CH=CHCH,CH=CHCH, Cis,CIs,cis,cis-
Arachidonic acid 28 11 20:4 o6
racidomeatie CH=CHCH,CH=CH(CH,),COOH AAS AT AM
Ei ¢ . CH;CH,CH=CHCH,CH=CHCH, o
Cis,Cis,cis,cis,cis-
aciq | PEMACIOIE CH=CHCH,CH=CHCH,CH=CH  \S{i 1 i 205 -3
(CH,);COOH oo
Erucic acid CH;(CH,),CH=CH(CH,),;,COOH cis-A" 22:1 ® -9
D ahexaenoi CH;CH,CH=CHCH,CH=CHCH,CH= cis,cis,cis,cis,cis,
ac‘;fl"s exaenolc  cHCH,CH=CHCH,CH=CHCH,CH= cis- A*, A7, A", 2:6  ©-3

CH(CH,),COOH AR, A" A"

A" : Position of the double bond from the carboxylic end.

o—x: Position of the double bond from the methyl end or w-end
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1.1 Monounsaturated fatty acids

Monounsaturated fatty acids (MUFAs) are distinguished from the other fatty acid
classes on the basis of having only one double bond in their fatty acid chain. The
carbon chain length can vary from 14 to 18, with a predominance of 16 and 18 carbon
MUFAs. Compared with saturated fatty acids (SFAs), MUFAs lower total and LDL
cholesterol levels, and relative to carbohydrate, they increase HDL cholesterol levels
and decrease plasma triglyceride levels (Kris-Etherton et al., 1999). High fat fruits
such as olives and avocados are some of the richest sources of MUFAs. Besides these,

they are found in natural foods such as red meat, whole milk products, nuts etc.

1.2 Polyunsaturated fatty acids

Polyunsaturated fatty acids (PUFAs) are essential components of human health. The
lengths of carbon chain in PUFAs vary from 18 to 22 carbons. Depending on the
position of the first double bond from the ® end (methyl end) in the chain, PUFAs are
denoted as omega-6 (®-6, at 6" carbon) and omega-3 (»-3, at 31 carbon) fatty acid
(alternatively, n-6 or n-3). These are considered as essential PUFAs for humans, as
they cannot be synthesized in the human body and must be obtained from dietary
sources. Linoleic acid (LA) and a-linolenic acid (ALA) are the parent essential fatty
acids (EFAs) of o-6 and -3 class, respectively. LA and ALA serve as precursors to
longer chain polyunsaturated fatty acids (LCPUFAs) like arachidonic acid (AA),
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Figure 1.1). Humans
and animals can in general convert LA to AA and ALA to EPA and DHA (de Gomez
and Brenner, 1975). They are further required in the synthesis of biologically active
prostaglandins, thromboxanes and leukotrienes. Depending on the parent compound
from which they are synthesized, these compounds are either involved in the pro- or
anti-inflammatory pathways, active during disease conditions (Figure 1.2). The
balance between these mutually antagonistic compounds determines the final outcome
of the disease process. EFAs also help to maintain the barrier of the skin and are
involved in cholesterol metabolism (Horrobin, 1990). While LA is plentiful in human
diet and is found in the seeds of most food plants, sources of ALA are few. In high
amount, ALA is only found in the chloroplast of green leafy vegetables like spinach,
purslane etc., and in seeds of a few plants like flax, soybean, canola, hemp, walnut

etc. (Figure 1.3).
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Figure 1.1: Molecular structure of (A) Linoleic acid, LA, 18:2, o-6 (contains 18
carbon atoms and 2 double bonds); (B) a-Linolenic acid, ALA, 18:3, ®-3 (contains 18
carbon atoms and 3 double bonds); (C) Arachidonic acid, AA, 20:4, ®-6 (contains 20
carbon atoms and 4 double bonds); (D) Eicosapentaenoic acid, EPA, 20:5, »-3
(contains 20 carbon atoms and 5 double bonds); (E) Docosahexaenoic acid, DHA,
22:6, ®-3 (contains 22 carbon atoms and 6 double bonds); and (F) Triglycerol
molecule esterified with three FAs. [Grey balls: carbon atoms; Yellow balls: carbon
atoms between which double bonds are present; Turquoise balls: hydrogen atoms;
Red balls: oxygen atoms]. (Adapted from http://www.omega3learning.uconn.edu)
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Figure 1.2: Metabolic pathway of ®-6 and ®-3 fatty acids in humans. Arachidonic
acid (AA) and eicosapentaenoic acid (EPA) produce pro-inflamatory and anti-

inflamatory eicosanoids, respectively

Almond Hazelnut Walnut Hemp Flax Canola Soybean Sunflower Olive

'm Alpha-Linolenic- Acid (ALA, 18:3, omega-3) = Linoleic Acid (LA, 18:2, omega-6)
m Oleic Acid (1821, omega-9) m Saturated Fatty Acids
|m Stearidonic Acid (SDA, 18:4, omega-3) _1Gamma-Linolenic Acid (GLA, 18:3, omega-6)
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Figure 1.3: Fatty acid composition of some nuts, oilseeds and fruit compared to flax.
(Source: Lesson & associate, Berkeley, CA)
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1.2.1 Importance of -6 and w-3 fatty acid balance in the diet

Several studies have suggested that man evolved on a diet that was much lower in
saturated FAs than is today’s diet (Eaton and Konner, 1985). Moreover, the diet
contained small and nearly equal proportion of -6 and ®-3 long-chain FAs, having a
ratio of about 1:1. Whereas, today this ratio has increased and is 20-25:1, indicating
that modern diets are severely deficient in ®-3 FAs compared to the diet on which
humans evolved and their genetic patterns were established (Eaton and Konner, 1985;

Simopoulos, 1995).

Hunter-gatherer Agricultural Industrial
3 40
&
£ 30
= Total fat
E | -7
&
5 Fatty acids P
5 e trans . -
“5 10 —— _.‘?af.‘.".ftf’f_ — —— n—6 >
& o mmm== )_n-3
g 0 f — — f — — !— — f ~ {
& -4x10% 10000y 1800 1900 2000
Time

Figurel.4: Hypothetical scheme of the relative percentages of fat and various FA acid
families in human nutrition as extrapolated from cross sectional analyses of
contemporary hunter-gatherer populations and from longitudinal observations and
their putative changes during the preceding 100 years (y). Trans fatty acids, the result
of the hydrogenation process, have increased dramatically in the food supply during
this century (adapted from Leaf and Weber, 1987)

There has been a major shift in the human fat consumption pattern over the
past century because of the technological developments (Figure 1.4). Specifically,
there has been an increase in the intake of trans FAs, found mainly in products made
with hydrogenated vegetable oils, and w-6 FAs, found in vegetable oils and animal
products derived from grain-fed livestock. Further, modern agriculture and animal

domestication, with their emphasis on production, have decreased ®-3 FA contents in
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many food sources, such as, green leaty vegetables, animal meats, eggs and even fish
(Simopoulos, 1991). All of these have led to the increase in the ratio of ®-6/®-3 in the
present day diets. High amount of -6 FAs in the body leads to the production of pro-
inflammatory eicosanoids, which may contribute in the pathogenesis of many
diseases, including cardiovascular diseases, cancer, osteoporosis and inflammatory
and autoimmune diseases; whereas, increased levels of -3 PUFA (a lower ®-6/®-3
ratio), exert suppressive effects by its anti-inflammatory eicosanoid production

(Simopoulos, 2002; Mozaffarian, 2005; Mori, 2006).

According to the joint recommendation by Food and Agriculture Organization
and World Health Organization (FAO/WHO) committee, the ideal ®-6/®w-3 ratio
should be between 5:1 and 10:1. On the other hand, various studies indicate that the
optimal ®-6/®w-3 ratio may vary in disease conditions (Mozaffarian, 2005). The
therapeutic dose of -3 FAs will depend on the degree of severity of disease resulting
from the genetic predisposition of an individual. A lower ratio of ®-6/®-3 FAs is more
desirable in reducing the risk of many chronic diseases of high prevalence in Western
societies, as well as in the developing countries. Therefore, to promote normal growth
and development as well as to maintain good human health, it is essential to rectify
the imbalance in the ®w-6/w-3 ratio by restoring sources of ®-3 FAs in the diet. There
are few agricultural sources of high ALA (-3 FA), such as green leafy vegetables,
chia, perilla, hemp, flax, purslane etc. However, flaxseed with its high level of ALA
and ®-6/w-3 ratio of 0.3 to1.0 can help to restore the ®-6 and -3 FA balance in the

human body (Anonymous, 2001).

1.3 Fatty acid biosynthesis in plants

The fatty acid biosynthesis pathway is considered as a primary metabolic pathway,
since it is found in every cell of a plant and is essential for its growth. In plants, the
major site of the FA synthesis is within plastid, which is unlike that in animals and
fungi, where the fatty acids are primarily synthesized in the cytosol. The pool of
acetyl-coenzyme A (Acetyl-CoA) present in the plastid serves as the carbon source
for fatty acid synthesis (Post-Beittenmiller et al., 1991; Post-beittenmiller et al.,
1992). In the first committed step for de novo FA synthesis, malonyl-CoA is formed
from acetyl-CoA by addition of CO; using the biotin prosthetic group of the enzyme
acetyl-CoA carboxylase (ACCase) and serves as the carbon donor for subsequent

elongation reactions of fatty acyl chain (Harwood, 1988). Further, FA synthesis in the
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plastids occurs through a repeated series of condensation, reduction, and dehydration
reactions that add two carbon units derived from malonyl ACP to the elongating FA
chain. Overall, nearly 30 enzymatic reactions are required to produce a 16- or 18-
carbon FA from acetyl-CoA and malonyl-CoA (Ohlrogge and Browse, 1995). Before
entering the FA synthesis pathway, the malonyl group of malonyl-CoA is transferred
from CoA to a protein cofactor, acyl carrier protein (ACP) with the help of enzyme
malonyl-CoA:ACP transacylase (Shimakata and Stumpf, 1983a). All the further
reactions of the pathway involve ACP until the 16- or 18-carbon product is ready for
transfer to glycerolipids or for export from the plastid. Malonyl-ACP undergoes a
number of condensation reactions mediated by a set of at least three separate
condensing enzymes, known as 3-ketoacyl-ACP synthases (KAS) to produce an 18-
carbon fatty acid. The first condensation of acetyl-CoA and malonyl-ACP to form a
four-carbon product is catalyzed by KAS III. A second condensing enzyme, KAS I, is
responsible for producing chain lengths from 6 to 16 carbons. Finally, KAS II is the
enzyme required for the elongation of the 16 carbon palmitoyl-ACP to 18 carbon
stearoyl-ACP (Shimakata and Stumpf, 1983b; Jaworski et al., 1989). In addition to
these three enzyme catalyzed reactions, after each condensation step, the 3-ketoacyl-
ACP product is reduced, dehydrated, and reduced again, by 3-ketoacyl-ACP
reductase, 3-hydroxyacyl-ACP dehydrase, and enoyl-ACP reductase, respectively. As
a result, saturated FA that is two carbons longer than at the start of the cycle is

obtained (Figure 1.5).

The elongation of FAs in the plastids is terminated when the acyl group is
removed from ACP by either of the two enzyme systems, an acyl-ACP thioesterase or
acyltransferases in the plastid. Acyl-ACP thioesterase hydrolyzes the acyl-ACP and
releases free FA, whereas acyltransferases transfer the FA from ACP to glycerol-3-
phosphate or to monoacylglycerol-3-phosphate. The transport of FA outside plastid is
determined on the basis of their release from ACP by either a thioesterase or an
acyltransferase. Only when thioesterase acts on acyl-ACP, free FAs can leave the
plastid. On the outer membrane of the chloroplast envelope, an acyl-CoA synthetase
assembles an acyl-CoA thioester that is then available for acyltransferase reactions to
form glycerolipids in the endoplasmic reticulum (ER) (Harwood, 1988; Ohlrogge and
Browse, 1995).
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Figure 1.5: Fatty acid biosynthesis pathway in plants. After each condensation with
3-ketoacyl-ACP synthase (KAS), the 3-ketoacyl-ACP product is reduced (reaction 4),
dehydrated (reaction 5), and reduced again (reaction 6), by 3-ketoacyl-ACP reductase,
3-hydroxyacyl-ACP dehydrase, and enoyl-ACP reductase, respectively (Adapted
from Ohlrogge and Browse, 1995). (AT- acyletransferases, TE- acyl-ACP thioesterase

and TG- Triglycerides)
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The above mentioned FAs are saturated in nature, but it has been observed that
over 75% of the FAs found in most plant tissues, are unsaturated (Ohlrogge and
Browse, 1995). So, these saturated FAs are further converted to unsaturated FAs with
the help of desaturase enzymes by addition of double bonds at specific locations in
their fatty acyl chains. The first double bond is introduced in the plastid by the soluble
enzyme stearoyl-ACP desaturase (SAD, A9) converting saturated stearic to
monounsaturated oleic. Subsequent desaturation of the FAs to the highly unsaturated
forms is carried out by membrane bound desaturases of the chloroplast and the
endoplasmic reticulum (ER), where FAD2 or A12 desaturase is the next in the series
of desaturases, which converts oleic acid to linoleic acid by introduction of second
double bond. Similarly, the third double bond is added to linoleic acid by FAD3 or

A15 desaturase to form a-linolenic acid (Somerville and Browse, 1991; Heinz, 1993).

1.4 Fatty acid desaturases: essential for PUFA synthesis

The desaturase class includes all the enzymes, which can activate oxygen and use it
for subsequent modification of C—H bonds at saturated or monounsaturated carbons in
substrates as diverse as alkyl groups, acyl residues in thio-, amide- or oxygen-ester
linkage, carotenoids, sphingolipids, aldehydes and sterols (Shanklin and Cahoon,
1998; Tocher et al., 1998). Fatty acid desaturases are enzymes that convert a single
bond between two carbon atoms to a double bond in a fatty acyl chain at specific
positions (Los and Murata, 1998). The resultant double bond is often referred to as
unsaturated bond, and the reactions catalyzed by these enzymes are known as
desaturation reactions. Desaturases catalyze this reaction with strict regioselectivity
and stereoselectivity. Based on the regioselectivity, there are two groups of
desaturases, methyl-end desaturases, which introduce the double bond on a specific
position counted from the methyl or w-end of a FA; whereas, front-end desaturases
position a double bond counted from the carboxyl end or A-end of FAs (Sperling et
al., 2003). Examples of methyl end desaturases are ®-3/A15 and ®-6/A12 desaturases,
while that of front end are A9, A6, A5 desaturases etc. (Napier et al., 1999).

These enzymes can be further classified into two phylogenetically unrelated
groups; the membrane bound FA desaturases and the soluble desaturases (Shanklin
and Cahoon, 1998; Sperling et al., 2003), although both are reported to be di-iron-oxo
enzymes (Fox et al., 1993; Shanklin et al., 2009). Soluble desaturases are acyl-acyl
carrier protein (ACP) desaturases, represented by the stearoyl ACP desaturase (SAD
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or A9) (EC 1.14.99.6), which desaturates stearoyl-ACP to produce ACP-bound oleic
acid (18:1). Membrane desaturases like FAD2 (A12) and FAD3 (Al5) introduce
double bonds into FAs that are either esterified as acyl-CoA or bound to the glycerol
moiety of glycerolipids (Los and Murata, 1998). Soluble desaturases are known to
have two conserved histidine motifs (Shanklin and Cahoon, 1998), while membrane
desaturases contain three separate histidine-boxes and four trans-membrane domains
(Los and Murata, 1998; Murphy, 1999). The distribution of FAs and FA desaturases is
ubiquitous, observed in all aerobic organisms including algae, fungi, mosses, higher
plants and mammals. They play a key role in the maintenance of the proper structure
and functioning of biological membranes (Ohlrogge and Browse, 1995; McConn and

Browse, 1998; Schmid and Ohlrogge, 2002).

Free FAs are never desaturated in vivo. FAs are either esterified to acyl carrier
protein (ACP) for the action of soluble plastid desaturases, or to coenzyme A (CoA)
or lipids for the integral membrane desaturases. Depending on whether the FA is
bound to ACP, CoA or lipids, there are three types of desaturases that are responsible
for desaturation in the FA biosynthesis pathway. First is acyl-lipid desaturase, which
introduces unsaturated bonds into FAs bound in lipid form. Second, acyl-ACP
desaturase introduces the first double bond into fatty acids that are bound to ACP and
the third, acyl-CoA, introduces unsaturated bonds into fatty acids that are bound to
CoA. A9, Al12 and Al5 desaturases are acyl-ACP or acyl-lipid desaturases and are
distributed in cyanobacteria and plants (Murata and Wada, 1995).

Desaturases are well characterized enzymes containing Fe-binding active
centers (Figure 1.6). Amino acid (AA) sequences of membrane bound FA desaturases
from plants, animals and other organisms have three strongly conserved histidine rich
sequences with the general motifs of HXXXH, HXXHH and H/QXXHH (Los and
Murata, 1998) (Table 1.3). Desaturation reaction requires molecular oxygen,
NAD(P)H, an electron transport system (ferredoxin-NADPH reductase and
ferredoxin, or cytochrome b5 reductase and cytochrome b5) and a terminal

desaturase.

Chapter1 11



Cytosol

Figure 1.6: Cartoon depicting structure of membrane-bound desaturases. ‘Fe’

represents a putative di-iron active site and ‘H’ represents histidine-rich structural
motifs involved in coordinating the di-iron active site. Adapted from Covello Lab,

Plant

Biotechnology

Institute,

Saskatoon,

(http://cbr.pbi.nrc.ca/covellop/r-fattyacid.html)

Table 1.3: Fatty acid desaturase classes

SK, Canada

Soluble desaturases

Membrane bound desaturases

Acyl ACP Acyl lipid Acyl CoA
desaturases desaturases desaturases
Occurrence Higher plant plastids Cyanobacteria Animals, yeasts
andhigher plants and fungi
Substrate Fatty acyl-CoAs Fatty acids bound to ~ Fatty acids bound
the glycerol moiety  to ACP
of polar
glycerolipids,
Electron Ferredoxin-NADPH Ferredoxin (in Cytochrome b5
donor reductase and cyanobacteria and
ferredoxin plant plastid) or
cytochrome b5 (in
plant ER)
Structure Amino acid residues Histidine boxes Histidine boxes

involved in binding the

di-iron complex form
two characteristic
D/EXXH motifs

H(X);.4H, H(X),sHH
and H/Q(X),;HH
involved in binding
the di-iron complex

H(X)s;4H,
H(X)2_3HH and
H/Q(X),.;HH
involved in
binding the di-iron
complex
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1.4.1 Key fatty acid desaturases responsible for accumulation of PUFA in
plants

Various studies have shown that the three desaturases, SAD (A9), FAD2 (A12) and
FAD3 (Al15), drive the poly-unsaturated fatty acids (PUFA) synthesis pathway and
they exist in multiple forms and locations within cells in different plant systems. In
addition to such diversity, they show spatial and temporal specificity in their
expression pattern. Some genes express specifically in seed while some in vegetative
tissue. Further, few genes express at early developmental stages, few at mid or late
stages while some of them have a constitutive expression pattern in the developing

seeds.
1.4.1.1 A9 desaturase (SAD)

The A9 desaturase, also known as stearoyl-acyl-carrier-protein desaturase (SAD), is
the first in the series of desaturases, catalyzing the desaturation of stearoyl-ACP
(18:0-ACP) by introduction of the first double bond into the FA chain between C9
and C10 to form oleoyl-ACP (18:1-ACP). This marks the beginning of unsaturation
of saturated FAs in PUFA biosynthesis. The product of its desaturation reaction,
monounsaturated oleic acid, can alone serve as a substrate for further PUFAs, such as
linoleic acid and linolenic acid. SAD plays a key role in determining the ratio of

saturated to unsaturated FAs in plants.

A9 "
0 . desaturase w
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It is a well characterized, soluble enzyme and is exclusively localized in the
plant plastid. The SAD gene was first cloned from safflower (Carthamus tinctorius)
embryos and it was proved that ferredoxin is required for enzyme activity (Thompson
et al.,, 1991). This was followed by the cloning of SAD gene of castor (Ricinus
communis) (Knutzon et al., 1991). Later, crystal structure and some characters, such
as substrate specificity and di-iron-oxo centre of Ricinus SAD were further elucidated
(Fox et al., 1993; Lindqvist et al., 1996). The SAD gene has also been isolated and

characterized from several other plants like spinach (Nishida et al., 1992),
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Arabidopsis (Fukuchi-Mizutani et al., 1998), Brassica (Slocombe et al., 1994), flax
(Singh et al., 1994), sunflower (Serrano-Vega et al., 2003), soybean (Byfield et al.,
2006), and Jatropha curcas (Tong et al., 20006).

Till now, nearly seventy SAD gene sequences or their segments have been

deposited in the NCBI database (http://www.ncbi.nlm.nih.gov/). The presence of

multiple SAD genes was also reported in plants like Arabidopsis and soybean. In
Arabidopsis, the two A9 desaturases were characterized as ADS! and ADS2. They
showed variation in expression on change in temperature, where cold temperature up-
regulated ADS2 and down-regulated ADS! expression (Fukuchi-Mizutani et al.,
1998). SACPD-A and SACPD-B were isolated from developing soybean seeds and
quantifiable variation was observed in the expression levels of these SAD enzymes
(Byfield et al., 2006). In flax, two SAD genes, SADI and SAD2, were reported by Jain
et al. (1999) and expression profile of SAD/ gene isoform during seed development of

flax variety AC McDuff was analyzed by Fofana et al. (2006).

Several studies were performed to analyze the relationship between the
structure and function of SAD and the regulation of its gene activity (Knutzon et al.,
1991; Shanklin and Somerville, 1991; Fox et al., 1993; Kodama et al., 1995; Murata
and Wada, 1995; Lindqvist et al., 1996; Behrouzian et al., 2002). The emerging
evidences suggest that the composition of fatty acids in plants can be modified by
regulating SAD gene activity through genetic engineering (Knutzon et al., 1992;
Ohlrogge, 1999; Whittle and Shanklin, 2001).

1.4.1.2 A12 desaturase (FAD2)

The A12 desaturase, also known as ®-6 desaturase and commonly abbreviated as
FAD2 (Fatty acid desaturase 2), introduces the second double bond in the
biosynthesis of 18:2 FAs, a process in which oleic acid is converted to linoleic acid by
addition of a double bond at A12 or ®-6 (between C12 and C13) position of oleic
acid. There are two distinct sites for A12 desaturation in the cell, one is plastidial and
the other on the ER, both having distinct genes with specialized signals for their
respective localization (Ohlrogge and Browse, 1995). The “YNNKL’ motif at the C
terminus of the protein ensures ER localization of A12 desaturase (McCartney et al.,

2004).
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The FAD2 gene encoding microsomal ®-6 desaturase was originally
characterized in Arabidopsis thaliana (Okuley et al., 1994). Several FAD2 genes were
later cloned, characterized and their expression patterns were analyzed in various
plants such as soybean (Heppard et al., 1996; Tang et al., 2005; Schlueter et al.,
2007), Brassica (Scheffler et al., 1997), sunflower (Martinez-Rivas et al., 2001),
sesame (Jin et al., 2001), cotton (Liu et al., 2001; Pirtle et al., 2001; Zhang et al.,
2009), olive (Banilas et al., 2005; Hernandez et al., 2005; Hernandez et al., 2009) and
Camelina sativa (Kang et al., 2011). A plastidial form of membrane bound -6
desaturase was isolated from spinach as well as from olives (Schmidt et al., 1994;
Banilas et al., 2005). Soybean being a paleopolyploid, there exist multiple FAD?2 gene
copies, which surprisingly show a lot of diversity and complexity in their genic and
genomic organization as well as in their expression specificity. Initially, two copies,
FAD2-1 and FAD2-2, were cloned from soybean (Heppard et al., 1996), where it was
observed that FAD2-1 expressed primarily in developing seeds, while FAD2-2
expressed in both, vegetative tissues and developing seeds. Later, EST based searches
by Tang et al. (2005) identified an additional copy of FAD2-1 in soybean (FAD2-14
and FADZ2-1B) differing in just 24 amino acids residues. Their expression studies in
yeast revealed that the FADZ2-1A4 isoform is more unstable than F4D2-1B, particularly
when cultures were maintained at elevated growth temperatures. Further analysis of
the EST libraries from which the FAD2 genes were identified revealed that all FAD2-
1 ESTs were from seed-related libraries while FAD2-2 ESTs came from a variety of
tissues (Tang et al., 2005). Brassica napus also has 4-6 gene copies of A12 desaturase.
It was further suggested that the desaturase multi gene family of Brassica arose as the
result of duplication of chromosome segments rather than duplication of individual

genes (Scheffler et al., 1997).

Martinez-Rivas et al. (2001) isolated and characterized three microsomal
oleate desaturases (FAD2), Ha89FADZ2-1, Ha89FAD2-1 and Ha89FADZ2-3 from
sunflower. When the expression of these genes was analyzed in normal and high oleic

sunflower, it was observed that F4D2-2 and FADZ2-3 genes were weakly expressed in
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all tissues studied from both the varieties. On the other hand, FAD2-1 gene expressed
strongly and exclusively in developing embryos of normal-type sunflower, while its
expression in high-oleic developing embryos was drastically reduced. One or two
copies of the seed specific SeFFAD2 gene encoding microsomal A12 desaturase were
reported in sesame. According to the development of sesame oilseeds, changes in
linoleic acid levels occurred coincidently with changes in the SeFADZ2 transcript

levels (Jin et al., 2001).

In cotton, four different isoforms of FAD2 gene were identified (Liu et al.,
2001; Pirtle et al., 2001; Zhang et al., 2009). Two microsomal oleate desaturases,
OepFAD2-1 and OepFAD2-2 were also isolated from olive (Olea europaea)
(Hernandez et al., 2005). The OepFAD2-1 transcripts were strongly detected in very
young seeds and in leaves, showing low levels in mesocarps, while the OepFAD2-2
gene was moderately expressed in developing seeds, ripening mesocarp and leaves.
These expression data suggested differential functions for the two olive microsomal
oleate desaturase genes, with FAD2-1 possibly responsible for the desaturation of
reserve lipids in the young seed, while FAD2-2 might be mainly involved in storage
lipid desaturation in the mature seeds and the mesocarp (Hernandez et al., 2005;
Hernandez et al., 2009). Three FAD2 genes were identified in Camelina sativa and
designated CsFAD2-1 to -3. Although these three CsFAD2 genes share very high
sequence similarity, they showed different expression patterns. CsFAD2-1 gene
expressed in the vegetative, as well as developing seeds; whereas, transcripts of
CsFAD2-2 and CsFADZ2-3 were mainly detected in developing seeds, suggesting their
major role in storage oil desaturation in seed. In flax, Fofana et al. (2004) identified
two copies of FAD2 gene by southern hybridization, which expressed in developing
seeds with closely matching sequences. They later studied the expression profiles of
FAD?2 genes during seed development in Canadian flax variety AC McDuff and
observed a temporal expression pattern (Fofana et al., 2006). Later, Krasowska et al.
(2007) cloned and characterized a full length F4D2 gene from flax. Khadake et al.
(2009) cloned a novel A12 desaturase gene (LuFADZ2-2) from flax. These two genes

showed 85% similarity at the amino acid (AA) level.
1.4.1.3 A15 desaturase (FAD3)

The A15 desaturase is also known as ®-3 desaturase and commonly abbreviated as

FAD?3 (fatty acid desaturase 3). It converts linoleic acid to a-linolenic acid (18:3) by
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introduction of a third double bond at A15 or ®-3 position (between C15 and C16) of
linoleic acid. Multiple forms of A15 desaturase gene have been identified in plants, of

which microsomal and plastidial A15 desaturase are the primary forms.

A15
desaturase

HO™ 1 9 12

In Arabidopsis, one microsomal desaturase, encoded by the Fad3 gene and
two distinct plastidial desaturases, encoded by Fad7 and Fad8 genes have been
described (Arondel et al., 1992; Yadav et al., 1993; Gibson et al., 1994; Nishiuchi et
al., 1994). The deduced amino acid sequence of the Fad3 gene showed 70% identity
to that of the Fad7 gene (Iba et al., 1993). The high degree of homology between the
Fad3 and the Fad7 gene products suggested that these genes were derived from a
common ancestral gene. Among these desaturases, the microsomal enzymes were
shown to be the major contributors to seed ALA content. Further, it was shown that
Fad8 had a predominant role in lipid desaturation at low temperatures (McConn et al.,
1994), whereas Fad7 appeared to be more important in regulating the levels of
trienoic FAs during leaf maturation (Horiguchi et al., 1996). In further experiments, it
was also observed that the triple mutant plants at fad3-fad7-fad§ loci contained almost
negligible (0.1%) trienoic FA (McConn and Browse, 1996).

Besides Arabidopsis, the F4AD3 gene has been isolated from several plants
such as Brassica (Arondel et al., 1992), Nicotiana tabacum (Hamada et al., 1994),
castor (van de Loo and Somerville, 1994), Limanthes douglasii (Bhella and
Mackenzie, 1995), Triticum aestivum (Horiguchi et al., 1998), maize (Berberich et al.,
1998), Perilla frutescens (Chung et al., 1999), Oryza sativa (Wang et al., 2006) and
Descurainia sophia (Tang et al., 2007). Soybean contained three microsomal FAD3
homologs, GmFAD3A, GmFAD3B and GmFAD3C, that contributed to seed linolenic
acid levels (Bilyeu et al., 2003). GmFAD3A was significantly upregulated in
developing seeds, while GmFAD3B and GmFAD3C levels remained relatively low,
indicating predominance of GmFAD3A for ALA accumulation in developing seeds. In
flax, three microsomal A15 desaturase viz., FAD3A4, FAD3B (Vrinten et al., 2005) and
FAD3C genes have been reported (Banik et al., 2011). Transcript profiling of these

Chapter1 17



three genes during seed development was performed in four Canadian flax varieties
varying in their ALA content (Banik et al., 2011). Based on the correlation of
expression levels of these genes with linolenic acid accumulation during seed
development, they showed that the F4D34 and FAD3B genes were responsible for
linolenic acid accumulation in flax seeds, whereas the F4D3C did not play a major

role in it. Table 1.4 enlists the desaturase genes isolated from various plant systems.

1.4.2 Role of desaturases in plants

Desaturases play a vital role in deciding the membrane and storage lipid FA
composition. Polyunsaturated lipids, which are products of desaturation, constitute
approximately 50% of the hydrophobic membrane barriers that outline the cell
compartments. The composition of these lipids is critically important for many
membrane functions, determined by its structure and fluidity and, thus, for proper
growth and development of all living organisms (Wallis and Browse, 2002; Mikami
and Murata, 2003). For example, membrane fluidity was shown to affect bilayer
permeability (Schuler et al., 1991), ATPase activity (Cooke and Burden, 1990), and

carrier-mediated transport (Deuticke and Haest, 1987).

Further, changes in the degree of FA desaturation are observed in plant
responses to various abiotic stresses, such as cold, heat, salt and drought. Various
studies have shown an increase in production of trienoic acids as a response to cold
acclimation. Expression of FADS gene in Arabidopsis thaliana was strongly inducible
by low temperature (Gibson et al., 1994). In tomato leaves, the expression of LeFAD7
was induced by chilling stress (4°C) and inhibited by high temperature (45°C) (Liu et
al., 2006). FA desaturation during chilling acclimation is one of the factors involved
in conferring low temperature tolerance to young leaves in tobacco as well (Kodama
et al., 1995). In transplastomic tobacco, the expression of a FA desaturase gene from
either wild potato Solanum commersonll or the cyanobacterium Anacystis nidulans
altered the FA profiles, and improved the cold tolerance (Craig et al., 2008).
Transgenic tobacco plants over-expressing FAD7 also showed enhanced cold
tolerance (Kodama et al., 1994; Khodakovskaya et al., 2006), whereas those with
silenced FAD7 gene contained a lower level of trienoic FAs than wild-type plants, and

were more tolerant to high temperature (Murakami et al., 2000).
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Table 1.4: List of plants from which A 9, A12 and A 15 desaturase genes are isolated

Plant A9 A12 A 15 References
desaturase desaturase desaturase
Arabidopsis ADS1, ADS2 FAD2, FAD6 FAD3, FAD7, Iba et. al., 1993; Yadav
FADS et. al., 1993; Fukuchi-
Mizutani, 1998;
Watahiki and
Yamamoto, 1994;
Okuley et. al., 1994;
Schmidt et.al., 1994;
Falcone et al., 1994
Arachis hypogaea A", AhFAD24, Jung et al., 2000; Lopez
AWFAD2B et al., 2000
Brassica SAD FAD2 FAD3 Arondel et. al., 1992;
Slocombe et al., 1994;
Scheffler, 1997
Castor - FAD2 FAD3 Fox et al., 1993;van de
Loo and Somerville,
1994
Cotton - FAD2, FAD2-3, Liu, 2001; Pirtle, 2001;
FAD2-4 Zhang, 2009
Descurainia sophi - - FAD3, FAD7, Tang et. al., 2007
FADS8
Flax SAD linFAD1, FAD3A, FAD3B, Slin%f(l),o?‘?\‘;;fofana etl
: al., ; Vrinten et. al.,
h.nFADZ’ FAD2- FAD3C 2005; Krasowska et al.,
LLFAD2-2 2007; Khadake et al.,
2009; Banik et al., 2011
Jatrophacurcas SAD - FAD3 Tong, 2006
Limanthesdouglasii - - FAD3 Bhella and MacKenzie,
1995
Maize - - FAD3 Berberich et al., 1998
Nicotiana tabacum - - FAD3 Hamada et. al., 1996
Oryza sativa - - FAD3 Wang et al., 2006
Perillafrutescens - - FAD3 Chung et.al., 1999
Safflower SAD - - Thompson, 1991
Sesame FAD2 Jin, 2001
Soybean SAD FAD2-1,FAD2- FAD3A,FAD3B, Hepl{)arz%olf‘)?; Bil};(:)% S
_ _ et. al., ; Tang, ;
1A, FAD2 FAD3C, FAD3 Byfield, 2006; Schlueter,
1B,FAD2-2, 2b 2007; Li et al., 2007
FAD2-2A,FAD2-
2B, FAD2-3,
FAD6
Sunflower SAD FAD2-1,FAD2-2, - Hongtrakul et al., 19198;
Martinez-Rivas et. al.,
FAD2-3, 2001; Serrano-Vega,
2003
Triticum aestivum - - FAD3 Horiguchi et al. 1998

Chapter1

19



A temperature dependent chloroplast m-3 desaturase was cloned from rice,
which was highly expressed at 15°C than at normal temperature (Wang et al., 2006).
These results give an indication that there is a direct relationship between the
membrane FA unsaturation and the surrounding temperature. Further, it was shown
that the antisense expression of the Arabidopsis FAD7 reduced salt/drought tolerance
in transgenic tobacco plants (Im et al., 2002), whereas over expression of either FAD3
or FADS increased tolerance to drought in tobacco plants, and to osmotic stress in
cultured cells (Zhang et al., 2005). In Arabidopsis, Zhang et al. (2009; 2012) provided
the evidence of FAD2, an endoplasmic reticulum localized -6 desaturase, being
required for salt tolerance. Their results suggested that FAD2 mediated high-level
vacuolar and plasma membrane FA desaturation is essential for the proper function of
membrane attached Na'/H" exchangers, and thereby to maintain a low cytosolic Na"
concentration for salt tolerance during seed germination and early seedling growth in
Arabidopsis. FAD2 is the main enzyme responsible for polyunsaturated lipid
synthesis in developing seeds of oil crops. The FAD2 mutants of Arabidopsis were
deficient in activity of the ER oleate desaturase and when grown at low temperature,
the seed development of FAD2 mutant was observed to be impaired (Miquel and

Browse, 1994).

The membrane lipids of higher plants are characterized by a high proportion of
trienoic FAs (16:3+18:3) (Somerville and Browse, 1991), especially linolenic acid
(18:3), which play an important role as a precursor to a defense-related signal
molecule, jasmonate (Nishiuchi and Iba, 1998). In plants like tobacco (Nishiuchi and
Iba, 1998), Arabidopsis (Nishiuchi et al., 1994), potato (Todoroki et al., 1998), etc.,
higher transcript levels of FAD7 genes on wound induction in different plant parts,
accompanied by an increase in trienoic fatty acids as major polar lipids have been
reported. This gene serves to supply 18:3 as a precursor to stress-related signaling
molecules, such as jasmonic acid (JA) (Farmer, 1994). The high level of JA induces
transcriptional activation of numerous defensive genes (Creelman et al., 1992; Pena-
Cortes et al., 1993). Similarly, the plasma membrane also provides a surface on which
some plant resistance proteins perceive pathogen-derived effectors and thus confer
race specific resistance (Shah, 2005). Kacharoo et al. (2001) reported the role of fatty
acid desaturase in modulating the activation of defense signaling pathways in plants.

In their study, a 10-fold reduction in the activity of mutant SAD gene was observed in
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Arabidopsis, resulting in elevation of the 18:0 FA content in the these plants. The
reduced SAD activity led to the induction of certain defense responses from the
salicylic acid pathway while inhibition of pathogenesis response related with
activation of jasmonic acid pathway. On this basis, it was proposed that a FA-derived

signal modulates crosstalk between different defense signaling pathways.

In plants, apart from having role in biotic and abiotic stress management
mechanism, desatrurases also affect other cellular and physiological processes such as
modulation of ion channels (Hourton-Cabassa et al., 2009), pollen formation
(McConn and Browse, 1996) and chloroplast development (Wallis and Browse,
2002).

Section 2: Flax: the richest agricultural source of ALA

2.1 Economic importance

As justified by the species name given by Linnaeus, “usitatissimum” meaning “most
useful”, almost the whole flax plant is used and has a great importance in human life.
Flax has two major uses, oil from seed (linseed oil) and fibers from stem. It is a
source of many products in high value textile markets, in the composites and
paper/pulp industry, as well as in industrial and nutritional oil sectors (Hamilton,
1986; Sharma,1992). Flax seed represents only 1% of the world supply of oilseeds,
while flax fiber represents about 3% of the world natural fiber production. However,
flax products are recently being considered to have higher potential for increased

industrial use, as well as for human food and feed markets (Cullis, 2007).

The outer portion of theflax stem forms the long, strong bast fibers, used for
weaving linen fabric, which is valued for its distinctive appearance as well as comfort.
Linen is further used in designing apparel and interior textiles (upholstery, carpets
etc.). Besides pure flax products, these fibers are blended with other natural fibers like
cotton, silk, wool etc., and periodically appear as part of the fashion trends or for
niche markets (Borland, 2003). In addition to linen, the shorter flax fibers, called tow,
have other industrial applications, including nonwoven fabrics, composites, and
specialty papers used for printing banknotes and rolling paper for cigarettes and tea
bags (van Dam et al., 1994; Berglund, 2002). Flax fiber composites have a

particularly huge market potential in automotive components (Lepsch and Horal,
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1998; Domier and Kerr, 2000). Composite stiffness values for flax are comparable to
glass fiber composites and therefore are suitable for low cost engineering uses
(Heijenrath and Peijs, 1996; Gassan and Bledzki, 1997). Further, shives, which are the
woody core of the flax stem after separation of fibers, are used in making strong,
lightweight particleboard panels and as reinforcing materials in plastics (Domier and

Kerr, 2000; Papadopoulos and Hague, 2003).

Flax seed is the source of linseed oil, which has both industrial as well as
edible/nutritional use. The presence of high levels of a-linolenic acid (ALA), an ®-3
FA, makes linseed oil industrially (drying property) and nutritionally (essential FA)
very important. For a long time, linseed oil has been extensively used industrially as a
drying oil in paints and varnishes and also for making linoleum flooring, oil cloth,
certain inks, plastics, and resins etc. Top quality seed and cold-pressed oil goes in
human use market as human food or animal feed ingredient. Ground flax blends well
with many other food ingredients and hence can be added to almost any baked
product such as bread, waffles, pancakes etc., giving it a nutty flavor. Some other
food uses of flax seed are: ready-to-eat breakfast cereals, breakfast drinks, salad
dressings made with cold-pressed flax seed oil, salad toppings, biscuits, meat
extenders, crackers, soups, bagels, fiber bars etc. All these food items are categorized
as “functional foods” and consumed as a part of usual diet. Further, both flax seed oil
and ground flax are also used as nutraceuticals in the form of soft gel capsules or as
microencapsulated powder, respectively. Thus, in the health and nutrition industry,
flax forms a subcategory as “specialty supplement” of unsaturated fatty acids

(Fitzpatrick, 2006).

Flax with its unique seed FA content as well as the presence of other seed
constituents, contributes to good animal health. Linseed meal is a byproduct of flax
seed after it is crushed for linseed oil and is increasingly used as an ingredient in
animal and poultry feeds for better animal health and for enriched food products
obtained from them. Linseed meal has a unique combination of amino acids in the
protein, which produces a glossy, healthy coat for animals. Further, flax seed has also
been incorporated into rations of laying hen and in broiler diets, so as to increase the
®-3 FAs in the egg yolk and in poultry meat, as the egg yolk and meat lipids can be
influenced through dietary fats. Laying hens consuming 10 to 20% flax in their rations

produce eggs having a desirable, balanced FA composition. These “Omega eggs” are
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being produced in many countries including India and contain increased amounts of
-3 FAs (300 mg/egg) and decreased amounts of saturated FAs compared to normal
eggs. The Omega eggs are even consistently lower in cholesterol content, from 210
mg/egg (Standard USDA egg level) to 180 mg/egg (Scheideler and Lewis, 1997).
Adding flax to cattle and goat feed can also increase the content of healthy fats in
meat and dairy products. These products provide consumers with foods that can have
a healthier fat profile. Such food choices appeal to all health-conscious consumers and

now a days, are high in demand.

2.2 Flax as human food

Flax seed and flax seed oil have been used for food and herbal products for centuries
in Asia, Europe, and Africa. In recent times, it is gaining renewed attention because of
its health and nutritional benefits. Flax seed has three major components making it
beneficial in human and animal nutrition: (1) a very high content of ALA (45-60%),
an essential FA for humans; (2) the highest content of plant lignans of all plant or seed
products used for human food; and (3) a high percentage of dietary fiber, both soluble
and insoluble. A typical flax seed composition consists of approximately 40% fat,
28% dietary fiber, 21% protein, 4% ash, and 1% carbohydrates (Anonymous, 2001)
(Tablel.5). It also has one of the most nutritious plant protein compositions and is
very similar to that of soybean protein. The nutrient composition of flax also includes
a number of important essential minerals and minor amounts of water and fat-soluble
vitamins. One tablespoon of milled flax (also known as ground flax or flax meal)
contains the same amount of magnesium as a banana (34 mg) and 66 mg potassium.
Vitamin E, primarily present as gamma-tocopherol, is the main vitamin in flax and it

functions as an antioxidant (Daun and Przybylski, 2000).

Flax oil, compared to many other sources of dietary fats, has a very healthy
FA profile, with low levels (approximately 9%) of saturated fat, moderate levels
(18%) of monounsaturated fat and high concentrations (73%) of PUFAs (Figure 1.7).
The PUFA content comprises about 16% -6 fatty acids, primarily as linoleic acid
(LA), and 57% oa-linolenic acid (ALA), an -3 fatty acid (Bhatty and
Cherdkiatgumchai, 1990; Daun and DeClercq, 1994; POS, 1994).
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Table 1.5: Proximate composition of flax based on common measures (Adapted from
Flax: A health and nutrition primer Morris 2007). (CHO- Carbohydrate)

Formof  Weight Common Energy Total ALA  Protein Total Total

flax (g measure  (kcal) fat(g) () (2 CHO  dietary
(g fiber
®
Proximate 100 - 450 41.0 23.0 20.0 29.0 28.0
analysis
Whole 180 1 cup 810 74.0 41.0 36.0 52.0 50.0
Seed 11 1 thsp 50 45 2.5 2.2 3.0 3.0
4 1 tsp 18 1.6 0.9 0.8 1.2 1.1
Ground 130 1 cup 585 53.0 30.0 26.0 38.0 36.0
Seed 8 1 tbsp 36 33 1.8 1.6 2.3 2.2
2.7 1tsp 12 1.1 0.6 0.5 0.8 0.8
Flax oil 100 - 884 100.0 57.0 - - -
14 1 tbsp 124 14.0 8.0 - - -
5 1 tsp 44 5.0 2.8 - - -

Flax oil
Solin oil®
Canola oil
Sunflower oil
Corn oil
Olive oil
Soybean oil
Peanut oil
Lard

Beef tallow
Palm oil

Butterfat

FATTY ACID CONTENT NORMALIZED TO 100%

I sATURATED FAT
I MONOUNSATURATED FAT

POLYUNSATURATED FAT
— linoleic acid (an omega-6 fatty acid)
— alpha-linolenic acid {an omega-3 fatty acid)

Figure 1.7: Comparison of saturated and unsaturated fatty acids in dietary fats and
oils (Adapted from Flax: A health and nutrition primer, Morris 2007)
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As described earlier, LA and ALA are essential fatty acids (EFA), since the
human body cannot synthesize them and hence must be obtained from external food
sources or diet. AA and EPA, which are the products of further conversion of LA and
ALA in the human body, are metabolized to produce hormone like substances known
as eicosanoids that effect physiological functions such as cell growth and division,
inflammatory responses, muscle activity, blood pressure, and immune function. Since
LA and ALA compete with one another for the enzymes responsible for their
conversion to AA and EPA, respectively, it is important to have a proper balance of
-6 and -3 fatty acids in the diet. Flax has a lower ratio of ®-6/®-3 and hence helps

to improve this FA balance in our body.

Various biologic effects of ALA together contribute to its positive health
effects. It is important in the growth and development of infants (especially the brain
and retina), as being the precursor of DHA, which has a functional role in the
membrane intensive organs like brain. Inflammation is a characteristic of many
chronic diseases, including atherosclerosis or ‘“hardening of the arteries”, the
underlying condition that contributes to heart attacks and strokes, rheumatoid arthritis,
Lupus nephritis etc. (Morris, 2007; Zhao et al., 2007). ALA reduces such
inflammatory reactions by blocking the formation of compounds that promote
inflammation (anti-inflammatory eicosanoid production) and hence has an important
role in prevention of these diseases. It also helps in lowering high blood pressure and
cholesterol (Pellizzon et al., 2007; Pan et al., 2009) and thus used in treating diseases
of the heart and blood vessels. Further, it also has a role in prevention of certain types
of cancer (Narisawa et al., 1994; Williams et al., 2007), neurodegenerative diseases

(Joshi et al., 2006), and also in lowering blood glucose levels.

Flax is one of the richest sources of plant lignans, which is basically a
phytoestrogen with a strong antioxidant property (Thompson et al., 1997). It is
particularly rich in the lignan secoisolariciresinol diglycoside (SDG), and also
contains small amounts of other lignans, such as, matairesinol, pinoresinol and
isolariciresinol. Each gram of flax seeds contain 0.82-10.55 mg SDG, corresponding
to nearly 0.7 to 1.9% of whole seed (Thompson, 2003). These lignans are further
converted to the mammalian lignans, enterodiol and enterolactone, by bacteria in the
gut of humans and other animals. These compounds have a protective role against

certain cancers, particularly hormone-sensitive cancers such as those of the breast,
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endometrium and prostate, by interfering with sex hormone metabolism. Presence of
phytoestrogens in flax makes it useful in reducing menopause symptoms and is as
effective as hormone replacement therapy in such group of women (Lemay et al.,
2002). SDG is also a strong antioxidant and scavenges free radicals, which have
implications in pathologies associated with many diseases like atherosclerosis, cancer

and Alzheimer’s disease etc. (Kitts et al., 1999).

Lastly, flaxseed with its high dietary fiber content (28%) provides additional
health benefits on its consumption. About two-thirds of flax seed fiber is water
insoluble and consists of non-starch polysaccharides such as cellulose, hemi cellulose
and lignin. The insoluble dietary fiber fraction of flax plays an important role in
improving laxation, hence gives relief in constipation, improves colon health, and
may have protective effects against colon cancer. The soluble dietary fiber fraction of
flax is found primarily as mucilage gums, which have been shown to play a role in
lowering serum cholesterol levels, hence reduces coronary heart diseases and
incidence of obesity. It also appears to have a reducing effect on blood glucose level

and hence controls diabetes (Wolever and Jenkins, 1993).

Increasing interest in the above mentioned health benefits of flax has led to its
use as a constituent of designer health foods and nutraceuticals. There has been an
increase in demand of whole or milled flax and flax oil from the bakery and

commercial food companies for fortification of their products.

2.3 Taxonomic status

Flax or linseed (Linum usitatissimum L.) is an annual plant belonging to the family
Linaceae under the Order, Malpighiales and Division, Magnoliophyta, with a
cosmopolitan distribution. Linaceae comprises 16 genera of which Linum is the
largest genus with about 200 annual and perennial species (Plant List 2010

http://www.theplantlist.org). Cultivated flax belongs to the species L. usitatissimum —

the most useful and most used species of the entire genus. The chromosome number
of the Linum species shows a wide range, varying from 2n = 16 to 2n = 80 (Gill,
1987). However, L. usitatissimum and its wild relatives contain 2n = 30 chromosomes
(Muravenko et al., 2003). The flax genome was estimated to contain a C-value of 0.7

pg, equivalent to ~675 Mb in size (http://data.kew.org/cvalues/) and to have unique

characteristics (Cullis, 1973). However, a recent estimate of the size of the CDC
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Bethune flax genome of 0.38 pg/C would translate into only 370 Mb (Ragupathy et
al., 2011).

2.4 Origin and domestication

Flax is one of the eight founder crops (first group of grain crops that started
agriculture) of the Near Eastern agriculture (Zohary and Hopf, 2000; Muir and
Westcott, 2003). It was a principal source of oil and fiber from prehistoric times until
the early twentieth century and was extensively cultivated in vast areas of Eurasia
(Durrant, 1976). As revealed by various archaeological findings (Helbaek, 1959; van
Zeist and Bakker-Heeres, 1975), flax was domesticated for both oil and fiber use
more than 8,000 years ago in the Near East, but its domestication history remains
uncertain (Allaby et al., 2005; Zohary et al., 2012). The center of origin of cultivated
flax is believed to be the Near East, although secondary centers of diversity were
identified in the Mediterranean basin, Ethiopia, Central Asia, and India (Vavilov,

1926; Zohary and Hopf, 2000).

Morphological (Diederichsen and Hammer, 1995), cytogenetic (Gill and
Yermanos, 1967) and molecular (Fu et al., 2002; Allaby et al., 2005; Fu and Allaby,
2010) evidences suggest that the wild progenitor of cultivated flax is pale flax (L.
bienne Mill. or previously L. usitatissimum L. subsp. Angustifolium (Huds.) Thell.;
Hammer, 1986), with which, when crossed, it is fertile (Tammes, 1928). Pale flax has
a very wide biogeographical range spanning Western Europe and the Mediterranean,
North Africa, Western and Southern Asia, and the Caucasus regions. It was earlier
thought that these diversity regions of flax may represent independent domestication
events within the wide biogeographical range of pale flax (Harlan, 1971). However,
recent molecular and phylogenetic evidences (Allaby et al., 2005; Fu, 2005; Fu and
Allaby, 2010; Fu, 2011), suggest that domesticated/cultivated flax is of monophyletic
origin and has probably evolved from a single domestication event of pale flax.
Though, the geographic location of this event is still obscure. In addition, these data
also indicate that the flax was first domesticated for its oil, rather than for fiber use
(Allaby et al., 2005; Fu and Allaby, 2010; Fu, 2011). The pale flax had strong
branches, small seeds and dehiscent (splitting) capsules. On the other hand, the main
changes that were observed because of domestication were the shift to non-dehiscent
(non-splitting) capsules, increase in seed size, selection for high oil yielding, or longer

stem with high amount of long fiber, varieties.
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2.5 Plant morphology

The flax plant is erect and grows to about three feet in height. It is a cool-season
annual that has one main stem and a short-branched taproot. Two or more branches
may develop from the base of the plant and produce a multi-branched arrangement of
flowers. Leaves are glaucous green, slender, lanceolate, 2040 mm long and 3 mm
broad. The hermaphrodite flowers are 15-25 mm in diameter, with five petals and
generally are pale blue in colour (Figure 1.8). Flax varieties can be distinguished by
the colour of the flower that can range from dark to light blue, white or pale pink. The
fruit is a round, dry capsule/pod/boll 5-9 mm in diameter, containing several glossy
brown seeds 4—7 mm long. The seeds may vary in colour from reddish brown to

golden yellow (Figure 1.9) (Cullis, 2007)

Figure 1.8: Flax plant morphology (Source: from "Koehler's Medicinal-Plants" 1887)
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(B)

Figure 1.9: Variation of colour in (A) flowers and (B) seeds of flax varieties
(Adapted from Flax genetic diversity as the raw material for future success,
Diederichsen and Fu) (http://www.saskflax.com/documents/presentations/
06A_Diederichsen.pdf)

2.6 Flax as a crop

Flax or linseed is purely a cool season crop. Temperate and cool climatic conditions
are best suited for its growth and the temperature required for its cultivation ranges
from minimum 10°C to maximum 38°C. Flax can be raised in almost all types of
soils, where sufficient moisture is available, but does better on heavier soils having
greater water-retention capacity. It is also tolerant to wide range of soil pH (5.0-7.0).
However, it grows the best on well drained loam to clay loam soils rich in humus.
Annual rainfall of 700 to 750 mm is optimum; while under dry climates, irrigation is
essential. The crop takes about 120 to 140 days to mature depending on the cultivar
where, the vegetative period is of 45 to 60 days, flowering period is 20 to 30 days and
the maturation period consists of 30 to 40 days (Vittal et al., 2005).
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Commercially grown flax crops are grouped into two main types: fiber flax (L.
usitatissimum convar. Elongatum Vav. et Ell.) and seed flax (linseed) [convar.
mediterraneum (Vav. et Ell.) Kulpa et Danert], alternatively referred to as long-
stalked flax and crown flax, respectively. A third type, generally called dual-purpose
flax is also grown for both seed and fiber (convar. usitatissimum). Fiber varieties
usually have longer stem, 80—120 cm tall, with fewer branches, fewer seed capsules,
and smaller seeds. Whereas, oil type has shorter and heavily branched stems, 60—80

cm tall, with a higher number of seed capsules and larger seeds (Figure 1.10).

|
1
|
i

Figure 1.10: Stem length (defined by the length of the stem without side branches)
variation observed in the flax varieties. It can be measured in cm or as a fraction of
the stem with branching compared to the entire stem length (see figures beside
branches). Basal branches are not considered. (A) and (B) typical fiber flax with less
than 1/4 of the stem branched; (C) intermediate flax; (D) large-seeded flax (oilseed
flax). (Adapted from Kulpa and Danert, 1962)

From the historical accounts it was observed that there was wider use of fiber
flax landraces, with both fiber and dual uses relatively more important than at present
(Zohary et al., 2012). However, fiber flax cultivation has been steadily declining in
favor of cotton. The largest production of fiber flax presently occurs mainly in France,
China, Russia, Belarus and Belgium, with 0.23 million ha of land all over world under
fiber flax cultivation producing 0.6 million tonnes of fiber. Production wise, France
ranks first, followed by China, with 0.37 tonnes and 0.12 tonnes of fiber in year 2010.

On the other hand, oil seed flax or linseed currently occupies nearly 2.2 million ha of
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land worldwide, with a production of 1.9 million tonnes and the main oil seed
producing countries are India, Canada, China, Russia, Kazakhstan, Ethiopia, and
United States. Production wise, Canada is the foremost country producing nearly 0.4

million tonnes of flax seeds in year 2010 (FAOSTAT, 2010) (Figure 1.11).
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Figure 1.11: Production of oilseed flax or Linseed in top few countries in the world
(FAOSTAT, 2010)

2.7 Germplasm diversity

Plant breeders are continuously challenged to develop flax cultivars adapted to
changing market needs, environmental conditions and with resistance to new diseases.
The availability of well characterized diverse germplasm is of the greatest importance
for the success of this work. World genebanks maintain about 48,000 accessions of
cultivated flax, of which around 10,000 might be unique ones (Diederichsen, 2007).
Some of the well characterized flax germplasm collections are with N. 1. Vavilov
Institute, St Petersburg, Russia; All-Russian Flax Research Institute, Torzhok, Russia;
IPK-Genebank, Gatersleben, Germany; AGRITEC, éumperk, Czech Republic; NC7,
North Central Regional Plant Introduction Station, USDA-ARS, NCRPIS, Ames,
USA; CGN, Centre for Genetic Resources, The Netherlands Plant Research

International, Wageningen etc. (Diederichsen, 2007).
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The early and rapid distribution of flax cultivation in the Old World resulted in
a wide range of flax landraces adapted to different uses and environmental conditions
(Vavilov, 1926; Elladi, 1940; Helbaek, 1959). Diederichsen (2001) described the
genetic diversity in the world collection of cultivated flax maintained by Plant Gene
Resources of Canada (PGRC) using morphological and agrobotanical characters,
where a total 2331 flax accessions were considered for the study. A wide range of
diversity was observed in the qualitative and quantitative characters as well as for FA
compositions of this world collection. The coefficient of variation (CV) for some
quantitative characters like plant height, days while flowering, 1000 seed weight,
stearic acid content etc., were quite high (>20% CV). While certain qualitative
characters like colour of various floral parts, capsule dehiscence, number of branches,
seed colour etc., showed higher number of observed classes (>6). Further, it was also
observed that the plant height of flax from Eastern Asia was very high, due to the
strong representation of fiber flax from China in the PGRC collection while, flax from
India was generally short, but had large seeds and high oil content. Flax from the
Mediterranean area also had large seeds.

Molecular markers are highly useful for identifying potentially novel
genotypes among the various flax accessions, and to assess genetic diversity for both
germplasm management and core collection assembly (Frankel and Brown, 1984). A
variety of marker systems, including random amplified polymorphic DNA (RAPD),
inter-simple sequence repeat (ISSR), amplified fragment length polymorphism
(AFLP), simple sequence repeat (SSR) and inter-retrotransposon amplified
polymorphism (IRAP), have been used to analyze flax germplasm all over world. The
use of DNA based markers to study flax diversity was first reported by Oh et al.
(2000), who compared RAPD and RFLP technigques and generated a genomic map

based on these marker data.

Fu et al. (2002) reported low genetic variability in 61 flax varieties including
Canadian cultivars and land races using RAPD markers. They also showed that more
variation existed in landraces than cultivars and could clearly differentiate fiber and
oil flax, suggesting their distinct genetic makeup. RAPD markers were even used to
analyze the genetic variation, genetic erosion and relationship in 54 North American
flax cultivars (Fu et al., 2003). It was observed that the North American linseed

cultivars had more variation than those from the other countries. Further, Fu (2005)
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studied the geographic pattern of flax variability in the world collection using RAPD
markers. It revealed that the accessions from the East Asia and European regions were
most diverse, but accessions from the Indian subcontinent and Africa were most
distinct. Surprisingly, accessions from West Asia were genetically more related to
those from the African region and less to those from the Indian subcontinent. These
findings were significant for understanding flax domestication and also were useful in
classifying intraspecific diversity of cultivated flax, establishing a core subset of the

flax collection and exploring new sources of genes for flax improvement.

Our group has also developed a core collection for Indian flax/linseed
germplasm (Kale et al. unpublished). It comprises 222 accessions out of nearly 3000
accessions present in the Indian germplasm, selected on the basis of morphological
and agronomic traits. Further, the core collection was analyzed for genetic diversity
and population structure using morphological and molecular markers (SSRs). On the
basis of these analyses, the accessions were divided into two sub-populations and

overall a low genetic diversity was observed among them.

Diederichsen and Fu (2006) studied phenotypic and RAPD variation within
and among the four infraspecific groups of flax (dehiscent flax, fiber flax, large-
seeded flax and intermediate flax) to understand phenotypic and genotypic
differentiation within the cultivated genepool. Van Treuren et al. (2001) addressed the
question of redundancy in the flax germplasm from CGN, The Netherlands, through
AFLP analysis and revealed similar appearing genotypes with different accession
numbers in the collection. The ISSR technique for flax fingerprinting was optimized
by Wiesner and Wiesnerova (Wiesner and Wiesnerova, 2003, 2004a) using re-
amplification method and through statistical correlation of free energy of dissociation
of ISSR primers. They also showed statistical correlation between the value of
thousand seed mass (TSM) and ISSR based clustering of 53 flax accessions from
Czech Republic (Wiesnerova and Wiesner, 2004b). Uysal et al. (2010) used ISSRs to
assess genetic diversity of 34 Pale flax (progenitor of the cultivated flax) accessions
collected from Turkey and to compare genetic variation with 493 individual plants
belonging to three major types of cultivated flax (dehiscent, winter, and landrace). It
was observed that Pale flax displayed more ISSR variation than landraces and

dehiscent type, but less than winter type, of cultivated flax. Further, it was also shown
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that 493 individual plants largely clustered according to their plant types and that pale

flax was genetically closer to the dehiscent type.

Simple sequence repeat (SSR) markers were used by Cloutier et al. (2009), Fu
and Peterson (2010) and Fu (2011) to study the genetic relationships between
cultivars, landraces and wild relatives as well as to study flax domestication process.
Smykal et al. (2011) developed a novel method for fingerprinting flax germplasm
based on inter-retrotransposon amplified polymorphism (IRAP) and applied it to over
700 accessions of Czech National Flax Germplasm collection in order to assess
genetic diversity and germplasm structure. Most of the studies show a lower genetic
diversity in cultivated flax than in wild relatives or landraces. All these findings
provide a basis for better flax germplasm management, core collection establishment

and exploration of genetic diversity in breeding material.

2.8 Omics studies

To assist breeding efforts towards improvements of both seed and stem traits,
breeders need a proper understanding of the complexity of the genetic mechanisms
underlying traits such as oil content, FA composition, stem fiber content and fiber
composition etc. Quantitative trait loci (QTL) and association mapping (AM) studies
have the ability to provide some insights into the genetic mechanisms of complex
traits and provide molecular markers to implement marker assisted breeding. In the
last few years, there has been a surge in the area of flax genomics research and

important genetic resources have been developed for this crop.

The first molecular map for flax was developed using RAPDs and RFLPs
where, 19 RFLP and 69 RAPD markers covering 15 linkage groups (LGs) were
identified (Cullis et al., 1995). Later, Oh et al. (2000) analyzed 20 RFLP and 520
RAPD markers of which 13 RFLP and 80 RAPD markers were located on the 15
LGs, in addition to one STS. Thus, the initial linkage map for flax was consisted of
these 94 markers assigned to 15 LGs covering about 1,000 cM (Oh et al., 2000).
During the similar period, an AFLP map was also generated for flax (Spielmeyer et
al., 1998). This map was used to identify two QTLs on independent LGs with a major
effect on resistance to Fusarium wilt. Two hundred thirteen marker loci covered 1,400
cM of the flax genome, with an average spacing of 10 cM and comprising 18 LGs.

The map also incorporated RFLP markers tightly linked to flax rust (Melamspora lini)

Chapter1 34



resistance genes and markers detected by disease resistance gene like sequences.
However, there were some limitations of these maps because of both, the type as well
as limited number of markers present in them. Thus, there was need for a reliable,
high density genetic map of flax that would serve as reference for a wide variety of
applications such as QTL mapping, map based gene cloning, marker assisted crop

improvement, linkage disequilibrium (LD) mapping, phylogenetic analysis etc.

In the next phase of resource development and to understand the molecular
processes associated with the development of fiber and oil in a better manner,
transcriptomic studies were initiated. Roach and Deyholos (2007, 2008) constructed
the first cDNA custom flax array system and successfully used it to characterize gene
expression profiles in fiber-bearing stem tissues. This platform was constructed by
spotting 9,600 anonymous cDNA clones obtained from a flax stem-peel cDNA
library. Further, a high-density microarray platform was developed by Fenart et al.
(2010) using Nimblegen technology. Flax cDNAs generated from various tissues
and/or developmental stages from two different flax cultivars (oil-seed and fiber flax
respectively) were 454-sequenced and assembled into contigs. These contigs
representing genes found in both oil-seed and fiber flax were used to produce a 48K
array. On the same lines, Venglat et al. (2011) reported a total of 261,272 expressed
sequence tags (EST) generated using 13 cDNA libraries representing genes active in
developing embryos, seed coats and endosperm as well as genes expressed in flowers,
etiolated seedlings, leaves and stem tissue. These EST libraries even included

transcription factor genes that are typically expressed at low levels.

In recent years, a large number of SSR markers were developed from various
previously constructed flax EST libraries (Cloutier et al., 2009; Soto-Cerda et al.,
2011) and from SSR-enriched genomic libraries or other genomic sequences (Roose-
Amsaleg et al., 2006; Bickel et al., 2011; Deng et al., 2011; Rachinskaya et al., 2011;
Kale et al., 2012). Ragupathy et al. (2011) identified 4,064 putative SSRs from
bacterial artificial chromosome (BAC) end sequences (BES). There are currently
1,326 SSR markers published in flax (Cloutier et al., 2012a). These markers were
further used for constructing genetic maps and genetic diversity assessment (Fu and
Peterson, 2010; Cloutier et al., 2011; Soto-Cerda et al., 2011). The first integrated
consensus genetic and physical map of flax has been published by Cloutier et al.

(2012b), where they have constructed three linkage maps using three different
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populations containing about 385-469 mapped markers each. The consensus map of
flax incorporated 770 markers based on 371 shared markers including 114 that were
shared by all the three populations and 257 shared between any two populations. The
map with 15 linkage groups corresponds to the haploid number of chromosomes of
this species. The total length of the consensus genetic map is 1,551 ¢cM with a mean
marker density of 2.0 cM. A total of 670 markers were anchored to 204 of the 416
fingerprinted contigs of the physical map corresponding to ~274 Mb or 74 % of the
estimated flax genome size of 370 Mb. Apart from identification of genomic and
EST-SSR, various genes involved in the fatty acid and lignin biosynthetic pathways
have been identified and characterized (Singh et al., 1994; Fofana et al., 2004; Vrinten
et al., 2005; Krasowska et al., 2007; Khadake et al., 2009; Banik et al., 2011).

As a part of the Genome Canada TUFGEN flax genomics project, whole-
genome shotgun sequencing (WGS) of nuclear genome of the CDC Bethune variety
was conducted. Seven paired-end libraries ranging from 300 bp to 10 kb in size, were
sequenced using an Illumina genome analyzer. A de novo assembly, comprised
exclusively of deep-coverage (approximately 94x raw, approximately 69x filtered)
short-sequence reads (44—100 bp), produced a set of scaffolds with Nso =694 kb,
including contigs with N5y = 20.1 kb. The contig assembly contained 302 Mb of non-
redundant sequence representing 81% genome coverage. Up to 96% of published flax

ESTs aligned to the whole-genome shotgun scaffolds (Wang et al., 2012).

The availability of whole flax genome in the public domain led to certain in
silico studies, identifying novel miRNAs and their targets among the flax genes
(Barozai, 2012; Barvkar et al., 2012; Moss and Cullis, 2012; Neutelings et al., 2012).
The genome database has also been used for identifying UDP glycosyltransferase
(UGT) genes from flax, which are involved in the glycosylation process of secondary
metabolites in plants, using a UGT specific conserved signature motif. Total 137
genes were identified and were phylogenetically clustered into 14 major groups
(Barvkar et al., 2012). Using publicly available expressed sequence tag (EST),
microarray data and reverse transcription quantitative real time PCR (RT-qPCR), it
was observed that 73% of these genes showed expression evidence in 15 tissues

examined and indicated varied expression profiles.

Besides the above mentioned genomic and transcriptomic studies, certain

proteomic studies in developing as well as mature seeds of flax have been performed.
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Hradilovéa et al. (2010) reported a comparative analysis of proteomic changes in
contrasting flax cultivars upon cadmium exposure. They observed significant changes
in the expression of 14 proteins (related to disease/defense, metabolism, protein
destination and storage, signal transduction, energy and cell structure) out of total
proteins analyzed from Cd-treated cell suspension cultures derived from these
contrasting cultivars with varying degree of cadmium tolerance, indicating the
presence of natural variation in phytoremediation potential of flax. Flax proteome
analysis was also used to investigate plant adaptation to an environment with a
permanently increased level of radioactivity in the Chernobyl area (Klubicova et al.,
2010). Systematic proteomic characterization of the mature and developing flax seed
from the remediated Chernobyl area was done, yielding quantitative information for
318 and 379 proteins respectively. Further, these proteins were identified and
categorized into various metabolic functional classes. However, due to the lack of
genomic resources for flax at that time, proteins of unknown function comprised the

largest group (Klubicova et al., 2011a; Klubicova et al., 2011b).

2.9 Indian flax agriculture and germplasm

In India, flax is a winter season (rabi) crop and is next in importance to rapeseed-
mustard grown during this season. Thus, the main season for sowing linseed is
October to November depending upon the availability of soil moisture. It is often
grown on marginal and sub-marginal rainfed soils. The major linseed growing states
are Madhya Pradesh, Maharashtra, Chhattisgarh, Uttar Pradesh, Jharkhand, Bihar,
Rajasthan, Karnataka, Andhra Pradesh and Orissa (Vittal et al., 2005; Ahlawat, 2007)
(Figure 1.12).

Presently India ranks first in the world, in terms of the area, with more than
0.45 million ha of land under flax cultivation. However, average yield of flax in the
country is low with, 317.4 kg/ ha, leading to low production of 0.14 million tonnes,
despite of highest land available. Thus, production wise, this positions India at the
fifth place in the world (along with Ethiopia) with Canada leading the chart
(FAOSTAT, 2010) (Figure 1.13).

In India, flax for seed is usually grown as a sole crop with adequate
fertilization. It is normally rotated with hybrid maize, sorghum, pearl millet,

groundnut and cowpea. Another traditional practice used in the country for flax
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cultivation is Utera cropping system. This system has been in practice for efficient
use of residual moisture in rice fields, where tillage is a problem. About 25% of the
flax growing area is under Utera where, linseed is broadcast in the standing rice fields
when the crop is between flowering and dough stages. It is allowed to complete its life
cycle under the moisture stress, with inadequate nutrients and plant protection
measures, resulting in poor yields. Alternatively, on rainfed lands, intercropping of
linseed particularly with chickpea, lentil, durum wheat, barley and safflower is being
popularized on a priority basis to increase the production. This provides stability to

total production from a unit land and higher monetary returns to the farmers.

Figure 1.12: Major flax/Linseed producing states in India. Dots indicate various flax
growing places in the state. (Adapted from Vittal et al. 2005)
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Indian flax varieties are of two types: peninsular types, which have deep root
system; and alluvial types, which are shallow-rooted and are characterized by profuse
tillering. There are a number of varieties available for cultivation in different-cropping
systems, situations and for varied agro-climatic conditions in linseed. During the last
decade, a considerable number of double purpose varieties were developed which
have good seed and fiber yielding potentials. Varieties differ in maturity, growth
habit, and seed size and colour. Some of the popular flax varieties are Jawahar-17,
Jawahar-7 (R-7), Mayurbhanj, LC 185, Hira, Mukta, Neelum, Shekhar, NL97,
NL260, Sheetal, Padmini, Gaurav, Rashmi, Shubhra, Shweta, etc.

Disease and insect pests are the major constraints limiting flax productivity. In
India, alternaria blight is the most serious disease followed by powdery mildew. Wilt,
powdery mildew and linseed bud fly are predominant in Uttar Pradesh, Madhya
Pradesh, Orissa, Maharashtra, Rajasthan and Karnataka. Further, in Chhattisgarh and
adjoining areas of Maharashtra and Orissa, Cuscuta (a phenerogamic plant parasitic
weed) causes heavy losses. Insect pests like termite, cutworm, wireworm, semilooper,
leaf minor and gram pod borer also infest the crop and cause considerable damage.
The reported losses in yield due to diseases and pests in severe conditions are 40-
100% by rust, 60% and above by powdery mildew, 27- 60% by alternaria blight, upto
80% by wilt and 97% by linseed bud fly (Vittal et al., 2005). Most of the farmers still
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practice the Utera system and grow low yielding disease susceptible varieties leading
to low economic returns and hence the area under flax cultivation is slowly
decreasing. This is even supported by the statistical data, which showed that the flax
area decreased from 1.424 million ha in 1986 to 0.754 million ha in 2001 and further
in 2010 it has gone down to 0.45 million ha (FAOSTAT, 2010). All these
observations indicate that flax is largely a neglected crop in India. There is an urgent
need to replace the old varieties from the farmers’ field with new improved high
yielding and disease resistant varieties so as to increase the flax productivity in the

country.

Presently, the Indian flax germplasm consists of nearly 3000 accessions
maintained at the Project Coordinating Unit (Linseed), C.S. Azad University of
Agriculture and Technology Campus, Kanpur, UP. These are categorized in three
groups as oil type, fiber type and dual purpose. Indian flax varieties are known for
bold seeds and good oil content (Diederichsen, 2001; Diederichsen and Fu, 2006) and
produce 30 to 40% oil of which 40 to 50% is ALA. Some varieties with 60-65% of
ALA are also available; while on the other hand, varieties with less than 3% ALA
were developed to produce oil with improved tolerance to rancidity (AICRP on
linseed, Annual Report 2009-2010). So far, the Indian flax breeding program had
objectives such as, development of varieties producing oil with improved shelf life
(containing low ALA), dual purpose varieties that can yield both fiber and oil, and
varieties resistant to pest and pathogens. However, with the knowledge about the
importance of -3 FAs in human diet, the trend is changing and now there is an
increased emphasis on development of high ALA varieties. Moreover, flax is the
cheapest agricultural source of high ALA, which can be incorporated in our diet to
balance the ®-6/w-3 ratio, which is presently skewed towards -6 FAs. Similarly,
although the dual purpose varieties were developed with the aim of combining high
oil content with good fiber quality traits, it was found that such varieties were in fact
inferior in both, the oil content and fiber quality. Thus, the current breeding focus has

shifted to develop specific flax varieties for oil and fiber quality traits.

Chapter1 40



Section 3: Genesis of the thesis

Adequate intake and proper balance of essential fatty acids are necessary to ensure
proper physiological functions of human body. However, in our diet, the levels of -3
FAs are decreasing in an alarming way. Since flax is the only agricultural source of
high ALA (45-65%) it is essential to exploit it for omega-3 nutrition. However,
varietal variations exist in the biochemical parameters, oil content and quality and
yield. Even though, India ranks the first with 0.45 million ha of land under flax
cultivation, production-wise it is placed at 5" in the world, due to its low productivity.
The reports detailing systematic efforts towards flax breeding for omega-3 fatty acid
enhancement are in scanty and in general, it is largely a neglected crop in India. In
view of the nutritional importance and market requirement of flax, it is essential to
breed varieties with disease resistance, higher yield potential and oil with high ALA
content. It was therefore necessary to initiate molecular and biochemical research in
flax to genetically improve its yield as well as nutritional quality. Keeping the Indian
flax agricultural scenario in view, certain objectives for my thesis were designed to
understand the existing diversity in Indian germplasm and mechanism and regulation

ALA synthesis in flax.

3.1 Objectives

1. Assessment of genetic diversity among various Indian flax cultivars using
molecular markers

2. Gas chromatographic analysis of diversity in various fatty acid (FA) contents of
these flax cultivars

3. FA profiling of various seed developmental stages of ten flax varieties varying in
ALA contents

4. Expression analysis of microsomal desaturase genes (SAD, FAD2 and FAD3)
from the seed developmental stages of the ten varieties

5. Isolation and molecular characterization of complete desaturase genes from the

ten varieties
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3.2 Organization of the thesis

The thesis is presented in five chapters and the content of each chapter as follows:
Chapter 1: Introduction and review of literature (the current chapter)

Chapter 2: Assessment of genetic and fatty acid diversity among Indian flax

varieties

This chapter describes molecular genetic analysis of elite flax genotypes actively
involved in Indian flax breeding programs using ISSR markers and its correlation

with their ALA contents.

Chapter 3: Transcriptional analysis of desaturase genes in developing seeds of

flax varieties varying in a-linolenic acid content

This chapter describes the transcriptional correlation of six microsomal desaturase
genes (SAD1, SAD2, FAD2, FAD2-2, FAD3A and FAD3B), which act sequentially in
the fatty acid desaturation pathway; with the fatty acid accumulation in the various

seed developmental stages of ten Indian flax varieties varying in their ALA contents.

Chapter 4: Sequence characterization and in silico structure prediction of

desaturases from the flax varieties varying in a-linolenic acid content

This chapter describes haplotype analysis based on the sequencing of SADI, SAD2,
FAD2, FAD2-2, FAD3A and FAD3B genes as well as protein structure predictions

based on the deduced AA sequences of these genes from the same ten flax varieties.
Chapter 5: Summary and future prospects
Bibliography

Annexure I
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CHAPTER 2

Assessment of genetic and fatty
acid diversity among Indian flax
varieties
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A part of this work has been published in Molecular
Biotechnology (2010) 45: 161-170




2.1 Introduction

The knowledge about diversity and genetic relationships among the primary
germplasm and breeding material gives insight into crop improvement strategies.
Considering the nutritional importance and market requirement of flax, breeding for
higher yielding and disease resistant varieties is imperative. Agronomically superior
and genetically diverse genotypes are expected to contain unique alleles that can be

exploited by crossing them.

Diversity assessment in flax was earlier attempted using morphological
parameters (von Kulpa and Danert, 1962; Diederichsen, 2001) and isozyme markers
(Mansby et al., 2000). The use of DNA based markers to study the same was first
reported by Oh et al. (2000), and later by several groups (Everaert et al., 2001; von
Treuren et al., 2001; Fu et al., 2002a; Fu et al., 2002b; Wiesnerova and Wiesner,
2004b; Fu, 2005; Diederichsen and Fu, 2006; Cloutier et al., 2009; Fu and Allaby,
2010; Uysal et al., 2010; Fu, 2011; Smykal et al., 2011). These groups used molecular
markers not only to study the genetic diversity in the cultivated flax from different
countries all over the world but also, 1) to differentiate infraspecific groups, landraces
and wild relatives of flax, ii) to address the question of redundancy in the germplasm
collections, iii) to find any geographic pattern of variability in the world collection,
iv) to study domestication process, etc. Taking into account most of these studies; it
was observed that the cultivated flax shows a low genetic diversity compared to its
wild relatives or landraces. This is probably because of its domestication process, for

the desired characters over so many years.

Apart from the Middle East, which is believed to be the center of origin of
cultivated flax, India is proposed to be one of the secondary center of diversity
(Vavilov, 1926; Zohary and Hopf, 2000). Indian flaxes are predominantly oil-flax
types, as the warmer Indian climate favors oil accumulation in seeds (Diederichsen,
2001; Diederichsen and Fu, 2006). They are bold-seeded with higher oil content (30
to 40%) of which 40 to 50% is ALA. Varieties with 60 to 65% ALA as well as with
less than 3% ALA have been developed. The latter are targeted to produce oil with
improved tolerance to rancidity (AICRP on linseed, Annual Report 2009-2010).
However, the Indian flax germplasm has not been characterized at molecular level for
genetic diversity. In the present study, the genetic diversity of Indian flax germplasm

was analyzed using ISSR technique, because it achieves higher reproducibility than
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RAPD, detects higher percentage of genomic polymorphism than RFLP, is cheaper
than AFLP, and gives a complex but polymorphic amplification pattern due to
abundance of SSRs in the genome (Zietkiewicz et al., 1994). To the best of our
knowledge, this is the first effort to assess molecular genetic relationship and its
correlation with ALA content among the elite flax genotypes actively utilized in

Indian flax breeding programs.
2.2 Materials and methods

2.2.1 Plant material

Leaf tissue was harvested from flax germplasm collection grown at College of
Agriculture, Nagpur, Maharashtra, India. Alternatively, the seeds of the genotypes
were grown in pots and individual seedlings were harvested for DNA isolations. Total
70 flax genotypes (Table 2.1) were used for the analysis, which included germplasm
accessions, elite cultivars and better performing varieties released for cultivation. To
assess the intravarietal genetic variation, five seedlings each were raised for 18
randomly selected genotypes and the DNAs extracted from these individual seedlings

were subjected to ISSR analysis.

2.2.2 DNA extraction and PCR amplification

Total genomic DNA was extracted from the young leaf tissue using modified
hexadecyl-trimethyl-ammonium bromide (CTAB) method (Richards et al., 1994). In
the first step, 1 g of leaf tissue was ground to fine powder in liquid nitrogen and was
quickly transferred to a polypropylene tube containing 10 ml of pre-warmed
extraction buffer (2% CTAB, 1.4 M NaCl, 100 mM Tris, 20 mM EDTA, 100 mM
Sodium metabisulphite, 1% p-Mercaptoethanol, pH 8.0).The mixture was swirled
gently and incubated at 65°C in water bath for 60 min with intermittent shaking for
efficient lysis of cells. After incubation, the tube was cooled, equal volume of
chloroform: isoamyl alcohol (24:1) was added, shaken gently, and was then
centrifuged at 12,000 g, for 10 min at room temperature. The aqueous layer was
removed carefully with a Pasteur pipette and collected in fresh polypropylene tube.
1/10™ volume of 10% CTAB was added followed by addition of equal volume of
chloroform: isoamyl alcohol. The mixture was swirled gently and the tube was
centrifuged at 12,000 g, for 10 min at room temperature. The aqueous layer was

removed carefully and collected in a fresh polypropylene tube to which % volume of
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precipitation buffer (2% CTAB, 50 mM Tris, 10 mM EDTA, pH 8.0) was added
followed by equal volume of sterile deionized water. The tube was incubated
overnight at room temperature and next day centrifuged at 10,000 rpm, for 10 min at
room temperature and the solution was decanted carefully. As flax contains high
amount of polysaccharides and mucilage, the pellet was dissolved in HSTE buffer
(High salt Tris EDTA-10 mM Tris, 0.5 mM EDTA, 1M NaCl, pH 8.0) and kept at
room temperature till it dissolved. This solution was then precipitated with twice the
volume of chilled ethanol and centrifuged at 12,000 g, for 10 min at 4°C followed by
two 70% ethanol washes. The pellet was dried at room temperature. Sufficient volume
of TE buffer (10 mM Tris-HCI, pH 8.0, 1 mM EDTA) was added to dissolve the
pellet following which RNase treatment was given. The DNA was quantified
spectrophotometrically at 260/280 nm and visually by ethidium bromide staining on
0.8% agarose gel and by comparing it with uncut lambda DNA samples with known

concentrations (Sambrook et al., 1989).

A set of 100 ISSR primers (UBC 801-900, UBC set # 9), procured from the
University of British Columbia (Canada), was used in the present analysis. These
primers were used for initial screening with a subset of flax genotypes and the primers
that generated good scorable patterns were further used with the full set of 70
genotypes. Amplification of 20 ng DNA was performed in 25 pl reaction volume
containing 10X PCR buffer (10 mM Tris HCIL, pH 8.3; 50 mM KCI, 1.5 mM MgCl,),
0.1 mM dNTPs (Amersham Biosciences, USA), 0.4 mM spermidine, 0.3 uM primer
and 0.48 U Tag DNA polymerase (Bangalore Genei, India) using PTC 225 thermal
cycler (MJ Research, USA) programmed for 45 cycles. After initial denaturation at
94°C for 5 min, each cycle comprised 30 sec denaturation at 94°C, 45 sec annealing at
50°C or 60°C depending on the annealing temperature of primers used and 2 min

extension at 72°C with 5 min final extension at 72°C at the end of 45 cycles.

The amplification products were resolved along with ®X174/Haelll marker
(Bangalore Genei, India) on 1.5% agarose gel and electrophoresed in 0.5X TAE
buffer. The gels were stained with ethidium bromide and documented on
ImageMaster VDS gel documentation system (Amersham Biosciences, USA). PCR

amplifications were repeated at least twice to establish reproducibility of the results.
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2.2.3 Fatty acid analysis
2.2.3.1 Preparation of fatty acid methyl esters (FAMEs)

Flax seeds were powdered by using mortar and pestle in liquid nitrogen and this
powder (100 mg) was taken in 10 ml screw cap glass tubes. Fatty acids present in the
seed oil were esterified adding 5 ml 0.6N methanolic-HCl with 0.2% Butylated
hydroxyl toluene (BHT) to the seed powder. Tube with the above mixture was
incubated in water bath at 85°C for 2 hr. The tube was removed from the water bath
and kept on ice for cooling. The fatty acid methyl esters (FAMESs) thus formed were
extracted in 3 ml hexane by following way: In the cooled esterified seed mixture 3 ml
hexane was added, the tube was then vortexed properly and centrifuged at 3000 rpm
for 15 min at room temperature. The upper hexane layer consisted of FAMEs and
with the help of a Pasture pipette; it was separated in a fresh 5 ml screw capped glass
vial. Extracts were dried in argon current and reconstituted in 1:200 volumes of

chloroform (Manku et al., 1983).
2.2.3.2 Gas chromatography

One pl of chloroform reconstituted FAMEs was injected in AutoSystem XL GC
(Perkin Elmer, USA) with SP-2330 Supelco capillary column, 30 m long and 0.32
mm diameter. The temperature program was 150°C for 10 min, followed by 10°C
rise/min up to 220°C and steady for 10 min. Helium 1 ml/min was used as the carrier
gas. The injector port was maintained at 240°C and FID detector temperature was
275°C. Appropriate fatty acid standards were procured from Sigma Aldrich (USA)
and the fatty acid peaks were identified by integrating them with the standards’
profiles. The area under the peak was expressed as percentage fatty acid content.

Estimation of each sample was repeated minimum three times.

2.2.4 Total oil content

The total oil content data of the genotypes were compiled from All India Coordinated
Research Project on Linseed, College of Agriculture, Nagpur, MH, India and All
India Coordinated Research Project on Linseed: Annual Report Kanpur, UP, India;
2007-2008. Further, absolute ALA content was calculated on the basis of percentage
ALA present in the total oil of each genotype.
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2.2.5 Data analysis and softwares used for genetic diversity studies

Only consistently reproducible ISSR bands on the gel were scored as present (1) or
absent (0) and a binary matrix for each marker was prepared. Similarity matrix within
the population was constructed using the software WINDIST of WINBOOT package
(Yap and Nelson, 1996). Cluster analysis was performed using MVSP (Multi Variate
Statistical Package) version 3.13 (Kovach, 1998) and a dendrogram was generated
based on the similarity matrix by the Unweighted Pair Group Method with Arithmetic
Mean (UPGMA), where the Jaccard’s coefficient was used as the measure of
similarity or distance. Principal Component Analysis (PCA) was also carried out in

MVSP and a scatter plot was developed on the first two components.

The polymorphism information content (PIC) for each locus is calculated as
PIC=1-Y P?, where P;is the band frequency of the ith allele (Smith et al., 1997).
However, in case of RAPD and ISSR, the PIC was considered to be 1-p*-¢*, where p
is band frequency and ¢ is no band frequency (Ghislain et al., 1999). The PIC values
were then used to calculate an ISSR primer index (SPI), which was generated by
summing up the PIC values of all the loci amplified by the same primer. The
probability (PI) that two randomly selected genotypes would exhibit identical DNA
fragment profiles using the same set of ISSR primers was calculated as, PI = (Xp)",
where Xp represents the average genetic similarity index for all the pair wise
comparisons and n is the mean number of fragments obtained per genotype (Wetton et

al., 1987).

The heterozygosity per locus (or intralocus gene diversity) (h;) for a genetic
marker is calculated as hi=1-2p,~2 (Nei, 1978). However, for biallelic DNA markers, it
is calculated as h; =1-pi> - ¢;*, where pj is the frequency of the present allele and ¢; is
the frequency of the second allele. For ISSR markers, which are dominant in nature,
the second allele is considered to be null. The frequency of the null allele at locus i

2 where x; is the no. of individuals with null alleles per

(g:) was estimated as ¢g; = [Xi]
locus in the population. Whereas, the frequency of the present allele was estimated as
pi = 1- g;. In case of dominant markers, total and average heterozygosity cannot be
estimated, as these do not allow discrimination between heterozygous and
homozygous individuals. Therefore, ‘average gene diversity’ (H;) given by the
formula H; = ZiLhi/L, was estimated, where L=total number of loci amplified by the

marker system.
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Based on the ALA content, the genotypes were ranked in ascending order,
with the genotypes having the highest ALA content ranked 1 (Table2.1). The ALA
contents of the genotypes were correlated with the clusters of the dendrogram. Mean
values of each cluster were calculated and subjected to the analysis of variance
(ANOVA). The ‘F’ ratio was calculated and used to compare the variance among the
clusters to the variance within the clusters. The probability of ‘F’ value obtained was
compared with the critical alpha level to estimate the significance at 95 and 99%
levels. Following this, ‘post-hoc’ or ‘after the fact’ test was performed by calculating
‘> values between all the clusters. Significant difference among the cluster is a
measure of cohesiveness and goodness of fit of the ‘chemotype’ with the UPGMA

cluster.

PCA was performed to study the distribution of 70 genotypes based on their
fatty acid (FA) profiles using XLSTAT ver. 2006. Both, the score plot and the loading
plot were constructed and compared to analyze the contribution of each FA present in
the seed oil for distribution of flax genotypes in various quadrants of the PCA plot.
Further, the FA data of all the 70 genotypes were standardized to have mean 0 and
standard deviation 1. The standardized data were used for calculating distance matrix
based on Euclidean distance method and clustering was done using agglomerative
hierarchical clustering (AHC) with Ward’s agglomeration method in XLSTAT. The
distance matrix and the clusters were formed on the basis of both, all the five FAs
profiled for flax varieties as well as considering individual FAs. To find statistically
significant correlation between the distance matrices based on FA content and the

ISSR molecular data for genotypes, Mantel’s test was carried out using XLSTAT.
2.3 Results

2.3.1 Genotypic diversity analysis based on molecular studies

2.3.1.1 ISSR analysis

One hundred UBC ISSR primers were initially screened with a subset of 18 flax
genotypes and 12 primers that gave clear and reproducible patterns were used for the
analysis of 70 genotypes enlisted in Table 2.1. A total of 136 loci were obtained of
which 87 were polymorphic. A maximum of 51 polymorphic loci were amplified in
the genotype Rashmi and a minimum in the genotype LC-2023 (33 loci). The
percentage of polymorphic loci for all the genotypes ranged from 37.93 to 58.62%,
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with an average of 47.41%. The number of amplified loci by the primers varied from
6 (UBC 815) to 20 (UBC 841) (Table 2.2), with a size range of 180 to 2000 bp. The
average number of amplified loci and polymorphic loci per primer were 11.3 and
7.25, respectively. The percent loci polymorphism ranged from 11.1 (UBC 809) to
81.8 (UBC 808) with an average of 63.9 across all the genotypes. Figures 2.1A and
2.1B depict the representative amplification profiles of 70 genotypes with primer
UBC 835 and UBC 841. It was observed that most of the primers showing
polymorphism had AG/GA repeats and the average number of polymorphic loci
produced by (AG), and (GA), repeat containing primers were also similar (7.4). A

genetic distance matrix was generated based on these 87 polymorphic loci.

Table 2.1: Fatty acid composition and seed oil content in flax genotypes

S.  Genotypes Fatty acid content (%) ALA Total  Absolute Absolute

e PA SA OA LA ALA MM N comtent  Rank
(%)
1 4A/S$NO' 8 9 28 17 38 17 32.00 12.16 11
2 EC9826 8 7 36 10 39 16  40.00 15.60 8
3 KL-I 6 6 31 14 42 13 38.00 15.96 8
4 LC-2023 8 7 27 15 43 12 41.00 17.63 6
5 KL214 8 8 28 17 39 16  37.00 14.43 10
6 EC09825 7 6 24 12 51 4 40.00 20.40 4
7 EC-1392* - - - o . - 36.00 - -
8  A-95B 6 6 35 10 43 12 3940 16.94 7
9  A-125% . - 39.20 - -
10 LCK-8605 §& 10 30 15 37 18 3750 13.88 10
11 BR-1 8§ 10 27 14 40 15 3723 14.89 9
12 R-552 6 6 24 14 50 5 38.75 19.38 5
13 BC41689 7 6 29 16 41 14  39.00 15.99 8
14 ELITA 7 7 30 15 41 14 42.00 17.22 7
15 JRF-5 7 7 32 16 37 18  31.00 11.47 12
16 EC-1424 7 7 27 14 44 11 3411 15.01 9
17 BAU-610 7 6 30 18 38 17  40.00 15.20 9
18 Ayogi 9 4 36 19 31 20  28.00 8.68 14
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S.  Genotypes Fatty acid content (%) ALA Total  Absolute Absolute
e PATSA OA LA ALA M Nl coment  Rank
(%)
19 GS-234 7 24 14 47 8 41.00 19.27 5
20  Sheetal 7 6 26 14 47 8 41.00 19.27 5
21  ES-45%* - - - - - - - - -
22 Neelam* - - - - - - 41.00 - -
23 NL-97 6 6 23 13 51 4 42.00 21.42 3
24  RLC-85 6 7 25 16 46 43.36 19.95 4
25  Himalini* - - - - - - - - -
26 LC-283 6 6 26 14 49 6 41.00 20.09 4
27  KL-178% - - - - - - 38.82 - -
28 ES-44 8 11 25 22 34 19 29.00 9.86 13
29 ]13_’?2_212_ 8 9 31 16 30 21 38.61 11.58 11
30 IDSN-I 7 5 25 17 45 10 38.00 17.10 7
31 LMS-9-2K 7 7 33 12 41 14 40.77 16.72 7
32 RL-2204* - - - - - - 42.44 - -
33 IDSN-7 7 7 29 11 45 10 42.00 18.90 5
34 SLS-50 7 6 21 15 50 5 37.87 18.94 5
35 BAU-99%6 7 9 33 10 41 14 35.06 14.37 10
36  RL99-19 8 7 33 9 42 13 41.00 17.22 7
37 ]ggcoléé 8 7 30 13 42 13 42.00 17.64 6
38 LCK-+4l 7 5 30 15 42 13 41.00 17.22 7
390 0o’ 6 6 24 13 5L 4 4100 2091 3
40  JLT-32 6 5 28 14 47 8 38.96 18.31 6
41  IDSN-3 7 5 26 15 47 8 39.00 18.33 6
42 IDSN-10 6 8 31 9 46 9 42.00 19.32 5
43  Meera* - - - - - - 39.00 - -
44 0-30201 7 9 28 16 39 16 43.00 16.77 7
45 ]2“11;/18_17_ 6 6 29 10 47 8 44.00 20.68 3
46  IDSN-2 8 5 28 13 45 10 41.00 18.45 6
47  0-30220 7 8 31 10 44 11 40.00 17.60 6
48  RL-2205 7 8 28 10 46 9 38.60 17.76 6
49 NL-115 7 6 24 13 50 5 42.00 21.00 3
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S.  Genotypes Fatty acid content (%) ALA Total  Absolute Absolute

e PA SA OA LA ALA N N comtent  Rank
(%)
50 Kiran 8§ 4 23 14 49 6 43.00 21.07 3
51  Parwati 7 8 30 10 44 11  40.00 17.60 6
52 OL-98-132 7 5 23 13 51 4 40.00 20.40 4
53 NL-155 6 5 20 13 54 1 38.00 20.52 3
54  Sweta 7 6 26 11 49 6 42.00 20.58 3
55  Padmini 7 5 22 12 54 1 43.00 23.22 1
56 Garima 7 6 21 12 53 2 42.00 22.26 2
57 123 7 5 21 13 54 1 41.00 22.14 2
58 JLS-9 6 6 25 12 50 5 42.00 21.00 3
59 T-397 7 5 23 14 50 5 44.00 22.00 2
60 NL-151 7 6 25 12 50 5 43.00 21.50 2
61  Shubhra 7 7 29 11 46 9 45.00 20.70 3
62 NL-126 6 6 20 12 54 1 42.00 22.68 1
63 NL-119 7 6 22 12 53 2 42.00 22.26 2
64  Sheela 6 5 26 11 51 4 41.00 20.91 3
65  Surbhi 7 3 24 13 52 3 42.00 21.84 2
66  Gaurav 8 4 22 17 48 7 40.00 19.20 5
67  Rashmi 7 7 25 12 47 8 36.05 16.94 7
68 Nagarkot 8 5 24 11 50 5 39.00 19.50 4
69 Jeevan 7 5 21 12 49 6 37.86 18.55 5
70 Dharwad g o 9 4 s 3 41.00 21.32 3
local
Notes:

(i) *Enough seed material was not available for fatty acid analysis

(ii) The fatty acids are abbreviated as- PA: Palmetic acid, SA: Stearic acid, OA:
Oleic acid, LA: Linoleic acid, ALA: a-Linolenic acid
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The range of PIC scores obtained in this study was 0.03 to 0.49, with an
average of 0.18. As ISSRs are usually dominant markers, 0.50 will be the highest PIC
score for any locus (Li and Nelson, 2001). The ISSR primer index (SPI), which is the
sum of PIC values of loci amplified by the same primer, ranged from 0.11 to 3.22
(Table 2.2). This index reveals the information content of the ISSR primers per assay.
The probability (PI) of obtaining an identical match by chance using the same set of
ISSR primers was very low at 5.1x10®. The intralocus gene diversity, h;, for the
polymorphic loci ranged from 0.01 to 0.49, whereas the average gene diversity, H;,
obtained using the ISSR markers was 0.15 across all the loci.

Table 2.2: The ISSR primers used, number of amplified & polymorphic loci and
percentage polymorphism in evaluation of genetic diversity

Sr. Primer Repeat No. of No. of Percentage SPI §
No. number motif * amplified polymorphic  polymorphism
loci loci
1 UBC 807 (AG)n C 12 7 58.3 1.62
2 UBC 808 (AGn G 11 9 81.8 1.13
3 UBC 809 (GAnT 9 1 11.1 0.11
4 UBC 810 (GAn C 10 5 50.0 0.93
5 UBC 811 (GAn A 12 9 75.0 1.93
6 UBC 815 (CAnT 6 4 66.6 0.99
7 UBC834 (AGnYT 9 5 55.5 0.94
8 UBC835 (AGnYC 16 12 75.0 2.92
9 UBC836 (AG)nYG 8 4 50.0 0.11
10 UBC840 (GAnYT 9 7 71.7 0.97
11 UBC841 (GAnYC 20 15 75.0 3.22
12 UBC856 (AC)n YA 14 9 64.3 1.95
Average 11.3 7.25 63.9 1.40
* Y- Pyrimidine + SPI — ISSR primer index
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A)

(B)

Figure 2.1: Amplification profiles of 70 genotypes using (A) UBC 836 primer and (B) UBC 841 primer. ‘M’ represents ®X174/Haelll

molecular marker
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2.3.1.2 Analysis of intravarietal genetic variation

Genetic variation within the genotypes was assessed in 18 randomly selected
genotypes by analyzing five plants each, with the 12 polymorphic ISSR primers. Of
the 18 genotypes, nine showed monomorphic patterns with all the 12 primers,
whereas the remaining nine showed polymorphism with 1 to 3 primers (different for
each genotype). The percentage polymorphism ranged from 0.98 to 8.33. To test
whether this variation was statistically significant, an Analysis of Molecular Variance
(AMOVA) was performed, where it was observed that the intravarietal variation
(7.38%) was significantly less than the intervarietal variation (92.62%). Therefore for

further analysis, DNA derived from 1 g leaf tissue of each genotype was used.
2.3.1.3 ISSR based genetic relationships among the flax genotypes

The similarity coefficient for all the 70 genotypes ranged from 0.60 to 0.97, averaging
0.83. A dendrogram based on the UPGMA algorithm using Jaccard’s similarity
coefficient (Figure 2.2), distributed the 70 flax genotypes in five major clusters at
various similarity values. The genotypes, ‘Sheetal’, ‘SLS 50°, ‘Ayogi’, ‘EC 1424’ and
‘JRF 5° were the most distinct from others and did not fall in any cluster. The clusters
II, IIT and IV comprised majority of the flax genotypes while the cluster I with 11
genotypes and Jaccard’s similarity value of 0.82 appeared to be distinct from the other
clusters. Two pairs of genotypes namely, ‘KL 178’ & ‘LMS09-2K' and ‘Rashmi’ &
‘Nagarkot’ did not group well with the rest of the clusters. The former pair branched
out from the node common to clusters III and IV and the latter from the node common
to cluster I, II, III and IV. Cluster V was genetically the most diverse from the rest of
the four clusters. The genotype ‘IDSN-1’ further joined at the node common to all

five clusters.
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Figure 2.2: Dendrogram based on Jaccard’s coefficient of genetic distances
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2.3.1.4 Principal Component Analysis

The Principal Component Analysis (PCA) was performed to study the distribution of
70 genotypes according to ISSR molecular data, which revealed the first three most
informative principal components with eigenvalues of 0.89, 0.77 and 0.66,
respectively, which together accounted for 27.3% of the total genetic variation. PCA
in combination with cluster analysis is a useful tool to extract maximum information
from the molecular marker data, if the first two or three components explain >25% of
the original variation (Messmer et al., 1992). Moreover all the 70 genotypes used for
the analysis dispersed well into the four quadrants indicating good polymorphism in
this set of flax varieties. The results of the PCA (Figure 2.3) were comparable to those
obtained with cluster analysis. The genotypes ‘Sheetal’ (20) and ‘Ayogi’ (18) were
placed away from the rest of the genotypes, indicating their diverse nature and

confirming the results of clustering based on Jaccard’s coefficient.
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Figure 2.3: Principal Component Analysis (PCA) scatter plot of the flax genotypes
(The numbers indicate genotypes as in Table 2.1)
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2.3.2 Fatty acid analysis

Fatty acid analysis of the flax seeds showed the presence of five major fatty acids
with predominance of 18 carbon species, namely, a-linolenic acid (ALA 18:3),
linoleic acid (LA 18:2), oleic acid (OA 18:1) and stearic acid (SA 18:0) and 16 carbon
species, namely palmitic acid (PA 16:0), all of which are members of the same
pathway catalyzed by the elongase and desaturase enzymes. The ALA contents of the
genotypes in the present study ranged from 30% (‘BAU-212-1-15", ‘Ayogi’) to 54%
(‘NL155°, ‘Padmini’, ‘J-23°, ‘NL126°) (Table 2.1). When the fatty acid data were
arranged according to the clusters obtained from the molecular data, the high ALA
containing genotypes were grouped together in the clusters III and V with less
deviation while cluster I with high LA containing genotypes (Table 2.3). The clusters
IIT and V contained cultivars with ranks 1-11 and 1-8 respectively, which correspond
to ALA ranging 54-44% and 54-47%, respectively. Further, the average ALA
contents of the clusters III and V were significantly different (higher) than that of
other clusters, as indicated by the probability values (Table 2.3 and Table 2.4A).
Average LA value of Cluster I was significantly different (higher) than all the
remaining clusters (Table 2.3 and Table 2.4B) while, average OA values of cluster III
and Cluster V were significantly different (lower) than that of remaining three clusters
(Table 2.3 and Table 2.4C). Average SA values for all the five groups were low and
showed very little variation among them (Table 2.3 and Table 2.4D). It can be clearly
observed that the clusters III and V containing high ALA varieties had significantly
lower OA and SA content (Table 2.3).

Table 2.3: Fatty acid content (%) among the groups of flax genotypes

Specific fatty Group I Group II Group IIT Group IV Group V
acids*

ALA 40.55 +4.4 44.84 +4.0 51.00 +2.7 44.50+3.9 51.40+ 1.1
LA 15.77£3.6 13.53 +1.8 12.14 +1.1 1291 +£2.2 12.80+ 1.1
OA 28.00 £3.2 28.23 +4.1 24.14 £2.5 28.83 £2.5 23.2+£23
SA 7.88+£2.1 6.61 £1.19 5.78 £1.12 6.83£1.4 5.6 +0.54
PA 7.77 £0.6 6.76 0.8 6.92 +£0.4 6.91 £0.8 7.0+£0.70

* For fatty acid abbreviations, please refer footnote of Table 2.1
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Table 2.4A: Probability values among the groups of flax genotypes based on ALA

content

Group I Group II Group IIT Group IV Group V
Group I 0.0119 * 0.0000 ** 0.0215%* 0.0002**
Group II 0.0001 ** 0.8144 0.0031**
Group III 0.0001 **  0.8326
Group IV 0.0025%*
Group V

Table 2.4B: Probability values among the groups of flax genotypes based on LA

content

Group I Group II Group IIT Group IV Group V
Group I 0.0126 * 0.0003 ** 0.0015 ** 0.0251*
Group II 0.0724 0.1731 0.4549
Group 111 0.3154 0.1483
Group IV 0.2598
Group V

Table 2.4C: Probability values among the groups of flax genotypes based on OA

content

Group I Group II Group IIT Group IV Group V
Group I 0.4584 0.0013 ** 0.2858 0.0041**
Group II 0.0003 ** 0.3063 0.0019 **
Group III 0.0001 ** 0.4192
Group IV 0.0007 **
Group V
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Table 2.4D: Probability values among the groups of flax genotypes based on SA
content

Group I Group II Group IIT Group IV Group V
Group I 0.0245 * 0.0003 ** 0.0404 0.0015 **
Group II 0.0331 * 0.4119 0.0621
Group III 0.0221 0.4608
Group IV 0.0455

Group V

* Significant at 95% probability
** Significant at 99% probability

2.3.2.1 Total oil content

Total oil content of the genotypes ranged from 28 to 45% (Table 2.1), with an average
of 40%. Ayogi had the lowest oil content (28%), while Shubhra yielded maximum of
45% oil. Based on the oil content, absolute ALA content was also calculated with

maximum of 23.22 in Padmini and minimum of 8.68 in Ayogi (Table 2.1).
2.3.2.2 Principal Component Analysis

PCA was performed to study the distribution of 70 genotypes based on their FA
composition (composed of five FAs viz., PA, SA, OA, LA and ALA). First two
principal components accounted for 73.89% of the total observed variance (Figure2.4)
in the FA composition among 70 genotypes.PC1 had positive loading of PA, LA and
ALA and negative loading of SA and OA, while PC2 had positive loading of ALA
and negative loading of PA, SA, OA and LA. These loadings separated ALA in the 1*
quadrant, LA and PA in the 2" quadrant and SA and OA in the 3™ quadrant. The PCA
scores distributed 70 genotypes in all the four quadrants. It was observed that ALA
was the contributing FA for the distribution of varieties in the 1%and the 4thquadrant;
LA and PA for the varieties in the 2ndquadrant while SA and OA for the varieties in

the 3"quadrant.
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Figure 2.4: Principal Component Analysis (PCA) - distribution of genotypes based
on the fatty acid composition (All the five FAs viz., PA, SA, OA, LA and ALA, were
considered for the analysis)

2.3.2.3 Agglomerative hierarchical clustering (AHC)

Based on the standardized FA data of 70 flax genotypes, distance matrix using
Euclidean distance method was generated, where the distance ranged from 0.24 to
7.56 with average of 2.65. Using agglomerative hierarchical clustering (AHC) with
Ward’s agglomeration method, five clusters were formed for the flax genotypes when
all the five FAs as well as individual FAs were considered. Further, on performing the
Mantel’s test to find correlation between the distance matrices based on FA content
and the molecular data for genotypes, it was observed that only the matrices based on
LA and ALA data for the genotypes showed statistically significant (p<0.0001)

correlation with the distance matrix based on the ISSR molecular variation.
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2.4 Discussion

2.4.1 ISSR marker based genetic diversity

Information about the distribution of genetic diversity conserved in germplasm
collections is important for unlocking that diversity for further use (Tanksley and
McCouch, 1997). ISSR-PCR assays use Simple Sequence Repeat region anchored
primers that bind to abundant microsatellite loci of the genome and show dominant
inheritance. It is, therefore useful in detecting genetic diversity by amplifying a large
number of loci to reveal polymorphism in wider portion of the genome
simultaneously. Charters et al. (1996) reported 56 variable bands in oilseed rape
cultivars with only two primers that could distinguish all the 20 cultivars. While
Huang and Sun (2000) observed 2071 ISSR loci with 15 primers in 40 genotypes of
Ipomea and 62% of the loci were polymorphic. Flax genome is relatively small in
size; 370Mb/haploid genome divided in 15 similar appearing chromosomes; and 35%
of the genome is highly repetitive with tandemly arrayed sequences (Cullis, 1990; Oh
et al., 2000; Ragupathy et al., 2011). Wiesnerova and Wiesner (2004b) reported
72.6% polymorphism using nine anchored ISSR primers for 53 Czech flax cultivars,
while in the present study; we detected 63.9% average polymorphism in 70 flax
genotypes using 12 ISSR primers. The lower level of polymorphism indicated less

diversity in the germplasm used in our analysis.

The average gene diversity observed among the genotypes was low (H;=0.15),
which could be because of the fact that most of the genotypes taken for this study
were either breeding lines, released varieties for dual-purpose (oil and fiber) or elite
varieties, which might be genetically similar. Low and non-significant intravarietal
variation observed within few randomly selected genotypes indicated purity of the
seeds of individual genotypes used in the study. The PIC value is a measure of
variability at a specific locus. Higher the PIC value for a locus, higher is the
probability that polymorphism will exist between any two randomly selected
genotypes at that locus. The range of PIC scores in this study was 0.03 to 0.49, with
an average of 0.18. The low average PIC value obtained in the present study again
underscores the nature of the genotypes used. On the other hand, ISSR primer index
(SPI) is indicative of the efficiency of the marker system. In our study, the SPI ranged
from 0.11 to 3.22, with an average of 1.40. The primers UBC 841 and UBC 8§35,
having the higher SPI values of 3.22 and 2.92, respectively, were found to be the two
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best UBC-ISSR primers for detecting polymorphism in flax. The PI value (probability
of two randomly selected genotypes exhibiting identical DNA fragment profiles using
a set of primers) indicates the ability of a set of primers to uniquely distinguish two
genotypes. The PI value using the 12 ISSR primers was 5.1x10®, which is very low,

indicated the efficiency of these primers to uniquely identify different genotypes.

2.4.2 Fatty acid diversity and its correlation with the genetic diversity among

the genotypes

A wide range of diversity for fatty acid composition was observed in the present study
as well as among the Canadian flax cultivars (Diederichsen, 2001). The 70 flax
genotypes in our study were grouped into five clusters based on the ISSR data.
Correlation of FA contents with the clusters exhibited a meaningful segregation of
clusters III and V with high ALA content while cluster I with that of LA (Table 2.3).
The genotypes in these clusters suggested genetic differences associated with these
chemotypes. To test if there was a true association between ALA content and genetic
diversity, the genotypes were ranked according to ALA content and the ranks were
placed against genotypes in each group. Although, the cluster III and V housed ranks
1-11 and 1-8 respectively, the correlation of the ranks with the other groups was not
significant. However, Mantel’s test revealed that the molecular variation statistically
correlated well with the LA and ALA variation within the varieties analyzed. This
indicated that even though the ISSR markers could not completely differentiate the
flax varieties based on their FA composition, some of the loci amplified by them
might be linked with the genes or QTLs involved in the FA biosynthetic pathway.
This was augmented by the correlation between molecular variation and LA and ALA

content in the genotypes.

All the fatty acids that we studied are from the same metabolic pathway;
where SA is converted to OA, OA to LA and LA to ALA. Although, these
conversions are mediated by A9, A12 and Al5 desaturases, the influence of their
variation in regulation of expression might not correlate them completely with the
genetic groupings in the dendrogram. These results indicate that genic or functional
markers for the fatty acid biosynthesis pathway and their expression patterns and
levels might be necessary for elucidating the diversity of FA content within the flax

genotypes.
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2.4.3 Implications of genetic diversity

The basis of crop improvement is selection operating on genetic variability, which
provides adaptability to variables like environment, pest and disease incidences and
market. The knowledge of genetic variation is therefore useful to select genotypes for
breeding programs to develop new varieties for target traits, environments and
markets. Several researchers have reported the use of molecular genetic distance to
select diverse parents; which when crossed, gave higher heterosis in various crop
plants (Xiao et al., 1996; Lanza et al., 1997; Paz and Veilleux, 1997; Chowdari et al.,
1998; Sant et al., 1999; Joshi et al., 2001; Riaz et al., 2001). Riaz et al. (2001) showed
that the crosses of Brassica napus lines located in different clusters had higher seed
yield than those from the same clusters. In related studies, Paz and Veilleux et al.
(1997) found that RAPD markers could facilitate identification of diverse parents to
maximize the expression of heterosis in Solanum phureja hybrids. The parental
genetic distance was successfully associated with tuber yield among their progenies.
Similarly, Lanza et al. (1997) used RAPDs to determine the extent of genetic diversity
among maize inbred lines, for allocating genotypes into various groups and also to

select the parents from different clusters to develop superior hybrids.

This study identified the genotypes ‘Sheetal’, ‘SLS 50°, ‘Ayogi’, ‘EC-1424’
and ‘JRF5’to be genetically the most diverse from other genotypes. Their potential in
containing unique alleles can be exploited by crossing them with elite lines from other
genetic clusters. For example the crosses, ‘Ayogi’ (low ALA) X ‘NL155° (high
ALA), ‘Ayogi’ (low ALA) X ‘NL97’ (high ALA), ‘Neelam’ (susceptible to powdery
mildew and bud fly) X ‘JRF5’(resistant to powdery mildew and bud fly), may be
made, which might produce high yielding flax varieties, compared to other crosses
involving parents from the same clusters. However, overall, the study revealed low
genetic diversity in the 70 Indian flax genotypes that are actively being used in
breeding programs. This emphasizes the need to widen and diversify the genetic base
of Indian flax breeding material, by using genetically diverse lines from the flax
germplasm collection. It is crucial to seek new sources of favorable alleles by
collecting and utilizing the landraces, local and exotic varieties in the breeding
programs. It is also vital to eliminate duplicates and to establish and catalog a core
germplasm collection for better management and utilization in Indian flax breeding

programs.
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CHAPTER 3

Transcriptional analysis of
desaturase genes in developing
seeds of flax varieties varying in
a-linolenic acid content

This work has been communicated to
Phytochemistry




3.1 Introduction

Desaturation is an important biochemical process in the FA biosynthesis pathway.
Fatty acid desaturases (FADs) are hence the key enzymes that convert saturated FAs
to unsaturated FAs. Among these, the three desaturases, viz., SAD (A9), FAD2 (A12)
and FAD3 (A15), drive the poly-unsaturated fatty acids (PUFA) synthesis pathway
and appear to exist in multiple forms and locations within cells in different plant
systems. In case of flax, two SAD genes viz., SADI and SAD2, are reported (Singh et
al., 1994; Jain et al., 1999). However, the expression profile of only SAD/ gene
isoform during seed development in flax variety AC McDuff has been analyzed by
Fofana et al. (2006). The next desaturase in the series is membrane bound FAD2 and
in flax, two full length FAD2 genes viz., FAD2 and FADZ2-2 have been cloned and
characterized (Krasowska et al., 2007; Khadake et al., 2009). Expression profile of
FAD?2 gene during seed development was also studied in Canadian flax variety AC
McDuff by Fofana et al. (2006). Lastly, three microsomal FAD3 genes viz., FAD3A4,
FAD3B (Vrinten et al., 2005) and FAD3C (Banik et al., 2011) have been reported in
flax. Transcript profiling of these three genes during seed development was performed

by Banik et al. (2011) in four Canadian flax varieties varying in their ALA content.

Traditional Indian flax varieties are known to have high oil content (30-40%)
with varying amounts of ALA. However, the molecular insight into ALA biosynthesis
is not yet reported. In the present study, we performed FA profiling of various seed
development stages of ten Indian flax varieties, classifying them in high and low ALA
groups based on their ALA content at the mature stage. Further, transcript analysis of
all the three desaturase genes was performed in the same tissues using real time PCR,
so as to determine the role of each desaturase gene in the differential accumulation of

ALA 1in these flax varieties.
3.2 Materials and methods

3.2.1 Plant material

High and low ALA containing varieties of flax were selected based on earlier data
obtained while studying flax genetic diversity. The varieties with more than 45%
ALA (NL260, EC9825, Padmini, NL97 and Surabhi) were considered under high
ALA group; while those with less than 45% ALA were grouped under low ALA
group (JRF5, Acc. No. 4/47, Ayogi and ES44). TL23, a mutant variety with less than
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2% ALA was also included in the study. These varieties were grown at the fields of
All India Coordinated Research Project on Linseed (flax), College of Agriculture,
Nagpur, Maharastra, India in triplicate sets. For fatty acid profiling by gas
chromatography (GC) analysis and expression studies, flowers of each variety were
individually tagged on the day of anthesis (Figure 3.1A). Some of the open flowers
were collected on the same day and constituted the 0 days after anthesis (DAA) or
flower stage of the sample set. Further, developing bolls were collected on 4, 8, 12,
16, 22, 30 and 48 days after anthesis (DAA), with a total of eight time-points
(including flower stage). The stages 4-8 DAA represent early maturity, 12-16 DAA
mid maturity, 22-30 DAA late maturity, while 48 DAA represents mature seeds
(Figure 3.1B). The tissues were immediately frozen in liquid nitrogen and stored at

-80°C till the extraction of total RNA and the fatty acid methyl esters (FAMEs).

1979¢¢2

Figure 3.1: (A) Flower tagging, (B) Eight developing seed stages of flax
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3.2.2 Fatty acid analysis

Fatty acids methyl esters (FAMEs) were extracted from each of the eight seed
developmental stages of the ten flax varieties as described in Chapter 2. The
extractions were performed twice with three bolls per replicate (biological replicates).
One pl of chloroform reconstituted extracts were injected in 6890N network GC
system (Agilent Technologies, USA) with SP-2330 Supelco capillary column, 30 m
long and 0.32 mm diameter. The GC was programmed as detailed in Chapter 2. Fatty
acid peaks were identified and its percentage at each stage was also obtained as
described there. FA profiling for each sample was repeated minimum twice (technical
replicates). For obtaining the final percentage of FA content at each developmental
stage, mean value of technical replicate of each biological replicate was obtained and
further averaging of the mean values of all the biological replications was done. To
analyze the distribution of ten flax varieties based on the FA data, PCA was carried

out using Systat software (Version 11, Richmond, CA).

3.2.3 Transcript profiling
3.2.3.1 RNA extraction and cDNA synthesis

RNA from the eight seed developmental stages of ten flax varieties was extracted
using Spectrum™ Plant Total RNA Kit (Sigma-Aldrich, USA). The developing bolls
were ground into a fine powder in liquid nitrogen using a precooled mortar and pestle.
This tissue powder (100 mg) was further used to extract RNA according to the
manufacturer’s instructions. The isolated total RNA was quantified using Nanodrop
1000 spectrophotometer (Thermo Scientific, USA). The quality and relative quantities
were also checked on 1% standard RNA formaldehyde agarose gel. The RNA
extractions were performed in triplicates (three biological replicates) and each
replicate consisted of 3-5 bolls. The extracted total RNA was treated with RNase-free
DNase (Promega, USA) and 1 pg of this DNA-free total RNA was reverse-transcribed
using oligo(dT) primer and MultiScribe™ reverse transcriptase enzyme (Applied
Biosystems, USA) in a 20 pl reaction volume. The cDNA synthesis was repeated for
all the three biological replicates, which were used for further desaturase gene

expression analysis by real-time PCR.
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3.2.3.2 Real-Time PCR and analysis

Real-time PCR was performed on 7900HT Fast real-time PCR system (Applied
Biosystems, USA) using FastStart universal SYBR green master mix (Roche, USA)
and the gene-specific primers (designed using Primer3; Rozen and Skaletsky, (2000))
listed in Table 3.1. PCR conditions were optimized for annealing temperature, primer
concentration and template dilutions/concentrations. Each 10 pl real-time PCR
cocktail contained 0.3-0.4 uM (according to primer pair used) concentrations of both
the forward and the reverse gene-specific primers, 4 pl of diluted first strand cDNA,
1X SYBR green master mix and autoclaved milliQ water to make up the reaction
volume. Real time PCR amplification reactions were performed with the following
conditions: 95°C denaturation for 10 min, followed by 40 cycles of 95°C for 3 s, with
primer annealing and extension at 60°C for 30 s. Following amplification, a melting
dissociation curve was generated using a 60-95°C ramp in order to monitor the

specificity of each primer pair.

Three flax genes, viz. elongation factor 1-a (EF/a), eukaryotic translation
initiation factor 5-a (ETIF5a) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), were initially evaluated as reference or housekeeping genes (Huis et al.,
2010) and the ETIF50. gene was selected for further analysis based on its stability of
expression across the tissue types. The PCR efficiencies of the target and reference
genes were determined using the LinReg software (Ramakers et al., 2003; Ruijter et
al., 2009). Only those combinations of primer pairs and cDNA dilutions showing
similar efficiencies (between 1.92 and 2.05) and R* values higher than 0.998, were
considered for further study. Three technical replicates of each of the three biological
replicates were performed. The mean of these replicates was used for relative gene

expression analysis by 274

method (Livak and Schmittgen, 2001). The relative target
gene expression was based on the variation in the number of thresh hold cycles (Ct)
and was calculated in relation to the reference geneACt) in each of  the

developmental stages of all the ten varieties.
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Table 3.1: Primers used for real-time PCR

Forward Primer Sequence (5> — 3°)

Reverse Primer Sequence (5° — 3°)

Gene Primer

ETIF5a ETIF-RT 1F/IR
FAD3A4 LUFAD3A-RT 1F/IR
FAD3B LUFAD3B-RT 2F/2R
FAD2-1  LUFAD2-1 RT 2F/2R
FAD2-2  LUFAD2-2 RT 1F/1R
SADI LUSADI RT 1F/IR
SAD?2 LUSAD2 RT 2F/2R

CCCATCTGGACAGCTTCATT

CCGAACGAGAGGACATCGGTCA

CGTACCTTATCTGATATTCGTGGCA

CACCGTGTGCTACATCCTATACAG

CGGTGTTCCATAACATCACG

GGTTGGGCTGAGGATGTTCTATTA

CCTGACGGTACAGTGTTGGCT

TGCCACATGTGAACCGTACT

AAGACCGGAAGGAAGCCGTAGATG

CCCTCCACGTAGGTAGCTCCAT

GTGATGAGGACTAGGAATCCATTC

TCGCCTTTGTAGCTTCCATT

CTCCTCGAACCCATCCGACTCA

CCCCGATGCGTTGAGCGACC
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3.3 Results

3.3.1 Fatty acid accumulation patterns in developing seeds
Six fatty acids were profiled at all the eight developing seed stages for ten varieties
using GC and the profiles are depicted graphically (Figure 3.2 and 3.3) and as bar
diagrams (Figure 3.4). Among these, myristic acid (MA; C14:0) was almost
negligible throughout the developmental stages across the ten flax varieties. The
palmitic acid (C16:0) content was the highest at flower stage and gradually decreased
through boll development to maturity in the ten varieties. The proportion of stearic
acid (SA; C18:0) remained nearly constant in all the developing stages, irrespective of
the varieties. Oleic acid (OA; C18:1) content was low at the flower stage, but showed
an increasing trend up to 8-16 DAA and later remained steady or declined slowly up
to maturity in many of the varieties. The linoleic acid (LA; C18:2) content was high at
the flower stage and gradually showed decline from 4 to 48 DAA in all the varieties
except TL23, where it accumulated steadily till maturity. Conversely, the a-linolenic
acid (ALA; C18:3) content was high at the flower stage, then declined at 4 DAA and
again increased from 8 or 12 DAA till maturity in all the varieties except TL23.

There was a major difference observed in the accumulation trend of LA and
ALA contents in TL23, when compared with the remaining nine varieties. In TL23,
ALA content decreased steadily from 4 to 48 DAA; and at maturity, accounted only
for 1.83%=+0.07. On the contrary, LA content accounted for 63.29%+0.02 of the total

FA composition.

Based on the FA accumulation at 48 DAA, the remaining nine varieties (other
than TL23) showed more proportion of ALA content (35 to 53%) than any other FA.
They revealed two ranges as 35.61+0.53% to 42.41£1.02% and 45.19+1.50% to
52.63+0.77% dividing them into two groups as high ALA (with >45% ALA) and low
ALA (with <45% ALA) (Table 3.2). Student’s T-test was performed and the
difference in the mean ALA content between these two groups was statistically
significant (p<0.002). In the high ALA group, the average ALA content was
48.76%=1.51, LA content was 13.56%=0.61 and OA content was 25.56%=*1.53 of the
total FA composition. While for low ALA group, the average ALA content was
39.53%=+1.61, LA content was 15.56%+0.42 and OA content was 30.23%=+1.66 of the

total FA composition (Table 3.3). These results indicated much efficient conversation
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of OA to LA and finally to ALA taking place in the high ALA group than the low
ALA group. But in case of the mutant variety TL23, there was efficient conversion
only up to LA and the conversion of LA to ALA was inefficient leading to very low

ALA accumulation.

Table 3.2: ALA contents (%), oil content (%) and absolute ALA content of ten flax

varieties

Variety ALA content (%) QOil content (%) Absolute ALA
+ SE (by GO) (by NMR) content
Group I- High ALA
varieties
NL260 52.63 £0.77 28.94 15.23
EC9825 52.10£2.09 27.99 14.58
Padmini 47.27 £0.96 32.79 15.50
Surabhi 46.62 £0.92 30.08 14.02
NL97 45.19 £1.50 31.26 14.13
Group II- Low ALA
varieties
Acc.No.4/47 42.41 £1.02 25.40 10.77
JRFS 41.91 £0.23 24.90 10.44
ES44 38.18 £2.39 25.21 9.63
Ayogi 35.61 £0.53 21.66 7.71
Mutant variety
TL23 1.83 £0.07 29.07 0.53
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Figure 3.2: Trend of fatty acid accumulation in eight developing seed stages of (A)
high and (B) low ALA containing varieties (considering average FA values of high
and low ALA flax varieties)
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Figure 3.4: Fatty acid profiles of ten flax varieties in eight seed developmental stages.
We analyzed six fatty acids [Myristic (MA), Palmitic (PA) Stearic (SA), Oleic (OA),
Linoleic (LA) and Linolenic (ALA)] from eight seed developmental stages, from
flower to mature stage (48 DAA) in flax
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Table 3.3: Fatty acid (FA) levels in variable ALA groups. Average content of six FAs
(% £ SE) viz., Myristic (MA), Palmitic (PA), Stearic (SA), Oleic (OA), Linoleic (LA)
and Linolenic (ALA) in high and low ALA groups and TL23

MA PA SA OA LA ALA

High
ALA  0.10£0.03 6.54+0.060 5.48+0.33 25.56+1.53 13.56£0.61 48.76+1.51

group

Low
ALA 0.05+£0.01 7.49+0.26 7.14+0.28 30.23+£1.66 15.56+0.42 39.53+1.61

group

TL23 0.10£0.01 7.82+0.19 4.38+0.07 22.57+0.16 63.29+0.02 1.83+0.07

Principal Component Analysis (PCA) was carried out to analyze the
distribution of flax varieties based on the contents of four major FAs, viz., SA, OA,
LA and ALA in the mature seeds of the ten flax varieties. Four principal components
(PC) could explain all the variation in the data, while the first two principal
components accounted for 89% of the total observed variance (Figure 3.4). PC1 had
positive loading of SA, OA and ALA and negative loading of LA, while PC2 had
positive loading of SA, OA and LA and negative loading of ALA. These loadings
separated SA and OA in the 1* quadrant, LA in the 2" quadrant and ALA in the 4"
quadrant. In the score plot of principal components, all the nine varieties could be
clearly separated in to two groups as high and low ALA groups, while the mutant
variety TL23 lay in the 2" quadrant away from both the groups. This separation was
mainly across PC2 with low ALA group (Ayogi, ES44, JRF5 and Acc No.4/47)
having positive scores, while the high ALA group (NL260, EC9825, Padmini, NL97
and Surabhi) had negative scores. When the score plot and loading plot were
compared, it was observed that OA and SA together separated the low ALA group in
the 1% quadrant. On the contrary, ALA was the contributing FA for the presence of
high ALA varieties mainly in the 4 quadrant. TL23 was placed in the 0 quadrant
because of the very high LA content.
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Figure 3.5: PCA plots. Score plot and loading plot (inset) of Principal Component
Analysis (PCA) of four fatty acids viz., Stearic (SA), Oleic (OA), Linoleic (LA) and
Linolenic (ALA) acids in the mature seeds of the ten flax varieties

3.3.2 Desaturase gene expression in developing seeds

The expression of SAD (SADI and SAD2; Figures 3.6), FAD2 (FAD2 and FAD?2-2,;
Figures 3.8) and FAD3 (FAD3A and FAD3B; Figures 3.10) desaturase genes was
quantified by real-time PCR at eight stages of seed development from flower to
48 DAA in the same ten flax varieties grown under identical environmental
conditions. A two step reverse transcription method was used for relative
quantification of the gene expression as detailed in the Materials and Methods section.
Out of the three genes initially screened as reference genes, ETIF50 was selected for
the further study, based on its stability of expression across all the genotypes and
developmental stages. Expression level of a target gene for each developmental stage
of each variety was calculated relative to the transcript accumulation of the ETIF5a
reference gene. Amplification specificity of all the desaturase gene-specific and
reference gene-specific primers was confirmed by observing a single dissociation

curve for each pair of the primers. Similarly, it was ensured that the amplification
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efficiencies of the target and reference genes were similar (Livak and Schmittgen,
2001) and close to 2.0 so as to use the ACt method to express the results of the target
genes relative to the reference gene. We used the ACt method of calculation as it
allowed relative quantification comparisons across ten different varieties, eight

developmental stages and six genes (two genes each for three desaturases).
3.3.2.1 SAD gene expression

Expression of the SAD1 and SAD2 genes showed a definite pattern in the ten varieties
and eight developmental stages in comparison to the reference gene ETIF5a (Figure
3.6A-D). In general, SAD1 expression was low at the flower and 4 DAA stages
(0.003-0.051-fold) and increased from 8 DAA onwards. It reached its maxima at 12 to
30 DAA (0.015-0.371) and decreased to a level as in flower or even less as the seeds
reached maturity (Figures 3.6A & 3.6B). There was an average seven fold increase in
the relative expression from minimum to maximum expressing stage with Padmini
and TL23 showing the highest fold increase (16 and 11 fold, respectively). The range
of expression of SAD1 gene in groups of high and low ALA varieties and TL23 at
their maximum expression stage is depicted in Figure 3.6A, while the average relative
expression maxima of SAD1 in the same groups are given in Table 3.4, indicating

nearly threefold higher SAD1 expression in the group of high ALA varieties.

The SAD2 expression pattern was quite similar to SAD1 expression with initial
low expression in flower and 4 DAA (0.013-0.038 fold) (Figures 3.6C & 3.6D). From
8 DAA, the expression increased, reached its maximum (0.073-0.247) at 12-22 DAA
and later decreased with maturity in the 10 varieties. There was an average 7.5 fold
increase in the relative expression from minimum to maximum expressing stages with
ES44 and TL23 showing maximum (12 and 11 fold, respectively) fold variation.
However, the range of expression of SAD2 gene as depicted in Figure 3.6B and
average relative expression maxima as given in Table 3.4 for groups with high and
low ALA varieties indicated only marginally higher SAD2 gene expression in high
ALA varieties. TL23, on the contrary, showed the highest expression among the
groups. In general, the expression of SAD2 gene in all the developing seed stages was
higher in the ten varieties as compared to SAD1 gene expression in the respective
stages of respective varieties with the exception of Padmini, EC9825 and JRF5. In
case of JRF5, SAD2 expression was higher than that of SAD1 expression only at
22 DAA stage.
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Figure 3.7: Expression range of SAD genes in high and low ALA groups and TL23.
(A) Expression range of SAD1, (B) Expression range of SAD?2

Table 3.4: Relative expression (RQ) maxima of SAD genes. Average RQ maxima (in
folds) of SAD genes in high and low ALA groups and TL23

Gene High ALA group Low ALA group TL23 (mutant variety)
SADI1 0.137+0.072 0.047+0.027 0.016+0.005
SAD?2 0.169+0.025 0.141+0.032 0.247+0.094
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3.3.2.2 FAD?2 gene expression

The FAD?2 gene transcripts in the ten flax varieties were very low compared to the
ETIF5a gene at flower and 4 DAA stage (Figures 3.8A & B). However, after this
stage, the expression slowly increased to reach the peak levels (0.103-3.063 fold) by
16 to 30 DAA (in majority of the varieties at 22 DAA). Notably, there was an average
137 fold increase in the relative expression from minimum to maximum expressing
stage with Padmini showing the highest (365 fold) fold increase. Further, Padmini and
EC9825 were the only varieties, which showed higher transcript abundance relative to
ETIF50 at their maximum expressing stage (22 DAA) and the increase was nearly 3
and 2 folds, respectively. It was also observed that in most of the varieties, the
increase and later the decrease in the expression were sharp compared to the
expression of other desaturase genes. The range of expression at their maximum
expressing stage (Figure 3.8 A) and average relative expression maxima (Table 3.5) of
FAD?2 gene in groups of high and low ALA varieties indicated nearly 3.5 fold higher
expression in high ALA group than in low ALA group varieties.

FAD2-2 gene transcripts also showed a similar pattern as FAD2 gene. At the
flower stage, the F4D2-2 expression was 0.042-0.272 fold compared to the reference
gene (Figures 3.8C & D). The expression marginally declined at 4 DAA and slowly
increased from 8§ to 22 DAA (0.15-0.73 fold) in most of the varieties. There was an
average 5 fold increase in the relative expression from minimum to maximum
expressing stages with ES44 showing the highest fold increase (9 fold). The range of
expression at their maximum expressing stage (Figure 3.8B) and average relative
expression maxima (Table 3.5) of FAD2-2 gene in groups of high and low ALA
varieties and TL23 indicated nearly two fold higher expression in high ALA group
than in low ALA group varieties; while TL23 showed intermediate level of relative
expression. Further, from the Table 3.5, it can also be observed that F4D2 gene
showed more than two fold higher relative expression compared to the F4D2-2 gene
in high ALA group; whereas in the low ALA group, the expression was higher by 1.3
folds.
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Figure 3.9: Expression range of F4D2 genes in high and low ALA groups and TL23.
(A) Expression range of FAD2, (B) Expression range of FAD2-2

Table 3.5: Relative expression (RQ) maxima of F4D2 genes. Average RQ maxima
(in folds) of FAD2 genes in high and low ALA groups and TL23

Gene High ALA group Low ALA group TL23 (mutant
variety)

FAD?2 1.104+0.603 0.319+0.172 0.356+0.066

FAD2-2 0.456+0.108 0.247+0.035 0.347+0.001
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3.3.2.3 FAD3 gene expression

Like the earlier SAD and FAD?2 desaturase genes, FAD3 (FAD3A and FAD3B) genes
also showed a definite expression pattern in eight developing seed stages of the 10
varieties, although there was much variation in their peak expression (Figure 3.10A-
D). FAD3A transcripts were very low (0.002-0.02) relative to reference gene in
flowers. The expression further declined and was negligible at 4-8 DAA. It then
gradually increased till 16 to 30 DAA (in majority of the varieties at 22 DAA). There
was an average 2000 fold increase in the relative expression from minimum to
maximum expressing stage with Surabhi and Padmini showing the highest (nearly
4000 fold) increase (Figure 3.10A). Again, for FAD3A gene, Padmini and EC9825
were the only varieties for which the transcript abundance at the peak expressing
stage (22 DAA) was 1.8 and 1.6 fold higher relative to ETIF50. gene transcripts,
respectively. In most of the varieties, the increase and then the decrease in the relative
expression with the maturity was gradual. TL23 with the lowest ALA content (<2%)
amongst the varieties under study, showed the lowest overall relative expression of
FAD3A in all the eight developmental stages with expression maxima of 0.06 fold at
22 DAA.

FAD3B expression was the lowest at 4 DAA and gradually increased till 16 to
22 DAA and later decreased up to maturity in both, high and low ALA groups
(Figures 3.10C & D). There was an average 500 fold increase in the relative
expression from minimum to maximum expressing stage with EC9825 showing the
highest fold increase (nearly 1500 fold). EC9825 (8.5 fold) and Padmini (7.7 fold)
showed the highest transcript accumulation relative to ETIF5a gene at their
expression maxima compared to the remaining varieties. Further, the range of
expression of FAD3A4 and FAD3B genes at their maximum expressing stage (Figures
3.11A & B) and average relative expression maximum (Table 3.6) in high and low
ALA varieties indicated nearly 5 and 3.5 fold higher expression, respectively. This
observation was similar to the observation made for the expression of FAD2 and SAD
genes. However, the overall expression of FAD3B gene in all the developing stages
was much higher in all the ten varieties as compared to FAD3A4 gene expression in the

respective stages of the respective varieties.
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Figure 3.10: FAD3 gene expression. Relative expression of FAD3 genes in seed developmental stages of high and low ALA flax variety
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Figure 3.11: Expression range of FAD3 genes in high and low ALA groups and
TL23. (A) Expression range of FAD3A4, (B) Expression range of FAD3B

Table 3.6: Relative expression (RQ) maxima of F4D3 genes. Average RQ maxima
(in folds) of FAD3 genes in high and low ALA groups and TL23

Gene High ALA group Low ALA group TL23 (mutant variety)
FAD3A 0.773+0.376 0.151+0.059 0.061+0.007
FAD3B 3.561+1.869 1.004+0.636 1.321+0.045

3.4 Discussion

Flax oil is one of the richest agricultural sources of ALA. It is known that sequential
action of three microsomal fatty acid desaturases namely, SAD, FAD2 and FAD3, is
responsible for the desaturation of stearic to ALA through oleic and linoleic acid in
the seeds (Fulco, 1974; Heinz, 1993). Variation in the content of these fatty acids in
the seed can, therefore, be a result of differential activity of one or more desaturase
enzymes in this chain. However, except for the FAD3 gene (Banik et al., 2011),
transcriptional correlation of these desaturases with ALA accumulation has not been
studied in detail in flax varieties with differential ALA accumulation. In the present
study, we selected ten Indian varieties of flax with varied ALA content at maturity
(Chapter 2) and profiled their FAs contents from various seed development stages.
Transcript profiling for all the microsomal desaturase genes (SAD1 and SAD2, FAD2
and FAD2-2, FAD3A and FAD3B) was performed in the same stages of seed
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development of the ten varieties, so as to correlate the variation in ALA accumulation

and the expression pattern of each desaturase gene in these varieties.

3.4.1 Expression dynamics of three desaturase genes in flax

Real-time PCR is considered as an accurate method for quantifying gene expression
and is being routinely used for temporal and spatial expression profiling of genes
(Charrier et al., 2002; Czechowski et al., 2004; Jain et al., 2007). However, accuracy
in measurement of the transcript abundance depends on several factors such as RNA
quality, cDNA quality and quantity, primer specificity and most important of all is the
selection of a uniformly expressing stable reference gene for normalizing the

transcript levels of the target genes (Gutierrez et al., 2006; Udvardi et al., 2008).

In flax, Huis et al. (2010) evaluated expression stabilities of 13 commonly
used reference genes in 13 tissues of three developmental stages by computer
algorithms geNorm and NormFinder. For all the tissues, geNorm identified three most
stable genes as EFla, ETIF5a and UBI, whereas NormFinder predicted GAPDH as
the stable gene. In our study, initially we evaluated the efficiency and stability of
EFla, ETIF50 and GAPDH genes in the developing seed stages of the ten flax
varieties. Both EFlo and ETIF5a showed stable expression across varieties and seed
developmental stages. We used ETIF5a as the reference gene for further studies as the
amplification efficiency of this gene was equivalent to the six target genes in order to
use 2™ method for real-time PCR data analysis (Livak and Schmittgen, 2001; Pfaffl,
2005). This method gave us an advantage to make comparisons in the level of gene

expression across developmental stages, varieties and genes.

The SAD gene is responsible for converting stearoyl-ACP to oleoyl-ACP, by
introducing a double bond at C9 and thus, can increase the unsaturated fatty acid
content of the plant (Ohlrogge and Jaworski, 1997). This gene is of commercial
interest for the manipulation of unsaturated fatty acids in major crop plants (Knutzon
et al., 1991) and has been well characterized (Shanklin and Somerville, 1991; Singh et
al., 1994). In flax, the SADI gene expression in developing seeds has already been
reported (Fofana et al., 2006). We studied the expression of both, SAD/ and SAD?2,
genes in the developing seeds and observed higher transcript levels of the SAD2 gene
compared to the SADI gene in seven flax varieties and in differential ALA containing

variety groups under consideration (Figure 3.5, Table 3.4). However, there was
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exception in case of three varieties namely, EC9825, Padmini and JRFS5, which
showed marginally higher expression of the SAD/ gene than the SAD2 gene (Figure
3.5). TL23 showed the highest expression level of the SAD?2 isoform amongst the ten
varieties (Table 3.4).

Overall expression of the SAD2 gene appeared to be constitutive, whereas the
SADI gene appeared to be more temporal and genotype specific in expression as
indicated by differential expression in low and high ALA containing groups (Figure
3.5). This observation can also be supported with studies of Jain et al. (1999) on flax
SADI and SAD?2 gene promoter activity in transgenic flax. The SADI promoter was
reported to be weaker and spatial, whereas SAD2 promoter was stronger and
constitutive in their analysis. The weaker activity of the SADI promoter was
suggested to be because of 368-bp region in the SAD/ promoter containing negative

regulatory elements and tissue specificity related elements.

The A12 desaturase/ FAD2 represents a diverse gene family in plants and is
responsible for conversion of OA (18:1) to LA (18:2). LA production marks the
synthesis of polyunsaturated fatty acid (PUFA) from monounsaturated OA and is a
major factor in determining the quality of plantAKlsdesaturation is also
necessary for the synthesis of ALA (18:3) as LA, the product of this desaturation, can
alone be accepted as the substrate foAl5 desaturase (FAD3). Fofana et al.  (20006)
reported the seed specific FAD?2 (partially sequenced) expression in flax for the first
time. However, two FADZ2 genes, namely FAD2 and FAD2-2 were later reported by
Krasowska et al. (2007) and Khadake et al. (2009), respectively.

In this study, gene specific expression of FADZ2 and the FAD2-2 in flax
developing seeds was analyzed for the first time. FAD2 expression increased sharply
up to 22 DAA (in most of the varieties) to a level much above than at the flower stage
and slowly decreased as the bolls matured, showing a bell shaped pattern. These
findings were quite similar to the earlier studies in flax by Fofana et al. (2006) as well
as in Arabidopsis by Ruuska et al. (2002). In case of FAD2-2, the expression pattern
was similar but the rise in the transcript level was gradual till 22 DAA (in most of the
varieties) and there was a sudden drop in the transcript abundance as the bolls

matured.
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Two FAD2 genes namely, FAD2 and FAD2-2 have also been reported to
express in developing seeds of soybean, wherein FAD2-2 is constitutively expressed
while FAD?2 is seed specific in its expression (Heppard et al., 1996). Similar to the
soybean FFAD2-2 gene, it has also been observed in our studies that the FAD2-2 gene
expression was higher at the early seed development stages (flower to 12 DAA) than
the FADZ2 expression. However, the FADZ2 transcripts increased rapidly and reached
its peak at mid-maturation stages (16-22 DAA), and then gradually reduced as the
seeds attained maturity. The transcripts for the F4D?2 increased significantly during
embryo development, while the expression levels of the F4D2-2 appeared to increase
slightly. Further, it was observed that the average relative expression of the FAD?2
gene (0.72 £0.32) was nearly twofold higher than the FAD2-2 gene (0.36 +0.06) in
developing seeds of the ten flax varieties. All these observations are indicative of the
predominance of the FAD2 gene expression in determining the LA level of the seed
storage oil. In case of TL23, the expression of both the genes was nearly the same

(Table 3.5).

A15/FAD3 is the last desaturase required in the series of desaturation reactions
leading to synthesis of ALA in plants. This gene has been shown to play a very
important role in deciding the level of ALA in the total FA content of the plant
(Yadav et al., 1993; Bilyeu et al., 2003; Vrinten et al., 2005; Banik et al., 2011). In
flax, Vrinten et al. (2005) reported the presence of two FAD3 genes, FAD3A &
FAD3B, while later; Banik et al. (2011) reported the presence of a third less
significant FAD3C gene. In our study, we analyzed the expression of only FAD3A4
and FAD3B genes, which are thought to play major roles in ALA accumulation
compared to FAD3C (Banik et al., 2011). The gene expression pattern of FAD3A4 and
the FAD3B in developing seed stages of the ten genotypes (divided in two groups
according to ALA content) clearly showed higher F4D3 (both FAD3A4 and FAD3B)
gene expression in high ALA group than the expression in low ALA group (Table
3.6). Further, it was observed that the average expression maxima of the FAD3B
(2.31+1.0) was nearly fivefold higher than average expression maxima of the F4D3A4
(0.45+0.2). These results were in accordance with the expression observed for these
genes by Banik et al. (2011). They observed nearly threefold higher expression of
FAD3B as compared to FAD3A. In the present study, even though the higher
contribution in ALA accumulation was due to FAD3B than FAD3A, both the genes
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contributed in the final differential accumulation of ALA content in mature seeds of
high and low ALA groups with higher fold expression difference in the FAD3A than
the FAD3B when high and low ALA containing groups were compared (Table 3.6).

3.4.2 Transcriptional correlation of desaturase genes with ALA content

The results of the expression analysis correlated well with the FA data for the groups
based on the ALA content; where high ALA group showed higher expression of all
the desaturase genes compared to that in the low ALA group; although, there were a
few exceptions observed in individual varieties belonging to these groups. The FA
values (Table 3.3) clearly indicated much efficient conversion of all the intermediate
FAs, namely SA, OA and LA to the final ALA content due to efficient action of all
the three desaturases acting sequentially in case of high ALA group. In case of low
ALA group, even though the initial conversion up to OA by the SAD2 was quite
efficient, the later conversions up to ALA by consecutive action of the F4D2 and
FAD3 enzymes seemed to be inefficient leading to higher accumulation of OA as well
as LA instead of ALA in this group. However, differential expression of the SAD! in
low and high ALA containing groups might be partly responsible for high and low
ALA accumulation in their respective groups in addition to inefficient F4D2 and
FAD3 activities in the low ALA group. These observations lead us to analyze the
promoter region of all the three desaturase genes in high and low ALA containing flax
groups to understand transcriptional regulation of expression of these genes. There are
many earlier reports in various plant systems where promoter region analysis of a
gene has revealed variation in transcription binding sites and corresponding variation
in the transcription factors, leading to expression variation of the gene (de Meaux et

al., 2005; McKhann et al., 2008; Yi et al., 2010).

In case of NL260 and Padmini (belonging to high ALA group), we observed
that NL260 showed the highest ALA accumulation among the ten flax varieties
(Figures 3.3 & 3.4) but moderate transcript abundance, while Padmini revealed the
highest expression of all the desaturase genes but moderate ALA accumulation within
the high ALA group (Figures 3.6, 3.8 & 3.10). Though JRF5 belonged to low ALA
group, high expression for most of the desaturases was observed. These deviations
pointed out that the desaturase activity was not solely under the transcriptional control
and there could be variety specific post-transcriptional, translational and post-

translational regulations involved in deciding the total protein turnover or enzyme

Chapter 3 87



efficiency. In soybean, Tang et al. (2005) showed the role of post-translational
regulatory mechanisms in modulating the FAD2-1 enzyme activity, which supported
the observation in flax. Recently, O’Quin et al. (2010) reported the post-translational
regulation of plant FAD3 desaturases via ER associated degradation pathway as a
response to temperature variation. This, however, is a physiological response, and it is
not clear as yet if a similar way of controlling desaturases exist in plant seeds leading

to synthesis of storage oils.

In conclusion, desaturation is an important biochemical process in the FA
biosynthesis pathway mediated by FA desaturases. To decipher the contribution of
different desaturases to the final levels of ALA, we performed fatty acid profiling and
transcript profiling of six microsomal desaturase genes (SAD1, SAD2, FAD2, FAD2-
2, FAD3A and FAD3B) from ten Indian flax varieties. We observed high overall
correlation in expressions of these desaturase genes with the variation in the ALA
accumulation in high and low ALA variety groups. Thus, the accumulation of the
final product, ALA, was not entirely dependent on the activity of a single desaturase
gene, but was a cumulative result of the activities of all the three desaturases acting

sequentially.
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CHAPTER 4

Sequence characterization and
in silico structure prediction of
desaturases from the flax varieties
varying in a-linolenic acid content

PVFKIYGVEYLIFVAWLOMVTYLHHHGY EQKTPWYRGKEWSYLRGGLTTVDRDYGVINNI
PVFKIYGVEYLIFVAWLOMVTYLHHHGY EQKTPWYRGKEWSYLRGGLTTVDRDYGVINTI
PVFKIYGVPYLIFVAWLOMVTYLHHHGY EQKT.PWYRGKEWSYLRGGLTTVDRDYGVINNI
PVFKIYGVPYLIFVAWLDMVTYLHHHGY EQKL.PWYRGKEWSYLRGGLTTVDRDYGVINNI
PVFKIYGVEYLIFVAWLDMVTYLHHHGY EQKT.PWYRGKEWSYLRGGLTTVDRDYGVINNI
PVFKIYGVEYLIFVAWLDMVTYLHHHGY EQKT.PWYRGKEWSYLRGGLTTVDRDYGVINNI
PVFKIYGVEYLIFVAWLOMVTYLHHHGY EQKT.PWYRGKEWSYLRGGLTTVDRDYGVINNI
PVFKIYGVEYLIFVAWLOMVTYLHHHGY EQKT.PWYRGKEWSYLRGGLTTVDRDYGVINNI
PVFKIYGVEYLI mmﬂmpmmmmm NTI

FAD3A-DO116424
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4.1 Introduction

It has been observed in a number of studies in plant systems, especially in oil seeds
like soybean, groundnut, canola etc., that certain changes in the nucleotide sequences
of desaturases affected the accumulation of resultant fatty acid in the storage oil
(Rahman et al., 1996; Byrum et al., 1997; Pantalone et al., 1997; Rahman and Takagi,
1997; Bilyeu et al., 2003; Patel et al., 2004; Hu et al., 2006; Belo et al., 2008; Pham et
al., 2011). These allelic variants can extensively be used for candidate gene based
molecular breeding, and have been used in soybean to develop genotypes with desired
content of fatty acids in the oil (Hoshino et al., 2010; Pham et al., 2010). Further,
important single nucleotide polymorphism (SNP) sites were also used to develop
molecular marker based genotyping assays in soybean (Beuselinck et al., 2006;

Chappell and Bilyeu, 2007).

In case of flax, nucleotide sequences of two SAD genes (SADI & SAD?2), two
FAD?2 genes (FAD2 & FAD2-2) and three FAD3 genes (FAD3A, FAD3B & FAD3C)
have been reported (Singh et al., 1994; Jain et al., 1999; Vrinten et al., 2005;
Krasowska et al., 2007; Khadake et al., 2009; Banik et al., 2011). However, no studies
have been performed to correlate the genic variants with differential fatty acid content
in case of SAD and FAD?2 genes. While in case of FAD3 genes, there are two reports
from Canadian flax varieties where mutations leading to stop codons in the FAD3A4
and FAD3B genes resulted in very low ALA (2-3%) accumulation in the mutant lines
(Vrinten et al., 2005; Banik et al., 2011). Interestingly, phylogenetic analysis of SAD?2
gene for a number of cultivated flax genotypes belonging to different infraspecific
groups as well as pale flax, a wild progenitor of modern domesticated flax, was
performed to understand the domestication process (Allaby et al., 2005; Fu et al.,
2012). In this study, SAD2 served as a candidate domestication locus associated with
increased unsaturated fatty acid production in cultivated flax and lead to the
conclusion that the flax domestication might have involved multiple paths but at least

initially, it was domesticated for oil.

The amino acid sequence analysis of desaturases has shown two characteristic
D/EXXH motifs involved in binding the di-iron complex in case of soluble acyl-acyl
carrier protein (ACP) desaturases in plants, while three histidine boxes H(X);4H,
H(X),3HH and H/Q(X),sHH are required for binding the di-iron complex in

membrane bound desaturases. Stearoyl-ACP desaturase (SAD) belongs to the former
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class, while FAD2 and FAD3 belong to the later class (Shanklin and Cahoon, 1998).
Hydropathy plots of membrane bound desaturases further reveal 4-6 membrane
spanning helices, which account for nearly 30% of the amino acid sequence of these
proteins. Although a significant diversity has been reported in sequences and
expression patterns of the desaturases (Los and Murata, 1998), changes in the
conserved His-boxes potentially alter their structure and may result in altered

substrate specificity, regioselectivity and even loss of functionality (Shanklin et al.,

1994; Avelange-Macherel et al., 1995).

The availability of crystal structures for acyl-ACP desaturases from two plant
species, Ricinus communis (castor) and Hedera helix (English ivy) (Lindqvist et al.,
1996; Whittle et al., 2005; Guy et al., 2007) can help in detailed structural and
functional prediction for this enzyme from other plant species. Whereas for membrane
bound desaturases, the crystal structures are not yet available, probably because of the
difficulty in solubilization and purification of these enzymes due to their
hydrophobicity and strong anchorage to membranes. Hence, it is difficult to
understand their functionality. Acyl-ACP desaturases are homodimeric proteins, with
each monomer folded into a compact single domain composed of nine helices. The di-
iron active site of these enzymes is buried within a core four-helix bundle and is
positioned along a deep, bent, narrow hydrophobic cavity in which the substrate is

bound during catalysis.

In the present study, we sequenced all the currently known desaturase genes,
SAD (SAD1 & SAD?2), FAD2 (FAD2 & FADZ2-2) and FAD3 (FAD3A & FAD3B) from
the ten flax varieties which were transcriptionally characterized in Chapter 3. Further,
these gene sequences were analyzed for variation in the exonic or intronic regions of
the genes and if any changes in the exonic region lead to change at the amino acid
(AA) level. Lastly, we checked the structural variations in these genes due to AA
variation, the functional implications of these changes and their correlation with the

final ALA accumulation if any, in these varieties.

Chapter 4 90



4.2 Materials and methods

4.2.1 Plant material
Leaf tissue was harvested from ten flax varieties grown at the College of Agriculture,
Nagpur, Maharashtra, India. The collected tissue was immediately frozen in liquid

nitrogen and later stored at -80°C freezer, till the DNA was extracted.

4.2.2 DNA extraction and PCR amplification

Genomic DNA was extracted from the young leaf tissue of all the 10 flax varieties
using the modified CTAB method as described by Ghosh et al. (2009). This method
was slightly different from the DNA extraction method (Richards etal. 1994)
described in Chapter 2. In this modified method, 100 mg (instead of 1 g) of leaf tissue
was ground to fine powder in liquid nitrogen and was quickly transferred in a
polypropylene tube containing 10 ml of pre-warmed extraction buffer (100mM Tris—
HCI pH 8, 10mM EDTA pH 8, 1.4M NaCl, 2% CTAB and 0.2% B-Mercaptoethanol).
This extraction buffer did not include sodium metabisulphite which was used in the
buffer of earlier DNA extraction method. The steps following this were the same as
the previous protocol. Besides the change in the buffer composition, the overnight
precipitation step using the precipitation buffer was eliminated and instead, nucleic
acids were precipitated using two-thirds volume of chilled iso-propanol. These were
air dried and resuspended in 1 ml of 1M NaCl instead of dissolving it in high salt
Tris—=EDTA (HSTE) buffer. This was followed by RNase treatment at 37°C for 1 hr
and RNase contamination was removed by giving a phenol:chloroform (1:1) wash
followed by chloroform:iso-amylalcohol (24:1) wash. Further DNA precipitation and
70% alcohol wash steps were the same as described earlier. The quality of DNA

obtained was suitable for gene specific amplification and DNA sequencing reactions.

Desaturase gene specific primers were designed based on the cDNA (for
FAD3: DQ116424, DQI116425) or full length genomic sequences (for SAD:
AJ006957, AJ006958 and FAD2: DQ222824, EU660501) available in the NCBI
database. Two to five overlapping primers spanning the entire gene sequence were
designed for each gene (Table 4.1) using the Primer3 software (Rozen and Skaletsky,
2000).

Amplification of 30-50 ng DNA was performed in 15 pl reaction volume
containing 10x PCR buffer (10mM Tris HCI, pH 8.3; 50mM KCI, 1.5mM MgCl,),
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0.15mM dNTPs (Amersham Biosciences, USA), 0.3-0.5uM primer (varied according
to the primer) and 0.6U Tag DNA polymerase (Bangalore Genei, India) using Veriti
thermal cycler (Applied Biosystems, USA). A typical polymerase chain reaction
consisted of initial denaturation at 94°C for 5 min, followed by 35 cycles, each
comprising 1 min denaturation at 94°C, 45 sec annealing at 50°C to 55°C (varied
according to the primer sequence) and 1 min extension at 72°C with 10 min final
extension at 72°C at the end of 35 cycles. The amplification products were resolved
along with ®x174/Haelll marker (Bangalore Genei, India) on 1.5% agarose gel and

electrophoresed in 0.5% TAE buffer. The gels were stained with GelRed™

(Biotium,
USA) and documented on Syngene Dyversity gel documentation system (Syngene,
USA). PCR amplifications were repeated at least twice to establish reproducibility of

the results.

4.2.3 Nucleotide sequencing and analysis of the fatty acid desaturase genes

The single band products with concentration, 75 to 100 ng/ul each, were used for
bidirectional sequencing by dideoxy chain termination method using the DYEnamic
ET DNA sequencing kit and the MegaBACE 1000 DNA Analysis System (GE
Healthcare, USA). Each PCR product was sequenced at least twice and base calling
was performed using three different basecallers. These sequences were blastn
searched in the NCBI database to confirm their identity and the sequences with a
confidence level of 90% and above were chosen for further analysis. Each gene was
amplified and sequenced in multiple fragments using primer pairs detailed above. The
sequences thus obtained were edited and then aligned using MEGAS software
(Tamura et al., 2011). Finally, the full-length gene sequences were assembled from
these gene fragments. The sequence assembly was also validated using MIRA
software (Chevreux et al., 2000). In all, six desaturase genes were sequenced from the
ten flax varieties. Sequences of each of the six desaturase genes from the ten varieties
were aligned with respective desaturase gene sequences from the NCBI and
Phytozome databases (Goodstein et al., 2012). Amino acid sequences of all the six
desaturases were deduced based on the gene sequence using MEGAS software and

important conserved motifs were determined in each case.
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Table 4.1: Gene specific PCR primer sequences (5'—3') used for amplification of SAD, FAD2 and FAD3 genes

Gene Primer Forward Primer Sequence Reverse Primer Sequence
SADI LUSADI F1.2/R1 TTCCAATTTCCATTTCCTCATCTGC AGCTTCTCAGCCTCCCTGTG
LUSADI F2/R2 GACTAATGAGCTATGACATGATTACGA CATCACGTGTATCCTTTCACAA
LUSADI1 F3/R3 GTAATCACATACTTCATCCTTTTCT TAAACCACCTACTTGTCCGATGG
LUSADI F4/R4 TTAGCAGTTTGTCCTGGTATCTG TCATACTCCAATCATTCCACACTCT
SAD?2 LUSAD?2 F1/R1 TTCCAACTTCCATCCTCATCTGCCTTAC AACCAACAAACCACTGTCCCTCCG ACTC
LUSAD?2 F2/R2 TGTTTGGTGACAGGGAGGCTGAGAAG ACCCAGGACAGAATAAAGTGATGAAGGA
LUSAD?2 F3/R3 GAACTGTTAAACAATACATGTGATGTC GTG TCGGGCAAACTCCATTAGAGTACCAA
FAD2 LU FAD2 F1/R1 ATGGGTGCAGGTGGAAGAATGCCAGTG TCATAACTTATTGTTGTACCAGAACACG
FAD2-2 LU FAD2-2 F1.1/R1.1 GCCGTGCCTCCATCGAATAAGGC GTTGTAGATGGGGGATTTAGGAT
LU FAD2-2 F2.1/R2.1 ATTGGCTGGCACTCAAAGTA TCGACATAAACACACTCCTTAGC
FAD3A4 LUFAD3A F1/R1 TTCAAAACTGTGGCTCTGCAC GAGAGGGATGGTGAACCTCA
LUFAD3A F2.1/R2 ATGAATCCTGGGTTCCACTG CGTAGATTTTGAAGACCGGAAG
LUFAD3A F2.1/R3 ATGAATCCTGGGTTCCACTG CATTTGAGGGAAGAGATGGTGAATA
LUFAD3A F4/R4 CGACATGGTGACCTACCTTCAC AGAAAACGACGTCGCCTGTA
LUFAD3A F5/R5.1 GTGCTGGGGAAGTACTACAGAGAA TACTCAGAAAGAAAGCTGGGGT
FAD3B LUFAD3B F1/R1.2 TTCAAAACTGTGGCTCTGCAG AGGAATGGTGAACCTCATGAACTTA
LUFAD3B F2/R2 ATGAATCCTGGGTTCCTCTA TGGCTGTCCAGCACAATGTT
LUFAD3B F3/R3 AAAGTGTACAAGAGCTTGGATACCA AATCTCGATCAACGGTCGTC
LUFAD3B F4/R4.1 CGACATGGTGACCTACCTTCAT ACTGCTGGTACGGAACTTGG
LUFAD3B F5/RS TGCCACACTATCACCTTGTG GCGGGAGAGACAGAGAAACA
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4.2.4 Haplotype analysis

The gene sequences thus obtained were subjected to haplotype determination using
DnaSP v5 software (Librado and Rozas, 2009). Various measures of sequence
variation were obtained, such as number of variable sites, haplotype number,

haplotype diversity Hq etc.

4.2.5 Three-dimensional protein modeling

Three dimensional (3D) models were predicted for all the three desaturase proteins
from flax. For SAD (A9), homology modeling was performed using Modeller 9v7
(http://salilab.org/modeller/), where the reported crystal structure of A9 desaturase
from castor (PDB ID: 10Q4) was used as a template. Whereas, for FAD2 and FAD3

proteins, where the structures are not available, 3D models of the proteins were

predicted using the I-TASSER server (http://zhang-lab.ccmb.med.umich.edu/I-

TASSER/). The 3D models were thus obtained on the basis of multiple-threading
alignments by LOMETS and iterative TASSER simulations, where it uses multiple
PDB structures depending on its structural conservation, to model various parts of the
proteins (Zhang, 2008; Roy et al., 2010). The models were viewed using PyMol
software (The PyMol Molecular Graphics System, Version 1.2r3 pre, Schrodinger
LLC).

4.3 Results

4.3.1 Molecular characterization of SAD, FAD2 and FAD3 genes of ten flax
varieties

The gene fragments amplified for six desaturase genes namely, SAD (SADI & SAD?2),
FAD2 (FAD2 & FAD2-2) and FAD3 (FAD3A4 & FAD3B) in ten flax varieties were
directly sequenced and the sequences were assembled to obtain full-length gene
sequences for each gene. The gene sequences obtained in this study have been
deposited in GenBank with the accession numbers JQ963139-JQ963148 (SADI),
JQ963149-JQ963158 (SAD2), JQ963109-JQ963118 (FADZ2), JQ963159-JQ963168
(FAD2-2),JQ963119-JQ963128 (FAD3A4) and JQ963129-JQ963138 (FAD3B) and are

given in Annexure [.
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4.3.1.1 SAD gene sequence analysis

The two SAD gene isoforms, SADI and SAD2 from the ten flax varieties were 2522
and 2523 bases long respectively, comprising three exons each and they were 7 and 4
bases shorter than the reported respective NCBI gene sequences (AJ006957,
AJ006958). However, the open reading frame (ORF) for both the genes was 1191
bases in length, encoding 396 amino acids, similar to the reported NCBI sequences.
For SADI gene, as compared to its reported sequence in NCBI (AJ006957) there was
a C267T transition in the 1*! intron in all the varieties. Even in the 2™ intron, Cto T
transition was observed in all the varieties except Surabhi and Acc No. 4/47.
Secondly, at the 2" intron and 3™ exon junction, there was a loss of 7 bases
(ATCCAAG) observed in all the ten varieties. However, identical sequence variations
were also reported for the SADI gene sequence of Phytozome database
(Lus10027486). For SAD2 gene, there were varietal variations observed in both
intronic and exonic regions, when compared with the NCBI S4AD2 gene sequence
(AJ006958) (Table 4.2). Most of the variations were present in the two introns. It was
also observed that all the exonic variations did not result in AA variations (i.e. they
were synonymous nucleotide substitutions), except for G2179A in TL23 and C2008T
in all the ten varieties (Table 4.2). All the variations observed in the varieties were

also observed in the SAD2 gene sequence reported in Phytozome database

(Lus10039241.g).
4.3.1.2 FAD? gene sequence analysis

Both the FAD2 genes, FAD2 and FADZ2-2, from all the ten flax varieties were
intronless as reported in the earlier FAD2 gene studies from flax (Krasowska et al.
2007; Khadake et al. 2009). The ORFs of the genes consisted of 1137 and 1149 bases,
encoding proteins of 378 and 382 AA in length, respectively. The FAD2 gene
sequence from the ten flax varieties showed a few variations when compared with
NCBI FAD?2 gene sequence (DQ222824). Most of the nucleotide variations were

synonymous substitutions. The varietal variations for this gene are listed in Table 4.3.
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Table 4.2: SAD?2 gene and amino acid (AA) variation in ten flax varieties

Intron/Exon Nucleotide AA Variety Remark
variation variation
1*" intron A259C - JRF5 and TL23 Similar to sequence in
Phytozome database
(Lus10039241.g)
A262G - JRF5 and TL23 Similar to
Lus10039241.g
T362C - All varieties Similar to
Lus10039241.g
C629G - NL97,NL260, New variation
EC9825,
Surabhi
2™ intron A1241G - All varieties Similar to
Lus10039241.g
C1260T - All varieties Similar to
Lus10039241.g
TAA insertion - All varieties Similar to
at 1337 Lus10039241.g
T1435C - NL260, Ayogi, Similar to
ES44 and TL23 Lus10039241.g
T1457C - NL260, Ayogi, Similar to
ES44 and TL23 Lus10039241.g
C1662T - All varieties Similar to
Lus10039241.g
A insertion at - All varieties Similar to
1834 Lus10039241.g
2™ intron and ATCCAAG - All varieties Similar to
3 exon deletion Lus10039241.g
junction
3" exon C2001T P225S All varieties Similar to
Lus10039241.g
G2172A G282S TL23 Similar to
Lus10039241.g
C2225A - TL23 Similar to

Lus10039241.g
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In case of FAD2-2 gene, we could obtain only partial sequences, from 106 bp to 1016
bp. When these partial gene sequences were compared, except for one nucleotide
variation, C378T in variety ES44, all the remaining sequences from the rest of the
varieties were identical to the NCBI FAD2-2 sequence (EU660501.1). The variation

in ES44 was observed to be a synonymous substitution.

Table 4.3: FAD?2 gene and amino acid (AA) variation in ten flax varieties

Nucleotide AA

. L. . L. variety Remark
variation variations
C105T - TL23 Similar to another reported
sequence EU660502.1 in

NCBI (From variety NL97)

Cl117T - All varieties Similar to EU660502.1

C126T - Surabhi Similar to EU660502.1

C157T H53Y All varieties Similar to EU660502.1

A350T D117V All varieties Similar to EU660502.1

C624T - EC9823 and TL23 Similar to EU660502.1

4.3.1.3 FAD3 gene sequence analysis

Two FAD3 genes, FAD3A4 and FAD3B analyzed in the present study, showed slight
variation compared to the reported Phytozome (from variety CDC Bethun,
Lus10038321.g) and NCBI gene sequences (from variety AC McDuff, HM991828.1)
(Table 4.4 & 4.5). FAD3A gene from nine varieties except NL260 was 3208 bases in
length, similar to the Phytozome gene sequence (Lus10038321.g), while two bases
shorter than NCBI gene sequence (HM991828.1). In NL260, the FAD3A4 gene was 36
bases longer (3242 bases). FAD3B gene from all the varieties except NL260 and
Padmini had a length of 2990 bases, which was one base longer than the reported
NCBI (HM991832.1) and Phytozome (Lus10036184.g) gene sequence. While in case
of NL260 and Padmini, the gene length was 2989 bp and similar to the reported gene.
Both the genes consisted of six exons each and the ORF consisted of 1179 and 1176
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bases, encoding proteins of 392 and 391 AAs, respectively, which is similar to the

NCBI sequence for these genes (DQ116424, DQ116425) (Vrinten et al. 2005).

The Tables 4.4 and 4.5 summarize the variations observed in the intronic and
exonic regions of these genes isolated from the ten varieties. It was interesting to note
that, many of these variations in F4D3A gene sequence were observed in variety
NL260, whereas in FAD3B gene sequence, NL260 and Padmini lacked most of the

variations.

4.3.2 Amino acid sequence analysis for SAD, FAD2 and FAD3 among the
ten varieties

The deduced amino acid (AA) sequence of SADI gene was identical in the ten flax
varieties. Even in case of S4D2, the deduced AA sequence including P225S
substitution was similar among the ten varieties except for G2828S substitution, which
was observed only in TL23. Both these AA substitutions were similar to the SAD?2
sequence (Lus10039241.g) in the Phytozome database. AA sequences of both the
desaturases also showed the presence of two consensus [(D/E) X2 H] domains,

characteristic of soluble desaturases (Figure 4.1 & 4.2).

The deduced AA sequence of FAD2 gene was identical in the ten flax
varieties; however, two AA substitutions (H53V and D117V) were observed in all
these varieties as compared to the reported F4D2 sequence (DQ222824.1) in NCBI
database. In case of FAD2-2 294 AA sequences representing 36" to 339™ AA from
the ten flax varieties were observed to be identical in all the ten varieties. All the
sequences of FAD2 and FAD2-2 showed characteristic features of membrane-bound
desaturases including the presence of three histidine boxes while, YNNKL motif was
observed, only in FAD2 sequences, at the C terminus of the protein (Figures 4.3 &
4.4).
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Table 4.4: FAD3A gene and amino acid (AA) variation in ten flax varieties

Intron/Exon Nucleotide variation AA variation Variety
1* exon C213T - NL260
A229G T77A NL260
G330T - NL260
A362T - NL260
2" exon T429C - NL260
C444T - NL260
4™ intron G864T - TL 23
A1232C - Padmini
C1578T - Ayogi
5" exon G2226A - NL97, EC9825,
Surabhi, JRFS, Acc
No. 4/47, TL23
C2263T Stop codon at TL23
292 AA
A2285C N299T NL97, Acc No. 4/47,
TL23
A2352G - NL260
A2416G - NL260
T2420C - NL260
A2427G - NL260
G2431A - Acc No. 4/47
From 2485Number of variations - NL260
at different positions including
additions, deletion and
substitutions
6" exon A3093C H330P NL260
T 3277C - Padmini, NL97,

NL260
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Table 4.5: FAD3B gene and amino acid (AA) variation in ten flax varieties

Intron/Exon Nucleotide variation AA variation Variety
1™ exon A225G - In all except Padmini,
NL260 and TL23
A366C - In all except Padmini,
NL260 and TL23
2" exon T419 G 11128 In all except Padmini
and NL260
4™ intron C899T - In all except Padmini
and NL260
G907A - In all except Padmini
and NL260
T994C - In all except Padmini
and NL260
Additional T at 999 - In all except Padmini
base and NL260
T1088G - In all except Padmini
and NL260
A1104C - In all except Padmini
and NL260
T1124C - In all except Padmini
and NL260
GI1234A - In all except Padmini
and NL260
C1413T - NL97, EC9825, Ayogi,
ES44, Acc No. 4/47
T1640A - EC9825, Acc No. 4/47
5™ exon Al1739G - EC9825, Acc No. 4/47
A1935C - EC9825
G1963A G283E TL23
C2629T - Acc No. 4/47
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Figure 4.1: Alignment of deduced amino acid sequences of SADI gene from ten flax

varieties with SADI sequence in NCBI and Phytozome databases. The boxes
represent conserved di-iron binding motifs [(D/E) X2 H]
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PADMINI MALRLNPVITFPSTRSLNNFSSRSPRTFLMAASTFNSTSTREAERLRRSHGPPREVEMOVTHSMPPQRLEIFRSLEGRAE 80
NLS7 MALKLNPVTTFPSTRSLNNFSSRSPRTFLMAASTFNSTSTREAEKLRKRSHGPPREVHMOVTHSMPPQRLEIFRSLEGWAE 80
NL260 MALRLNPVTTFPSTRSLNNFSSRSPRTFLMAASTFNSTSTREAERLRRSHGPPREVHMQVTHSMPPQRLEIFRSLEGRAE 80
EC9825 MALRKLNPVTTFPSTRSLNNFSSRIPRTFLMAASTFNSTSTREAERLRKRSEGPPREVHMOVTHSMPPCRLEIFRKSLEGWAE 80
SURABHI MALRLNPVITFPSTRSLNNFSSRSPRTFLMAASTFNSTSTREAERLRRSHGPPREVEMQVTHSMPPQRLEIFRSLEGWAE 80
RYOGI MALRLNPVITFPSTRSLNNFSSRSPRTFLMAASTFNSTSTREAERLRRSHGPPREVEMOVTHSMPPQRLEIFRSLEGRAE 80
ES44 MALRLNPVTTFPSTRSLNNFSSRSPRTFLMAASTFNSTSTREAERLRRSHGPPREVHMOVTHSMPPORLEIFRSLEGWAE 80
JREFS MALRLNPVITFPSTRSLNNFSSRSPRTFLMAASTFNSTSTREAERLRKSHGPPREVEMQVTHSMPPQRLEIFRSLEGWAE 80
ACC4-47 MALRLNPVITFPSTRSLNNFSSRSE

PRIFLMAASTFNSTSTREAERLRKKSHEGPPREVEMQVTHSMPPQRLEIFKSLEGWAE 80
TL23 MALRLNPVTTFPSTRSLNNFSSRSPRTFLMAASTFNSTSTREAERLRRKSHGPPREVEMQVTHSMPPQCRLEIFKSLEGWAE 80
SADZ-AJ006958 MALRLNPVTTFPSTRSLNNFSSRSPRTFLMAASTFNSTSTREAERLRRSHGPPREVHMQVTHSMPPCRLEIFRKSLEGWAE 80

P
SAD2-Lusl10039241 MALRLNPVTTFPSTRSLNNFSSRSPRTFLMAASTFNSTSTREAERLRRSHGPPREVEMOVTHSMPPQRLEIFRSLEGWAE 80
ek ook ook ok kb ok ok ook bbbk ok sk ok ok okl ok ko ok o kb ook ok bk ok b ok kool ok ok ok

PADMINI DVLLPELRPVERCWQPQDFLPEPESDGFEEQVKELRARARELPDDYFVVLVGDMITEEALPTYQTMLNTLDGVRDETGAS 160
NLS7 DVLLPELRPVERCKQPQDFLPEPESDGFEEQVRKELRARARELPDDYFVVLVGDMITEEALPTYQTMLNTLDGVRDETGAS 160
NL26&0 DVLLPELRPVERCWQPQDFLPEPESDGFEEQVRELRARARELPDDYFVVLVGDMITEEALPTYQTMLNTLDGVRDETGAS 160
EC9825 DVLLPELRPVERCWQPQDFLPEPESDGFEEQVRELRARARELPDDYFVVLVGDMITEEALPTYQTMLNTLDGVRDETGAS 160
SURABHI DVLLPELRPVERCWQPQDFLPEPESDGFEEQVRELRARARELPDDYFVVLVGDMITEEALPTYQTMLNTLDGVRDETGAS 160
RYOGI DVLLPELRPVERCWQPQDFLPEPESDGFEEQVRELRARARELPDDYFVVLVGDMITEEALPTYQTMLNTLDGVRDETGAS 160
ES44 DVLLPELRPVERCWQPQDFLPEPESDGFEEQVRELRARARELPDDYFVVLVGDMITEEALPTYCTMLNTLDGVRDETGAS 160
JRFS DVLLPHLRPVERCWQPQDFLPEPESDGFEEQVKELRARARELPDDYFVVLVGDMITEEALPTYQTMLNTLDGVRDETGAS 160
ACC4-47 DVLLPELRPVERCWQPQDFLPEPESDGFEEQVRELRARARELPDDYFVVLVGDMITEEALPTYQTMLNTLDGVRDETGAS 160
TLZ3 DVLLPHLEPVERCWQPQDFLPEPESDGFEEQVRELRARARELPDDYFVVLVGDMITEEALPTYQTMLNTLDGVRDETGAS 160

SADZ-AJ006558 DVLLPELRPVERCWQPQDFLPEPESDGFEEQVRELRARARELPDDYFVVLVGDMITEEALPTYQTMLNTLDGVRDETGAS 160
SADZ-Lus10039241 DVLLPHLRPVERCWQPQDFLPEPESDGFEEQVRELRARARELPDDYFVVLVGDMITEEALPTYQTMLNTLDGVRDETGAS 160
B T T A R R R R R R R A A LA e e

PADMINI LTPWAIWTRANWT. NREFDLLNKYLYLSGRVDMRQIERTIQYLIGSGMDPRTENNPYLGEFIYTSFQERATFISHGNTAR 240
NLS7 LTPWAIWTRANWT. NREGDLLNKYLYLSGRVDMRQIERTIQYLIGSGMDPRTENNPYLGFIYTSFQERATFISHGNTAR 240
NL260 LTPWAIWTRAWTAEENREGDLLNEYLYLSGRVDMRQIERTIQYLIGSGMDPRTENNPYLGFIYTEFQERATFISHGNTAR 240
EC9825 LTPRAINTRAWTAHENRHGDLINRYLYLSGRVDMRQIERTIQYLIGSGMDPRTENNPYLGFIYTSFQERATFISHGNTAR 240
SURAEBHI LTPWAIWTRANWTAH DLLNRYLYLSGRVDMRQIERTIQYLIGSGMDPRTENNPYLGFIYTSFQERATFISHGNTAR 240
RYOGI LT PRAINTRAWTAHENREGDLLNRYLYLSGRVDMRQIERTICYLIGSGMDPRTENNPYLGFIYTSFQERATFISHGNTAR 240
ES44 LTPWAIWTRANWT. REGDLLNRKYLYLSGRVDMRQIERTIQYLIGSGMDPRTENNPYLGFIYTSFQERATFISHGNTAR 240
JRFS LT?WAIWTRAWTEEE RHGDLLNEYLYLSGRVDMRQIERTIQYLIGSGMDPRTENNPYLGFIYTSFCERATFISHGNTAR 240
ACC4-47 LTPWAIWTRANWT. DLLNKYLYLSGRVDMRQIERTIQYLIGSGMDPRTENNPYLGFIYTSFCERATFISHGNTAR 240
TL23 LTPWAIWTRANWTAY IGDLLNRYLYLSGRVDMRQIERTIQYLIGSGMDPRTENNPYLGEIYTEFQERATFISHGNTAR 240
SADZ-AJ006958 LTPWAIWTRANWTAH DLLNRYLYLSGRVDMRQIERTIQYLIGSGMDPRTENNPYLGFIYTPFQERATFISHGNTAR 240
24

SADZ2-Lus10039241 LTPWAIWTRAWTAH
I

DLLNRYLYLSGRVDMRQIERTIQYLIGSGMDPRTENNPYLGFIYTSFQERATFISHGNTAR
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PADMINI LARDEGDMRLAQICGIIARL) TAYTRIVERLFEIDPDGTVLALADMMRRRISMPAHLMYDGEDDNLFDNYSSVAQR 360
NLS7 LARDHGDMRLAQICGIIARL TAYTRIVERLFEIDPDGTVLALADMMRERISMPAHIMYDGEDDNLEDNYSSVACQR 360
NL260 LARDHGDMRLAQICGIIAADE TAYTKIVERLFEIDPDGTVLALADMMRRRISMPAHLMYDGEDDNLFDNYSSVAQR 360
ECS825 LARDHGDMELAQICGIIAAL TAYTRIVERLFEIDPDGTVLALADMMRRRISMPAHLMYDGEDDNLEDNYSSVAQR 360
SURABHI LARDHGDMELAQICGIIARD) TAYTRIVERLFEIDPDGTVLALADMMRRKRISMPAKLMYDGEDDNLFDNYSSVAQR 360
RYOGI LAFRDHEGDMRLAQICGIIAALE TAYTRIVERLFEIDPDGTVLALADMMRRRISMPAHLMYDGEDDNLEDNYSSVAQR 360
ES44 LARDHGDMRLAQICGIIARD) TAYTRIVERLFEIDPDGTVLALADMMRRRISMPAHLMYDGEDDNLFDNYSSVAQR 360
JRFS LARDHGDMRLAQICGIIARD) TAYTRIVERLFEIDPDGTVLALADMMRRRISMPAHLMYDGEDDNLFDNYSSVAQR 360
ACC4-47 LARDHGDMELAQICGIIAALE TAYTRIVERLFEIDPDGTVLALADMMRRRISMPAHLMYDGEDDNLEDNYSSVAQR 360

TAYTRIVERLFEIDPDSTVLALADMMRRRISMPAELMYDGEDDNLFDNYSSVACR 360
TAYTRIVERLFEIDPDGTVLALADMMRERISMPAHLMYDGEDDNLEDNYSSVAQR 360

TAYTRIVERLFEIDPDSTVLALADMMRERKISMPAHRLMYDGEDDNLEDNYSSVACR 360
R L e

TL23 LARDHEGDMELAQICGIIAALDE.
SAD2-AJ006958 LARDHGDMRLAQICGIIRALE
SADZ-Lu=10039241 LARDEGDMRLAQICGIIAAL

e ke e e b ke ok ke e e e e ek ok

PADMINI IGVYTARDYADILEFLVGRWKVDAFTGLSGEGNRAQEFVCGLPARIRKLEERAAGRARQTSKSVPFSWIFSRELVL 386
NLS7 GVYTARDYADILEFLVGRWRVDAFTGLSGEGNFAQEFVCGLPARIRKLEERAAGRARQTSKSVPFSWIFSRELVL 386
NL2&0 IGVYTARDYADILEFLVGRWRVDAFTGLSGEGNRAQEFVCGLPARIRKLEERAAGRARQTSKSVPFSWIFS 386
ECS825 IGVYTARDYADILEFLVGRWRVDAFTGLSGEGNRAQEFVCGLPARIRKLEERAAGRARQTSRSVPFSWIES 386
SURABHI IGVYTARDYADILEFLVGRWRVDAFTGLSGEGNRAQEFVCGLPARIRKLEERAAGRARQTSKSVPFSWIF, 386
RYOGI IGVYTARDYADILEFLVGRWRVDAFTGLSGEGNRAQEFVCGLPARIRKLEERAAGRARQTSRSVPFSWIE, 386
ES44 IGVYTARDYADILEFLVGRWRVDAFTGLSGEGNRAQEEV! GIDARIRKLEERAAGRAKCTQKST SWIF 386
JRFS IGVYTARDYADILEFLVGRWRVDAFTGLSGEGNRAQEFVCGLPARIRKLEERAAGRARQTSKSVPFSWIES 386
ACC4-47 GVYTARDYADILEFLVGRWRVDAFTGLSGEGNRAQEFVCGLPARIRRLEERAAGRARQTSKSVPFSWIFSRELVL 386
TL23 IGVYTARDYADILEFLVGRWRVDAFTGLSGEGNRAQEFVCGLPARIRKLEERAAGRARQTSRSVPFSWIFSRELVL 386
SADZ2-AJ006958 IGVYTAKDYADILEFLVGRWRVDAFTGLSGEGNRAQEFVCGLPARIRKLEERAAGRARQTSKSVPFSWIFSRELVL 356
SADZ2-Lusl0039241 IGVYTARDYADILEFLVGRWRVDAFTGLSGEGNRAQEFVCGLPARIRKLEERAAGRARQTSKSVPFSWIFSRELVL 396
B T

Figure 4.2 Alignment of deduced amino acid sequences of SAD2 gene from ten flax
varieties with SAD2 sequence in NCBI and Phytozome databases. The boxes
represent conserved di-iron binding motifs [(D/E) X2 H] and (.) represents variation
in AA sequence and highlighted with turquoise colour
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Figure 4.3: Alignment of deduced amino acid sequences of FAD?2 gene from ten flax
varieties with two FAD2 sequences in NCBI database. The solid boxes represent
conserved histidine motifs and the dotted box represents ER retrieval motif. Variation
in the AA sequences is represented by (.) and (:) and highlighted with turquoise

colour
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Figure 4.4 Alignment of deduced amino acid sequences of F4D2-2 gene from ten
flax wvarieties with FAD2-2 sequence in NCBI database. The boxes represent
conserved histidine motifs

Chapter 4

104




Padmini

NLS7

NL260

EC9825

Surabhi

Ayogi

ES44

JRES

Acc

TL23
FAD3A-DQl16424
FAD3A-Lus10038321
FAD3A-g35134.t1

Padmini

NLS7

NL26&0

EC9825

Surabhi

Ayogi

ES44

JRFS

Rcc

TL23
FAD3A-DQ116424
FAD3A-Lus10038321
FAD3A-g35134.tl

Padmini

NLS7

NL260

EC9825

Surabhi

Ayogi

ES44

JRFS

Acc

TL23
FAD3A-DQlle424
FAD32 Lus10038321
FAD3A g35134.:z1

Padmini

NL97

NL260

EC9825

Surabhi

Ayogi

ES44

JRFS

Acc

TL23
FAD3R-DQl116424
FAD3A-Lus10038321
FAD3A-g35134.¢1

Padmini

NLS7

NL2&0

ECS825S

Surabhi

Ayogi

ES44

JRFS

Acc

TL23
FAD3A-DQ116424
FAD3A-Lus10038321
FAD3A-g35134.t1

MSPPNSMSPATNGSTNGVAINGARRLLDFDPSAAPPFRIADIRAAIPPECHVENPWRELSYVLRDLLVILSFAVAATELD
MSPPNSMSPATNGSTNGVAINGARRLLDFDPSAAPPFRIADIRAAIPPHCWVENPWRSLSYVLRDLLVILSFAVAATELD
MSPPNSMSPATNGSTNGVAINGARRLLDFDPSAAPPFRIADIRAAIPPHCWVENPWRSLSYVLRDLLVILSFAVARARLD
MSPPNSMSPATNGSTNGVAINGARRKLLDFDPSAAPPFRIADIRAAIPPECHVENPWRELSYVLRDLLVILSFAVAATELD
PPNSMSPATNGSTNGVAINGARRLLDFDPSAAPPFRIADIRAAIPPHCHVRANPWRSLSYVLRDLLVILSFAVAATRLD

PNSMSPATNGSTNGVAINGARRLLDFDPSAAPPFRIADIRAAIPPHCWVRNPWRSLEYVLRDLLVILSFAVAATELD

3

SP

S PPNSMSPATNGSTNGVAINGARELLDEFDPSAAPPFRIADIRAAIPPHCWVENPWRSLEYVLRDLLVILSFAVAATELD
3 SMSPATNGSTNGVAINGARRLLDFDPSAAPPFRIADIRAAIPPHCWVRNPWRSLSYVLRDLLVILSFAVAATELD
SPPNSMSPATNGSTNGVAINGARRLLDFDPSAAPPFRIADIRAAIPPHCWVRNPWRSLSYVLRDLLVILSFAVAATRLD
S
S
S

u

i

PPNSMSPATNGSTNGVAINGARRLLDFDPSAAPPFRIADIRAAIPPHCHNVENPWRSLSYVLRDLLVILSFAVAATRLD

SMSPATNGSTNGVAINGARELLDFDPSAAPPFRIADIRAAIPPHCWVENPWRSLSYVLRDLLVILSFAVAATRLD

PPNSMSPATNGSTNGVAINGARKLLDFDPSAAPPFRIADIRAAIPPHCWVRNPWRSLSYVLRDLLVILSFAVAATRLD

-NSMS
-

MSPATNGSTNGVAINGARRLLDEFDPSARAPPFRIADIRAAIPPECWVENPWRELSYVLRDLLVILSFAVAATELD
R R R R R R R R R R R R R T e S

SWIVWPLYWIAQGTMEWAVEVL
SWTVWPLYWIAQGTMEWAVEVL
SWIVWPLYWIAQGTMEWAVEV.
SWTVWPLYWIAQGTMEFWAVEVL
SWTVWPLYWIACGTMEWAVEVL
SWIVWPLYWIAQGTMEWAVEV
SWIVWPLYWIAQGTMEWAY
SWTVWPLYWIACGTMEWAVEVL
SWIVWPLYWIAQGTMEWAVEVL

SDSWLLNNVMGEILHSSILVPYHGWRISHKTHHONHGNVEKDESWVPLP
SDSWLLNNVMGHILHSSILVPYHGWRIS NHGNVERDESWVPLP
SDSWLLNNVMGHEILHSSILVPYHGWRIS NHGNVERDESWVPLP
SDSWLLNNVMGHILHSSILVPYHGWRI NHGNVEKDESWVPLP
SDSWLLNNVMGEILHSSILVPYHGWRIS NHGNVERDESWVPLP
SDSWLLNNVMGEILHSSI YHGWRISH NHGNVERDESWVPLP
SDSWLLNNVMGHILHSSILVPYHGWRRIS NHGNVEKDESWVPLP
SDSWLLNNVMGEILHSSILVPYHGWRIS NHGNVERDESWVPLP
SDSWLLNNVMGHEILHSSILVPYHGWRISH NHGNVERDESWVPLP

SHTVWPLYWIAQGTMEWAVEVL SDSWLLNNVMGHILHSSILVPYHGNRISH NHGNVERKDESWVPLP
SWTVWPLYWIAQGTMEWAVEVL SDSWLLNNVMGHILHSSILVPYHGWRIS NHGNVERDESWVPLP

W wmmimioibhhiniiobmininin

SWIVWPLYWIAQGTMEWAVEV
SHTVWPLYWIAQGTMEWAVEVL

SDSWLLNNVMGEILHSSILVPYHGWRIS NHGNVERKDESWVPLP

SDSWLLNNVMGHILHESSILVPYHGWRIS NHGNVERDESWVPLP
sk e s kel o e e e ol sl b ok e sl okl el ool e e el b e el e e e ke

-

P

ERVYRSLDTGTEKFMRFTIPLPMFAYPIYLWRRSPGRRGSHFNPYSDLFAPNERTSVMISTLCWTAMALLLCYSSFIYGEL
ERVYRSLDTGTRFMRETIPLPMFAYPIYLWRRSPGRRGS PYSDLFAPNERTSVMISTLCWTAMALLLCYSSFIYGEL
ERVYRSLDTGTRKFMRFTIPLPMEAYPIYLWRRS PGRRGSHFNPYSDLFAPNERTSVMISTLCWTAMALLLCYSSFIYGEFL
ERVYRSLDTGTKFMRFTIPLPMFAYPIYLWRRSPGRRGSHFNPYSDLFAPNERTSVMISTLCWTAMALLLCYSSFIYGEFL
ERVYRSLDTGTRFMRETIPLPMEAYPIYLWRRSPGRRGSHFNPYSDLFAPNERTSVMISTLCWTAMALLLCYSSFIYGEL
ERVYRSLDTGTEKFMRFTIPLPMEAYPIYLWRRSPGRRGSHFNPYSDLFAPNERTSVMISTLCWTAMALLLCYSSFIYGEFL
ERVYRSLDTGTRKFMRFTIPLPMFAYPIYLWRRSPGRRGSHFNPYSDLFAPNERTSVMISTLCWTAMALLLCYSSFIYGEFL
ERVYRSLDTGTRFMRETIPLPMFAYPIYLWRRSPGRRGSHFNPYSDLFAPNERTSVMISTLCWTAMALLLCYSSFIYGEFL
ERVYRSLDTGTRFMREFTIPLPMFAYPIYLWRRSPGRRGSHFNPYSDLFAPNERTSVMISTLCWIAMALLLCYSSFIYGEL
ERVYRSLDTGTRFMREFTIPLPMFAYPIYLWRRSPGREGS PYSDLFAPNERTSVMISTLCWTAMALLLCYSSFIYGEL
ERVYRSLDTGTRFMREFTIPLPMFAYPIYLWRRSPGREGSHFNPYSDLFAPNERTSVMISTLCWTAMALLLCYSSFIYGEL
ERVYRSLDTGTKFMRFTIPLPMFAYPIYLWRRSPGRRGSHFNPYSDLFAPNERTSVMISTLCWTAMALLLCYSSFIYGFL
ERVYRSLDTGTRFMRFTIPLPMFAYPIYLWRRSPGRRGSHEFNPYSDLFAPNERTSVMISTLCWTAMALLLCYSSFIYGEFL

B R T o A A A S A o S S R S o A A A A

VERIYGVPYLIFVAWLDMVTYLHEHGYEQRLPWYRGRENSYLRGGLTTVDRDYGVINNIHEDIGTHVIHHL
V?KIYGV:YI.I"VAWLDHVTYI.PH}'GYECKIFWYRGKEWSYI.RGGI.TTV’DREYGVI’\T‘I‘I}'}'DIGT AVIHHL
KIYGVPYLIFVAWLDMVTYLHEHGYEQRLPWYRGREWSYLRGGLTTVDRDYGVINNIHEDIGTHVIHHL
FRIYGVPYLIFVAWLDMVIYLHEHGYEQRLPWYRGREWSYLRGGLTTVDRDYGVINNIHHDIGTHVIHHL
FRIYGVPYLIFVAWLDMVTYLEEEGYEQRLPWYRGRENSYLRGGLTTVDRDYGVINNIEEDIGTEVIEH
RIYGVPYLIFVAWLDMVTYLHEHGYEQRLPWYRGREWSYLRGGLTTVDRDYGVINNIKEDIGTHVIEH
RIYGVPYLIFVAWLDMVTYLHEHGYEQRLPWYRGREWSYLRGGLTTVDRDYGVINNIHEDIGTHVIEH
KIYGV:'YI_I'WAWI.DIWI‘YI_I"HI-GYECKIJWYRGKEWSYLRGGJ’.TTV’DRDYGVINNI}-FDIGTI—VIEHL
RIYGVPYLIFVAWLDMVTYLHEHGYEQRLPWYRGRENSYLRGGLTTVDRDYGVINEIKEDIGTHVIEH
'v' RIYGVPYLIFVAWLDMVIYLHEHGYEQRLPWYRGRKEWSYLRGGLTTV DIEYGv INEIHHDIGTHVIHHL
VERIYGVPYLIFVAWLDMV T Y LHEEGYEQRLPWYRGRENSYLRGGLTTVDRDYGVINNIHEDIGTHVIHHLFPCMPHYH
RIYGVPYLIFVAWLDMVTYLHEHGYEQRLPWYRGREWSYLRGGLTTVDRDYGVINNIHKEDIGTHVIHHLFPQMPEYH
RIYGVPYLIFVAWLDMVTYLHHHGYEQRLPWYRGREWSYLRGGLTTVDRDYGVINBIHHDIGTHVIHHLFPCMPHYH

e R e

w

QMPHYH
QMPEYH
QMPHYH
CMPHYH

o

o
g

o

o

o
5
s}
g
5}
i
i

o
5]
y
]

H
{PEYH
QMPEYH
{PHYH
CMPHYH

o

V

A

o
o

'U
5]

T
By By iy By Py B B R
sl
ee

g
o

) IIJ o

]
o

L)
o

o

e rq )

PV
PV
-

.,........._
FPFHLFGYLVRSLGEDHYVSDTGDVVFYQSDPHIPRKFPTSA' T’L;K“K 382
LVEATQAARHVLGRYYREPRRKSGPF LEGYLVRSLGEDHYVSDTGDVVEYQSDPEIPREFPTS ATJ!RSF\SS 392
LVEATCAARBVLGRYYREPRRSGP iILEGYLVRSLGEDHYVSDTGD YCSE?EI?K"?I‘SAI‘M“K“S} 382
LVEATQAARHVLGRYYREPRRSGPFPFHLFGYLVRSLGEDHYVSDTGDVVEFYQSDPEIPKFEP TSATU!RSKSE‘». 382
LVEATQRARHVLGRYYREPKKSGP E‘?E‘HLFGYLV‘RSLGEEHYVSETGE FYQSDPHIPKFPTSA I"l.EKﬁKQS 392
l\EATCAAKh"IGKYYREQKKQG iYVSDTGDVVEYQSDPHIPRFPTSA TﬁK*K** 352

LVEATQAARHVLGRYYREPRRSGPFPFHLFGYLVRSLGEDHYVSDTGDVVFYQSDPHIPREP TSATU:RSRS& 382
LVEATQRARHVLGRYYREPKKSGP HLE‘GYL'»FRSLGEDHY'\TSETGEV“»F“YQ‘E:hI=K:‘?I‘=AI‘L‘K=K==‘ 352
LVEATCAARHVLGRKYYREPRRSGP HLFGYLVRSLGEDHYVSDTGDVVFYQSDPH I'JKTPI‘*AI‘BK*K-.H. 352
LVEATQAARHVLGRYYREPRRSGP HLEGYLVRSLGEDHYV. SDTGDT\""YQSD"FI"K:‘?TSATFRSRSE 351
LVEATQRARHVLGRYYREPKKSGP HLFGYLVRSLGEDHYVSDTGDVVFYQSDPHIPKE I“AI‘".!K“KQS 352
I.'\’EATCAAKH’JIGKYYREQKKSG HLFGYLVRSLGEDHYVSDTGDVVFYQSDPHIPRFE T*AI"EK*KSS 352

LVEATQAARHVLGRYYREPKKSGP HI.-E‘GYI_VRSI.GEDHYVSD'I‘GDTV-YQSD=FI=RT?TSATJ!KSKS§ 388

-«

B B T B e
Sensnnens

LVEATQAARHVLGRYYREPRRKSGPFP

‘J

m
[
iy
G
=
[~
<
w
ow
[~
@
&
=
:

]

oo

o

M -.] u] .q ol u] Il -.] u]

-
-

P I|J r.) ..J -.] -.) ..J I|J n)

-

)
&

m o
[SE==]

m o o
© O O

) M W o
noO oo oo

160
160
160

160
160
156

b s B N N

[ [SEUSIUSIL SIS SIS RS SIS SRS ]
FEOR R R R R R R B R BB [T e
MO OWwWo 00000000 OO0 0000000000

W W W W W W W W W

Figure 4.5: Alignment of deduced amino acid sequences of FAD34 gene from ten
flax varieties with FAD3A sequence in NCBI, Phytozome and Linum.ca databases.
The solid boxes represent conserved histidine motifs and dotted box represents di-
lysine motif. Variation in the AA sequence is represented by (:) and highlighted with
turquoise colour. Stop codon in TL23 is represented byl in the AA sequence
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Padmini MSPENSMSPTTNGNGVAMNGARRQLDFDPSAARPPFRIADIRAAIPPHCWVENPWRSLSYVLRDLLVILSFAVAARRLDSW 80
NLS7 MSPPNSMSPTTNGNGVAMNGARRQLDFDPSAAPPFRIADIRARI PPHCWVRNPWRSLSYVLRDLLVILSFAVARARLDSN 80
NL260 MSPPNSMSPTTNGNGVAMNGARRQLDEDPSAAPPFRIADIRAAI PPHCWVRNPWRSLSYVLRDLLVILSFAVAAARLDSW 80

C9825 MSPENSMSPTTNGNGVAMNGARROLDFDPSAAPPFRIADIRAAI PPHCWVENPWRSLSYVLRDLLVILSFAVARRRLDSW 80
Surabhi MSPPNSMSPTTNGNGVAMNGARRQLDFDPSAAPPFRIADIRAAI PPHCWVENPWRSLSYVLRDLLVILSFAVAAARRLDSN 80
;\yoci MSPPNSMSPTTNGNGVAMNGARRQLDFDPSAARPPFRIADIRAAI PPHCWVRNPWRSLSYVLRDLLVILSFAVARRRLDSW 80
ES44 MSPPNSMSPTTNGNGVAMNGARRQLDFDPSAAPPFRIADIRARI PPHCWVRNPWRSLSYVLRDLLVILSFAVARARRLDSKN 80
JRES MSPPNSMSPTTNGNGVAMNGARRQLDFDPSAAPPFRIADIRAAI PPHCWVRNPWRSLSYVLRDLLVILSFAVARARLDSW 80
Acc MSPENSMSPTTNGNGVAMNGARRQLDFDPSAAPPFRIADIRAAI PPHCWVENPWRSLSYVLRDLLVILSFAVAARRLDSW 80
TL23 MSPPNSMSPTTNGNGVAMNGARRQLDFDPSAAPPFRKIADIRAAI PPHCWVRNPWRSLSYVLRDLLVILSFAVARARLDSN 80
FAD3B-DQ116425 MSPPNSMSPTTNGNGVAMNGARRQLDFDPSAAPPFRIADIRAAI PPHCWVRNPWRSLSYVLRDLLVILSFAVARARLDSW 80
FAD3B-Lus10036184 MSPPNSMSPTTNGNGVAMNGARRQLDFDPSAAPPFRIADIRAAIPPHCWVENPWRSLSYVLRDLLVILSFAVAARRLDSW 80
FAD3B-g37988.t1 MSPPNSMSPTTNGNGVAMNGARRQLDEDPSAAPPFRIADIRAAI PPHCWVRNPWRSLSYVLRDLLVILSFAVAARRLDSN 80

B TR

Padmini TEWPLYWVAQGTMEWAVEVL

FSDIWLLNNVMGHILHSSILVPYHGWRIJHRTEHCNEGNVERDESWVPLPER 160
NLS7 TEFWPLYWVAQGTMEWAVEVL Fs

DSWLLNNVMGEILESSILVPYHGWRIGHRTHHONHGNVERDESWVPLPER 160

NL260 TFRPLYWVAQGTMFWAVEVLG FSDIWLLNNVMGHILHSSILVPYHGWRIJHKTHHONHGNVEKDESWVPLPER 160

EC9825 TFWPLYWVAQCGTMEWAVEVL FSDSWLLNNVMGHILHSSILVPYHGWRIJHRTHHCNEGNVERDESWVPLPER 160

Surabhi TEFWPLYWVAQGTMEWAVEVLG FSDSWLLNNVMGHILHESSILVPYHGWRIJHRTEHCONEGNVERDESWVPLPER 160
F

Ayogi TEWPLYWVAQGTMEWAVEVL
ES44 TEWPLYWVAQGTMEWAVEVL
JRES TFWPLYWVAQGTMEWAVEVLG
Acc TEWPLYWVAQGTMEWAVEVL
TL23 TEWPLYWVAQGTMEWAVEVLG
FAD3B-DQ11642 TERPLYWVAQGTMEWAVEVL
FAD3B-Lus10036184 TFWPLYWVAQGTMFWAVEVL
FAD3B-g37988.tl1  TFWPLYWVAQGTMFWAVEVLG

ke e e o b b R Rk e b R b

SDSWLLNNVMGEILESSILVPYHGWRIGHRTHHCNHGNVERDESWVPLPER 160
FSDESWLLNNVMGHILHSSILVPYHGWRIJHRTHHONHGNVERDESWVPLPER 160
FSDSWLLNNVMGHILHSSILVPYHGWRIJHRTHHONEGNVEKDESWVPLPER 160
FSDSWLLNNVMGHILHSSILVPYHGWRIJHRTHHCNEGNVERDESWVPLPER 160
FSDEWLLNNVMGHILHSSILVPYHGWRIJHRTHHONHGNVEKDESWVPLPER 160
FSDIWLLNNVMGHILHSSILVPYHGNRIJHRTHHONHGNVEKDESWVPLPER 160
SDIWLLNNVMGHILHSSILVPYHGWRIJHRTHHONHGNVERDESWVPLPER 160
FSDINLLNNVMGHILHSSILVPYHGWRIJHRTHHONHGNVEKDESWVPLPER 160
-

e n e ko e e ok ok e o ok ok b ok Mk bk kb ok bk

L]

=00 Win W miieion UJ 0)

Padmini VYRSLDTSTRFMRFTIPLPMFAYPIYLWIRSPGRKGSHFNPYSDLFAPNERAAVLISTLCWTAMALLLCYSSFIYGFAPV 240
NLS7 VYRSLDTSTREMRFTIPLPMFAYPIYLWIRSPGRRGSHFNPYSDLFAPNERAAVLISTLCWTAMALLLCYSSFIYGFAPV 240
NL260 VYRSLDTSTREMRETIPLPMEAYPIYLWIRSPGRRKGSHFNPYSDLEAPNERAAVLISTLCWTAMALLLCYSSFIYGFAPY 240
ECS825 VYRSLDTSTREMREFTIPLPMFAYPIYLWTRSPGRRGSHFNPYSDLFAPNERAAVLISTLCHTAMALLLCYSSFIYGFAPY 240
Surabhi VYRSLDTSTREMRETIPLPMFAYPIYLWIRSPGRRKGSHFNPYSDLFAPNERAAVLISTLCWTAMALLLCYSSFIYGFARPY 240
Ayogi VYRSLDTSTRFMRFTIPLPMFAYPIYLWTRSPGRRGSHFNPYSDLFAPNERAAVLISTLCWTAMALLLCYSSFIYGFARY 240
ES44 VYRSLDTSTRFMRFTIPLPMFAY PIYLWTRSPGRRGSHFNPYSDLFAPNERAAVLISTLCWTAMALLLCYSSFIYGFAPY 240
JRFS VYKSLDTSTRFMRFTIPLPMFAYPIYLWTRSPGRRGSHFNPYSDLFAPNERAAVLISTLCWTAMALLLCYSSFIYGFAPV 240
Acc VYRSLDTSTRFMRFTIPLPMFAYPIYLWTRSPGRRGSEFNPYSDLFAPNERAAVLISTLCWTAMALLLCYSSFIYGFAPY 240
TL23 VYKSLDTSTREMRFTIPLPMFAYPIY LW TRSPGRRGSHENPYSDLFAPNERAAVLISTLCWTAMALLLCYSSFIYGFARPY 240
FAD3B-DQ116425 VYRSLDTSTRFMRFTIPLPMFAYPIYLWIRSPGRRGSHFNPYSDLFAPNERAAVLISTLCWTAMALLLCYSSFIYGFAPV 240
FAD3B-Lus10036184 VYRSLDTSTRFMRFTIPLPMFAYPIYLWTRSPGRRKGSHFNPYSDLFAPNERAAVLISTLCWTAMALLLCYSSFIYGFAPY 240
FAD3B-g37988.t VYRSLDTSTRFMRFTIPLPMFAYPIYLWIRSPGRRGSHFNPYSDLFAPNERAAVLISTLCWTAMALLLCYSSFIYGFAPYV 240
R e

Padmini LRIYGVPYLIFVAWLDMVTYLHHEGYEQRLPWYRGRKEWSYLRGGLTTVDRDYGVINNIEHEDIG! IHHLFPCMPHYHLV 320
NLS7 LRIYGVPYLIFVAWLDMVIYLHHEGYEQRLPWYRGREWSYLRGGLTTVDRDYGVINNIHHDIGTHV LEPCMPHYELV 320
NL260 LRIYGVPYLIFVAWLDMVTYLHHEGYEQRLPWYRGKEWSYLRGGLTTVDRDYGVINNIEHDIGTHVIHHLFPCMPHYHLY 320
EC9825 LEIYGVPYLIFVAWLDMVTYL YEQRLPWYRGREWSYLRGGLTTVDRDYGVINNIEHDIGIEHVIHHLFPCMPHYELV 320
Surabhi LRIYGVPYLIFVAWLDMVTYL! YEQRLPWYRGREWSYLRGGLTTVDRDYGVINNIEEDIG FPCMPHYELV 320
Ayogi LRIY¥YGVPYLIFVAWLDMVTYLHHEGYEQRLPWYRGREWSYLRGGLTTVDRDYGVINNIEHDIG! FPOMPHYELV 320
ES44 LRIYGVPYLIFVAWLDMVTYLHHHEGYEQRLPWYRGREWSYLRGGLTTVDRDYGVINNIHHDIG! FPCMPHYHLV 320
JRFS LRIYGVPYLIFVAWLDMVITYLHHHEGYEQKLPWYRGRKEWSYLRGGLTTVDRDYGVINNIHHDIG! FPOMPHYHLV 320
Acc LRI¥YGVPYLIFVAWLDMVTYLHHEGYECKLPWYRGREWSYLRGGLTTVDRDYGVINNIEHEDIGTEVIHHLFPCMPHYELY 320
TL23 LRIYGVPYLIFVAWLDMVTYLHHHGYEQRLPWYRGREWSYLREGLTTVDRDYGVINNIHHEDIGTHVIHHLEPCMPHYHLY 320
FAD3B-DQ116425 LEIYGVPYLIFVAWLDMVTYLHHHGYEQRLPWYRGKEWSYLRGGLTTVDRDYGVINNIHHDIGTHVIHHLFPCMPHYHLYV 320
FAD3B-Lus10036184 LRIYGVPYLIFVAWLDMVTIYLH YEQRLPWYRGREWSYLRGGLTTVDRDYGVINNIEHDIGIEVIHHLFPCMPHYHLV 320
FAD3B-g37988.t1 LERIYGVPYLIFVAWLDMVTYLHH 320
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Figure 4.6: Alignment of deduced amino acid sequences of FAD3B gene from ten
flax varieties with FAD3B sequence in NCBI, Phytozome and Linum.ca databases.
The boxes represent conserved histidine motifs and dotted box represents di-lysine
motif. Variation in the AA sequence is represented by (:) and highlighted with
turquoise colour
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The deduced AA sequences of FAD3A gene were identical in all the varieties
except TL23 and NL260 (Figures 4.5 & 4.6). TL23 displayed a nonsense mutation (C
to T) in the 5™ exon causing a premature stop codon (TGA) that lead to a truncated
protein with 291 AAs. NL260 showed two AA changes, T77A and H330P. Besides
this, in three varieties (NL97, ACC No 4/47 and TL23) an additional substitution
(N299T) was observed. For FAD3B gene, the deduced AA sequences were identical
in the ten varieties, except for the TL23, where G283E change was observed.
Similarly, in eight varieties except Padmini and NL260, I1112S substitution was
observed, which was identical to the F4D3A sequence (DQ116424.1) from NCBI
(Figure 4.6). Both the FAD3 AA sequences carried the three consensus His-rich
motifs required to bind the di-iron active site and for catalysis. Besides these, they
also possessed a conserved dilysine ER-retrieval motif (KSKSS) near the C-terminal

end (Figures 4.5 & 4.6).

4.3.3 Haplotype analysis

Sequence analysis of SADI, SAD2, FAD2, FAD2-2, FAD3A and FAD3B genes from
the ten flax varieties revealed varied number of haplotypes. A total of 2-9 alleles
while, 1-4 protein isoforms were identified for the six genes (Table 4.6). Similarly,

allelic frequency varied gene wise in flax varieties under present study (Table 4.7).

Table 4.6: Allelic variations and number of protein isoforms identified in the six
desaturase genes among ten flax varieties

SADI SAD2 FAD?2 FAD2-2 FAD3A FAD3B

Intronic and

exonic 2 6 4 2 9 6
variation
Exonic 1 2 4 2 7 5
variation
Protein 1 2 1 1 4 3
Isoforms
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Table 4.7: Representation of number of haplotypes and their allelic frequency, for each desaturase gene, in the ten varieties. Values in
parentheses represent allelic frequency

Haplotype number
Gene
1 2 3 4 5 6 7 8 9
(0.8) Padmini, NL97, .
SADI NL260, EC9825, Ayogi, gé?p?ﬁ%’
ES44, JRFS, TL23 :
(0.3) NL97, .
SAD2 (0.2) Padmini, Acc No. 4/47  Surabhi, @1 NL260 (OB AYoRL 4y pEs (0.1)
ES44 TL23
EC9825
(0.7) Padmini, NL97,
FAD2  NL260, Ayogi, ES44, JRFS,  (0.1)EC9825  (0.1) Surabhi  (0.1) TL23
Acc No. 4/47
(0.9) Padmini, NL97,
NL260, EC9825, Surabhi,
FAD2-2  \yoqi. JRFS, Acc No. 4/47, (01 ES44
TL23
. (0.2) Surabhi,  (0.1) ©.1)  (0.)Acc  (0.1)
FAD3A (0.1) Padmini (0.)NL97  (0.1)NL260  (0.1) EC9825 ek Avori ES4h Nooadwr Lo
. (0.3) NL97, (0.2) Surabhi,  (0.1) AccNo.  (0.1)
FAD3B (0.2) Padmini, NL260 Ayogi, ES44 (0.2) EC9825 IRF5 4/47 TL23
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4.3.3.1 SAD haplotypes

The number of variable sites in SADI and SAD2 were 1 and 7, respectively, and led to
2 and 6 alleles or haplotypes, respectively, in the ten flax varieties for these genes
(Tables 4.8 & 4.9). The haplotype diversity Hq, for SAD1 was 0.36, while for S4D2 it
was 0.89. Further, for SADI, allelic frequency of haplotype 1 was 0.8 where all the
varieties except Surabhi and Acc No. 4/47 belonged to this haplotype. For SAD2, out
of the six haplotypes observed amongst the ten varieties, haplotype 3 was shared by
maximum number of varieties (NL97, EC9825 and Surabhi) (Table 4.6). On the other
hand, when only the coding (exonic) regions from these two genes were analyzed,
SADI showed only one haplotype and one protein isoform; while, SAD2 revealed two
haplotypes and two protein isoforms. In case of SAD2, TL23 represented one separate

haplotype and the remaining nine varieties formed another haplotype (Table 4.6).

Table 4.8: Haplotype definition of S4D/ gene

Nucleotide position

Haplotype 301 Frequency
Hap 1 T 8
Hap 2 C 2

Table 4.9: Haplotype definition of SAD2 gene

Nucleotide position
Haplotype Frequency
259 262 629 1435 1457 2172 2225

Hap 1 A A C T T G C 2
Hap 2 G 3
Hap 3 . . G C C . . 1
Hap 4 . . . C C . . 2
Hap § C G . . . . . 1
Hap 6 C G . C C A A 1
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4.3.3.2 FAD?2 haplotypes

The FAD2 and FADZ2-2 genes are intronless and we observed 3 and 1 variable sites
respectively, among the ten varieties (Tables 4.10 & 4.11). These genes had 4 and 2
alleles or haplotypes, with the Hq values of 0.53 and 0.2, respectively. In FAD2, seven
varieties represented one haplotype while, in FAD2-2 except for ES44, the remaining
nine varieties represented only a single haplotype (Table 4.7). However, all the

varieties had only one form of the protein for both FAD2 and FAD2-2.

Table 4.10: Haplotype definition of F4D2 gene

Nucleotide position

Haplotype Frequency
105 126 624
Hap 1 C C C 7
Hap 2 . . T 1
Hap 3 . T 1
Hap 4 T . T 1

Table 4.11: Haplotype definition of FAD2-2 gene

Nucleotide position

Haplotype Frequenc

plotyp 378 q y
Hap 1 C 9
Hap 2 T 1
4.3.3.3 FAD3 haplotypes

Complete FAD3A and FAD3B genes including intronic and exonic regions
represented 178 and 16 variable sites, respectively among the ten varieties (Tables
4.12 & 4.13). These resulted in 9 and 6 alleles or haplotypes with the Hq values of
0.98 and 0.89, respectively. Only the haplotype 5 in FAD3A was shared by two
varieties with an allelic frequency of 0.2, while the remaining haplotypes were
represented by a single variety each (Table 4.7). When only the coding regions of
both the genes were considered, the ten varieties showed 10 and 5 variable sites,

which resulted in 7 and 5 alleles or haplotypes with Hg of 0.91 and 0.76, respectively
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(Table 4.6). Most of the nucleotide substitutions were synonymous in nature;
however, only 4 non-synonymous substitutions leading to 5 isoforms of F4D3A were
observed. However, the FAD3A protein in TL23 was truncated and hence was not
considered as an isoform (Table 4.6). In case of FAD3B, 2 non-synonymous

substitutions leading to 3 protein isoforms were observed (Table 4.6).

4.3.4 Structure prediction and analysis of desaturases

The 3D structure of SAD (A9) protein was predicted by homology modeling, based
on the 86% sequence identity of flax SAD protein with the crystal structure of A9
desaturase from castor (PDB ID: 10Q4). The quality of the model produced was
assessed by checking the protein stereology by Ramchandran plot analysis using
RAMPAGE (Lovell et al., 2003) and the energy was checked by ProSA (Wiederstein
and Sippl, 2007). Ramchandran plot of both SADI and SAD2 models showed 97.2%
of the residues located in favored and allowed @ and ¥ regions (94.2% and 94.9%
most favorable, while 3% and 2.3% in additional allowed region for SAD1 and SAD2
proteins, respectively), whereas, 2.8% of the residues as outliers (Figures 4.7A & B).
ProSA analysis yielded a Z-score of -7.06 and -5.29 for SAD1 and SAD?2,
respectively (Figures 4.8A & B), as well as the negative energy values for most of the
residues (Figure 4.9A & B).

The root mean square deviation (RMSD) between the modeled structures of
SAD1 and SAD2 with the template (castor SAD protein) was 0.25A and 0.87A. All
these assessments indicated a good quality of model predicted for SAD from flax. The
3D structure of both the SAD genes, SAD1 and SAD2 showed a compact cylindrical
structure, with the presence of 11 a-helices and one anti-parallel S-sheet at the C-
terminus. Out of the 11 a-helices, 9 form a core bundle with the remaining 2 helices
capping each end. Four out of the 9 core a-helices, a3, a4, a6 and o7 with 21, 26, 28
and 30 residues in case of SADI and 25, 27, 27 and 31 residues in case of SAD2 are
longer than the rest as observed for the castor SAD structure (Figures 4.10A & B).
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Table 4.12: Haplotype definition of FAD3A4 gene for nine varieties except NL260

Nucleotide position

Haplotype
864 1232 1578 2226 2263 2285 2431 2549 3000

3202

Frequency

Hap 1 G C C G C A G T A
Hap 2 C . C

Hap 3 C

Hap 4

Hap 5

Hap 6

Hap 7 .
Hap 8 T

> > >

b e i e
—
>
A -
>
o)

H =3 a3

e e D e e e

Table 4.13: Haplotype definition of FAD3B gene

Nucleotide position

Haplotype

225 366 419 899 907 994 999 1088 1104 1124 1234 1413 1640 1739 1935

1963

2629

Frequency

Hap 1
Hap 2
Hap 3
Hap 4
Hap 5
Hap 6

T A T G C T A A

a o o a »

o o o o »
Qa o a o a4
=4 4 434 434 3 O
> > > > > Q
o 0 o0 o o3
= 4 =3 3 -
aQa o a e a
o 0o o o0
O 0o o o0
I S S

G

C

2
3
2
2
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The di-iron binding conserved motifs for soluble desaturase were present on 4™ and
7™ core a-helices (Figures 4.10A & B). The variation P225S in all the ten varieties
and G282S in TL23 SAD2 AA sequence did not affect the predicted protein structures
of these varieties when compared with the predicted protein structure of NCBI

(Figures 4.11A & B).

180

SI&N  GeneralPra-PraiProline Favourad  |# 4 General/Pre-Pro/Proline Allowed S0&0  GaneralPra-Pro/Proline Favoursd | # 4  GeneralPra -PralProline Allow od
Glyeine Favourad = Glycine Allowsd = Glycing Favaur ad = Glycine Allowsd

(A) (B)

Figure 4.7: Ramchandran plot of the model generated for (A) SADI and (B) SAD2
protein
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Figure 4.8: Z-score plots of the model generated for (A) SAD1 and (B) SAD2 protein
indicated by black filled circle (Z-score for SAD1: -7.06 and Z-score for SAD2:
-5.29)
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Figure 4.9: ProSA based energy profiles of the model generated for (A) SADI1 and
(B) SAD?2 proteins
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Figure 4.10: (A) SADI1 and (B) SAD?2 protein models (helix region in blue represents
two conserved di-iron binding motifs)
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Figure 4.11: NCBI SAD2 protein model (grey) superimposed with (A) SAD2 protein
model of NL260 (green) (representative of all the varieties), (B) SAD2 protein model
of TL23 (green). The region in red indicate the position of the AA change while helix
region in blue represents two conserved di-iron binding motifs

The 3D structures of FAD2 and FAD3 proteins were generated through the
I-TASSER server (Zhang, 2008; Roy et al., 2010). The server initially predicted five
models out of which the best model was selected from the output based on the C-
score (C-score is a confidence score for estimating the quality of predicted models by
I-TASSER). An initial structural model was generated and subjected to an energy
minimization procedure with GROMOS96 as implemented in PyMol (The PyMol
Molecular Graphics System, Version 1.2r3 pre, Schrodinger LLC) to reduce poor van
der Waals contacts and correct the stereochemistry of the model. Further, the quality
of the models produced (both FAD2 and FAD3) was also assessed by checking the
protein stereology by Ramachandran plot analysis using the RAMPAGE and the
energy was checked by ProSA. Ramachandran plot for predicted FAD2 model
showed 92.3% of the residues located in favored and allowed @ and ¥ regions (84.8%
most favorable while 8.5% in additional allowed region), whereas, 6.6% residues
were outliers (Figure 4.12A). ProSA analysis yielded a Z-score of -3.7 for FAD2
model and the energy values of the residues were negative in some region, while
positive in other regions (Figure 4.12B & C). Similarly, Ramachandran plots of
FAD3A and FAD3B model showed 95.9% and 95.6% of the residues located in
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favored and allowed ® and ¥ regions (88.7% and 84.6% most favorable while 7.2%
and 8.7% in additional allowed region, respectively for FAD3A and FAD3B);
whereas 4.1% and 4.4% residues were outliers, respectively (Figures 4.14A and B).
While, the ProSA analysis yielded a Z-score of -2.56 and -2.79 for FAD3A and
FAD3B models, respectively (Figure 4.15A & B). The energy values of the residues
were negative in some regions, while positive in other regions (Figure 4.16A & B).

These results indicated that the predicted FAD3 and FAD2 models are stable.
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Figure 4.12: (A) Ramchandran plot (B)
Z-score plot (Z-score: -3.7, indicated by
black filled circle) (C) ProSA based
energy profile of the I-TASSER
generated model for FAD2 protein

Knowledge-based energy
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—3 378
Sequence position

©)

The FAD2 protein model consisted of 12 a-helices and one anti-parallel f-
sheet at the C-terminus, of which al and a6 were interrupted by 2-4 AA residues.
Four of the a-helices, a2, a3, a5 and al4 were larger with 29, 23, 22 and 23 AA
residues, respectively (Figure 4.13A). The predicted structure showed the presence of

three conserved histidine boxes, namely HI from 100-105 residues, H2 from 134-140

Chapter 4 116



residues and H3 from 310-314 residues, respectively. AA sequences of all the ten
varieties showed substitution at two positions (H53V and D117V) as compared to
NCBI sequence, however there were no obvious structural changes observed when

their protein models were superimposed on the NCBI model (Figure 4.13A).

(A) (B)

Figure 4.13: (A) FAD2 protein model, (B) NCBI FAD2 protein model (grey)
superimposed with Padmini FAD2 protein model (green). The regions in red (in the
superimposition model, B) indicate the positions of the AA change. Region in blue
represents three conserved His-box motifs H1, H2 and H3 in both the structures A and
B

Both the FAD3 protein models consisted of 14 a-helices, of which a6, a9, and
al4 in FAD3A4 while, 04, a7, a8 and a13 in FAD3B were interrupted by 1-3 non-helix
forming AA residues. In FAD3A and FAD3B proteins, a10 with 36 AA and a7 with
41 AA were the largest helices, respectively (Figures 4.17 & 4.19). The predicted
structure also showed the presence of three conserved histidine boxes, namely H1
from 104-108 residues in FAD3A and 102-106 residues in FAD3B, H2 from 140
144 residues in FAD3A and 138-142 residues in FAD3B, while H3 with 307-311
residues in FAD3A and 305-309 in FAD3B, respectively (Figures 4.17 & 4.19).
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In the predicted FAD3A protein, due to the H330P substitution in variety
NL260 and N299T substitution in varieties NL97 and Acc No.4/47, no structural
variation observed when the NCBI and NL260, NL97 and Acc No.4/47 FAD3A
predicted protein models were superimposed (Figure 4.19a, b and c). Further, in TL23
FAD3A gene the 3 His-box was totally absent because of protein truncation at 291
AA residue (Figure 4.18A, B and C). However, For FAD3B gene of TL23, the G283E
substitution was observed and no obvious structural variation was identified in the
predicted protein model when superimposed over the NCBI model (Figure 4.20B).
Another substitution, 1112S, which was observed in the AA sequence of all the
varieties except for Padmini and NL260, also did not result in any structural variations

in these varieties (Figure 4.20B).

®&l  GeneralPrs-ProiProline Favoursd | # & GaneraliPrs-Pro/Proline Allowad U&7 GoneraliPre ProProline Favoursd | # & GenerallPre-Pro/Proline Allowed
Glycine Favourad x Glycine Allowsd

Glycins Favourad x Glycina Allowsd

(A) (B)

Figure 4.14: Ramchandran plots of the I-TASSER generated model for (A) FAD3A
and (B) FAD3B protein
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Figure 4.15: Z-score plots of the homology model generated for (A) FAD3A (B)
FAD3B protein indicated by black filled circle (Z-score of FAD3A: -2.56 and
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Figure 4.16: ProSA based energy profiles of the homology model generated for (A)
FAD3A and (B) FAD3B protein

Chapter 4

119




Figure 4.17: FAD3A protein model (helix region in blue represents three conserved
His-box motifs, H1, H2 and H3)

Figure 4.18: NCBI FAD3A protein model (grey) superimposed with (A) FAD3A
protein model of NL260 (green), (B) FAD3A protein model of NL97 (green), (C)
FAD3A protein model of TL23 (brick red). The regions in red indicate the position of
AA changes while helix regions in blue represent three conserved His-box motifs. In
TL23, the protein is truncated and the H3 motif is absent. The superimposition model
shows incomplete alignment of TL23 model with the NCBI model (Only grey motifs
are visible in the figure C from where the TL23 protein is truncated)
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Figure 4.19: FAD3B protein model (region in blue represents three conserved His-
box motifs, HI, H2 and H3)

Figure 4.20: NCBI FAD3A protein model (grey) superimposed with (A) FAD3A
protein model of NL97 (green) (representative of 8 varieties other than NL260 and
Padmini), (B) FAD3A protein model of TL23 (green). The regions in red indicate the
positions of AA change while the regions in blue represent three conserved His-box
motifs
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4.4 Discussion

4.4.1 Unique and distinct haplotypes in desaturase genes across flax varieties
In the present analysis, gene sequence comparison of six fatty acid desaturases from
ten flax varieties differing in FA composition was performed with the respective
reported gene sequences in the NCBI as well as the Phytozome databases. In this
study, SAD and FAD2 genes did not show much variation in the ten varieties
compared to the F4D3 genes. Further, it was also noticed that most of the observed
variations were in the intronic region and hence, the number of protein isoforms
detected were low except for FAD3 genes (Table 4.6). The haplotypes predicted for
all the six genes in our study, when compared with the desaturase gene sequences
reported for flax in the NCBI database, showed new haplotypes. In case of SA4D2
gene, there are sequences from 101 flax genotypes reported in the database to reveal
domestication history. However, even then, seven of our varieties showed four new
haplotypes and only three, Padmini, Acc No. 4/47 and TL23 showed haplotypes
similar to those in the database. For FAD3A4 and FAD3B genes, the ten genotypes in
the present study revealed different haplotypes than the corresponding sequences
reported for four Canadian flax varieties in the NCBI database. Overall, the number of
haplotypes observed in the Indian genotypes for these desaturase genes was higher
than those reported in the database. However, there are not many gene sequences
reported in the database from varied geographic locations to comment upon the

diversity observed in the Indian genotypes.

4.4.2 AA sequence comparison and structural features of desaturase proteins

across flax varieties

The deduced AA sequences of all the desaturase genes (SAD1, SAD2, FAD2, FAD2-2,
FAD3A4 and FAD3B) were identical in the ten flax varieties except for few changes
observed in varieties TL23 (in SAD2, FAD3A and FAD3B) and NL260, NL97, Acc
No. 4/47 and TL23 (in FAD3A gene), which were not reported earlier. Further, in the
ten varieties we observed that the soluble desaturase, SAD showed two characteristic
di-iron binding motifs while the membrane bound desaturases, FAD2 and FAD3
showed the presence of three di-iron binding histidine boxes (Shanklin et al., 1994;
Shanklin and Cahoon, 1998; Teixeira et al., 2010) as well as specific motifs required

for their steady state endoplasmic reticulum localization (Arondel et al., 1992; Reed et
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al., 2000; McCartney et al., 2004) as reported for these desaturases in other plant

species.

For SAD proteins (both SAD1 and SAD2) stereological stable models were
obtained, which showed high similarity with the crystal structure of castor A9-
desaturase protein and were identical in all the ten varieties in the present study. For
FAD?2, the structure was predicted only for one protein form (for FAD2 and not for
FAD2-2) and all the ten varieties had identical structure as compared to NCBI protein
model. To our knowledge, no other reports are available on the model of FAD2
proteins and for the first time it is being reported using any type of modeling
approaches. Similarly, for FAD3 proteins (both FAD3A and FAD3B) except for
predicted FAD3A protein from TL23 (truncated protein with only 291 AA acids), all
the remaining varieties had identical models to that of predicted FAD3 protein models
for the sequences reported in NCBI. However, our FAD3 models were different from
earlier predicted models of FAD3A and FAD3B of the same sequence in NCBI by
Khadake et al. (2011) using the same I[-TASSER server. Both the models had
different number of a-helices, the longest and the shortest helices also varied and
absence of f-sheets was observed in our model. The percentage of residues in
favoured and allowed @ and ¥ regions analyzed by Ramchandran plots also varied
between the two predicted models. Our FAD3A and FAD3B models with 95.6% and
94.6% residues respectively, showed higher percentage of residues in the favoured
and allowed regions, with greater stereological stability than the models predicted for
the same proteins by Khadake et al. (2011) with 88.5% of the residues in this region.
Such discrepancies in the protein models cannot be further verified because of
unavailability of crystal structure for any membrane bound desaturase in the protein
databases. On the basis of the variations observed for the predicted FAD3 protein
models from our analysis and that deduced by Khadake et al. (2011), it is clear that
the bioinformatic studies are not enough to deduce the correct protein models and it
just gives only a preliminary insight into the secondary and tertiary structure of these
proteins. Thus, to confirm these models, we need to perform protein crystallographic
studies. There is an urgent need to initiate such experiments for the membrane bound

desaturases.

Chapter 4 123



4.4.3 Correlation of desaturase gene mutation with ALA content

The loss of FAD3A4 and FAD3B gene activity, resulting into very low ALA content,
due to truncated proteins has been reported in some Canadian varieties of flax
(Vrinten et al., 2005; Banik et al., 2011). Similarly in Arabidopsis, it has been
observed that the mutation of FAD3 gene reduced seed ALA levels to 3% from wild-
type level of 16% of total oil. It has further been shown that the mutation in any of the
three microsomal -3 FAD genes contributing to the ALA content in soybean, lead to
reduction in ALA in these mutant lines (Bilyeu et al., 2003). Such observations were
also made for the other two desaturases. For example, in canola fad2? gene, which is a
major locus for high-oleic acid content, a nucleotide variation created a stop codon,
which resulted in an inactive enzyme and, consequently, higher oleic acid content (Hu
et al., 2006). In peanut, Miniature Inverted—Repeat Transposable Elements (MITE)
insertions were responsible for creation of such stop codons in the coding sequence of
the fad2 genes (Patel et al., 2004) and hence, high OA content in it. In our study,
TL23 is a mutant variety with only ~2% ALA. In this variety, similar observation was
made in case of FAD3A gene. The nucleotide sequence of the FAD3A4 gene showed
the presence of a nonsense mutation creating a premature stop codon in the fifth exon
after amino acid 291, which was just before the 3rd His-box (HVIHH, starting at 307
base). This led to absence of the 3rd His-box from the mature protein and hence, the
iron binding catalytic pocket, necessary for the action of desaturase was hampered.
On the other hand, the FAD3B in TL23 was a full length gene expected to give higher
production of ALA. However, in this FAD3B gene, G1963A substitution resulting in
G283E AA variation was observed, which was unique and not observed in remaining
nine varieties. The loss of complete activity of FAD3A and the substitution G283E in
FAD3B indicated that even this change in FAD3B probably resulted in accumulation
of such a low proportion of ALA and the pathway of ALA synthesis was interrupted
at the production of LA, which was very high (63%).

Besides FAD3A gene in TL23, we observed that NL260, which showed the
highest ALA accumulation amongst the ten varieties, formed a unique haplotype for
this gene and also a protein isoform with two nonsynonymous substitutions. Further,
even for FAD3B, Padmini and NL260 formed a different haplotype and protein
isoform than the remaining eight varieties and interestingly, both were high ALA

varieties. However, in toto, the other haplotypes were not observed to be specific to
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variations in the ALA content of the varieties. On the basis of these observations, it
can be suggested that in general, there was no specific haplotype that could be
correlated with variation in the ALA content and therefore, probably not responsible
for the high and low ALA accumulation in the groups except in varieties TL23,
NL260 and Padmini. Alternatively, it is possible that such clear cut correlation of
haplotype to variable ALA content could be masked by the variable sequential
expression of all the three classes of the genes, in vivo, in the flax varieties studied.
This needs to be confirmed by establishing recombinant enzymatic assays with

individual haplotypes.
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CHAPTER 5

Thesis summary
and
future directions




Summary and future prospects

The present work includes systematic molecular analysis of diversity in Indian flax
germplasm and biochemical analysis of flax oil. Further, fatty acid profiling and
expression analysis of microsomal desaturase genes from different seed
developmental stages of flax varieties varying in ALA content was performed to
determine the role of each desaturase gene in the differential accumulation of ALA in
these flax varieties. Lastly, all the desaturase genes were isolated, sequences
characterized and the deduced AA sequences were subjected to structural predictions

of these proteins, from the same flax varieties.

5.1 Genetic and fatty acid diversity amongst Indian flax varieties

Lack of proper knowledge about the genetic diversity present in the Indian germplasm
lead to the initiation of my work, involving molecular and biochemical approaches, to
reveal the diversity present in a set of 70 genotypes which are prevalently used for
flax breeding in India. Total of twelve polymorphic ISSR primers were selected for
the genetic analysis yielding 136 loci, of which 87 were polymorphic. The percent
loci polymorphism ranged from 11.1% to 81.8% with an average of 63.9% across all
the genotypes. The range of PIC scores for various ISSR primers in this study was
0.03 to 0.49, with an average of 0.18. A dendrogram was generated based on the
similarity matrix by the UPGMA, wherein the flax genotypes were grouped in five
clusters. The Jaccard’s similarity coefficient among the genotypes ranged from 0.60
to 0.97. Low genetic diversity detected in the 70 flax genotypes in the present study is
in accordance with the other reports that the cultivated flax has low genetic diversity
compared to its wild relatives. However, we could identify some genetically most
diverse varieties such as, ‘Sheetal’, ‘SLS 50° and ‘Ayogi’ amongst the set of analyzed
genotypes. Unique alleles present in these varieties can be exploited by their probable
use in performing crosses with individuals from different genetic clusters. Correlation
of FA contents with these clusters exhibited a meaningful segregation of two clusters
with high ALA content while one of the clusters with that of LA. The genotypes in
these clusters suggested genetic differences associated with these chemotypes.
Further, the Mantel’s test, which analyses correlation between the distance matrices
based on FA content and the molecular data for genotypes, revealed that the
molecular variation statistically correlated well with the LA and ALA variation within

the varieties analyzed. This is probably the first study where the FA variation, a
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primary interest in flax, has been correlated with the molecular variation among the

flax genotypes.

5.2 Transcriptional analysis of desaturase genes in developing seeds of flax
varieties varying in a-linolenic acid content

Indian flax germplasm showed variation in their FA contents. This observation
created an interest in understanding the mechanism of differential accumulation of
FAs in the germplasm, since such comprehensive studies have not been carried out
earlier. Our study initiated with FA profiling of various seed developmental stages of
ten Indian flax varieties including one mutant variety. Depending on their ALA
content at the maturity, these varieties were grouped under high ALA and low ALA
groups. Further, using real-time PCR, the transcript profiling of six microsomal
desaturase genes (SAD1, SAD2, FAD2, FAD2-2, FAD3A and FAD3B) was undertaken
in the same developing seeds of ten flax varieties, as the sequential action of
desaturases decides the composition of various FAs in the storage oil of oilseed crops.
We could clearly observe gene specific as well as temporal expression patterns of all
the desaturases and the expression profiles correlated well with the FA data for the
high and low ALA groups. There was only one exception, JRF5, observed which
deviated from this general trend. Even though it belonged to low ALA group, high
expression was observed for most of the desaturases in this variety. Our study
indicated the efficient conversion of intermediate FAs [stearic (SA), oleic (OA) and
linoleic acids (LA)] to the final ALA content due to efficient action of all the three
desaturases in high ALA group. While in the low ALA group, even though the initial
conversion up to OA was efficient, later conversions up to ALA seemed to be
inefficient, leading to higher accumulation of OA and LA instead of ALA. From our
analysis it can also be concluded that though all the desaturase genes are required for
the final ALA accumulation, four genes (SADI, FAD2, FAD34 & FAD3B) might be
specially responsible for its differential accumulation in the individual flax variety.
This study is not only unique for flax but also for other oil crops as this kind of
transcriptional variation in the desaturase genes and its correlation with the FA
content has not been analyzed for such a large number of varieties under their natural

field growing conditions for any other oil seed crop.
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5.3 Sequence characterization and in silico structure prediction of
desaturases from the flax varieties varying in a-linolenic acid content

This study was further extended to sequence characterize all the desaturase genes
from the same ten varieties and to find out if there is presence of any nucleotide
sequence variation leading to AA variation and whether these AA sequence variants
have any functional implications in the form of differential ALA accumulation. The
SAD and FAD?2 genes did not show much sequence variations which would translate
into nonsynonymous AA substitutions and hence, resulted into only one or two
haplotypes and protein isoforms amongst the ten varieties. On the other hand, both
FAD3A and FAD3B genes showed more nucleotide variations and few of them
resulted into nonsynonymous AA substitutions, thus, showed more number of
haplotypes and protein isoforms compared to the other two genes. FAD3A4 gene of
TL23 had a premature stop codon which resulted in a truncated protein and
consequently very low levels of ALA accumulation. Besides the mutant variety TL23,
some of the high ALA group varieties, like NL260 and Padmini, formed different
haplotypes and protein isoforms for both FAD3A4 and FAD3B. Further, there were no
structural variations observed due to the AA changes observed in any of the
desaturase genes. This further suggests probable involvement of transcriptional

control of the desturases for ALA content variation.

5.4 Future prospects

Our studies on six variants of three desaturase genes in ten varieties varying in ALA
content have shown transcriptional correlation of desaturase gene activities with that
of FA accumulation. The nucleotide sequence as well as AA sequence of these gene
variants and their haplotype analysis in our studies could not identify specific
mutation or haplotype responsible for FA variation except for TL23 and probably
NL260 and Padmini. In TL23, truncated FAD3A while in NL260, T77A and H330P
substitutions in FAD3A as well as, absence of certain substitutions detected for
remaining eight varieties for FAD3B except for Padmini and NL260, were observed.
These results point at the possibility of transcriptional control of desaturase genes
being primarily important in regulating their activity responsible for ALA content
variation. These observations can be used to design future studies in the following

arcas:
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5.4.1 Promoter region analysis

Promoter regions of all the three desaturase genes in the high and the low ALA
containing flax groups need to be analyzed so as to understand the transcriptional
regulation of expression of these genes. There are many earlier reports in various
plant systems where promoter region analysis of a gene has revealed variation in
transcription binding sites and corresponding variation in the transcription factors,
leading to expression variation of the gene (de Meaux et al. 2005; McKhann et al.

2008; Yi et al. 2010).

5.4.2 Studies towards post-transcriptional and post-translational gene
regulation

To explain certain exceptions, in case of NL260, Padmini and JRF5, where the the
ALA accumulation did not completely correlate with the transcriptional activity of
mainly the F4D3 genes pointed towards the need to study desaturases gene regulation
at the post-transcriptional and post-translational levels using proteomic and

biochemical analysis.

5.4.3 Functional analysis of desaturase sequence variants obtained from this
study

Isolation of gene sequence variants of different desaturases responsible for protein
isoforms as observed in our study and their further cloning in yeast transformation
system can be attempted. The functionality of the recombinant protein can be
analyzed and compared on the basis of rate of conversion of substrate fatty acids to

the final product.

5.4.4 Protein structure determination of membrane bound desaturases

For membrane bound desaturases, it is hard to obtain recombinant protein in large
quantities because of difficulty in solubilisation and purification due to their
hydrophobicity and strong anchorage to membranes. As a result, the crystal structure
of the membrane bound desaturases from any of the species is not yet available. This
makes it essential to attempt desaturase gene cloning in various host systems
(bacterial, yeast or plant) and devise a better protocol to purify large amount of
recombinant protein to establish protein structure using X-ray crystallographic

studies.
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5.4.5 Genetic resource development

Apart from these biochemical, molecular and structural studies, it is essential to
develop genetic resources in case of flax. Our diversity studies can be further
exploited to design crosses to be undertaken to map oil content, disease resistance,
etc. in flax, for example, Ayogi’ (low ALA) X ‘NL155°/*NL115” (high ALA);
‘Neelam’ (susceptible to powdery mildew & Bud fly) X ‘JRF5’ (resistant to powdery
mildew & Bud fly) etc. Association mapping for such complex traits can also be
undertaken. The trait analysis in such biallelic or multiallelic cases under varied
environmental conditions will throw light on genotype X environment interactions in

control of the manifestation of the trait.
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ANNEXURE I

SADI gene sequences
> PADMINI (JQ963139)

ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCAACACGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACCTCC
ACCAAGTAAGCATCTCCTCCTCCTCGGAATCTCCGCCGATTTCTTTTAAGCGATTGATCGTAGATAAATTTGTCGGTTGCTTACCGTTCATCAAAATCTGCACGGTTCGTTTCTTCT
TCTGCGCCTAGATTGCATTATGTCATTGTTCGTTTTCCGATTTGACTGACCGACATAAATCAATTCCTTTGTGTTTCACGATTCTGGGTTTTGCGCTGTAATTGATTGTCAGTGTTT
GCACAGGTTTCCCCTTCTCCTCCTCCGTCCATCAAATGCATGTTATTACCATTTCAATTTCAGTTTCCTTCTCTGAAATATCCGTCTCTGGGARAATAAGTCTCTGTATCTACTATC
CTATCAGCTTGTTTAGGAGAGGTTCGATATTCGTTTACATAAACCAATTGGCTTACAGTCCTTGAACGTTCTAAATGTTGGTCGCGGTGATAATAGGTTCTCARAAGAGGTTTGTCT
ATGTTGTTTGGCAAAATCTTGTTTCTGTGAATCATGTTTAAGGTCCTTGGAAGAATGACTAATGAGCTATGACATGATTACGACGTAGTAGTTATTGAACTGCTGATAATTCAATAT
AGGGGTAACTTTGTTGATTGTTTGGTCACAGGGAGGCTGAGAAGCTAAAGAAGTCACATGGACCACCAARAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGG
AGATATTTAAGTCTCTGGAAGGTTGGGCTGAGGATGTTCTATTACCGCACCTGAAGCCAGTTGAGAAATGCTGGCAGCCACAGGATTTCCTGCCCGAACCTGAGTCGGATGGGTTCG
AGGAGCAAGTGAAGGAGCTCAGGGCAAGGGCCARAAGAACTGCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTGCCGACTTACCAGACAATGCTCA
ACACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTAT
ACCTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTAATCACATACTTCATCCTTTTCTATTAATCTTTGCGTGAACAA
AATTCACTACACTGGTAGCAGCTGAAACTTTAGATGATTTTTTTTACTGCCTAGCTTCTATGAAACAAAACCACGTAAGTCARATAGGGTTGACAATGAGTTCAAGTGGCARAATTT
TTCTTATATACCAACTTCGAACCACTTTATATGACATACCAACTCCTAGTTCGGTTAAAATTCCTCCGTCGAAGATATAATACTTGGATTGGTTARATGAATTGTGAAAGGATACAC
GTGATGTGGTCTGGAATTAATTTGTTTGAATGATCAGTTGGGTTCGGGGCGACAACTGTGAACTGGAACCACCCTAAGTAAATTTTCTTTCTGTCCTACAAATTTGAGGTTCTCCTT
GATCACCTTAGTCCATCTTAGGTTTGCCCGTTAGTAAGATCTGCATTTAGCAGTTTGTCCTGGTATTTGATATCACTAGTATCTTTGTTTGATTCCCTAGCATCTCTGAAACCATCG
GACAAGTAGGTGGTTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCCGTATCATCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAGCAAC
GGCTAGAAGAAGTTCTACATCTGATGCTTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTTCCTGTAGGATCCAAAAACAGARAACAACCCCTACCTCGGTTTCAT
CTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGAAACACAGCCAGACTCGCCAAGGACCATGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAGACGA
GAAACGGCACGAAACCGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGCTGGCACTGGCGGACATGATGAGGAAGAAGATATCGATGCCCGCCCA
CTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCAGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCCGATATCCTGGAGTTCCTGGTGGGGAG
GTGGAAAGTGGATGCTTTTACGGGGCTTTCCGGGGAAGGGAACAAAGCTCAGGATTTTGTCTGCGGGCTTCCTGCGAGGATTCGAAAGTTGGAGGAGAGGGCTGCGGGGAGGGCARA
GCAAACGTCGAAATCTGTCCCGTTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAATGGAGTTTGCTTGAGAGTTAGAGTGTGGAATGATTGGAGTATGA

> NL97 (JQ963140)

ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCAACACGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACCTCC
ACCAAGTAAGCATCTCCTCCTCCTCGGAATCTCCGCCGATTTCTTTTAAGCGATTGATCGTAGATAAATTTGTCGGTTGCTTACCGTTCATCAAAATCTGCACGGTTCGTTTCTTCT
TCTGCGCCTAGATTGCATTATGTCATTGTTCGTTTTCCGATTTGACTGACCGACATAAATCAATTCCTTTGTGTTTCACGATTCTGGGTTTTGCGCTGTAATTGATTGTCAGTGTTT
GCACAGGTTTCCCCTTCTCCTCCTCCGTCCATCAAATGCATGTTATTACCATTTCAATTTCAGTTTCCTTCTCTGAAATATCCGTCTCTGGGARAATAAGTCTCTGTATCTACTATC
CTATCAGCTTGTTTAGGAGAGGTTCGATATTCGTTTACATAAACCAATTGGCTTACAGTCCTTGAACGTTCTAAATGTTGGTCGCGGTGATAATAGGTTCTCARAAGAGGTTTGTCT
ATGTTGTTTGGCAAAATCTTGTTTCTGTGAATCATGTTTAAGGTCCTTGGAAGAATGACTAATGAGCTATGACATGATTACGACGTAGTAGTTATTGAACTGCTGATAATTCAATAT
AGGGGTAACTTTGTTGATTGTTTGGTCACAGGGAGGCTGAGAAGCTAAAGAAGTCACATGGACCACCAARAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGG
AGATATTTAAGTCTCTGGAAGGTTGGGCTGAGGATGTTCTATTACCGCACCTGAAGCCAGTTGAGAAATGCTGGCAGCCACAGGATTTCCTGCCCGAACCTGAGTCGGATGGGTTCG
AGGAGCAAGTGAAGGAGCTCAGGGCAAGGGCCAAAGAACTGCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTGCCGACTTACCAGACAATGCTCA
ACACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTAT
ACCTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTAATCACATACTTCATCCTTTTCTATTAATCTTTGCGTGAACAA
AATTCACTACACTGGTAGCAGCTGAAACTTTAGATGATTTTTTTTACTGCCTAGCTTCTATGAAACAAAACCACGTAAGTCAAATAGGGTTGACAATGAGTTCAAGTGGCAAAATTT
TTCTTATATACCAACTTCGAACCACTTTATATGACATACCAACTCCTAGTTCGGTTAAAATTCCTCCGTCGAAGATATAATACTTGGATTGGTTARATGAATTGTGAAAGGATACAC
GTGATGTGGTCTGGAATTAATTTGTTTGAATGATCAGTTGGGTTCGGGGCGACAACTGTGAACTGGAACCACCCTAAGTAAATTTTCTTTCTGTCCTACAAATTTGAGGTTCTCCTT
GATCACCTTAGTCCATCTTAGGTTTGCCCGTTAGTAAGATCTGCATTTAGCAGTTTGTCCTGGTATTTGATATCACTAGTATCTTTGTTTGATTCCCTAGCATCTCTGAAACCATCG
GACAAGTAGGTGGTTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCCGTATCATCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAGCAAC
GGCTAGAAGAAGTTCTACATCTGATGCTTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTTCCTGTAGGATCCAAAAACAGARAAACAACCCCTACCTCGGTTTCAT
CTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGAAACACAGCCAGACTCGCCAAGGACCATGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAGACGA
GAAACGGCACGAAACCGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGCTGGCACTGGCGGACATGATGAGGAAGAAGATATCGATGCCCGCCCA
CTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCAGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCCGATATCCTGGAGTTCCTGGTGGGGAG
GTGGAAAGTGGATGCTTTTACGGGGCTTTCCGGGGAAGGGAACAAAGCTCAGGATTTTGTCTGCGGGCTTCCTGCGAGGATTCGAAAGTTGGAGGAGAGGGCTGCGGGGAGGGCARA
GCAAACGTCGAAATCTGTCCCGTTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAATGGAGTTTGCTTGAGAGTTAGAGTGTGGAATGATTGGAGTATGA

> NL260 (JQ963141)
ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCAACACGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACCTCC
ACCAAGTAAGCATCTCCTCCTCCTCGGAATCTCCGCCGATTTCTTTTAAGCGATTGATCGTAGATAAATTTGTCGGTTGCTTACCGTTCATCAAAATCTGCACGGTTCGTTTCTTCT
TCTGCGCCTAGATTGCATTATGTCATTGTTCGTTTTCCGATTTGACTGACCGACATAAATCAATTCCTTTGTGTTTCACGATTCTGGGTTTTGCGCTGTAATTGATTGTCAGTGTTT
GCACAGGTTTCCCCTTCTCCTCCTCCGTCCATCAAATGCATGTTATTACCATTTCAATTTCAGTTTCCTTCTCTGAAATATCCGTCTCTGGGAAAATAAGTCTCTGTATCTACTATC
CTATCAGCTTGTTTAGGAGAGGTTCGATATTCGTTTACATAAACCAATTGGCTTACAGTCCTTGAACGTTCTAAATGTTGGTCGCGGTGATAATAGGTTCTCAARAGAGGTTTGTCT
ATGTTGTTTGGCAAAATCTTGTTTCTGTGAATCATGTTTAAGGTCCTTGGAAGAATGACTAATGAGCTATGACATGATTACGACGTAGTAGTTATTGAACTGCTGATAATTCAATAT
AGGGGTAACTTTGTTGATTGTTTGGTCACAGGGAGGCTGAGAAGCTAAAGAAGTCACATGGACCACCAAAAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGG
AGATATTTAAGTCTCTGGAAGGTTGGGCTGAGGATGTTCTATTACCGCACCTGAAGCCAGTTGAGAAATGCTGGCAGCCACAGGATTTCCTGCCCGAACCTGAGTCGGATGGGTTCG
AGGAGCAAGTGAAGGAGCTCAGGGCAAGGGCCAAAGAACTGCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTGCCGACTTACCAGACAATGCTCA
ACACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTAT
ACCTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTAATCACATACTTCATCCTTTTCTATTAATCTTTGCGTGAACAA
AATTCACTACACTGGTAGCAGCTGAAACTTTAGATGATTTTTTTTACTGCCTAGCTTCTATGAAACAAAACCACGTAAGTCAAATAGGGTTGACAATGAGTTCAAGTGGCAAAATTT
TTCTTATATACCAACTTCGAACCACTTTATATGACATACCAACTCCTAGTTCGGTTAAAATTCCTCCGTCGAAGATATAATACTTGGATTGGTTAAATGAATTGTGAAAGGATACAC
GTGATGTGGTCTGGAATTAATTTGTTTGAATGATCAGTTGGGTTCGGGGCGACAACTGTGAACTGGAACCACCCTAAGTAAATTTTCTTTCTGTCCTACAAATTTGAGGTTCTCCTT
GATCACCTTAGTCCATCTTAGGTTTGCCCGTTAGTAAGATCTGCATTTAGCAGTTTGTCCTGGTATTTGATATCACTAGTATCTTTGTTTGATTCCCTAGCATCTCTGAAACCATCG
GACAAGTAGGTGGTTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCCGTATCATCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAGCAAC
GGCTAGAAGAAGTTCTACATCTGATGCTTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTTCCTGTAGGATCCAAAAACAGAAAACAACCCCTACCTCGGTTTCAT
CTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGAAACACAGCCAGACTCGCCAAGGACCATGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAGACGA
GAAACGGCACGAAACCGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGCTGGCACTGGCGGACATGATGAGGAAGAAGATATCGATGCCCGCCCA
CTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCAGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCCGATATCCTGGAGTTCCTGGTGGGGAG
GTGGAAAGTGGATGCTTTTACGGGGCTTTCCGGGGAAGGGAACAAAGCTCAGGATTTTGTCTGCGGGCTTCCTGCGAGGATTCGAAAGTTGGAGGAGAGGGCTGCGGGGAGGGCARA
GCAAACGTCGAAATCTGTCCCGTTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAATGGAGTTTGCTTGAGAGTTAGAGTGTGGAATGATTGGAGTATGA

> EC9825 (JQ963142)
ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCAACACGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACCTCC
ACCAAGTAAGCATCTCCTCCTCCTCGGAATCTCCGCCGATTTCTTTTAAGCGATTGATCGTAGATAAATTTGTCGGTTGCTTACCGTTCATCAAAATCTGCACGGTTCGTTTCTTCT
TCTGCGCCTAGATTGCATTATGTCATTGTTCGTTTTCCGATTTGACTGACCGACATAAATCAATTCCTTTGTGTTTCACGATTCTGGGTTTTGCGCTGTAATTGATTGTCAGTGTTT
GCACAGGTTTCCCCTTCTCCTCCTCCGTCCATCAAATGCATGTTATTACCATTTCAATTTCAGTTTCCTTCTCTGAAATATCCGTCTCTGGGAAAATAAGTCTCTGTATCTACTATC
CTATCAGCTTGTTTAGGAGAGGTTCGATATTCGTTTACATAAACCAATTGGCTTACAGTCCTTGAACGTTCTAAATGTTGGTCGCGGTGATAATAGGTTCTCAARAGAGGTTTGTCT
ATGTTGTTTGGCAAAATCTTGTTTCTGTGAATCATGTTTAAGGTCCTTGGAAGAATGACTAATGAGCTATGACATGATTACGACGTAGTAGTTATTGAACTGCTGATAATTCAATAT
AGGGGTAACTTTGTTGATTGTTTGGTCACAGGGAGGCTGAGAAGCTAAAGAAGTCACATGGACCACCAAAAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGG
AGATATTTAAGTCTCTGGAAGGTTGGGCTGAGGATGTTCTATTACCGCACCTGAAGCCAGTTGAGAAATGCTGGCAGCCACAGGATTTCCTGCCCGAACCTGAGTCGGATGGGTTCG
AGGAGCAAGTGAAGGAGCTCAGGGCAAGGGCCAAAGAACTGCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTGCCGACTTACCAGACAATGCTCA
ACACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTAT
ACCTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTAATCACATACTTCATCCTTTTCTATTAATCTTTGCGTGAACAA
AATTCACTACACTGGTAGCAGCTGAAACTTTAGATGATTTTTTTTACTGCCTAGCTTCTATGAAACAAAACCACGTAAGTCAAATAGGGTTGACAATGAGTTCAAGTGGCAAAATTT
TTCTTATATACCAACTTCGAACCACTTTATATGACATACCAACTCCTAGTTCGGTTAAAATTCCTCCGTCGAAGATATAATACTTGGATTGGTTAAATGAATTGTGAAAGGATACAC
GTGATGTGGTCTGGAATTAATTTGTTTGAATGATCAGTTGGGTTCGGGGCGACAACTGTGAACTGGAACCACCCTAAGTAAATTTTCTTTCTGTCCTACAAATTTGAGGTTCTCCTT
GATCACCTTAGTCCATCTTAGGTTTGCCCGTTAGTAAGATCTGCATTTAGCAGTTTGTCCTGGTATTTGATATCACTAGTATCTTTGTTTGATTCCCTAGCATCTCTGAAACCATCG
GACAAGTAGGTGGTTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCCGTATCATCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAGCAAC
GGCTAGAAGAAGTTCTACATCTGATGCTTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTTCCTGTAGGATCCAAAAACAGAAAACAACCCCTACCTCGGTTTCAT
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CTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGAAACACAGCCAGACTCGCCAAGGACCATGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAGACGA
GAAACGGCACGAAACCGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGCTGGCACTGGCGGACATGATGAGGAAGAAGATATCGATGCCCGCCCA
CTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCAGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCCGATATCCTGGAGTTCCTGGTGGGGAG
GTGGAAAGTGGATGCTTTTACGGGGCTTTCCGGGGAAGGGAACAAAGCTCAGGATTTTGTCTGCGGGCTTCCTGCGAGGATTCGAAAGTTGGAGGAGAGGGCTGCGGGGAGGGCARA
GCAAACGTCGAAATCTGTCCCGTTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAATGGAGTTTGCTTGAGAGTTAGAGTGTGGAATGATTGGAGTATGA

> SURABHI (JQ963143)

ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCAACACGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACCTCC
ACCAAGTAAGCATCTCCTCCTCCTCGGAATCTCCGCCGATTTCTTTTAAGCGATTGATCGTAGATAAATTTGTCGGTTGCTTACCGTTCATCAAAATCTGCACGGTTCGTTTCTTCT
TCTGCGCCTAGATTGCATTATGTCATTGTTCGTTTTCCGATTTGACTGACCGACATAAATCAATTCCTTTGTGTTTCACGATTCTGGGTTTTGCGCTGTAATTGATTGTCAGTGTTT
GCACAGGTTTCCCCTTCTCCTCCTCCGTCCATCAAATGCATGTTATTACCATTTCAATTTCAGTTTCCTTCTCTGAAATATCCGTCTCTGGGARAATAAGTCTCTGTATCTACTATC
CTATCAGCTTGTTTAGGAGAGGTTCGATATTCGTTTACATAAACCAATTGGCTTACAGTCCTTGAACGTTCTAAATGTTGGTCGCGGTGATAATAGGTTCTCARAAGAGGTTTGTCT
ATGTTGTTTGGCAAAATCTTGTTTCTGTGAATCATGTTTAAGGTCCTTGGAAGAATGACTAATGAGCTATGACATGATTACGACGTAGTAGTTATTGAACTGCTGATAATTCAATAT
AGGGGTAACTTTGTTGATTGTTTGGTCACAGGGAGGCTGAGAAGCTAAAGAAGTCACATGGACCACCAAAAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGG
AGATATTTAAGTCTCTGGAAGGTTGGGCTGAGGATGTTCTATTACCGCACCTGAAGCCAGTTGAGAAATGCTGGCAGCCACAGGATTTCCTGCCCGAACCTGAGTCGGATGGGTTCG
AGGAGCAAGTGAAGGAGCTCAGGGCAAGGGCCAAAGAACTGCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTGCCGACTTACCAGACAATGCTCA
ACACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTAT
ACCTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTAATCACATACTTCATCCTTTTCTATTAATCTTTGCGTGAACAA
AATTCACTACACTGGTAGCAGCTGAAACTTTAGATGATTTTTTTTACTGCCTAGCTTCTATGAAACAAAACCACGTAAGTCAAATAGGGTTGACAATGAGTTCAAGTGGCAAAATTT
TTCTTATATACCAACTTCGAACCACTTTATATGACATACCAACTCCTAGTTCGGTTAAAATTCCTCCGTCGAAGATATAATACTTGGATTGGTTARATGAATTGTGAAAGGATACAC
GTGATGTGGTCTGGAATTAATTTGTTTGAATGATCAGTTGGGTTCGGGGCGACAACTGTGAACTGGAACCACCCTAAGTAAATTTTCTTTCTGTCCTACAAATTTGAGGTTCTCCTT
GATCACCTTAGTCCATCTTAGGTTTGCCCGTTAGTAAGATCTGCATTTAGCAGTTTGTCCTGGTATCTGATATCACTAGTATCTTTGTTTGATTCCCTAGCATCTCTGAAACCATCG
GACAAGTAGGTGGTTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCCGTATCATCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAGCAAC
GGCTAGAAGAAGTTCTACATCTGATGCTTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTTCCTGTAGGATCCAAAAACAGAAAACAACCCCTACCTCGGTTTCAT
CTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGAAACACAGCCAGACTCGCCAAGGACCATGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAGACGA
GAAACGGCACGAAACCGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGCTGGCACTGGCGGACATGATGAGGAAGAAGATATCGATGCCCGCCCA
CTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCAGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCCGATATCCTGGAGTTCCTGGTGGGGAG
GTGGAAAGTGGATGCTTTTACGGGGCTTTCCGGGGAAGGGAACAAAGCTCAGGATTTTGTCTGCGGGCTTCCTGCGAGGATTCGAAAGTTGGAGGAGAGGGCTGCGGGGAGGGCAAA
GCAAACGTCGAAATCTGTCCCGTTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAATGGAGTTTGCTTGAGAGTTAGAGTGTGGAATGATTGGAGTATGA

> AYOGI (JQ963144)
ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCAACACGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACCTCC
ACCAAGTAAGCATCTCCTCCTCCTCGGAATCTCCGCCGATTTCTTTTAAGCGATTGATCGTAGATAAATTTGTCGGTTGCTTACCGTTCATCAAAATCTGCACGGTTCGTTTCTTCT
TCTGCGCCTAGATTGCATTATGTCATTGTTCGTTTTCCGATTTGACTGACCGACATAAATCAATTCCTTTGTGTTTCACGATTCTGGGTTTTGCGCTGTAATTGATTGTCAGTGTTT
GCACAGGTTTCCCCTTCTCCTCCTCCGTCCATCAAATGCATGTTATTACCATTTCAATTTCAGTTTCCTTCTCTGAAATATCCGTCTCTGGGAAAATAAGTCTCTGTATCTACTATC
CTATCAGCTTGTTTAGGAGAGGTTCGATATTCGTTTACATAAACCAATTGGCTTACAGTCCTTGAACGTTCTAAATGTTGGTCGCGGTGATAATAGGTTCTCAARAGAGGTTTGTCT
ATGTTGTTTGGCAAAATCTTGTTTCTGTGAATCATGTTTAAGGTCCTTGGAAGAATGACTAATGAGCTATGACATGATTACGACGTAGTAGTTATTGAACTGCTGATAATTCAATAT
AGGGGTAACTTTGTTGATTGTTTGGTCACAGGGAGGCTGAGAAGCTAAAGAAGTCACATGGACCACCAAAAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGG
AGATATTTAAGTCTCTGGAAGGTTGGGCTGAGGATGTTCTATTACCGCACCTGAAGCCAGTTGAGAAATGCTGGCAGCCACAGGATTTCCTGCCCGAACCTGAGTCGGATGGGTTCG
AGGAGCAAGTGAAGGAGCTCAGGGCAAGGGCCAAAGAACTGCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTGCCGACTTACCAGACAATGCTCA
ACACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTAT
ACCTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTAATCACATACTTCATCCTTTTCTATTAATCTTTGCGTGAACAA
AATTCACTACACTGGTAGCAGCTGAAACTTTAGATGATTTTTTTTACTGCCTAGCTTCTATGAAACAAAACCACGTAAGTCAAATAGGGTTGACAATGAGTTCAAGTGGCAAAATTT
TTCTTATATACCAACTTCGAACCACTTTATATGACATACCAACTCCTAGTTCGGTTAAAATTCCTCCGTCGAAGATATAATACTTGGATTGGTTAAATGAATTGTGAAAGGATACAC
GTGATGTGGTCTGGAATTAATTTGTTTGAATGATCAGTTGGGTTCGGGGCGACAACTGTGAACTGGAACCACCCTAAGTAAATTTTCTTTCTGTCCTACAAATTTGAGGTTCTCCTT
GATCACCTTAGTCCATCTTAGGTTTGCCCGTTAGTAAGATCTGCATTTAGCAGTTTGTCCTGGTATTTGATATCACTAGTATCTTTGTTTGATTCCCTAGCATCTCTGAAACCATCG
GACAAGTAGGTGGTTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCCGTATCATCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAGCAAC
GGCTAGAAGAAGTTCTACATCTGATGCTTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTTCCTGTAGGATCCAAAAACAGAAAACAACCCCTACCTCGGTTTCAT
CTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGAAACACAGCCAGACTCGCCAAGGACCATGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAGACGA
GAAACGGCACGAAACCGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGCTGGCACTGGCGGACATGATGAGGAAGAAGATATCGATGCCCGCCCA
CTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCAGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCCGATATCCTGGAGTTCCTGGTGGGGAG
GTGGAAAGTGGATGCTTTTACGGGGCTTTCCGGGGAAGGGAACAAAGCTCAGGATTTTGTCTGCGGGCTTCCTGCGAGGATTCGAAAGTTGGAGGAGAGGGCTGCGGGGAGGGCARA
GCAAACGTCGAAATCTGTCCCGTTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAATGGAGTTTGCTTGAGAGTTAGAGTGTGGAATGATTGGAGTATGA

> ES44 (JQ963145)

ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCAACACGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACCTCC
ACCAAGTAAGCATCTCCTCCTCCTCGGAATCTCCGCCGATTTCTTTTAAGCGATTGATCGTAGATAAATTTGTCGGTTGCTTACCGTTCATCAAAATCTGCACGGTTCGTTTCTTCT
TCTGCGCCTAGATTGCATTATGTCATTGTTCGTTTTCCGATTTGACTGACCGACATAAATCAATTCCTTTGTGTTTCACGATTCTGGGTTTTGCGCTGTAATTGATTGTCAGTGTTT
GCACAGGTTTCCCCTTCTCCTCCTCCGTCCATCAAATGCATGTTATTACCATTTCAATTTCAGTTTCCTTCTCTGAAATATCCGTCTCTGGGARAATAAGTCTCTGTATCTACTATC
CTATCAGCTTGTTTAGGAGAGGTTCGATATTCGTTTACATAAACCAATTGGCTTACAGTCCTTGAACGTTCTAAATGTTGGTCGCGGTGATAATAGGTTCTCAAAAGAGGTTTGTCT
ATGTTGTTTGGCAAAATCTTGTTTCTGTGAATCATGTTTAAGGTCCTTGGAAGAATGACTAATGAGCTATGACATGATTACGACGTAGTAGTTATTGAACTGCTGATAATTCAATAT
AGGGGTAACTTTGTTGATTGTTTGGTCACAGGGAGGCTGAGAAGCTAAAGAAGTCACATGGACCACCAARAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGG
AGATATTTAAGTCTCTGGAAGGTTGGGCTGAGGATGTTCTATTACCGCACCTGAAGCCAGTTGAGAAATGCTGGCAGCCACAGGATTTCCTGCCCGAACCTGAGTCGGATGGGTTCG
AGGAGCAAGTGAAGGAGCTCAGGGCAAGGGCCARAGAACTGCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTGCCGACTTACCAGACAATGCTCA
ACACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTAT
ACCTCTCTGGAAGGGTGGACATGAGGCAAATTGAARAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTAATCACATACTTCATCCTTTTCTATTAATCTTTGCGTGAACAA
AATTCACTACACTGGTAGCAGCTGAAACTTTAGATGATTTTTTTTACTGCCTAGCTTCTATGAAACAAAACCACGTAAGTCAARATAGGGTTGACAATGAGTTCAAGTGGCARAATTT
TTCTTATATACCAACTTCGAACCACTTTATATGACATACCAACTCCTAGTTCGGTTAAAATTCCTCCGTCGAAGATATAATACTTGGATTGGTTAAATGAATTGTGAAAGGATACAC
GTGATGTGGTCTGGAATTAATTTGTTTGAATGATCAGTTGGGTTCGGGGCGACAACTGTGAACTGGAACCACCCTAAGTAAATTTTCTTTCTGTCCTACAAATTTGAGGTTCTCCTT
GATCACCTTAGTCCATCTTAGGTTTGCCCGTTAGTAAGATCTGCATTTAGCAGTTTGTCCTGGTATTTGATATCACTAGTATCTTTGTTTGATTCCCTAGCATCTCTGAAACCATCG
GACAAGTAGGTGGTTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCCGTATCATCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAGCAAC
GGCTAGAAGAAGTTCTACATCTGATGCTTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTTCCTGTAGGATCCAAAAACAGARAACAACCCCTACCTCGGTTTCAT
CTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGAAACACAGCCAGACTCGCCAAGGACCATGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAGACGA
GAAACGGCACGAAACCGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGCTGGCACTGGCGGACATGATGAGGAAGAAGATATCGATGCCCGCCCA
CTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCAGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCCGATATCCTGGAGTTCCTGGTGGGGAG
GTGGAAAGTGGATGCTTTTACGGGGCTTTCCGGGGAAGGGAACAAAGCTCAGGATTTTGTCTGCGGGCTTCCTGCGAGGATTCGAAAGTTGGAGGAGAGGGCTGCGGGGAGGGCARA
GCAAACGTCGAAATCTGTCCCGTTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAATGGAGTTTGCTTGAGAGTTAGAGTGTGGAATGATTGGAGTATGA

> JRF5 (JQ963146)

ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCAACACGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACCTCC
ACCAAGTAAGCATCTCCTCCTCCTCGGAATCTCCGCCGATTTCTTTTAAGCGATTGATCGTAGATAAATTTGTCGGTTGCTTACCGTTCATCAAAATCTGCACGGTTCGTTTCTTCT
TCTGCGCCTAGATTGCATTATGTCATTGTTCGTTTTCCGATTTGACTGACCGACATAAATCAATTCCTTTGTGTTTCACGATTCTGGGTTTTGCGCTGTAATTGATTGTCAGTGTTT
GCACAGGTTTCCCCTTCTCCTCCTCCGTCCATCAAATGCATGTTATTACCATTTCAATTTCAGTTTCCTTCTCTGAAATATCCGTCTCTGGGARAATAAGTCTCTGTATCTACTATC
CTATCAGCTTGTTTAGGAGAGGTTCGATATTCGTTTACATAAACCAATTGGCTTACAGTCCTTGAACGTTCTAAATGTTGGTCGCGGTGATAATAGGTTCTCARAAGAGGTTTGTCT
ATGTTGTTTGGCAAAATCTTGTTTCTGTGAATCATGTTTAAGGTCCTTGGAAGAATGACTAATGAGCTATGACATGATTACGACGTAGTAGTTATTGAACTGCTGATAATTCAATAT
AGGGGTAACTTTGTTGATTGTTTGGTCACAGGGAGGCTGAGAAGCTAAAGAAGTCACATGGACCACCAARAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGG
AGATATTTAAGTCTCTGGAAGGTTGGGCTGAGGATGTTCTATTACCGCACCTGAAGCCAGTTGAGAAATGCTGGCAGCCACAGGATTTCCTGCCCGAACCTGAGTCGGATGGGTTCG
AGGAGCAAGTGAAGGAGCTCAGGGCAAGGGCCAAAGAACTGCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTGCCGACTTACCAGACAATGCTCA
ACACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTAT
ACCTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTAATCACATACTTCATCCTTTTCTATTAATCTTTGCGTGAACAA
AATTCACTACACTGGTAGCAGCTGAAACTTTAGATGATTTTTTTTACTGCCTAGCTTCTATGAAACAAAACCACGTAAGTCAARATAGGGTTGACAATGAGTTCAAGTGGCARAATTT
TTCTTATATACCAACTTCGAACCACTTTATATGACATACCAACTCCTAGTTCGGTTAAAATTCCTCCGTCGAAGATATAATACTTGGATTGGTTAAATGAATTGTGAAAGGATACAC
GTGATGTGGTCTGGAATTAATTTGTTTGAATGATCAGTTGGGTTCGGGGCGACAACTGTGAACTGGAACCACCCTAAGTAAATTTTCTTTCTGTCCTACAAATTTGAGGTTCTCCTT
GATCACCTTAGTCCATCTTAGGTTTGCCCGTTAGTAAGATCTGCATTTAGCAGTTTGTCCTGGTATTTGATATCACTAGTATCTTTGTTTGATTCCCTAGCATCTCTGAAACCATCG
GACAAGTAGGTGGTTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCCGTATCATCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAGCAAC
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GGCTAGAAGAAGTTCTACATCTGATGCTTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTTCCTGTAGGATCCAAAAACAGAAAACAACCCCTACCTCGGTTTCAT
CTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGAAACACAGCCAGACTCGCCAAGGACCATGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAGACGA
GAAACGGCACGAAACCGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGCTGGCACTGGCGGACATGATGAGGAAGAAGATATCGATGCCCGCCCA
CTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCAGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCCGATATCCTGGAGTTCCTGGTGGGGAG
GTGGAAAGTGGATGCTTTTACGGGGCTTTCCGGGGAAGGGAACAAAGCTCAGGATTTTGTCTGCGGGCTTCCTGCGAGGATTCGAAAGTTGGAGGAGAGGGCTGCGGGGAGGGCAAA
GCAAACGTCGAAATCTGTCCCGTTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAATGGAGTTTGCTTGAGAGTTAGAGTGTGGAATGATTGGAGTATGA

> ACC. NO. 4/47 (JQ963147)

ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCAACACGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACCTCC
ACCAAGTAAGCATCTCCTCCTCCTCGGAATCTCCGCCGATTTCTTTTAAGCGATTGATCGTAGATAAATTTGTCGGTTGCTTACCGTTCATCARAATCTGCACGGTTCGTTTCTTCT
TCTGCGCCTAGATTGCATTATGTCATTGTTCGTTTTCCGATTTGACTGACCGACATAAATCAATTCCTTTGTGTTTCACGATTCTGGGTTTTGCGCTGTAATTGATTGTCAGTGTTT
GCACAGGTTTCCCCTTCTCCTCCTCCGTCCATCAAATGCATGTTATTACCATTTCAATTTCAGTTTCCTTCTCTGAAATATCCGTCTCTGGGARAATAAGTCTCTGTATCTACTATC
CTATCAGCTTGTTTAGGAGAGGTTCGATATTCGTTTACATAAACCAATTGGCTTACAGTCCTTGAACGTTCTAAATGTTGGTCGCGGTGATAATAGGTTCTCAAAAGAGGTTTGTCT
ATGTTGTTTGGCAAAATCTTGTTTCTGTGAATCATGTTTAAGGTCCTTGGAAGAATGACTAATGAGCTATGACATGATTACGACGTAGTAGTTATTGAACTGCTGATAATTCAATAT
AGGGGTAACTTTGTTGATTGTTTGGTCACAGGGAGGCTGAGAAGCTAAAGAAGTCACATGGACCACCAAAAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGG
AGATATTTAAGTCTCTGGAAGGTTGGGCTGAGGATGTTCTATTACCGCACCTGAAGCCAGTTGAGAAATGCTGGCAGCCACAGGATTTCCTGCCCGAACCTGAGTCGGATGGGTTCG
AGGAGCAAGTGAAGGAGCTCAGGGCAAGGGCCAAAGAACTGCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTGCCGACTTACCAGACAATGCTCA
ACACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTAT
ACCTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTAATCACATACTTCATCCTTTTCTATTAATCTTTGCGTGAACAA
AATTCACTACACTGGTAGCAGCTGAAACTTTAGATGATTTTTTTTACTGCCTAGCTTCTATGAAACAAAACCACGTAAGTCAAATAGGGTTGACAATGAGTTCAAGTGGCAAAATTT
TTCTTATATACCAACTTCGAACCACTTTATATGACATACCAACTCCTAGTTCGGTTAAAATTCCTCCGTCGAAGATATAATACTTGGATTGGTTARATGAATTGTGAAAGGATACAC
GTGATGTGGTCTGGAATTAATTTGTTTGAATGATCAGTTGGGTTCGGGGCGACAACTGTGAACTGGAACCACCCTAAGTAAATTTTCTTTCTGTCCTACAAATTTGAGGTTCTCCTT
GATCACCTTAGTCCATCTTAGGTTTGCCCGTTAGTAAGATCTGCATTTAGCAGTTTGTCCTGGTATCTGATATCACTAGTATCTTTGTTTGATTCCCTAGCATCTCTGAAACCATCG
GACAAGTAGGTGGTTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCCGTATCATCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAGCAAC
GGCTAGAAGAAGTTCTACATCTGATGCTTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTTCCTGTAGGATCCAAAAACAGARAACAACCCCTACCTCGGTTTCAT
CTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGAAACACAGCCAGACTCGCCAAGGACCATGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAGACGA
GAAACGGCACGAAACCGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGCTGGCACTGGCGGACATGATGAGGAAGAAGATATCGATGCCCGCCCA
CTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCAGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCCGATATCCTGGAGTTCCTGGTGGGGAG
GTGGAAAGTGGATGCTTTTACGGGGCTTTCCGGGGAAGGGAACAAAGCTCAGGATTTTGTCTGCGGGCTTCCTGCGAGGATTCGAAAGTTGGAGGAGAGGGCTGCGGGGAGGGCAAA
GCAAACGTCGAAATCTGTCCCGTTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAATGGAGTTTGCTTGAGAGTTAGAGTGTGGAATGATTGGAGTATGA

> TL23 (JQ963148)

ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCAACACGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACCTCC
ACCAAGTAAGCATCTCCTCCTCCTCGGAATCTCCGCCGATTTCTTTTAAGCGATTGATCGTAGATAAATTTGTCGGTTGCTTACCGTTCATCAAAATCTGCACGGTTCGTTTCTTCT
TCTGCGCCTAGATTGCATTATGTCATTGTTCGTTTTCCGATTTGACTGACCGACATAAATCAATTCCTTTGTGTTTCACGATTCTGGGTTTTGCGCTGTAATTGATTGTCAGTGTTT
GCACAGGTTTCCCCTTCTCCTCCTCCGTCCATCAAATGCATGTTATTACCATTTCAATTTCAGTTTCCTTCTCTGAAATATCCGTCTCTGGGARAATAAGTCTCTGTATCTACTATC
CTATCAGCTTGTTTAGGAGAGGTTCGATATTCGTTTACATAAACCAATTGGCTTACAGTCCTTGAACGTTCTAAATGTTGGTCGCGGTGATAATAGGTTCTCAAAAGAGGTTTGTCT
ATGTTGTTTGGCAAAATCTTGTTTCTGTGAATCATGTTTAAGGTCCTTGGAAGAATGACTAATGAGCTATGACATGATTACGACGTAGTAGTTATTGAACTGCTGATAATTCAATAT
AGGGGTAACTTTGTTGATTGTTTGGTCACAGGGAGGCTGAGAAGCTAAAGAAGTCACATGGACCACCAARAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGG
AGATATTTAAGTCTCTGGAAGGTTGGGCTGAGGATGTTCTATTACCGCACCTGAAGCCAGTTGAGAAATGCTGGCAGCCACAGGATTTCCTGCCCGAACCTGAGTCGGATGGGTTCG
AGGAGCAAGTGAAGGAGCTCAGGGCAAGGGCCARAGAACTGCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTGCCGACTTACCAGACAATGCTCA
ACACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTAT
ACCTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTAATCACATACTTCATCCTTTTCTATTAATCTTTGCGTGAACAA
AATTCACTACACTGGTAGCAGCTGAAACTTTAGATGATTTTTTTTACTGCCTAGCTTCTATGAAACAAAACCACGTAAGTCARATAGGGTTGACAATGAGTTCAAGTGGCAAAATTT
TTCTTATATACCAACTTCGAACCACTTTATATGACATACCAACTCCTAGTTCGGTTAAAATTCCTCCGTCGAAGATATAATACTTGGATTGGTTAAATGAATTGTGAAAGGATACAC
GTGATGTGGTCTGGAATTAATTTGTTTGAATGATCAGTTGGGTTCGGGGCGACAACTGTGAACTGGAACCACCCTAAGTAAATTTTCTTTCTGTCCTACAAATTTGAGGTTCTCCTT
GATCACCTTAGTCCATCTTAGGTTTGCCCGTTAGTAAGATCTGCATTTAGCAGTTTGTCCTGGTATTTGATATCACTAGTATCTTTGTTTGATTCCCTAGCATCTCTGAAACCATCG
GACAAGTAGGTGGTTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCCGTATCATCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAGCAAC
GGCTAGAAGAAGTTCTACATCTGATGCTTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTTCCTGTAGGATCCAAAAACAGARAACAACCCCTACCTCGGTTTCAT
CTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGAAACACAGCCAGACTCGCCAAGGACCATGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAGACGA
GAAACGGCACGAAACCGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGCTGGCACTGGCGGACATGATGAGGAAGAAGATATCGATGCCCGCCCA
CTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCAGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCCGATATCCTGGAGTTCCTGGTGGGGAG
GTGGAAAGTGGATGCTTTTACGGGGCTTTCCGGGGAAGGGAACAAAGCTCAGGATTTTGTCTGCGGGCTTCCTGCGAGGATTCGAAAGTTGGAGGAGAGGGCTGCGGGGAGGGCARA
GCAAACGTCGAAATCTGTCCCGTTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAATGGAGTTTGCTTGAGAGTTAGAGTGTGGAATGATTGGAGTATGA

SAD?2 gene sequences

> PADMINI (JQ963149)

ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCGACCCGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACTTCC
ACCAAGTAAGTTCCCGTCACCATCTCCTCTTCCTCGGAATCTCCGCCGTTTCATTTAAGCGATTGATCGTAGAAAATCTGTCGGTTGCTTAGCGTTCATTCAAATCTGCGCGGTTCG
TTTCTTTTTCTTTCTTCAGACTGCATCATCTGCATTATGTTATTGTTCGTTTCCGATTTGACTAACCTACATAATCAATTCCTTTGTGTTTCACGAGTCTGGATTTTGCGCTGTAAT
TGATTGTCAGCGTTTGCACAGGTTTCCATTTCTCCACCTCCGTCCATCAAATGCATGTTATTACCTACCAATTTCAGCGTCTTTCTCTGGAAATTTCTGTCTCTGTATCTACTATCC
TATTAGCTTGTTTGAGAGAGGTTCAATATTGGTTTGCATGAACCAAGTGGCTTACAATCCTTCAACGTTCTAAATGTTGGTCGCAGTAACAATAGGTTCTCAAAAGAGGTTTTTCTA
TGTTGTTTGGCAARATCTTGTTTCTGTGAATCATGTTAAGGTCCTGGGAAGAATGATTAATGAGCTATGACATGATTAAGGCGTAGTAGTTATTGAACTGCTGATAATTCAATATAG
GGGTAACTTTGTTGGTTGTTTGGTGACAGGGAGGCTGAGAAGCTARAGAAGTCACATGGACCACCAAAAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGGAG
ATCTTTAAGTCCCTTGAAGGTTGGGCAGAGGACGTTCTGTTGCCGCACCTGAAGCCGGTTGAGAAATGCTGGCAGCCACAAGATTTCCTGCCCGAACCCGAGTCGGATGGGTTCGAG
GAGCAAGTGAAGGAGCTCAGGGCAAGGGCTAAAGAACTCCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTACCGACTTACCAGACAATGCTCAAC
ACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTTTAC
CTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTACTCACATCCTATCTGCTCCTTTATCCTTTTCCATTAATCTTTGA
TTGAACAAAATTCAATAAACTGGTAGCTGAAACTTTAGATGATTTGTTATAACTGCCTAGCTTCTATGAGARAACCACTGAAGTCAAATAGGTTTGACAATGGGTTTAAATGGARAAA
AGTTTCATATACCATCTTCCATCTATTTTATATGACATACCAACTTCTACTTTGGAGAAAATTCGCCGTGGATAATCATATTATTGAAGATATAGTACTTAGTAGATTGGTTAGATG
AACTGTTAAACAATACATGTGATGTCGTGTGCAATTAATTTGTGTAAATGATTAGCTGGGTTCGGGACGACARATGTGAACTGGAACCCTAGTAAACTATGAATTGAGGTTGTCCTT
CATCACTTTATTCTGTCCTGGGTTTGTTTGCCTGTTTGCAAGATCTGCATGTAGCAGTTTGTCCTGGTATTTGCTACCAGTGGTATCTTTGTTTGATTCCCTAGCATCTCTGAAAAC
ATCGGACCAAGTATCTGGTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCTGTATCGTCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAG
CAACGGCTAGAAGAAGTTCTACATCTGATGCGTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTGCCTGTAGGATCCAAAAACAGAARACAACCCCTACCTCGGTT
TCATCTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGAAATACGGCCAGACTCGCCAAGGACCACGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAG
ACGAGAAGCGGCACGAAACAGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGTTGGCTCTGGCGGACATGATGAGGAAGAAGATATCGATGCCCG
CCCACTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCGGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCTGATATCCTGGAGTTCCTGGTGG
GGAGGTGGAAAGTGGATGCTTTTACGGGACTTTCCGGGGAAGGGAACAAAGCTCAGGAGTTTGTCTGTGGGCTTCCAGCGAGGATTCGAAAATTGGAGGAGAGGGCTGCGGGGAGGG
CAAAGCAAACGTCGAAATCTGTCCCATTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAA

> NL97 (JQ963150)
ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCGACCCGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACTTCC
ACCAAGTAAGTTCCCGTCACCATCTCCTCTTCCTCGGAATCTCCGCCGTTTCATTTAAGCGATTGATCGTAGAAAATCTGTCGGTTGCTTAGCGTTCATTCAAATCTGCGCGGTTCG
TTTCTTTTTCTTTCTTCAGACTGCATCATCTGCATTATGTTATTGTTCGTTTCCGATTTGACTAACCTACATAATCAATTCCTTTGTGTTTCACGAGTCTGGATTTTGCGCTGTAAT
TGATTGTCAGCGTTTGCACAGGTTTCCATTTCTCCACCTCCGTCCATCAAATGCATGTTATTACCTACCAATTTCAGCGTCTTTCTCTGGAAATTTCTGTCTCTGTATCTACTATCC
TATTAGCTTGTTTGAGAGAGGTTCAATATTGGTTTGCATGAACCAAGTGGCTTACAATCCTTCAACGTTCTARAATGTTGGTCGCAGTAACAATAGGTTCTCAAAAGAGGTTTTTCTA
TGTTGTTTGGCAAAATCTTGTTTCTGTGAATCATGTTAAGGTCGTGGGAAGAATGATTAATGAGCTATGACATGATTAAGGCGTAGTAGTTATTGAACTGCTGATAATTCAATATAG
GGGTAACTTTGTTGGTTGTTTGGTGACAGGGAGGCTGAGAAGCTAAAGAAGTCACATGGACCACCAAAAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGGAG
ATCTTTAAGTCCCTTGAAGGTTGGGCAGAGGACGTTCTGTTGCCGCACCTGAAGCCGGTTGAGARATGCTGGCAGCCACAAGATTTCCTGCCCGAACCCGAGTCGGATGGGTTCGAG
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GAGCAAGTGAAGGAGCTCAGGGCAAGGGCTAAAGAACTCCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTACCGACTTACCAGACAATGCTCAAC
ACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTTTAC
CTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTACTCACATCCTATCTGCTCCTTTATCCTTTTCCATTAATCTTTGA
TTGAACAAAATTCAATAAACTGGTAGCTGAAACTTTAGATGATTTGTTATAACTGCCTAGCTTCTATGAGAAAACCACTGAAGTCAAATAGGTTTGACAATGGGTTTAAATGGAARA
AGTTTCATATACCATCTTCCATCTATTTTATATGACATACCAACTTCTACTTTGGAGAAAATTCGCCGTGGATAATCATATTATTGAAGATATAGTACTTAGTAGATTGGTTAGATG
AACTGTTAAACAATACATGTGATGTCGTGTGCAATTAATTTGTGTAAATGATTAGCTGGGTTCGGGACGACAAATGTGAACTGGAACCCTAGTAAACTATGAATTGAGGTTGTCCTT
CATCACTTTATTCTGTCCTGGGTTTGTTTGCCTGTTTGCAAGATCTGCATGTAGCAGTTTGTCCTGGTATTTGCTACCAGTGGTATCTTTGTTTGATTCCCTAGCATCTCTGAAAAC
ATCGGACCAAGTATCTGGTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCTGTATCGTCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAG
CAACGGCTAGAAGAAGTTCTACATCTGATGCGTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTGCCTGTAGGATCCAAAAACAGAARACAACCCCTACCTCGGTT
TCATCTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGARAATACGGCCAGACTCGCCAAGGACCACGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAG
ACGAGAAGCGGCACGAAACAGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGTTGGCTCTGGCGGACATGATGAGGAAGAAGATATCGATGCCCG
CCCACTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCGGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCTGATATCCTGGAGTTCCTGGTGG
GGAGGTGGAAAGTGGATGCTTTTACGGGACTTTCCGGGGAAGGGAACAAAGCTCAGGAGTTTGTCTGTGGGCTTCCAGCGAGGATTCGAAAATTGGAGGAGAGGGCTGCGGGGAGGG
CAAAGCAAACGTCGAAATCTGTCCCATTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAA

> NL260 (JQ963151)

ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCGACCCGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACTTCC
ACCAAGTAAGTTCCCGTCACCATCTCCTCTTCCTCGGAATCTCCGCCGTTTCATTTAAGCGATTGATCGTAGAAAATCTGTCGGTTGCTTAGCGTTCATTCAAATCTGCGCGGTTCG
TTTCTTTTTCTTTCTTCAGACTGCATCATCTGCATTATGTTATTGTTCGTTTCCGATTTGACTAACCTACATAATCAATTCCTTTGTGTTTCACGAGTCTGGATTTTGCGCTGTAAT
TGATTGTCAGCGTTTGCACAGGTTTCCATTTCTCCACCTCCGTCCATCAAATGCATGTTATTACCTACCAATTTCAGCGTCTTTCTCTGGAAATTTCTGTCTCTGTATCTACTATCC
TATTAGCTTGTTTGAGAGAGGTTCAATATTGGTTTGCATGAACCAAGTGGCTTACAATCCTTCAACGTTCTAAATGTTGGTCGCAGTAACAATAGGTTCTCAAAAGAGGTTTTTCTA
TGTTGTTTGGCAARATCTTGTTTCTGTGAATCATGTTAAGGTCGTGGGAAGAATGATTAATGAGCTATGACATGATTAAGGCGTAGTAGTTATTGAACTGCTGATAATTCAATATAG
GGGTAACTTTGTTGGTTGTTTGGTGACAGGGAGGCTGAGAAGCTARAGAAGTCACATGGACCACCAAAAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGGAG
ATCTTTAAGTCCCTTGAAGGTTGGGCAGAGGACGTTCTGTTGCCGCACCTGAAGCCGGTTGAGAAATGCTGGCAGCCACAAGATTTCCTGCCCGAACCCGAGTCGGATGGGTTCGAG
GAGCAAGTGAAGGAGCTCAGGGCAAGGGCTAAAGAACTCCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTACCGACTTACCAGACAATGCTCAAC
ACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTTTAC
CTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTACTCACATCCTATCTGCTCCTTTATCCTTTTCCATTAATCTTTGA
TTGAACAAAATTCAATAAACTGGTAGCTGAAACTTTAGATGATTTGTTATAACTGCCTAGCTTCTATGAGARAACCACTGAAGTCAAATAGGTTTGACAATGGGTTTAAATGGARAAA
AGTTTCATATACCATCTTCCATCTATTTTAYATGACATACCAACTTCTACTTYGGAGAAAATTCGCCGTGGATAATCATATTATTGAAGATATAGTACTTAGTAGATTGGTTAGATG
AACTGTTAAACAATACATGTGATGTCGTGTGCAATTAATTTGTGTAAATGATTAGCTGGGTTCGGGACGACARATGTGAACTGGAACCCTAGTAAACTATGAATTGAGGTTGTCCTT
CATCACTTTATTCTGTCCTGGGTTTGTTTGCCTGTTTGCAAGATCTGCATGTAGCAGTTTGTCCTGGTATTTGCTACCAGTGGTATCTTTGTTTGATTCCCTAGCATCTCTGAAAAC
ATCGGACCAAGTATCTGGTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCTGTATCGTCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAG
CAACGGCTAGAAGAAGTTCTACATCTGATGCGTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTGCCTGTAGGATCCAAAAACAGAARACAACCCCTACCTCGGTT
TCATCTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGARAATACGGCCAGACTCGCCAAGGACCACGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAG
ACGAGAAGCGGCACGAAACAGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGTTGGCTCTGGCGGACATGATGAGGAAGAAGATATCGATGCCCG
CCCACTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCGGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCTGATATCCTGGAGTTCCTGGTGG
GGAGGTGGAAAGTGGATGCTTTTACGGGACTTTCCGGGGAAGGGAACAAAGCTCAGGAGTTTGTCTGTGGGCTTCCAGCGAGGATTCGAAAATTGGAGGAGAGGGCTGCGGGGAGGG
CAAAGCAAACGTCGAAATCTGTCCCATTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAA

> EC9825 (JQ963152)

ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCGACCCGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACTTCC
ACCAAGTAAGTTCCCGTCACCATCTCCTCTTCCTCGGAATCTCCGCCGTTTCATTTAAGCGATTGATCGTAGAARATCTGTCGGTTGCTTAGCGTTCATTCAAATCTGCGCGGTTCG
TTTCTTTTTCTTTCTTCAGACTGCATCATCTGCATTATGTTATTGTTCGTTTCCGATTTGACTAACCTACATAATCAATTCCTTTGTGTTTCACGAGTCTGGATTTTGCGCTGTAAT
TGATTGTCAGCGTTTGCACAGGTTTCCATTTCTCCACCTCCGTCCATCAAATGCATGTTATTACCTACCAATTTCAGCGTCTTTCTCTGGAAATTTCTGTCTCTGTATCTACTATCC
TATTAGCTTGTTTGAGAGAGGTTCAATATTGGTTTGCATGAACCAAGTGGCTTACAATCCTTCAACGTTCTAAATGTTGGTCGCAGTAACAATAGGTTCTCAAAAGAGGTTTTTCTA
TGTTGTTTGGCAARATCTTGTTTCTGTGAATCATGTTAAGGTCGTGGGAAGAATGATTAATGAGCTATGACATGATTAAGGCGTAGTAGTTATTGAACTGCTGATAATTCAATATAG
GGGTAACTTTGTTGGTTGTTTGGTGACAGGGAGGCTGAGAAGCTARAGAAGTCACATGGACCACCAAAAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGGAG
ATCTTTAAGTCCCTTGAAGGTTGGGCAGAGGACGTTCTGTTGCCGCACCTGAAGCCGGTTGAGARATGCTGGCAGCCACAAGATTTCCTGCCCGAACCCGAGTCGGATGGGTTCGAG
GAGCAAGTGAAGGAGCTCAGGGCAAGGGCTAAAGAACTCCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTACCGACTTACCAGACAATGCTCAAC
ACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTTTAC
CTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTACTCACATCCTATCTGCTCCTTTATCCTTTTCCATTAATCTTTGA
TTGAACAAAATTCAATAAACTGGTAGCTGAAACTTTAGATGATTTGTTATAACTGCCTAGCTTCTATGAGARAACCACTGAAGTCAAATAGGTTTGACAATGGGTTTAAATGGARAAA
AGTTTCATATACCATCTTCCATCTATTTTATATGACATACCAACTTCTACTTTGGAGAAAATTCGCCGTGGATAATCATATTATTGAAGATATAGTACTTAGTAGATTGGTTAGATG
AACTGTTAAACAATACATGTGATGTCGTGTGCAATTAATTTGTGTAAATGATTAGCTGGGTTCGGGACGACARATGTGAACTGGAACCCTAGTAAACTATGAATTGAGGTTGTCCTT
CATCACTTTATTCTGTCCTGGGTTTGTTTGCCTGTTTGCAAGATCTGCATGTAGCAGTTTGTCCTGGTATTTGCTACCAGTGGTATCTTTGTTTGATTCCCTAGCATCTCTGAAAAC
ATCGGACCAAGTATCTGGTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCTGTATCGTCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAG
CAACGGCTAGAAGAAGTTCTACATCTGATGCGTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTGCCTGTAGGATCCAAAAACAGAARACAACCCCTACCTCGGTT
TCATCTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGAAATACGGCCAGACTCGCCARGGACCACGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAG
ACGAGAAGCGGCACGAAACAGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGTTGGCTCTGGCGGACATGATGAGGAAGAAGATATCGATGCCCG
CCCACTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCGGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCTGATATCCTGGAGTTCCTGGTGG
GGAGGTGGAAAGTGGATGCTTTTACGGGACTTTCCGGGGAAGGGAACAAAGCTCAGGAGTTTGTCTGTGGGCTTCCAGCGAGGATTCGAAAATTGGAGGAGAGGGCTGCGGGGAGGG
CAAAGCAAACGTCGAAATCTGTCCCATTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAA

> SURABHI (JQ963153)

ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCGACCCGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACTTCC
ACCAAGTAAGTTCCCGTCACCATCTCCTCTTCCTCGGAATCTCCGCCGTTTCATTTAAGCGATTGATCGTAGAARATCTGTCGGTTGCTTAGCGTTCATTCAAATCTGCGCGGTTCG
TTTCTTTTTCTTTCTTCAGACTGCATCATCTGCATTATGTTATTGTTCGTTTCCGATTTGACTAACCTACATAATCAATTCCTTTGTGTTTCACGAGTCTGGATTTTGCGCTGTAAT
TGATTGTCAGCGTTTGCACAGGTTTCCATTTCTCCACCTCCGTCCATCAAATGCATGTTATTACCTACCAATTTCAGCGTCTTTCTCTGGAAATTTCTGTCTCTGTATCTACTATCC
TATTAGCTTGTTTGAGAGAGGTTCAATATTGGTTTGCATGAACCAAGTGGCTTACAATCCTTCAACGTTCTAAATGTTGGTCGCAGTAACAATAGGTTCTCAAAAGAGGTTTTTCTA
TGTTGTTTGGCAAAATCTTGTTTCTGTGAATCATGTTAAGGTCGTGGGAAGAATGATTAATGAGCTATGACATGATTAAGGCGTAGTAGTTATTGAACTGCTGATAATTCAATATAG
GGGTAACTTTGTTGGTTGTTTGGTGACAGGGAGGCTGAGAAGCTARAGAAGTCACATGGACCACCAAAAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGGAG
ATCTTTAAGTCCCTTGAAGGTTGGGCAGAGGACGTTCTGTTGCCGCACCTGAAGCCGGTTGAGARAATGCTGGCAGCCACAAGATTTCCTGCCCGAACCCGAGTCGGATGGGTTCGAG
GAGCAAGTGAAGGAGCTCAGGGCAAGGGCTAAAGAACTCCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTACCGACTTACCAGACAATGCTCAAC
ACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTTTAC
CTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTACTCACATCCTATCTGCTCCTTTATCCTTTTCCATTAATCTTTGA
TTGAACAAAATTCAATAAACTGGTAGCTGAAACTTTAGATGATTTGTTATAACTGCCTAGCTTCTATGAGAAAACCACTGAAGTCAAATAGGTTTGACAATGGGTTTAAATGGAARA
AGTTTCATATACCATCTTCCATCTATTTTATATGACATACCAACTTCTACTTTGGAGAAAATTCGCCGTGGATAATCATATTATTGAAGATATAGTACTTAGTAGATTGGTTAGATG
AACTGTTAAACAATACATGTGATGTCGTGTGCAATTAATTTGTGTAAATGATTAGCTGGGTTCGGGACGACAAATGTGAACTGGAACCCTAGTAAACTATGAATTGAGGTTGTCCTT
CATCACTTTATTCTGTCCTGGGTTTGTTTGCCTGTTTGCAAGATCTGCATGTAGCAGTTTGTCCTGGTATTTGCTACCAGTGGTATCTTTGTTTGATTCCCTAGCATCTCTGAAAAC
ATCGGACCAAGTATCTGGTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCTGTATCGTCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAG
CAACGGCTAGAAGAAGTTCTACATCTGATGCGTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTGCCTGTAGGATCCAAAAACAGAARACAACCCCTACCTCGGTT
TCATCTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGARAATACGGCCAGACTCGCCAAGGACCACGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAG
ACGAGAAGCGGCACGAAACAGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGTTGGCTCTGGCGGACATGATGAGGAAGAAGATATCGATGCCCG
CCCACTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCGGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCTGATATCCTGGAGTTCCTGGTGG
GGAGGTGGAAAGTGGATGCTTTTACGGGACTTTCCGGGGAAGGGAACAAAGCTCAGGAGTTTGTCTGTGGGCTTCCAGCGAGGATTCGAAAATTGGAGGAGAGGGCTGCGGGGAGGG
CAAAGCAAACGTCGAAATCTGTCCCATTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAA

> AYOGI (JQ963154)

ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCGACCCGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACTTCC
ACCAAGTAAGTTCCCGTCACCATCTCCTCTTCCTCGGAATCTCCGCCGTTTCATTTAAGCGATTGATCGTAGAAAATCTGTCGGTTGCTTAGCGTTCATTCAAATCTGCGCGGTTCG
TTTCTTTTTCTTTCTTCAGACTGCATCATCTGCATTATGTTATTGTTCGTTTCCGATTTGACTAACCTACATAATCAATTCCTTTGTGTTTCACGAGTCTGGATTTTGCGCTGTAAT
TGATTGTCAGCGTTTGCACAGGTTTCCATTTCTCCACCTCCGTCCATCAAATGCATGTTATTACCTACCAATTTCAGCGTCTTTCTCTGGAAATTTCTGTCTCTGTATCTACTATCC
TATTAGCTTGTTTGAGAGAGGTTCAATATTGGTTTGCATGAACCAAGTGGCTTACAATCCTTCAACGTTCTAAATGTTGGTCGCAGTAACAATAGGTTCTCAAAAGAGGTTTTTCTA
TGTTGTTTGGCAAAATCTTGTTTCTGTGAATCATGTTAAGGTCCTGGGAAGAATGATTAATGAGCTATGACATGATTAAGGCGTAGTAGTTATTGAACTGCTGATAATTCAATATAG
GGGTAACTTTGTTGGTTGTTTGGTGACAGGGAGGCTGAGAAGCTARAGAAGTCACATGGACCACCAAAAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGGAG
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ATCTTTAAGTCCCTTGAAGGTTGGGCAGAGGACGTTCTGTTGCCGCACCTGAAGCCGGTTGAGAAATGCTGGCAGCCACAAGATTTCCTGCCCGAACCCGAGTCGGATGGGTTCGAG
GAGCAAGTGAAGGAGCTCAGGGCAAGGGCTAAAGAACTCCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTACCGACTTACCAGACAATGCTCAAC
ACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTTTAC
CTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTACTCACATCCTATCTGCTCCTTTATCCTTTTCCATTAATCTTTGA
TTGAACAAAATTCAATAAACTGGTAGCTGAAACTTTAGATGATTTGTTATAACTGCCTAGCTTCTATGAGARAACCACTGAAGTCAAATAGGTTTGACAATGGGTTTAAATGGARAAA
AGTTTCATATACCATCTTCCATCTATTTTACATGACATACCAACTTCTACTTCGGAGAAAATTCGCCGTGGATAATCATATTATTGAAGATATAGTACTTAGTAGATTGGTTAGATG
AACTGTTAAACAATACATGTGATGTCGTGTGCAATTAATTTGTGTAAATGATTAGCTGGGTTCGGGACGACARATGTGAACTGGAACCCTAGTAAACTATGAATTGAGGTTGTCCTT
CATCACTTTATTCTGTCCTGGGTTTGTTTGCCTGTTTGCAAGATCTGCATGTAGCAGTTTGTCCTGGTATTTGCTACCAGTGGTATCTTTGTTTGATTCCCTAGCATCTCTGAAAAC
ATCGGACCAAGTATCTGGTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCTGTATCGTCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAG
CAACGGCTAGAAGAAGTTCTACATCTGATGCGTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTGCCTGTAGGATCCAAAAACAGAARACAACCCCTACCTCGGTT
TCATCTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGARAATACGGCCAGACTCGCCAAGGACCACGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAG
ACGAGAAGCGGCACGAAACAGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGTTGGCTCTGGCGGACATGATGAGGAAGAAGATATCGATGCCCG
CCCACTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCGGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCTGATATCCTGGAGTTCCTGGTGG
GGAGGTGGAAAGTGGATGCTTTTACGGGACTTTCCGGGGAAGGGAACAAAGCTCAGGAGTTTGTCTGTGGGCTTCCAGCGAGGATTCGAAAATTGGAGGAGAGGGCTGCGGGGAGGG
CAAAGCAAACGTCGAAATCTGTCCCATTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAA

> ES44 (JQ963155)
ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCGACCCGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACTTCC
ACCAAGTAAGTTCCCGTCACCATCTCCTCTTCCTCGGAATCTCCGCCGTTTCATTTAAGCGATTGATCGTAGAAAATCTGTCGGTTGCTTAGCGTTCATTCAAATCTGCGCGGTTCG
TTTCTTTTTCTTTCTTCAGACTGCATCATCTGCATTATGTTATTGTTCGTTTCCGATTTGACTAACCTACATAATCAATTCCTTTGTGTTTCACGAGTCTGGATTTTGCGCTGTAAT
TGATTGTCAGCGTTTGCACAGGTTTCCATTTCTCCACCTCCGTCCATCAAATGCATGTTATTACCTACCAATTTCAGCGTCTTTCTCTGGAAATTTCTGTCTCTGTATCTACTATCC
TATTAGCTTGTTTGAGAGAGGTTCAATATTGGTTTGCATGAACCAAGTGGCTTACAATCCTTCAACGTTCTARAATGTTGGTCGCAGTAACAATAGGTTCTCAAAAGAGGTTTTTCTA
TGTTGTTTGGCAAAATCTTGTTTCTGTGAATCATGTTAAGGTCCTGGGAAGAATGATTAATGAGCTATGACATGATTAAGGCGTAGTAGTTATTGAACTGCTGATAATTCAATATAG
GGGTAACTTTGTTGGTTGTTTGGTGACAGGGAGGCTGAGAAGCTAAAGAAGTCACATGGACCACCAAAAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGGAG
ATCTTTAAGTCCCTTGAAGGTTGGGCAGAGGACGTTCTGTTGCCGCACCTGAAGCCGGTTGAGARATGCTGGCAGCCACAAGATTTCCTGCCCGAACCCGAGTCGGATGGGTTCGAG
GAGCAAGTGAAGGAGCTCAGGGCAAGGGCTAAAGAACTCCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTACCGACTTACCAGACAATGCTCAAC
ACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTTTAC
CTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTACTCACATCCTATCTGCTCCTTTATCCTTTTCCATTAATCTTTGA
TTGAACAAAATTCAATAAACTGGTAGCTGAAACTTTAGATGATTTGTTATAACTGCCTAGCTTCTATGAGAAAACCACTGAAGTCAAATAGGTTTGACAATGGGTTTAAATGGAAAA
AGTTTCATATACCATCTTCCATCTATTTTACATGACATACCAACTTCTACTTCGGAGAAAATTCGCCGTGGATAATCATATTATTGAAGATATAGTACTTAGTAGATTGGTTAGATG
AACTGTTAAACAATACATGTGATGTCGTGTGCAATTAATTTGTGTAAATGATTAGCTGGGTTCGGGACGACAAATGTGAACTGGAACCCTAGTAAACTATGAATTGAGGTTGTCCTT
CATCACTTTATTCTGTCCTGGGTTTGTTTGCCTGTTTGCAAGATCTGCATGTAGCAGTTTGTCCTGGTATTTGCTACCAGTGGTATCTTTGTTTGATTCCCTAGCATCTCTGAAAAC
ATCGGACCAAGTATCTGGTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCTGTATCGTCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAG
CAACGGCTAGAAGAAGTTCTACATCTGATGCGTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTGCCTGTAGGATCCAAAAACAGAAAACAACCCCTACCTCGGTT
TCATCTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGAAATACGGCCAGACTCGCCAAGGACCACGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAG
ACGAGAAGCGGCACGAAACAGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGTTGGCTCTGGCGGACATGATGAGGAAGAAGATATCGATGCCCG
CCCACTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCGGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCTGATATCCTGGAGTTCCTGGTGG
GGAGGTGGAAAGTGGATGCTTTTACGGGACTTTCCGGGGAAGGGAACAAAGCTCAGGAGTTTGTCTGTGGGCTTCCAGCGAGGATTCGAARRATTGGAGGAGAGGGCTGCGGGGAGGG
CAAAGCAAACGTCGAAATCTGTCCCATTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAA

> JRF5 (JQ963156)
ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCGACCCGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACTTCC
ACCAAGTAAGTTCCCGTCACCATCTCCTCTTCCTCGGAATCTCCGCCGTTTCATTTAAGCGATTGATCGTAGAAAATCTGTCGGTTGCTTAGCGTTCATTCAAATCTGCGCGGTTCG
TTTCTTTTTCTTTCTTCAGACTGCCTCGTCTGCATTATGTTATTGTTCGTTTCCGATTTGACTAACCTACATAATCAATTCCTTTGTGTTTCACGAGTCTGGATTTTGCGCTGTAAT
TGATTGTCAGCGTTTGCACAGGTTTCCATTTCTCCACCTCCGTCCATCAAATGCATGTTATTACCTACCAATTTCAGCGTCTTTCTCTGGAAATTTCTGTCTCTGTATCTACTATCC
TATTAGCTTGTTTGAGAGAGGTTCAATATTGGTTTGCATGAACCAAGTGGCTTACAATCCTTCAACGTTCTARAATGTTGGTCGCAGTAACAATAGGTTCTCAAAAGAGGTTTTTCTA
TGTTGTTTGGCAAAATCTTGTTTCTGTGAATCATGTTAAGGTCCTGGGAAGAATGATTAATGAGCTATGACATGATTAAGGCGTAGTAGTTATTGAACTGCTGATAATTCAATATAG
GGGTAACTTTGTTGGTTGTTTGGTGACAGGGAGGCTGAGAAGCTAAAGAAGTCACATGGACCACCAAAAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGGAG
ATCTTTAAGTCCCTTGAAGGTTGGGCAGAGGACGTTCTGTTGCCGCACCTGAAGCCGGTTGAGARATGCTGGCAGCCACAAGATTTCCTGCCCGAACCCGAGTCGGATGGGTTCGAG
GAGCAAGTGAAGGAGCTCAGGGCAAGGGCTAAAGAACTCCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTACCGACTTACCAGACAATGCTCAAC
ACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTTTAC
CTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTACTCACATCCTATCTGCTCCTTTATCCTTTTCCATTAATCTTTGA
TTGAACAAAATTCAATAAACTGGTAGCTGAAACTTTAGATGATTTGTTATAACTGCCTAGCTTCTATGAGAAAACCACTGAAGTCAAATAGGTTTGACAATGGGTTTAAATGGAARAA
AGTTTCATATACCATCTTCCATCTATTTTATATGACATACCAACTTCTACTTTGGAGAAAATTCGCCGTGGATAATCATATTATTGAAGATATAGTACTTAGTAGATTGGTTAGATG
AACTGTTAAACAATACATGTGATGTCGTGTGCAATTAATTTGTGTAAATGATTAGCTGGGTTCGGGACGACAAATGTGAACTGGAACCCTAGTAAACTATGAATTGAGGTTGTCCTT
CATCACTTTATTCTGTCCTGGGTTTGTTTGCCTGTTTGCAAGATCTGCATGTAGCAGTTTGTCCTGGTATTTGCTACCAGTGGTATCTTTGTTTGATTCCCTAGCATCTCTGAAAAC
ATCGGACCAAGTATCTGGTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCTGTATCGTCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAG
CAACGGCTAGAAGAAGTTCTACATCTGATGCGTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTGCCTGTAGGATCCAAAARAACAGAAAACAACCCCTACCTCGGTT
TCATCTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGAAATACGGCCAGACTCGCCAAGGACCACGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAG
ACGAGAAGCGGCACGAAACAGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGTTGGCTCTGGCGGACATGATGAGGAAGAAGATATCGATGCCCG
CCCACTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCGGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCTGATATCCTGGAGTTCCTGGTGG
GGAGGTGGAAAGTGGATGCTTTTACGGGACTTTCCGGGGAAGGGAACAAAGCTCAGGAGTTTGTCTGTGGGCTTCCAGCGAGGATTCGARAATTGGAGGAGAGGGCTGCGGGGAGGG
CAAAGCAAACGTCGAAATCTGTCCCATTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAA

> ACC. NO. 4/47 (JQ963157)

ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCGACCCGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACTTCC
ACCAAGTAAGTTCCCGTCACCATCTCCTCTTCCTCGGAATCTCCGCCGTTTCATTTAAGCGATTGATCGTAGAAAATCTGTCGGTTGCTTAGCGTTCATTCAAATCTGCGCGGTTCG
TTTCTTTTTCTTTCTTCAGACTGCATCATCTGCATTATGTTATTGTTCGTTTCCGATTTGACTAACCTACATAATCAATTCCTTTGTGTTTCACGAGTCTGGATTTTGCGCTGTAAT
TGATTGTCAGCGTTTGCACAGGTTTCCATTTCTCCACCTCCGTCCATCAAATGCATGTTATTACCTACCAATTTCAGCGTCTTTCTCTGGAAATTTCTGTCTCTGTATCTACTATCC
TATTAGCTTGTTTGAGAGAGGTTCAATATTGGTTTGCATGAACCAAGTGGCTTACAATCCTTCAACGTTCTAAATGTTGGTCGCAGTAACAATAGGTTCTCAAAAGAGGTTTTTCTA
TGTTGTTTGGCAAAATCTTGTTTCTGTGAATCATGTTAAGGTCCTGGGAAGAATGATTAATGAGCTATGACATGATTAAGGCGTAGTAGTTATTGAACTGCTGATAATTCAATATAG
GGGTAACTTTGTTGGTTGTTTGGTGACAGGGAGGCTGAGAAGCTARAGAAGTCACATGGACCACCAAAAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGGAG
ATCTTTAAGTCCCTTGAAGGTTGGGCAGAGGACGTTCTGTTGCCGCACCTGAAGCCGGTTGAGAAATGCTGGCAGCCACAAGATTTCCTGCCCGAACCCGAGTCGGATGGGTTCGAG
GAGCAAGTGAAGGAGCTCAGGGCAAGGGCTAAAGAACTCCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTACCGACTTACCAGACAATGCTCAAC
ACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTTTAC
CTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTACTCACATCCTATCTGCTCCTTTATCCTTTTCCATTAATCTTTGA
TTGAACAAAATTCAATAAACTGGTAGCTGAAACTTTAGATGATTTGTTATAACTGCCTAGCTTCTATGAGAAAACCACTGAAGTCAAATAGGTTTGACAATGGGTTTAAATGGAARA
AGTTTCATATACCATCTTCCATCTATTTTATATGACATACCAACTTCTACTTTGGAGAARAATTCGCCGTGGATAATCATATTATTGAAGATATAGTACTTAGTAGATTGGTTAGATG
AACTGTTAAACAATACATGTGATGTCGTGTGCAATTAATTTGTGTAAATGATTAGCTGGGTTCGGGACGACARATGTGAACTGGAACCCTAGTAAACTATGAATTGAGGTTGTCCTT
CATCACTTTATTCTGTCCTGGGTTTGTTTGCCTGTTTGCAAGATCTGCATGTAGCAGTTTGTCCTGGTATTTGCTACCAGTGGTATCTTTGTTTGATTCCCTAGCATCTCTGAAAAC
ATCGGACCAAGTATCTGGTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCTGTATCGTCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAG
CAACGGCTAGAAGAAGTTCTACATCTGATGCGTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTGCCTGTAGGATCCAAAAACAGAARACAACCCCTACCTCGGTT
TCATCTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGAAATACGGCCAGACTCGCCAAGGACCACGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAG
ACGAGAAGCGGCACGAAACAGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACGGTACAGTGTTGGCTCTGGCGGACATGATGAGGAAGAAGATATCGATGCCCG
CCCACTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCGGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCTGATATCCTGGAGTTCCTGGTGG
GGAGGTGGAAAGTGGATGCTTTTACGGGACTTTCCGGGGAAGGGAACAAAGCTCAGGAGTTTGTCTGTGGGCTTCCAGCGAGGATTCGAAAATTGGAGGAGAGGGCTGCGGGGAGGG
CAAAGCAAACGTCGAAATCTGTCCCATTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAA

> TL23 (JQ963158)

ATGGCTCTCAAGCTCAACCCAGTCACCACCTTCCCTTCGACCCGCTCCCTCAACAACTTCTCCTCCAGATCTCCTCGCACCTTTCTCATGGCTGCTTCCACTTTCAATTCCACTTCC
ACCAAGTAAGTTCCCGTCACCATCTCCTCTTCCTCGGAATCTCCGCCGTTTCATTTAAGCGATTGATCGTAGAAAATCTGTCGGTTGCTTAGCGTTCATTCAAATCTGCGCGGTTCG
TTTCTTTTTCTTTCTTCAGACTGCCTCGTCTGCATTATGTTATTGTTCGTTTCCGATTTGACTAACCTACATAATCAATTCCTTTGTGTTTCACGAGTCTGGATTTTGCGCTGTAAT
TGATTGTCAGCGTTTGCACAGGTTTCCATTTCTCCACCTCCGTCCATCAAATGCATGTTATTACCTACCAATTTCAGCGTCTTTCTCTGGAAATTTCTGTCTCTGTATCTACTATCC
TATTAGCTTGTTTGAGAGAGGTTCAATATTGGTTTGCATGAACCAAGTGGCTTACAATCCTTCAACGTTCTAAATGTTGGTCGCAGTAACAATAGGTTCTCAAAAGAGGTTTTTCTA
TGTTGTTTGGCAARATCTTGTTTCTGTGAATCATGTTAAGGTCCTGGGAAGAATGATTAATGAGCTATGACATGATTAAGGCGTAGTAGTTATTGAACTGCTGATAATTCAATATAG
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GGGTAACTTTGTTGGTTGTTTGGTGACAGGGAGGCTGAGAAGCTARAGAAGTCACATGGACCACCAAAAGAGGTGCATATGCAAGTGACCCATTCCATGCCCCCACAGAAGCTGGAG
ATCTTTAAGTCCCTTGAAGGTTGGGCAGAGGACGTTCTGTTGCCGCACCTGAAGCCGGTTGAGARAATGCTGGCAGCCACAAGATTTCCTGCCCGAACCCGAGTCGGATGGGTTCGAG
GAGCAAGTGAAGGAGCTCAGGGCAAGGGCTAAAGAACTCCCCGATGACTATTTTGTTGTGCTGGTTGGGGATATGATCACCGAAGAAGCTCTACCGACTTACCAGACAATGCTCAAC
ACCCTTGACGGGGTGAGGGACGAGACTGGAGCCAGCCTTACGCCGTGGGCAATCTGGACAAGGGCGTGGACCGCTGAAGAGAATAGGCACGGTGACCTTCTCAACAAGTATCTTTAC
CTCTCTGGAAGGGTGGACATGAGGCAAATTGAAAAGACCATTCAGTATCTCATCGGCTCTGGAATGGTATGTACTCACATCCTATCTGCTCCTTTATCCTTTTCCATTAATCTTTGA
TTGAACAAAATTCAATAAACTGGTAGCTGAAACTTTAGATGATTTGTTATAACTGCCTAGCTTCTATGAGARAACCACTGAAGTCAAATAGGTTTGACAATGGGTTTAAATGGARAAA
AGTTTCATATACCATCTTCCATCTATTTTACATGACATACCAACTTCTACTTCGGAGAAAATTCGCCGTGGATAATCATATTATTGAAGATATAGTACTTAGTAGATTGGTTAGATG
AACTGTTAAACAATACATGTGATGTCGTGTGCAATTAATTTGTGTAAATGATTAGCTGGGTTCGGGACGACARATGTGAACTGGAACCCTAGTAAACTATGAATTGAGGTTGTCCTT
CATCACTTTATTCTGTCCTGGGTTTGTTTGCCTGTTTGCAAGATCTGCATGTAGCAGTTTGTCCTGGTATTTGCTACCAGTGGTATCTTTGTTTGATTCCCTAGCATCTCTGAAAAC
ATCGGACCAAGTATCTGGTTAGGACAAATTTGGTTCATTGCGGCATTTTTTGTTTGTATCGCTGTATCGTCTGGAAGAAGCAGACAGTTTTGCAAAGTGGCATCAAGCTCAAGAAAG
CAACGGCTAGAAGAAGTTCTACATCTGATGCGTTCCTTTTGTTTCTTTGTGTGCTTTTTGGACTTTGTTCTTTTTGCCTGTAGGATCCAAAAACAGAARACAACCCCTACCTCGGTT
TCATCTACACCTCATTCCAAGAGAGGGCAACGTTCATCTCCCACGGAAATACGGCCAGACTCGCCARAGGACCACGGGGACATGAAGCTGGCGCAGATCTGCGGGATCATCGCAGCAG
ACGAGAAGCGGCACGAAACAGCATACACCAAGATCGTCGAGAAGCTCTTCGAGATCGACCCTGACAGTACAGTGTTGGCTCTGGCGGACATGATGAGGAAGAAGATATCGATGCCCG
CACACTTGATGTACGATGGAGAAGACGACAACCTCTTCGACAATTACTCGTCGGTCGCTCAACGCATCGGGGTGTATACTGCCAAGGATTATGCTGATATCCTGGAGTTCCTGGTGG
GGAGGTGGAAAGTGGATGCTTTTACGGGACTTTCCGGGGAAGGGAACAAAGCTCAGGAGTTTGTCTGTGGGCTTCCAGCGAGGATTCGAAAATTGGAGGAGAGGGCTGCGGGGAGGG
CAAAGCAAACGTCGAAATCTGTCCCATTCAGCTGGATCTTCAGCAGAGAATTGGTACTCTAA

FAD?2 gene sequences

>PADMINI (JQ963109)

ATGGGTGCAGGTGGAAGAATGCCAGTGCCTCCATCATCCARACCTATGAAGAGGTCTCCTTACTCAAAGCCACCATTCACGCTCGGTGAGCTCAAGAAGGCCATCCCTCCACACTGT
TTCAAACGCTCAATCCCCCGATCGTTCGCCTACGTGGCGTACGACCTCACCATTGCAGCAATCTTCTACTACATCGCCACCACTTACTTCCACCTCCTCCCTAGCCCTCTCAACTAC
CTCGCCTGGCCGGTCTACTGGGCCTGCCAGGGCTGCATCCTCACTGGAGTATGGGTGTTGGCTCACGAATGCGGTCACCATGCCTTCAGCGACTACCAGTGGCTCGACGACATGGTT
GGCTTCGTCCTCCATTCGTCCCTCCTTGTTCCTTACTTCTCCTGGAAGCACAGCCACCGCCGCCACCATTCCAACACGGGATCGCTTGATCGTGATGAGGTGTTTGTCCCCAAGCAG
AAGGCCGAAATCGGGTGGTACTCCAAGTACCTTAACAACCCACCTGGCCGTGTGATCACATTGGCCGTCACATTAACGCTCGGTTGGCCTCTGTACTTGGCATTCAACGTCTCCGGG
AGACCATATGACCGGTTCGCATGCCATTTTGACCCTCACGGTCCGATTTACAATGATCGCGAGCGTATGGAGATATACCTATCCGACGCAGGGATATTCACCGTGTGCTACATCCTA
TACAGACTCGTCCTCACGAAAGGACTCGTTTGGGTCGTGTCCATATACGGAGTCCCACTATTGATAGTGAATGGATTCCTAGTCCTCATCACTTTCTTGCAGCACACGCATCCTTCT
CTTCCGCACTACAAGTCCTCCGAATGGGACTGGATGCGAGGCGCCCTCTCGACCGTGGATCGAGACTACGGGTTACTCAACACCGTGTTCCACAACATCACCGATACACATGTCGCG
CACCATCTCTTCTCCACGATGCCTCATTACCACGCGATGGAGGCTACCAAGGCGATCAAGCCGGTTCTCGGGGAGTATTACCAGTTCGATGGGACTCCCTTTGTGAAGGCCATGTGG
AGGGAGGCAAAGGAGTGCATCTATGTCGAGCCGGATGAAGGCGACCCCAGCCAAGGCGTGTTCTGGTACAACAATAAGTTATGA

>NL97 (JQ963110)

ATGGGTGCAGGTGGAAGAATGCCAGTGCCTCCATCATCCAAACCTATGAAGAGGTCTCCTTACTCAAAGCCACCATTCACGCTCGGTGAGCTCAAGAAGGCCATCCCTCCACACTGT
TTCAAACGCTCAATCCCCCGATCGTTCGCCTACGTGGCGTACGACCTCACCATTGCAGCAATCTTCTACTACATCGCCACCACTTACTTCCACCTCCTCCCTAGCCCTCTCAACTAC
CTCGCCTGGCCGGTCTACTGGGCCTGCCAGGGCTGCATCCTCACTGGAGTATGGGTGTTGGCTCACGAATGCGGTCACCATGCCTTCAGCGACTACCAGTGGCTCGACGACATGGTT
GGCTTCGTCCTCCATTCGTCCCTCCTTGTTCCTTACTTCTCCTGGAAGCACAGCCACCGCCGCCACCATTCCAACACGGGATCGCTTGATCGTGATGAGGTGTTTGTCCCCAAGCAG
AAGGCCGAAATCGGGTGGTACTCCAAGTACCTTAACAACCCACCTGGCCGTGTGATCACATTGGCCGTCACATTAACGCTCGGTTGGCCTCTGTACTTGGCATTCAACGTCTCCGGG
AGACCATATGACCGGTTCGCATGCCATTTTGACCCTCACGGTCCGATTTACAATGATCGCGAGCGTATGGAGATATACCTATCCGACGCAGGGATATTCACCGTGTGCTACATCCTA
TACAGACTCGTCCTCACGAAAGGACTCGTTTGGGTCGTGTCCATATACGGAGTCCCACTATTGATAGTGAATGGATTCCTAGTCCTCATCACTTTCTTGCAGCACACGCATCCTTCT
CTTCCGCACTACAAGTCCTCCGAATGGGACTGGATGCGAGGCGCCCTCTCGACCGTGGATCGAGACTACGGGTTACTCAACACCGTGTTCCACAACATCACCGATACACATGTCGCG
CACCATCTCTTCTCCACGATGCCTCATTACCACGCGATGGAGGCTACCAAGGCGATCAAGCCGGTTCTCGGGGAGTATTACCAGTTCGATGGGACTCCCTTTGTGAAGGCCATGTGG
AGGGAGGCAAAGGAGTGCATCTATGTCGAGCCGGATGAAGGCGACCCCAGCCAAGGCGTGTTCTGGTACAACAATAAGTTATGA

>NL260 (JQ963111)

ATGGGTGCAGGTGGAAGAATGCCAGTGCCTCCATCATCCARACCTATGAAGAGGTCTCCTTACTCAAAGCCACCATTCACGCTCGGTGAGCTCAAGAAGGCCATCCCTCCACACTGT
TTCAAACGCTCAATCCCCCGATCGTTCGCCTACGTGGCGTACGACCTCACCATTGCAGCAATCTTCTACTACATCGCCACCACTTACTTCCACCTCCTCCCTAGCCCTCTCAACTAC
CTCGCCTGGCCGGTCTACTGGGCCTGCCAGGGCTGCATCCTCACTGGAGTATGGGTGTTGGCTCACGAATGCGGTCACCATGCCTTCAGCGACTACCAGTGGCTCGACGACATGGTT
GGCTTCGTCCTCCATTCGTCCCTCCTTGTTCCTTACTTCTCCTGGAAGCACAGCCACCGCCGCCACCATTCCAACACGGGATCGCTTGATCGTGATGAGGTGTTTGTCCCCAAGCAG
AAGGCCGAAATCGGGTGGTACTCCAAGTACCTTAACAACCCACCTGGCCGTGTGATCACATTGGCCGTCACATTAACGCTCGGTTGGCCTCTGTACTTGGCATTCAACGTCTCCGGG
AGACCATATGACCGGTTCGCATGCCATTTTGACCCTCACGGTCCGATTTACAATGATCGCGAGCGTATGGAGATATACCTATCCGACGCAGGGATATTCACCGTGTGCTACATCCTA
TACAGACTCGTCCTCACGAAAGGACTCGTTTGGGTCGTGTCCATATACGGAGTCCCACTATTGATAGTGAATGGATTCCTAGTCCTCATCACTTTCTTGCAGCACACGCATCCTTCT
CTTCCGCACTACAAGTCCTCCGAATGGGACTGGATGCGAGGCGCCCTCTCGACCGTGGATCGAGACTACGGGTTACTCAACACCGTGTTCCACAACATCACCGATACACATGTCGCG
CACCATCTCTTCTCCACGATGCCTCATTACCACGCGATGGAGGCTACCAAGGCGATCAAGCCGGTTCTCGGGGAGTATTACCAGTTCGATGGGACTCCCTTTGTGAAGGCCATGTGG
AGGGAGGCAAAGGAGTGCATCTATGTCGAGCCGGATGAAGGCGACCCCAGCCAAGGCGTGTTCTGGTACAACAATAAGTTATGA

>EC9825 (JQ963112)

ATGGGTGCAGGTGGAAGAATGCCAGTGCCTCCATCATCCAAACCTATGAAGAGGTCTCCTTACTCAAAGCCACCATTCACGCTCGGTGAGCTCAAGAAGGCCATCCCTCCACACTGT
TTCAAACGCTCAATCCCCCGATCGTTCGCCTACGTGGCGTACGACCTCACCATTGCAGCAATCTTCTACTACATCGCCACCACTTACTTCCACCTCCTCCCTAGCCCTCTCAACTAC
CTCGCCTGGCCGGTCTACTGGGCCTGCCAGGGCTGCATCCTCACTGGAGTATGGGTGTTGGCTCACGAATGCGGTCACCATGCCTTCAGCGACTACCAGTGGCTCGACGACATGGTT
GGCTTCGTCCTCCATTCGTCCCTCCTTGTTCCTTACTTCTCCTGGAAGCACAGCCACCGCCGCCACCATTCCAACACGGGATCGCTTGATCGTGATGAGGTGTTTGTCCCCAAGCAG
AAGGCCGAAATCGGGTGGTACTCCAAGTACCTTAACAACCCACCTGGCCGTGTGATCACATTGGCCGTCACATTAACGCTCGGTTGGCCTCTGTACTTGGCATTCAACGTCTCCGGG
AGACCATATGACCGGTTCGCATGCCATTTTGACCCTCATGGTCCGATTTACAATGATCGCGAGCGTATGGAGATATACCTATCCGACGCAGGGATATTCACCGTGTGCTACATCCTA
TACAGACTCGTCCTCACGAAAGGACTCGTTTGGGTCGTGTCCATATACGGAGTCCCACTATTGATAGTGAATGGATTCCTAGTCCTCATCACTTTCTTGCAGCACACGCATCCTTCT
CTTCCGCACTACAAGTCCTCCGAATGGGACTGGATGCGAGGCGCCCTCTCGACCGTGGATCGAGACTACGGGTTACTCAACACCGTGTTCCACAACATCACCGATACACATGTCGCG
CACCATCTCTTCTCCACGATGCCTCATTACCACGCGATGGAGGCTACCAAGGCGATCAAGCCGGTTCTCGGGGAGTATTACCAGTTCGATGGGACTCCCTTTGTGAAGGCCATGTGG
AGGGAGGCAAAGGAGTGCATCTATGTCGAGCCGGATGAAGGCGACCCCAGCCAAGGCGTGTTCTGGTACAACAATAAGTTATGA

>SURABHI (JQ963113)

ATGGGTGCAGGTGGAAGAATGCCAGTGCCTCCATCATCCARACCTATGAAGAGGTCTCCTTACTCAAAGCCACCATTCACGCTCGGTGAGCTCAAGAAGGCCATCCCTCCACACTGT
TTCAAACGTTCAATCCCCCGATCGTTCGCCTACGTGGCGTACGACCTCACCATTGCAGCAATCTTCTACTACATCGCCACCACTTACTTCCACCTCCTCCCTAGCCCTCTCAACTAC
CTCGCCTGGCCGGTCTACTGGGCCTGCCAGGGCTGCATCCTCACTGGAGTATGGGTGTTGGCTCACGAATGCGGTCACCATGCCTTCAGCGACTACCAGTGGCTCGACGACATGGTT
GGCTTCGTCCTCCATTCGTCCCTCCTTGTTCCTTACTTCTCCTGGAAGCACAGCCACCGCCGCCACCATTCCAACACGGGATCGCTTGATCGTGATGAGGTGTTTGTCCCCAAGCAG
AAGGCCGAAATCGGGTGGTACTCCAAGTACCTTAACAACCCACCTGGCCGTGTGATCACATTGGCCGTCACATTAACGCTCGGTTGGCCTCTGTACTTGGCATTCAACGTCTCCGGG
AGACCATATGACCGGTTCGCATGCCATTTTGACCCTCACGGTCCGATTTACAATGATCGCGAGCGTATGGAGATATACCTATCCGACGCAGGGATATTCACCGTGTGCTACATCCTA
TACAGACTCGTCCTCACGAAAGGACTCGTTTGGGTCGTGTCCATATACGGAGTCCCACTATTGATAGTGAATGGATTCCTAGTCCTCATCACTTTCTTGCAGCACACGCATCCTTCT
CTTCCGCACTACAAGTCCTCCGAATGGGACTGGATGCGAGGCGCCCTCTCGACCGTGGATCGAGACTACGGGTTACTCAACACCGTGTTCCACAACATCACCGATACACATGTCGCG
CACCATCTCTTCTCCACGATGCCTCATTACCACGCGATGGAGGCTACCAAGGCGATCAAGCCGGTTCTCGGGGAGTATTACCAGTTCGATGGGACTCCCTTTGTGAAGGCCATGTGG
AGGGAGGCAAAGGAGTGCATCTATGTCGAGCCGGATGAAGGCGACCCCAGCCAAGGCGTGTTCTGGTACAACAATAAGTTATGA

>AYOGI (JQ963114)

ATGGGTGCAGGTGGAAGAATGCCAGTGCCTCCATCATCCARACCTATGAAGAGGTCTCCTTACTCAAAGCCACCATTCACGCTCGGTGAGCTCAAGAAGGCCATCCCTCCACACTGT
TTCAAACGCTCAATCCCCCGATCGTTCGCCTACGTGGCGTACGACCTCACCATTGCAGCAATCTTCTACTACATCGCCACCACTTACTTCCACCTCCTCCCTAGCCCTCTCAACTAC
CTCGCCTGGCCGGTCTACTGGGCCTGCCAGGGCTGCATCCTCACTGGAGTATGGGTGTTGGCTCACGAATGCGGTCACCATGCCTTCAGCGACTACCAGTGGCTCGACGACATGGTT
GGCTTCGTCCTCCATTCGTCCCTCCTTGTTCCTTACTTCTCCTGGAAGCACAGCCACCGCCGCCACCATTCCAACACGGGATCGCTTGATCGTGATGAGGTGTTTGTCCCCAAGCAG
AAGGCCGAAATCGGGTGGTACTCCAAGTACCTTAACAACCCACCTGGCCGTGTGATCACATTGGCCGTCACATTAACGCTCGGTTGGCCTCTGTACTTGGCATTCAACGTCTCCGGG
AGACCATATGACCGGTTCGCATGCCATTTTGACCCTCACGGTCCGATTTACAATGATCGCGAGCGTATGGAGATATACCTATCCGACGCAGGGATATTCACCGTGTGCTACATCCTA
TACAGACTCGTCCTCACGAAAGGACTCGTTTGGGTCGTGTCCATATACGGAGTCCCACTATTGATAGTGAATGGATTCCTAGTCCTCATCACTTTCTTGCAGCACACGCATCCTTCT
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CTTCCGCACTACAAGTCCTCCGAATGGGACTGGATGCGAGGCGCCCTCTCGACCGTGGATCGAGACTACGGGTTACTCAACACCGTGTTCCACAACATCACCGATACACATGTCGCG
CACCATCTCTTCTCCACGATGCCTCATTACCACGCGATGGAGGCTACCAAGGCGATCAAGCCGGTTCTCGGGGAGTATTACCAGTTCGATGGGACTCCCTTTGTGAAGGCCATGTGG
AGGGAGGCAAAGGAGTGCATCTATGTCGAGCCGGATGAAGGCGACCCCAGCCAAGGCGTGTTCTGGTACAACAATAAGTTATGA

>ES44 (JQ963115)
ATGGGTGCAGGTGGAAGAATGCCAGTGCCTCCATCATCCAAACCTATGAAGAGGTCTCCTTACTCAAAGCCACCATTCACGCTCGGTGAGCTCAAGAAGGCCATCCCTCCACACTGT
TTCAAACGCTCAATCCCCCGATCGTTCGCCTACGTGGCGTACGACCTCACCATTGCAGCAATCTTCTACTACATCGCCACCACTTACTTCCACCTCCTCCCTAGCCCTCTCAACTAC
CTCGCCTGGCCGGTCTACTGGGCCTGCCAGGGCTGCATCCTCACTGGAGTATGGGTGTTGGCTCACGAATGCGGTCACCATGCCTTCAGCGACTACCAGTGGCTCGACGACATGGTT
GGCTTCGTCCTCCATTCGTCCCTCCTTGTTCCTTACTTCTCCTGGAAGCACAGCCACCGCCGCCACCATTCCAACACGGGATCGCTTGATCGTGATGAGGTGTTTGTCCCCAAGCAG
AAGGCCGAAATCGGGTGGTACTCCAAGTACCTTAACAACCCACCTGGCCGTGTGATCACATTGGCCGTCACATTAACGCTCGGTTGGCCTCTGTACTTGGCATTCAACGTCTCCGGG
AGACCATATGACCGGTTCGCATGCCATTTTGACCCTCACGGTCCGATTTACAATGATCGCGAGCGTATGGAGATATACCTATCCGACGCAGGGATATTCACCGTGTGCTACATCCTA
TACAGACTCGTCCTCACGAAAGGACTCGTTTGGGTCGTGTCCATATACGGAGTCCCACTATTGATAGTGAATGGATTCCTAGTCCTCATCACTTTCTTGCAGCACACGCATCCTTCT
CTTCCGCACTACAAGTCCTCCGAATGGGACTGGATGCGAGGCGCCCTCTCGACCGTGGATCGAGACTACGGGTTACTCAACACCGTGTTCCACAACATCACCGATACACATGTCGCG
CACCATCTCTTCTCCACGATGCCTCATTACCACGCGATGGAGGCTACCAAGGCGATCAAGCCGGTTCTCGGGGAGTATTACCAGTTCGATGGGACTCCCTTTGTGAAGGCCATGTGG
AGGGAGGCAAAGGAGTGCATCTATGTCGAGCCGGATGAAGGCGACCCCAGCCAAGGCGTGTTCTGGTACAACAATAAGTTATGA

>JRF5 (JQ963116)

ATGGGTGCAGGTGGAAGAATGCCAGTGCCTCCATCATCCARACCTATGAAGAGGTCTCCTTACTCAAAGCCACCATTCACGCTCGGTGAGCTCAAGAAGGCCATCCCTCCACACTGT
TTCAAACGCTCAATCCCCCGATCGTTCGCCTACGTGGCGTACGACCTCACCATTGCAGCAATCTTCTACTACATCGCCACCACTTACTTCCACCTCCTCCCTAGCCCTCTCAACTAC
CTCGCCTGGCCGGTCTACTGGGCCTGCCAGGGCTGCATCCTCACTGGAGTATGGGTGTTGGCTCACGAATGCGGTCACCATGCCTTCAGCGACTACCAGTGGCTCGACGACATGGTT
GGCTTCGTCCTCCATTCGTCCCTCCTTGTTCCTTACTTCTCCTGGAAGCACAGCCACCGCCGCCACCATTCCAACACGGGATCGCTTGATCGTGATGAGGTGTTTGTCCCCAAGCAG
AAGGCCGAAATCGGGTGGTACTCCAAGTACCTTAACAACCCACCTGGCCGTGTGATCACATTGGCCGTCACATTAACGCTCGGTTGGCCTCTGTACTTGGCATTCAACGTCTCCGGG
AGACCATATGACCGGTTCGCATGCCATTTTGACCCTCACGGTCCGATTTACAATGATCGCGAGCGTATGGAGATATACCTATCCGACGCAGGGATATTCACCGTGTGCTACATCCTA
TACAGACTCGTCCTCACGAAAGGACTCGTTTGGGTCGTGTCCATATACGGAGTCCCACTATTGATAGTGAATGGATTCCTAGTCCTCATCACTTTCTTGCAGCACACGCATCCTTCT
CTTCCGCACTACAAGTCCTCCGAATGGGACTGGATGCGAGGCGCCCTCTCGACCGTGGATCGAGACTACGGGTTACTCAACACCGTGTTCCACAACATCACCGATACACATGTCGCG
CACCATCTCTTCTCCACGATGCCTCATTACCACGCGATGGAGGCTACCAAGGCGATCAAGCCGGTTCTCGGGGAGTATTACCAGTTCGATGGGACTCCCTTTGTGAAGGCCATGTGG
AGGGAGGCAAAGGAGTGCATCTATGTCGAGCCGGATGAAGGCGACCCCAGCCAAGGCGTGTTCTGGTACAACAATAAGTTATGA

>ACC. NO. 4/47 (JQ963117)
ATGGGTGCAGGTGGAAGAATGCCAGTGCCTCCATCATCCAAACCTATGAAGAGGTCTCCTTACTCAAAGCCACCATTCACGCTCGGTGAGCTCAAGAAGGCCATCCCTCCACACTGT
TTCAAACGCTCAATCCCCCGATCGTTCGCCTACGTGGCGTACGACCTCACCATTGCAGCAATCTTCTACTACATCGCCACCACTTACTTCCACCTCCTCCCTAGCCCTCTCAACTAC
CTCGCCTGGCCGGTCTACTGGGCCTGCCAGGGCTGCATCCTCACTGGAGTATGGGTGTTGGCTCACGAATGCGGTCACCATGCCTTCAGCGACTACCAGTGGCTCGACGACATGGTT
GGCTTCGTCCTCCATTCGTCCCTCCTTGTTCCTTACTTCTCCTGGAAGCACAGCCACCGCCGCCACCATTCCAACACGGGATCGCTTGATCGTGATGAGGTGTTTGTCCCCAAGCAG
AAGGCCGAAATCGGGTGGTACTCCAAGTACCTTAACAACCCACCTGGCCGTGTGATCACATTGGCCGTCACATTAACGCTCGGTTGGCCTCTGTACTTGGCATTCAACGTCTCCGGG
AGACCATATGACCGGTTCGCATGCCATTTTGACCCTCACGGTCCGATTTACAATGATCGCGAGCGTATGGAGATATACCTATCCGACGCAGGGATATTCACCGTGTGCTACATCCTA
TACAGACTCGTCCTCACGAAAGGACTCGTTTGGGTCGTGTCCATATACGGAGTCCCACTATTGATAGTGAATGGATTCCTAGTCCTCATCACTTTCTTGCAGCACACGCATCCTTCT
CTTCCGCACTACAAGTCCTCCGAATGGGACTGGATGCGAGGCGCCCTCTCGACCGTGGATCGAGACTACGGGTTACTCAACACCGTGTTCCACAACATCACCGATACACATGTCGCG
CACCATCTCTTCTCCACGATGCCTCATTACCACGCGATGGAGGCTACCAAGGCGATCAAGCCGGTTCTCGGGGAGTATTACCAGTTCGATGGGACTCCCTTTGTGAAGGCCATGTGG
AGGGAGGCAAAGGAGTGCATCTATGTCGAGCCGGATGAAGGCGACCCCAGCCAAGGCGTGTTCTGGTACAACAATAAGTTATGA

>TL23 (JQ963118)

ATGGGTGCAGGTGGAAGAATGCCAGTGCCTCCATCATCCARACCTATGAAGAGGTCTCCTTACTCAAAGCCACCATTCACGCTCGGTGAGCTCAAGAAGGCCATTCCTCCACACTGT
TTCAAACGCTCAATCCCCCGATCGTTCGCCTACGTGGCGTACGACCTCACCATTGCAGCAATCTTCTACTACATCGCCACCACTTACTTCCACCTCCTCCCTAGCCCTCTCAACTAC
CTCGCCTGGCCGGTCTACTGGGCCTGCCAGGGCTGCATCCTCACTGGAGTATGGGTGTTGGCTCACGAATGCGGTCACCATGCCTTCAGCGACTACCAGTGGCTCGACGACATGGTT
GGCTTCGTCCTCCATTCGTCCCTCCTTGTTCCTTACTTCTCCTGGAAGCACAGCCACCGCCGCCACCATTCCAACACGGGATCGCTTGATCGTGATGAGGTGTTTGTCCCCAAGCAG
AAGGCCGAAATCGGGTGGTACTCCAAGTACCTTAACAACCCACCTGGCCGTGTGATCACATTGGCCGTCACATTAACGCTCGGTTGGCCTCTGTACTTGGCATTCAACGTCTCCGGG
AGACCATATGACCGGTTCGCATGCCATTTTGACCCTCATGGTCCGATTTACAATGATCGCGAGCGTATGGAGATATACCTATCCGACGCAGGGATATTCACCGTGTGCTACATCCTA
TACAGACTCGTCCTCACGAAAGGACTCGTTTGGGTCGTGTCCATATACGGAGTCCCACTATTGATAGTGAATGGATTCCTAGTCCTCATCACTTTCTTGCAGCACACGCATCCTTCT
CTTCCGCACTACAAGTCCTCCGAATGGGACTGGATGCGAGGCGCCCTCTCGACCGTGGATCGAGACTACGGGTTACTCAACACCGTGTTCCACAACATCACCGATACACATGTCGCG
CACCATCTCTTCTCCACGATGCCTCATTACCACGCGATGGAGGCTACCAAGGCGATCAAGCCGGTTCTCGGGGAGTATTACCAGTTCGATGGGACTCCCTTTGTGAAGGCCATGTGG
AGGGAGGCAAAGGAGTGCATCTATGTCGAGCCGGATGAAGGCGACCCCAGCCAAGGCGTGTTCTGGTACAACAATAAGTTATGA

FAD2-2 gene sequences (Partial)

>PADMINI (JQ963159)

CCATCGAATAAGGCGGACTCCGAAACCTTTAAGCGGTCTCCTTACTCAAAACCTCCCTTCACTCTTGGTGAGATCAAGAAAGCCGTCCCTCCACACTGCTTCARAAGGTCCATCCCC
CGCTCGTTCTCCTACGTGGCTTATGACCTCACCATAGCCGCCATCTTCTACTACATCGCCACCACTTACATCCACCTCCTCCCCAATCCTCTCTCCTACGTGGCGTGGCCGATCTAC
TGGGCCTGCCAAGGCTGCGTCCTCACTGGTGTCTGGGTCCTAGCCCACGAATGCGGTCACCATGCCTTCAGCGACTACCAATGGCTCGACGACTTGGTCGGCTTTGTCCTCCACTCA
TGCCTCATGGTACCCTACTTCTCGTGGAAGCACAGCCACCGTCGCCACCACTCCAATACTGGGTCCCTCGAACGAGACGAGGTTTTTGTCCCCAAGCAGARATCAGCCATTGGCTGG
CACTCAAAGTACCTCAACAACCCACCTGGCCGTGTGCTCACACTTGCAGTCACTCTCACTCTCGGCTGGCCTTTGTACTTGGCATTCAACGTCTCTGGAAGGCCGTACGACCGGTTC
GCCTGCCATTACGATCCTAAATCCCCCATCTACAACGACCGCGAGCGAACGGAGATATTCTTCTCCGATGCTGGCATCCTTGCTGTGAGCTTTGCGCTCTACAAGCTTGCTGTCGCC
AAGGGACTGGCTTGGGTGGTTTGTGTCTACGGAGTTCCACTCCTTGTAGTGAATGGATTCCTTGTCTTGATCACTTTCTTGCAGCACACCCACCCATCATTGCCGCACTACAAATCC
TCCGAATGGGACTGGCTGAGAGGTGCTCTGGCGACCATGGACAGAGACTACGGGTTTCTGAACACGGTGTTCCATAACATCACGGATACCCACGTGGCGCACCACCTGTTCTCGACG
ATGCCTCATTACCATGCAATGGAAGCTACARAGGCGATCAAGCCGGTATTGGGAGAGTACTACCAATTCGACGGGACTCCATT

>NL97 (JQ963160)
GGTGAGATCAAGAAAGCCGTCCCTCCACACTGCTTCAAAAGGTCCATCCCCCGCTCGTTCTCCTACGTGGCTTATGACCTCACCATAGCCGCCATCTTCTACTACATCGCCACCACT
TACATCCACCTCCTCCCCAATCCTCTCTCCTACGTGGCGTGGCCGATCTACTGGGCCTGCCAAGGCTGCGTCCTCACTGGTGTCTGGGTCCTAGCCCACGAATGCGGTCACCATGCC
TTCAGCGACTACCAATGGCTCGACGACTTGGTCGGCTTTGTCCTCCACTCATGCCTCATGGTACCCTACTTCTCGTGGAAGCACAGCCACCGTCGCCACCACTCCAATACTGGGTCC
CTCGAACGAGACGAGGTTTTTGTCCCCAAGCAGAAATCAGCCATTGGCTGGCACTCAAAGTACCTCAACAACCCACCTGGCCGTGTGCTCACACTTGCAGTCACTCTCACTCTCGGC
TGGCCTTTGTACTTGGCATTCAACGTCTCTGGAAGGCCGTACGACCGGTTCGCCTGCCATTACGATCCTAAATCCCCCATCTACAACGACCGCGAGCGAACGGAGATATTCTTCTCC
GATGCTGGCATCCTTGCTGTGAGCTTTGCGCTCTACAAGCTTGCTGTCGCCAAGGGACTGGCTTGGGTGGTTTGTGTCTACGGAGTTCCACTCCTTGTAGTGAATGGATTCCTTGTC
TTGATCACTTTCTTGCAGCACACCCACCCATCATTGCCGCACTACAAATCCTCCGAATGGGACTGGCTGAGAGGTGCTCTGGCGACCATGGACAGAGACTACGGGTTTCTGAACACG
GTGTTCCATAACATCACGGATACCCACGTGGCGCACCACCTGTTCTCGACGATGCCTCATTACCATGCAATGGAAGCTACAAAGGCGATCAAGCCGGTATTGGGAGAGTACT

>NL260 (JQ963161)

TTCACTCTTGGTGAGATCAAGAAAGCCGTCCCTCCACACTGCTTCAAAAGGTCCATCCCCCGCTCGTTCTCCTACGTGGCTTATGACCTCACCATAGCCGCCATCTTCTACTACATC
GCCACCACTTACATCCACCTCCTCCCCAATCCTCTCTCCTACGTGGCGTGGCCGATCTACTGGGCCTGCCAAGGCTGCGTCCTCACTGGTGTCTGGGTCCTAGCCCACGAATGCGGT
CACCATGCCTTCAGCGACTACCAATGGCTCGACGACTTGGTCGGCTTTGTCCTCCACTCATGCCTCATGGTACCCTACTTCTCGTGGAAGCACAGCCACCGTCGCCACCACTCCAAT
ACTGGGTCCCTCGAACGAGACGAGGTTTTTGTCCCCAAGCAGAAATCAGCCATTGGCTGGCACTCAAAGTACCTCAACAACCCACCTGGCCGTGTGCTCACACTTGCAGTCACTCTC
ACTCTCGGCTGGCCTTTGTACTTGGCATTCAACGTCTCTGGAAGGCCGTACGACCGGTTCGCCTGCCATTACGATCCTAAATCCCCCATCTACAACGACCGCGAGCGAACGGAGATA
TTCTTCTCCGATGCTGGCATCCTTGCTGTGAGCTTTGCGCTCTACAAGCTTGCTGTCGCCAAGGGACTGGCTTGGGTGGTTTGTGTCTACGGAGTTCCACTCCTTGTAGTGAATGGA
TTCCTTGTCTTGATCACTTTCTTGCAGCACACCCACCCATCATTGCCGCACTACAAATCCTCCGAATGGGACTGGCTGAGAGGTGCTCTGGCGACCATGGACAGAGACTACGGGTTT
CTGAACACGGTGTTCCATAACATCACGGATACCCACGTGGCGCACCACCTGTTCTCGACGATGCCTCATTACCATGCAATGGAAGCTACAAAGGCGATCAAGCCGGTATTGGGAGAG
TACTACCAATTCGACGGGACTCCATTCATCAAGGCGATGTGGAGGG

Annexure [ 154



>EC9824 (JQ963162)

GGCGGACTCCGAAACCTTTAAGCGGTCTCCTTACTCAAAACCTCCCTTCACTCTTGGTGAGATCAAGAAAGCCGTCCCTCCACACTGCTTCAAAAGGTCCATCCCCCGCTCGTTCTC
CTACGTGGCTTATGACCTCACCATAGCCGCCATCTTCTACTACATCGCCACCACTTACATCCACCTCCTCCCCAATCCTCTCTCCTACGTGGCGTGGCCGATCTACTGGGCCTGCCA
AGGCTGCGTCCTCACTGGTGTCTGGGTCCTAGCCCACGAATGCGGTCACCATGCCTTCAGCGACTACCAATGGCTCGACGACTTGGTCGGCTTTGTCCTCCACTCATGCCTCATGGT
ACCCTACTTCTCGTGGAAGCACAGCCACCGTCGCCACCACTCCAATACTGGGTCCCTCGAACGAGACGAGGTTTTTGTCCCCAAGCAGAAATCAGCCATTGGCTGGCACTCAARAGTA
CCTCAACAACCCACCTGGCCGTGTGCTCACACTTGCAGTCACTCTCACTCTCGGCTGGCCTTTGTACTTGGCATTCAACGTCTCTGGAAGGCCGTACGACCGGTTCGCCTGCCATTA
CGATCCTAAATCCCCCATCTACAACGACCGCGAGCGAACGGAGATATTCTTCTCCGATGCTGGCATCCTTGCTGTGAGCTTTGCGCTCTACAAGCTTGCTGTCGCCAAGGGACTGGC
TTGGGTGGTTTGTGTCTACGGAGTTCCACTCCTTGTAGTGAATGGATTCCTTGTCTTGATCACTTTCTTGCAGCACACCCACCCATCATTGCCGCACTACAAATCCTCCGAATGGGA
CTGGCTGAGAGGTGCTCTGGCGACCATGGACAGAGACTACGGGTTTCTGAACACGGTGTTCCATAACATCACGGATACCCACGTGGCGCACCACCTGTTCTCGACGATGCCTCATTA
CCATGCAATGGAAGCTACAAAGGCGATCAAGCCGGTATTGGGAGAGTACTACCAATTCGACG

>SURABHI (JQ963163)

AAAACCTCCCTTCACTCTTGGTGAGATCAAGAAAGCCGTCCCTCCACACTGCTTCAAAAGGTCCATCCCCCGCTCGTTCTCCTACGTGGCTTATGACCTCACCATAGCCGCCATCTT
CTACTACATCGCCACCACTTACATCCACCTCCTCCCCAATCCTCTCTCCTACGTGGCGTGGCCGATCTACTGGGCCTGCCAAGGCTGCGTCCTCACTGGTGTCTGGGTCCTAGCCCA
CGAATGCGGTCACCATGCCTTCAGCGACTACCAATGGCTCGACGACTTGGTCGGCTTTGTCCTCCACTCATGCCTCATGGTACCCTACTTCTCGTGGAAGCACAGCCACCGTCGCCA
CCACTCCAATACTGGGTCCCTCGAACGAGACGAGGTTTTTGTCCCCAAGCAGAAATCAGCCATTGGCTGGCACTCAAAGTACCTCAACAACCCACCTGGCCGTGTGCTCACACTTGC
AGTCACTCTCACTCTCGGCTGGCCTTTGTACTTGGCATTCAACGTCTCTGGAAGGCCGTACGACCGGTTCGCCTGCCATTACGATCCTAAATCCCCCATCTACAACGACCGCGAGCG
AACGGAGATATTCTTCTCCGATGCTGGCATCCTTGCTGTGAGCTTTGCGCTCTACAAGCTTGCTGTCGCCAAGGGACTGGCTTGGGTGGTTTGTGTCTACGGAGTTCCACTCCTTGT
AGTGAATGGATTCCTTGTCTTGATCACTTTCTTGCAGCACACCCACCCATCATTGCCGCACTACAAATCCTCCGAATGGGACTGGCTGAGAGGTGCTCTGGCGACCATGGACAGAGA
CTACGGGTTTCTGAACACGGTGTTCCATAACATCACGGATACCCACGTGGCGCACCACCTGTTCTCGACGATGCCTCATTACCATGCAATGGAAGCTACAAAGGCGATCAAGCCGGT
ATTGGG

>AYOGI (JQ963164)

TACTCAAAACCTCCCTTCACTCTTGGTGAGATCAAGAAAGCCGTCCCTCCACACTGCTTCARAAGGTCCATCCCCCGCTCGTTCTCCTACGTGGCTTATGACCTCACCATAGCCGCC
ATCTTCTACTACATCGCCACCACTTACATCCACCTCCTCCCCAATCCTCTCTCCTACGTGGCGTGGCCGATCTACTGGGCCTGCCAAGGCTGCGTCCTCACTGGTGTCTGGGTCCTA
GCCCACGAATGCGGTCACCATGCCTTCAGCGACTACCAATGGCTCGACGACTTGGTCGGCTTTGTCCTCCACTCATGCCTCATGGTACCCTACTTCTCGTGGAAGCACAGCCACCGT
CGCCACCACTCCAATACTGGGTCCCTCGAACGAGACGAGGTTTTTGTCCCCAAGCAGAAATCAGCCATTGGCTGGCACTCAAAGTACCTCAACAACCCACCTGGCCGTGTGCTCACA
CTTGCAGTCACTCTCACTCTCGGCTGGCCTTTGTACTTGGCATTCAACGTCTCTGGAAGGCCGTACGACCGGTTCGCCTGCCATTACGATCCTAAATCCCCCATCTACAACGACCGC
GAGCGAACGGAGATATTCTTCTCCGATGCTGGCATCCTTGCTGTGAGCTTTGCGCTCTACAAGCTTGCTGTCGCCAAGGGACTGGCTTGGGTGGTTTGTGTCTACGGAGTTCCACTC
CTTGTAGTGAATGGATTCCTTGTCTTGATCACTTTCTTGCAGCACACCCACCCATCATTGCCGCACTACAAATCCTCCGAATGGGACTGGCTGAGAGGTGCTCTGGCGACCATGGAC
AGAGACTACGGGTTTCTGAACACGGTGTTCCATAACATCACGGATACCCACGTGGCGCACCACCTGTTCTCGACGATGCCTCATTACCATGCAATGGAAGCTACAAAGGCGATCAAG
CCGGTATTGGGAGAGTA

>ES44 (JQ963165)

CAAGAAAGCCGTCCCTCCACACTGCTTCAAAAGGTCCATCCCCCGCTCGTTCTCCTACGTGGCTTATGACCTCACCATAGCCGCCATCTTCTACTACATCGCCACCACTTACATCCA
CCTCCTCCCCAATCCTCTCTCCTACGTGGCGTGGCCGATCTACTGGGCCTGCCAAGGCTGCGTCCTCACTGGTGTCTGGGTCCTAGCCCACGAATGCGGTCACCATGCCTTCAGCGA
CTACCAATGGCTCGACGACTTGGTCGGCTTTGTCCTCCATTCATGCCTCATGGTACCCTACTTCTCGTGGAAGCACAGCCACCGTCGCCACCACTCCAATACTGGGTCCCTCGAACG
AGACGAGGTTTTTGTCCCCAAGCAGAAATCAGCCATTGGCTGGCACTCAAAGTACCTCAACAACCCACCTGGCCGTGTGCTCACACTTGCAGTCACTCTCACTCTCGGCTGGCCTTT
GTACTTGGCATTCAACGTCTCTGGAAGGCCGTACGACCGGTTCGCCTGCCATTACGATCCTAAATCCCCCATCTACAACGACCGCGAGCGAACGGAGATATTCTTCTCCGATGCTGG
CATCCTTGCTGTGAGCTTTGCGCTCTACAAGCTTGCTGTCGCCAAGGGACTGGCTTGGGTGGTTTGTGTCTACGGAGTTCCACTCCTTGTAGTGAATGGATTCCTTGTCTTGATCAC
TTTCTTGCAGCACACCCACCCATCATTGCCGCACTACAAATCCTCCGAATGGGACTGGCTGAGAGGTGCTCTGGCGACCATGGACAGAGACTACGGGTTTCTGAACACGGTGTTCCA
TAACATCACGGATACCCACGTGGCGCACCACCTGTTCTCGACGATGCCTCATTACCATGCAATGGAAGCTACAAAGGCGATCAAGCCGGTATT

>JRFS (JQ963166)

AGATCAAGAAAGCCGTCCCTCCACACTGCTTCAAAAGGTCCATCCCCCGCTCGTTCTCCTACGTGGCTTATGACCTCACCATAGCCGCCATCTTCTACTACATCGCCACCACTTACA
TCCACCTCCTCCCCAATCCTCTCTCCTACGTGGCGTGGCCGATCTACTGGGCCTGCCAAGGCTGCGTCCTCACTGGTGTCTGGGTCCTAGCCCACGAATGCGGTCACCATGCCTTCA
GCGACTACCAATGGCTCGACGACTTGGTCGGCTTTGTCCTCCACTCATGCCTCATGGTACCCTACTTCTCGTGGAAGCACAGCCACCGTCGCCACCACTCCAATACTGGGTCCCTCG
AACGAGACGAGGTTTTTGTCCCCAAGCAGAAATCAGCCATTGGCTGGCACTCAAAGTACCTCAACAACCCACCTGGCCGTGTGCTCACACTTGCAGTCACTCTCACTCTCGGCTGGC
CTTTGTACTTGGCATTCAACGTCTCTGGAAGGCCGTACGACCGGTTCGCCTGCCATTACGATCCTAAATCCCCCATCTACAACGACCGCGAGCGAACGGAGATATTCTTCTCCGATG
CTGGCATCCTTGCTGTGAGCTTTGCGCTCTACAAGCTTGCTGTCGCCAAGGGACTGGCTTGGGTGGTTTGTGTCTACGGAGTTCCACTCCTTGTAGTGAATGGATTCCTTGTCTTGA
TCACTTTCTTGCAGCACACCCACCCATCATTGCCGCACTACARATCCTCCGAATGGGACTGGCTGAGAGGTGCTCTGGCGACCATGGACAGAGACTACGGGTTTCTGAACACGGTGT
TCCATAACATCACGGATACCCACGTGGCGCACCACCTGTTCTCGACGATGCCTCATTACCATGCAATGGAAGCTACAAAGGCGATCAAGCCGGTATTGGGAGAGTAC

>ACC NO 4/47 (JQ963167)

AAGAAAGCCGTCCCTCCACACTGCTTCAAAAGGTCCATCCCCCGCTCGTTCTCCTACGTGGCTTATGACCTCACCATAGCCGCCATCTTCTACTACATCGCCACCACTTACATCCAC
CTCCTCCCCAATCCTCTCTCCTACGTGGCGTGGCCGATCTACTGGGCCTGCCAAGGCTGCGTCCTCACTGGTGTCTGGGTCCTAGCCCACGAATGCGGTCACCATGCCTTCAGCGAC
TACCAATGGCTCGACGACTTGGTCGGCTTTGTCCTCCACTCATGCCTCATGGTACCCTACTTCTCGTGGAAGCACAGCCACCGTCGCCACCACTCCAATACTGGGTCCCTCGAACGA
GACGAGGTTTTTGTCCCCAAGCAGAAATCAGCCATTGGCTGGCACTCAAAGTACCTCAACAACCCACCTGGCCGTGTGCTCACACTTGCAGTCACTCTCACTCTCGGCTGGCCTTTG
TACTTGGCATTCAACGTCTCTGGAAGGCCGTACGACCGGTTCGCCTGCCATTACGATCCTARATCCCCCATCTACAACGACCGCGAGCGAACGGAGATATTCTTCTCCGATGCTGGC
ATCCTTGCTGTGAGCTTTGCGCTCTACAAGCTTGCTGTCGCCAAGGGACTGGCTTGGGTGGTTTGTGTCTACGGAGTTCCACTCCTTGTAGTGAATGGATTCCTTGTCTTGATCACT
TTCTTGCAGCACACCCACCCATCATTGCCGCACTACAAATCCTCCGAATGGGACTGGCTGAGAGGTGCTCTGGCGACCATGGACAGAGACTACGGGTTTCTGAACACGGTGTTCCAT
AACATCACGGATACCCACGTGGCGCACCACCTGTTCTCGACGATGCCTCATTACCATGCAATGGAAGCTACAAAGGCGATCAAGCCGGTATTGGGAGAGTACTACCAATTC

>TL23 (JQ963168)

TCAAGAAAGCCGTCCCTCCACACTGCTTCAAAAGGTCCATCCCCCGCTCGTTCTCCTACGTGGCTTATGACCTCACCATAGCCGCCATCTTCTACTACATCGCCACCACTTACATCC
ACCTCCTCCCCAATCCTCTCTCCTACGTGGCGTGGCCGATCTACTGGGCCTGCCAAGGCTGCGTCCTCACTGGTGTCTGGGTCCTAGCCCACGAATGCGGTCACCATGCCTTCAGCG
ACTACCAATGGCTCGACGACTTGGTCGGCTTTGTCCTCCACTCATGCCTCATGGTACCCTACTTCTCGTGGAAGCACAGCCACCGTCGCCACCACTCCAATACTGGGTCCCTCGAAC
GAGACGAGGTTTTTGTCCCCAAGCAGAAATCAGCCATTGGCTGGCACTCAAAGTACCTCAACAACCCACCTGGCCGTGTGCTCACACTTGCAGTCACTCTCACTCTCGGCTGGCCTT
TGTACTTGGCATTCAACGTCTCTGGAAGGCCGTACGACCGGTTCGCCTGCCATTACGATCCTAAATCCCCCATCTACAACGACCGCGAGCGAACGGAGATATTCTTCTCCGATGCTG
GCATCCTTGCTGTGAGCTTTGCGCTCTACAAGCTTGCTGTCGCCAAGGGACTGGCTTGGGTGGTTTGTGTCTACGGAGTTCCACTCCTTGTAGTGAATGGATTCCTTGTCTTGATCA
CTTTCTTGCAGCACACCCACCCATCATTGCCGCACTACAAATCCTCCGAATGGGACTGGCTGAGAGGTGCTCTGGCGACCATGGACAGAGACTACGGGTTTCTGAACACGGTGTTCC
ATAACATCACGGATACCCACGTGGCGCACCACCTGTTCTCGACGATGCCTCATTACCATGCAATGGAAGCTACAAAGGCGATCAAGCCGGTATTGGGAGAGTACTACCAATTCGACG
GGACTCCATTCAT

FAD3A gene sequences

>PADMINI (JQ963119)

ATGAGCCCTCCAAACTCAATGAGTCCCGCCACCAACGGCAGCACCAATGGTGTGGCTATCAATGGGGCGAAGAAGCTACTCGATTTCGACCCGAGTGCTGCTCCCCCTTTCAAGATT
GCAGACATCCGTGCTGCAATCCCGCCGCATTGTTGGGTGAAGAACCCCTGGAGGTCACTCAGCTACGTCCTGAGAGACCTCCTGGTCATCCTCAGCTTCGCCGTTGCGGCGACAAAG
CTGGACAGCTGGACTGTCTGGCCTCTCTACTGGATTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAATTTCACATGATCTTTCTGGTAATGTGGGTT
TTCTTTTCTTATTGAAAAAGATTAAAACTTTTTATCTGGGCTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGTTGGTTGTTGAACAACGTGATGGGACATATACTCCATTCC
TCAATCCTCGTACCTTACCATGGATGGTATTGTAACTATTGTTCGATATTCGATTATGATTACTGTTCTTTCAGATGAAGAATCTGTACCCTAATTGTTTTTTGTTACCAGGAGAAT
TAGCCACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCAGTAAGTTGACATGCAGTTTGCTCTAAAATGCAGAGTCCTCTGTTTTTTGTGTGTTC
TTGTGCTTTAATGACGATGATAATGAAATTGAAATTTGTAATAGCTGCCGGAGAAGGTGTACAAGAGCTTGGATACCGGCACCAAGTTCATGAGGTTCACCATCCCTCTCCCAATGT

Annexure [ 155



TTGCGTATCCTATCTACTTGGTAAGTAAACAGACTGACTCCAAAGTAGGAACTAATGACAATTTTGGACCCGACCTGGTTTGGTTGACTCGGGTCGATATGTTTCGGGTGGGTAATT
ACCCGATCTGGCGATGGGTGTGCGGCGGACATTGTCTTGCTCGTGGTCCACCCCGCTCCCAACCCGCCCCATTCTTGACGAAAAAGATTTCGGAATATGTATCAACAGAAAAATCTA
GTTTTTATGTTACTAGTTTTCTGTATTTCCATGTTTTTTCCTCAATTCTAGCCGGAATTTGAATTCAAACTGAAATCGGGTAATTCCGTCCATAACAAAACGGAATTGGGCAGCCGT
AATTAGTTGAAACTAGACCTCAATTTTGGCGGAATTGGACCCGGCCATTTTTTACGTTTGCCAAACGGAAAACGTTTTTCTTTTGTAAAGCGCAAAATGAAAAACGTATCTAGTGGA
ATTATTGGACCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGCTCCAATTCATGCCCGGAAAACACTACTGTCATGCATTTTAATCTTGTATGGTTTTACCCCAATGGATGCA
GCGATGGATCCGGACGATTTTTAAAATATTATCGGGTTAAATTTAAAAATATCTTAAAACTATAAGAAARAAATAACCAATTTTAAAGAATAARAGAACTGGACACATATGACGGGT
GTCGTGGATGGATGTACTTGTCCCGCTCTATTAAAGGCTGATAATATACAGGTCAACGGTGAATGAAGGTTAGATGCGCTATTGGATTTGAATCCGATATGAAATGATAATTTTGGA
CACGATCTGTTTTGGGTGGGTAATATTTGATCTAGGGATGGCTCGTGCTCCAAACCGCACCAAAACCGCCTAATTCTCGACCAAAAAGATTTTATGAATACATATCAACAGARAAAAT
CTAGTTTTCATGTTACTAGTTTTATGTACAACAATATTAGGTGTCGTTTTCCCAGCCTTTTTCTTCAATTCCGGCCGGAATTCGCATTCAAACCGGAATTGGATGGAATCGGTATAC
CTCGTCACGGATGCATTGTCAATTCCTAGTTAGTTTCATGGTTTTGAAACCAATCAATCTATTCTATATGGTTTTGATTAACAGTGGAGGAGAAGTCCGGGGAAGAAAGGGTCGCAT
TTCAACCCATACAGTGACCTGTTCGCACCGAACGAGAGGACATCGGTCATGATTTCGACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATCTACGGCTTC
CTTCCGGTCTTCAAAATCTACGGCGTCCCTTATCTAATATTCGTGGCGTGGCTCGACATGGTGACCTACCTTCACCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCAAA
GAGTGGAGCTACCTACGTGGAGGGCTGACGACCGTCGATCGAGATTACGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTTATTCACCATCTCTTCCCTCAAATGCCA
CACTATCACCTAGTCGAAGCGGTAAGGAGGTCTTGATTATTAACTTAATGTTTTTGTTGTTATAATTTGAGTCCGATTCTGGAGTCAGGGGATTTCCTTCTTGGATCCGATCCAGGA
TCAAGCTGGTCCCTTGAATTTCTATATGATCTTATATTAATTAAGGATAATGTGGTCATATGTTTTTAAATATTTTTGTTTACCATCATTTTCGATCACCGGAAAATGTCCTGAGCA
GTTTTCCGGTCACTTTAACCTCCATTGACAAATTTTTTCACCCACATGATCACCCTAGCCGGGTTTACGTTTATTGAAAATTTTTATTTTTTTGAATTTTTTTTCGATGACCAACTG
TACAACTTTGTATTGAAAGTTGTATGGATCATACAAATGTGTATGTACAAAAGTATATTCTAAGTACTATACTAAGCATTACTTAGTATTACGTTTCTACAAACCTATAGAGAAATG
CATACAATTTTGTATAGAACTTAGTATACACGTAGCTGTGAAATGTCAATTTCCCTCCGTATTTTCAGAGACAAGACATGATTTTTAGACTGGCAGATTTTTTTTATCGGATAGATT
TCTCCAACTTCAGATTCGGACTGGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGAAGTACTACAGAGA
ACCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTGAGGAGCCTGGGCGAGGATCACTACGTTAGCGATACAGGCGACGTCGTTTTCTATCAATCTGACCCACA
TATTCCCAAGTTCCCTACCAGTGCCACCACCAAGTCCAAATCCAGCTGATGATATTGGCTCTGATCTGATGTATGCTGCAGGCTGTTTTATTTTGTCCTTTGTTCGTTTCTTTCTGC
CAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCACCCCAGCTTTCTTTCTGAGTATATCGTATAAAGTTTCAAGTGATTGTAAGAGCAGARAAGARAAGAAGAAGAAGA
ATAATAAAGAGGATTGGCAACA

>NL97 (JQ963120)

ATGAGCCCTCCAAACTCAATGAGTCCCGCCACCAACGGCAGCACCAATGGTGTGGCTATCAATGGGGCGAAGAAGCTACTCGATTTCGACCCGAGTGCTGCTCCCCCTTTCAAGATT
GCAGACATCCGTGCTGCAATCCCGCCGCATTGTTGGGTGAAGAACCCCTGGAGGTCACTCAGCTACGTCCTGAGAGACCTCCTGGTCATCCTCAGCTTCGCCGTTGCGGCGACAAAG
CTGGACAGCTGGACTGTCTGGCCTCTCTACTGGATTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAATTTCACATGATCTTTCTGGTAATGTGGGTT
TTCTTTTCTTATTGAAAAAGATTAAAACTTTTTATCTGGGCTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGTTGGTTGTTGAACAACGTGATGGGACATATACTCCATTCC
TCAATCCTCGTACCTTACCATGGATGGTATTGTAACTATTGTTCGATATTCGATTATGATTACTGTTCTTTCAGATGAAGAATCTGTACCCTAATTGTTTTTTGTTACCAGGAGAAT
TAGCCACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCAGTAAGTTGACATGCAGTTTGCTCTAAAATGCAGAGTCCTCTGTTTTTTGTGTGTTC
TTGTGCTTTAATGACGATGATAATGAAATTGAAATTTGTAATAGCTGCCGGAGAAGGTGTACAAGAGCTTGGATACCGGCACCAAGTTCATGAGGTTCACCATCCCTCTCCCAATGT
TTGCGTATCCTATCTACTTGGTAAGTAAACAGACTGACTCCAAAGTAGGAACTAATGACAATTTTGGACCCGACCTGGTTTGGTTGACTCGGGTCGATATGTTTCGGGTGGGTAATT
ACCCGATCTGGCGATGGGTGTGCGGCGGACATTGTCTTGCTCGTGGTCCACCCCGCTCCCAACCCGCCCCATTCTTGACGARAAAGATTTCGGAATATGTATCAACAGAARAATCTA
GTTTTTATGTTACTAGTTTTCTGTATTTCCATGTTTTTTCCTCAATTCTAGCCGGAATTTGAATTCAAACTGAAATCGGGTAATTCCGTCCATAACAAAACGGAATTGGGCAGCCGT
AATTAGTTGAAACTAGACCTCAATTTTGGCGGAATTGGACCCGGCCATTTTTTACGTTTGCARAACGGAAAACGTTTTTCTTTTGTAAAGCGCAAAATGAAAAACGTATCTAGTGGA
ATTATTGGACCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGCTCCAATTCATGCCCGGAAAACACTACTGTCATGCATTTTAATCTTGTATGGTTTTACCCCAATGGATGCA
GCGATGGATCCGGACGATTTTTAAAATATTATCGGGTTAAATTTAAAAATATCTTAAAACTATAAGAAARAAATAACCAATTTTAAAGAATAARAGAACTGGACACATATGACGGGT
GTCGTGGATGGATGTACTTGTCCCGCTCTATTAAAGGCTGATAATATACAGGTCAACGGTGAATGAAGGTTAGATGCGCTATTGGATTTGAATCCGATATGAAATGATAATTTTGGA
CACGATCTGTTTTGGGTGGGTAATATTTGATCTAGGGATGGCTCGTGCTCCAAACCGCACCAAAACCGCCTAATTCTCGACCAAAAAGATTTTATGAATACATATCAACAGARAAAT
CTAGTTTTCATGTTACTAGTTTTATGTACAACAATATTAGGTGTCGTTTTCCCAGCCTTTTTCTTCAATTCCGGCCGGAATTCGCATTCAAACCGGAATTGGATGGAATCGGTATAC
CTCGTCACGGATGCATTGTCAATTCCTAGTTAGTTTCATGGTTTTGAAACCAATCAATCTATTCTATATGGTTTTGATTAACAGTGGAGGAGAAGTCCGGGGAAGAAAGGGTCGCAT
TTCAACCCATACAGTGACCTGTTCGCACCGAACGAGAGGACATCGGTCATGATTTCGACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATCTACGGCTTC
CTTCCGGTCTTCAAAATCTACGGCGTCCCTTATCTAATATTCGTGGCGTGGCTCGACATGGTGACCTACCTTCACCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCAAA
GAATGGAGCTACCTACGTGGAGGGCTGACGACCGTCGATCGAGATTACGGGGTCATCAACACCATCCACCATGACATTGGCACCCATGTTATTCACCATCTCTTCCCTCAAATGCCA
CACTATCACCTAGTCGAAGCGGTAAGGAGGTCTTGATTATTAACTTAATGTTTTTGTTGTTATAATTTGAGTCCGATTCTGGAGTCAGGGGATTTCCTTCTTGGATCCGATCCAGGA
TCAAGCTGGTCCCTTGAATTTCTATATGATCTTATATTAATTAAGGATAATGTGGTCATATGTTTTTAAATATTTTTGTTTACCATCATTTCCGATCACCGGAAAATGTCCTGAGCA
GTTTTCCGGTCACTTTAACCTCCATTGACAAATTTTTTCACCCACATGATCACCCTAGCCGGGTTTACGTTTATTGAAAATTTTTATTTTTTTGAATTTTTTTTCGATGACCAACTG
TACAACTTTGTATTGAAAGTTGTATGGATCATACAAATGTGTATGTACAAAAGTATATTCTAAGTACTATACTAAGCATTACTTAGTATTACGTTTCTACAAACCTATAGAGAAATG
CATACAATTTTGTATAGAACTTAGTATACACGTAGCTGTGAAATGTCAATTTCCCTCCGTATTTTCAGAGACAAGACATGATTTTTAGACTGGCAGATTTTTTTTATCGGATAGATT
TCTCCAACTTCAGATTCGGACTGGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGAAGTACTACAGAGA
ACCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTGAGGAGCCTGGGCGAGGATCACTACGTTAGCGATACAGGCGACGTCGTTTTCTATCAATCTGACCCACA
TATTCCCAAGTTCCCTACCAGTGCCACCACCAAGTCCAAATCCAGCTGATGATATTGGCTCTGATCTGATGTATGCTGCAGGCTGTTTTATTTTGTCCTTTGTTCGTTTCTTTCTGC
CAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCACCCCAGCTTTCTTTCTGAGTATATCGTATAAAGTTTCAAGTGATTGTAAGAGCAGARAAGARAAGAAGAAGAAGA
ATAATAAAGAGGATTGGCAACA

>NL260 (JQ963121)

ATGAGCCCTCCAAACTCAATGAGTCCCGCCACCAACGGCAGCACCAATGGTGTGGCTATCAATGGGGCGAAGAAGCTACTCGATTTCGACCCGAGTGCTGCTCCCCCTTTCAAGATT
GCAGACATCCGTGCTGCAATCCCGCCGCATTGTTGGGTGAAGAACCCCTGGAGGTCACTCAGCTACGTCCTGAGAGACCTCCTGGTCATCCTCAGTTTCGCCGTTGCGGCGGCAAAG
CTGGACAGCTGGACTGTCTGGCCTCTCTACTGGATTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAATTTCACATTATCTTTCTGGTAATGTGGGTT
TTCTTTTCTTGTTGAAAAAGATTAAAACTTTTTATCTGGGCTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGCTGGTTGTTGAACAATGTGATGGGACATATACTCCATTCC
TCAATCCTCGTACCTTACCATGGATGGTATTGTAACTATTGTTCGATATTCGATTATGATTACTGTTCTTTCAGATGAAGAATCTGTACCCTAATTGTTTTTTGTTACCAGGAGAAT
TAGCCACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCAGTAAGTTGACATGCAGTTTGCTCTAAAATGCAGAGTCCTCTGTTTTTTGTGTGTTC
TTGTGCTTTAATGACGATGATAATGAAATTGAAATTTGTAATAGCTGCCGGAGAAGGTGTACAAGAGCTTGGATACCGGCACCAAGTTCATGAGGTTCACCATCCCTCTCCCAATGT
TTGCGTATCCTATCTACTTGGTAAGTAAACAGACTGACTCCARAGTAGGAACTAATGACAATTTTGGACCCGACCTGGTTTGGTTGACTCGGGTCGATATGTTTCGGGTGGGTAATT
ACCCGATCTGGCGATGGGTGTGCGGCGGACATTGTCTTGCTCGTGGTCCACCCCGCTCCCAACCCGCCCCATTCTTGACGARAAAGATTTCGGAATATGTATCAACAGAARAATCTA
GTTTTTATGTTACTAGTTTTCTGTATTTCCATGTTTTTTCCTCAATTCTAGCCGGAATTTGAATTCAAACTGAAATCGGGTAATTCCGTCCATAACAAARACGGAATTGGGCAGCCGT
AATTAGTTGAAACTAGACCTCAATTTTGGCGGAATTGGACCCGGCCATTTTTTACGTTTGCAAAACGGARAACGTTTTTCTTTTGTAAAGCGCAAAATGAAAAACGTATCTAGTGGA
ATTATTGGACCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGCTCCAATTCATGCCCGGAAAACACTACTGTCATGCATTTTAATCTTGTATGGTTTTACCCCAATGGATGCA
GCGATGGATCCGGACGATTTTTAAAATATTATCGGGTTAAATTTAAAAATATCTTAAAACTATAAGAAARAAATAACCAATTTTAAAGAATAARAGAACTGGACACATATGACGGGT
GTCGTGGATGGATGTACTTGTCCCGCTCTATTAAAGGCTGATAATATACAGGTCAACGGTGAATGAAGGTTAGATGCGCTATTGGATTTGAATCCGATATGAAATGATAATTTTGGA
CACGATCTGTTTTGGGTGGGTAATATTTGATCTAGGGATGGCTCGTGCTCCAAACCGCACCAAAACCGCCTAATTCTCGACCAAAAAGATTTTATGAATACATATCAACAGARAAAAT
CTAGTTTTCATGTTACTAGTTTTATGTACAACAATATTAGGTGTCGTTTTCCCAGCCTTTTTCTTCAATTCCGGCCGGAATTCGCATTCAAACCGGAATTGGATGGAATCGGTATAC
CTCGTCACGGATGCATTGTCAATTCCTAGTTAGTTTCATGGTTTTGAAACCAATCAATCTATTCTATATGGTTTTGATTAACAGTGGAGGAGAAGTCCGGGGAAGAAAGGGTCGCAT
TTCAACCCATACAGTGACCTGTTCGCACCGAACGAGAGGACATCGGTCATGATTTCGACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATCTACGGCTTC
CTTCCGGTCTTCAAAATCTACGGCGTCCCTTATCTAATATTCGTGGCGTGGCTCGACATGGTGACCTACCTTCACCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCAAA
GAGTGGAGCTACCTACGTGGAGGGCTGACGACCGTCGATCGAGATTACGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTTATTCACCATCTCTTCCCTCAAATGCCA
CACTATCACCTGGTCGAAGCGGTAAGGAGGTCTTGATTATTAACTTAATGTTTTTGTTGTTATAATTTGAGTCCGGTTCCGGAGTCGGGGGATTTCCTTCTTGGATCCGATCCAGGA
TCAAGCTGGTCCCTTGAATTTCTATATAATCTAGATTAATCAGGGATAATGTGATTATATTCTTTTAAATATTTTTGTTGTATCATAATTTAGTCATCTTTGATCGCCAGACCACCA
TCTCCGGTCACCGGAAAATGTCCTGATCAGTTTTCCGGTCACTCTAACCTCCATTGACAAATTCTTTCACCCACGTGATCAGCCTCGCCGGCTTTACGTTTCTGGGAATTTTTCCCG
ATGACCGACTGTACAACTTTATATCGAGAGTTGTATGGATCATACAAATATGTATGTATTTGTACAAAAGTATATTCTAAGTACTGTACTAAGCATTATTTAGTATTACGTTGTACA
GACCTATAGAGAAATGTATATAATTTTATATAGAACTTAGTATACATATAGTTGTGAAATGTCAATTCCTCCGTATTTTAGTCGTTAGATCTAAGACGACATGATTTTAGATGGCTA
AAATTTATGCAAGCTTTTTTTTATCGGATAGAGAAGTCATTTCTCCAATTCGGACTGGATTATTAACTATATTATTCGTCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGG
CAGCGAAGCCCGTGCTGGGGAAGTACTACAGAGAACCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTGAGGAGCCTGGGCGAGGATCACTACGTTAGCGATA
CAGGCGACGTCGTTTTCTATCAATCTGACCCACATATTCCCAAGTTCCCTACCAGTGCCACCACCAAGTCCAAATCCAGCTGATGATATTGGCTCTGATCTGATGTATGCTGCAGGC
TGTTTTATTTTGTCCTTTGTTCGTTTCTTTCTGCCAGAAACARAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCACCCCAGCTTTCTTTCTGAG

>EC9825 (JQ963122)

ATGAGCCCTCCAAACTCAATGAGTCCCGCCACCAACGGCAGCACCAATGGTGTGGCTATCAATGGGGCGAAGAAGCTACTCGATTTCGACCCGAGTGCTGCTCCCCCTTTCAAGATT
GCAGACATCCGTGCTGCAATCCCGCCGCATTGTTGGGTGAAGAACCCCTGGAGGTCACTCAGCTACGTCCTGAGAGACCTCCTGGTCATCCTCAGCTTCGCCGTTGCGGCGACAAAG
CTGGACAGCTGGACTGTCTGGCCTCTCTACTGGATTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAATTTCACATGATCTTTCTGGTAATGTGGGTT
TTCTTTTCTTATTGAAAAAGATTAAAACTTTTTATCTGGGCTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGTTGGTTGTTGAACAACGTGATGGGACATATACTCCATTCC
TCAATCCTCGTACCTTACCATGGATGGTATTGTAACTATTGTTCGATATTCGATTATGATTACTGTTCTTTCAGATGAAGAATCTGTACCCTAATTGTTTTTTGTTACCAGGAGAAT
TAGCCACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCAGTAAGTTGACATGCAGTTTGCTCTAAAATGCAGAGTCCTCTGTTTTTTGTGTGTTC
TTGTGCTTTAATGACGATGATAATGAAATTGAAATTTGTAATAGCTGCCGGAGAAGGTGTACAAGAGCTTGGATACCGGCACCAAGTTCATGAGGTTCACCATCCCTCTCCCAATGT
TTGCGTATCCTATCTACTTGGTAAGTAAACAGACTGACTCCAAAGTAGGAACTAATGACAATTTTGGACCCGACCTGGTTTGGTTGACTCGGGTCGATATGTTTCGGGTGGGTAATT
ACCCGATCTGGCGATGGGTGTGCGGCGGACATTGTCTTGCTCGTGGTCCACCCCGCTCCCAACCCGCCCCATTCTTGACGAAAAAGATTTCGGAATATGTATCAACAGAAAAATCTA
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GTTTTTATGTTACTAGTTTTCTGTATTTCCATGTTTTTTCCTCAATTCTAGCCGGAATTTGAATTCAAACTGAAATCGGGTAATTCCGTCCATAACAARACGGAATTGGGCAGCCGT
AATTAGTTGAAACTAGACCTCAATTTTGGCGGAATTGGACCCGGCCATTTTTTACGTTTGCAAAACGGARAACGTTTTTCTTTTGTAAAGCGCAAAATGAAAAACGTATCTAGTGGA
ATTATTGGACCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGCTCCAATTCATGCCCGGAAAACACTACTGTCATGCATTTTAATCTTGTATGGTTTTACCCCAATGGATGCA
GCGATGGATCCGGACGATTTTTAAAATATTATCGGGTTAAATTTAAAAATATCTTAAAACTATAAGAAAAAAATAACCAATTTTAAAGAATAAAAGAACTGGACACATATGACGGGT
GTCGTGGATGGATGTACTTGTCCCGCTCTATTAAAGGCTGATAATATACAGGTCAACGGTGAATGAAGGTTAGATGCGCTATTGGATTTGAATCCGATATGAAATGATAATTTTGGA
CACGATCTGTTTTGGGTGGGTAATATTTGATCTAGGGATGGCTCGTGCTCCAAACCGCACCAAAACCGCCTAATTCTCGACCARAAAGATTTTATGAATACATATCAACAGAAAAAT
CTAGTTTTCATGTTACTAGTTTTATGTACAACAATATTAGGTGTCGTTTTCCCAGCCTTTTTCTTCAATTCCGGCCGGAATTCGCATTCAAACCGGAATTGGATGGAATCGGTATAC
CTCGTCACGGATGCATTGTCAATTCCTAGTTAGTTTCATGGTTTTGAAACCAATCAATCTATTCTATATGGTTTTGATTAACAGTGGAGGAGAAGTCCGGGGAAGAAAGGGTCGCAT
TTCAACCCATACAGTGACCTGTTCGCACCGAACGAGAGGACATCGGTCATGATTTCGACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATCTACGGCTTC
CTTCCGGTCTTCAAAATCTACGGCGTCCCTTATCTAATATTCGTGGCGTGGCTCGACATGGTGACCTACCTTCACCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCAAA
GAATGGAGCTACCTACGTGGAGGGCTGACGACCGTCGATCGAGATTACGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTTATTCACCATCTCTTCCCTCAAATGCCA
CACTATCACCTAGTCGAAGCGGTAAGGAGGTCTTGATTATTAACTTAATGTTTTTGTTGTTATAATTTGAGTCCGATTCTGGAGTCAGGGGATTTCCTTCTTGGATCCGATCCAGGA
TCAAGCTGGTCCCTTGAATTTCTATATGATCTTATATTAATTAAGGATAATGTGGTCATATGTTTTTAAATATTTTTGTTTACCATCATTTCCGATCACCGGAAAATGTCCTGAGCA
GTTTTCCGGTCACTTTAACCTCCATTGACAAATTTTTTCACCCACATGATCACCCTAGCCGGGTTTACGTTTATTGAAAATTTTTATTTTTTTGAATTTTTTTTCGATGACCAACTG
TACAACTTTGTATTGAAAGTTGTATGGATCATACAAATGTGTATGTACAAAAGTATATTCTAAGTACTATACTAAGCATTACTTAGTATTACGTTTCTACAAACCTATAGAGAAATG
CATACAATTTTGTATAGAACTTAGTATACACGTAGCTGTGAAATGTCAATTTCCCTCCGTATTTTCAGAGACAAGACATGATTTTTAGACTGGCAGATTTTTTTTATCGGATAGATT
TCTCCAACTTCAGATTCGGACTGGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGAAGTACTACAGAGA
ACCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTGAGGAGCCTGGGCGAGGATCACTACGTTAGCGATACAGGCGACGTCGTTTTCTATCAATCTGACCCACA
TATTCCCAAGTTCCCTACCAGTGCCACCACCAAGTCCAAATCTAGCTGATGATATTGGCTCTGATCTGATGTATGCTGCAGGCTGTTTTATTTTGTCCTTTGTTCGTTTCTTTCTGC
CAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCACCCCAGCTTTCTTTCTGAG

>SURABHI (JQ963123)

ATGAGCCCTCCAAACTCAATGAGTCCCGCCACCAACGGCAGCACCAATGGTGTGGCTATCAATGGGGCGAAGAAGCTACTCGATTTCGACCCGAGTGCTGCTCCCCCTTTCAAGATT
GCAGACATCCGTGCTGCAATCCCGCCGCATTGTTGGGTGAAGAACCCCTGGAGGTCACTCAGCTACGTCCTGAGAGACCTCCTGGTCATCCTCAGCTTCGCCGTTGCGGCGACRAAAG
CTGGACAGCTGGACTGTCTGGCCTCTCTACTGGATTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAATTTCACATGATCTTTCTGGTAATGTGGGTT
TTCTTTTCTTATTGAAAAAGATTAAAACTTTTTATCTGGGCTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGTTGGTTGTTGAACAACGTGATGGGACATATACTCCATTCC
TCAATCCTCGTACCTTACCATGGATGGTATTGTAACTATTGTTCGATATTCGATTATGATTACTGTTCTTTCAGATGAAGAATCTGTACCCTAATTGTTTTTTGTTACCAGGAGAAT
TAGCCACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCAGTAAGTTGACATGCAGTTTGCTCTAAAATGCAGAGTCCTCTGTTTTTTGTGTGTTC
TTGTGCTTTAATGACGATGATAATGAAATTGAAATTTGTAATAGCTGCCGGAGAAGGTGTACAAGAGCTTGGATACCGGCACCAAGTTCATGAGGTTCACCATCCCTCTCCCAATGT
TTGCGTATCCTATCTACTTGGTAAGTAAACAGACTGACTCCAAAGTAGGAACTAATGACAATTTTGGACCCGACCTGGTTTGGTTGACTCGGGTCGATATGTTTCGGGTGGGTAATT
ACCCGATCTGGCGATGGGTGTGCGGCGGACATTGTCTTGCTCGTGGTCCACCCCGCTCCCAACCCGCCCCATTCTTGACGARAAAAGATTTCGGAATATGTATCAACAGAARAATCTA
GTTTTTATGTTACTAGTTTTCTGTATTTCCATGTTTTTTCCTCAATTCTAGCCGGAATTTGAATTCAAACTGAAATCGGGTAATTCCGTCCATAACAAARACGGAATTGGGCAGCCGT
AATTAGTTGAAACTAGACCTCAATTTTGGCGGAATTGGACCCGGCCATTTTTTACGTTTGCARAACGGAAAACGTTTTTCTTTTGTAAAGCGCAAAATGAAAAACGTATCTAGTGGA
ATTATTGGACCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGCTCCAATTCATGCCCGGAAAACACTACTGTCATGCATTTTAATCTTGTATGGTTTTACCCCAATGGATGCA
GCGATGGATCCGGACGATTTTTAAAATATTATCGGGTTAAATTTAAAAATATCTTAAAACTATAAGAAARAAATAACCAATTTTAAAGAATAARAGAACTGGACACATATGACGGGT
GTCGTGGATGGATGTACTTGTCCCGCTCTATTAAAGGCTGATAATATACAGGTCAACGGTGAATGAAGGTTAGATGCGCTATTGGATTTGAATCCGATATGAAATGATAATTTTGGA
CACGATCTGTTTTGGGTGGGTAATATTTGATCTAGGGATGGCTCGTGCTCCAAACCGCACCAAAACCGCCTAATTCTCGACCAAAAAGATTTTATGAATACATATCAACAGARAAAAT
CTAGTTTTCATGTTACTAGTTTTATGTACAACAATATTAGGTGTCGTTTTCCCAGCCTTTTTCTTCAATTCCGGCCGGAATTCGCATTCAAACCGGAATTGGATGGAATCGGTATAC
CTCGTCACGGATGCATTGTCAATTCCTAGTTAGTTTCATGGTTTTGAAACCAATCAATCTATTCTATATGGTTTTGATTAACAGTGGAGGAGAAGTCCGGGGAAGAAAGGGTCGCAT
TTCAACCCATACAGTGACCTGTTCGCACCGAACGAGAGGACATCGGTCATGATTTCGACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATCTACGGCTTC
CTTCCGGTCTTCAAAATCTACGGCGTCCCTTATCTAATATTCGTGGCGTGGCTCGACATGGTGACCTACCTTCACCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCAAA
GAATGGAGCTACCTACGTGGAGGGCTGACGACCGTCGATCGAGATTACGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTTATTCACCATCTCTTCCCTCAAATGCCA
CACTATCACCTAGTCGAAGCGGTAAGGAGGTCTTGATTATTAACTTAATGTTTTTGTTGTTATAATTTGAGTCCGATTCTGGAGTCAGGGGATTTCCTTCTTGGATCCGATCCAGGA
TCAAGCTGGTCCCTTGAATTTCTATATGATCTTATATTAATTAAGGATAATGTGGTCATATGTTTTTAAATATTTTTGTTTACCATCATTTTCGATCACCGGAAAATGTCCTGAGCA
GTTTTCCGGTCACTTTAACCTCCATTGACAAATTTTTTCACCCACATGATCACCCTAGCCGGGTTTACGTTTATTGAAAATTTTTATTTTTTTGAATTTTTTTTCGATGACCAACTG
TACAACTTTGTATTGAAAGTTGTATGGATCATACAAATGTGTATGTACAAAAGTATATTCTAAGTACTATACTAAGCATTACTTAGTATTACGTTTCTACAAACCTATAGAGAAATG
CATACAATTTTGTATAGAACTTAGTATACACGTAGCTGTGAAATGTCAATTTCCCTCCGTATTTTCAGAGACAAGACATGATTTTTAGACTGGCAGATTTTTTTTATCGGATAGATT
TCTCCAACTTCAGATTCGGACTGGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGAAGTACTACAGAGA
ACCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTGAGGAGCCTGGGCGAGGATCACTACGTTAGCGATACAGGCGACGTCGTTTTCTATCAATCTGACCCACA
TATTCCCAAGTTCCCTACCAGTGCCACCACCAAGTCCAAATCTAGCTGATGATATTGGCTCTGATCTGATGTATGCTGCAGGCTGTTTTATTTTGTCCTTTGTTCGTTTCTTTCTGC
CAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCACCCCAGCTTTCTTTCTGAG

>AYOGI (JQ963124)
ATGAGCCCTCCAAACTCAATGAGTCCCGCCACCAACGGCAGCACCAATGGTGTGGCTATCAATGGGGCGAAGAAGCTACTCGATTTCGACCCGAGTGCTGCTCCCCCTTTCAAGATT
GCAGACATCCGTGCTGCAATCCCGCCGCATTGTTGGGTGAAGAACCCCTGGAGGTCACTCAGCTACGTCCTGAGAGACCTCCTGGTCATCCTCAGCTTCGCCGTTGCGGCGACARAAG
CTGGACAGCTGGACTGTCTGGCCTCTCTACTGGATTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAATTTCACATGATCTTTCTGGTAATGTGGGTT
TTCTTTTCTTATTGAAAAAGATTAAAACTTTTTATCTGGGCTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGTTGGTTGTTGAACAACGTGATGGGACATATACTCCATTCC
TCAATCCTCGTACCTTACCATGGATGGTATTGTAACTATTGTTCGATATTCGATTATGATTACTGTTCTTTCAGATGAAGAATCTGTACCCTAATTGTTTTTTGTTACCAGGAGAAT
TAGCCACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCAGTAAGTTGACATGCAGTTTGCTCTAAAATGCAGAGTCCTCTGTTTTTTGTGTGTTC
TTGTGCTTTAATGACGATGATAATGAAATTGAAATTTGTAATAGCTGCCGGAGAAGGTGTACAAGAGCTTGGATACCGGCACCAAGTTCATGAGGTTCACCATCCCTCTCCCAATGT
TTGCGTATCCTATCTACTTGGTAAGTAAACAGACTGACTCCAAAGTAGGAACTAATGACAATTTTGGACCCGACCTGGTTTGGTTGACTCGGGTCGATATGTTTCGGGTGGGTAATT
ACCCGATCTGGCGATGGGTGTGCGGCGGACATTGTCTTGCTCGTGGTCCACCCCGCTCCCAACCCGCCCCATTCTTGACGAAAAAGATTTCGGAATATGTATCAACAGAAAAATCTA
GTTTTTATGTTACTAGTTTTCTGTATTTCCATGTTTTTTCCTCAATTCTAGCCGGAATTTGAATTCAAACTGAAATCGGGTAATTCCGTCCATAACAAAACGGAATTGGGCAGCCGT
AATTAGTTGAAACTAGACCTCAATTTTGGCGGAATTGGACCCGGCCATTTTTTACGTTTGCAAAACGGAAAACGTTTTTCTTTTGTAAAGCGCAAAATGAAAAACGTATCTAGTGGA
ATTATTGGACCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGCTCCAATTCATGCCCGGARAACACTACTGTCATGCATTTTAATCTTGTATGGTTTTACCCCAATGGATGCA
GCGATGGATCCGGACGATTTTTAAAATATTATCGGGTTAAATTTAAAAATATCTTAAAACTATAAGAAAAAAATAACCAATTTTAAAGAATAAAAGAACTGGACACATATGACGGGT
GTCGTGGATGGATGTACTTGTCCCGCTCTATTAAAGGCTGATAATATACAGGTCAATGGTGAATGAAGGTTAGATGCGCTATTGGATTTGAATCCGATATGAAATGATAATTTTGGA
CACGATCTGTTTTGGGTGGGTAATATTTGATCTAGGGATGGCTCGTGCTCCAAACCGCACCAAAACCGCCTAATTCTCGACCAAAAAGATTTTATGAATACATATCAACAGAAAAAT
CTAGTTTTCATGTTACTAGTTTTATGTACAACAATATTAGGTGTCGTTTTCCCAGCCTTTTTCTTCAATTCCGGCCGGAATTCGCATTCAAACCGGAATTGGATGGAATCGGTATAC
CTCGTCACGGATGCATTGTCAATTCCTAGTTAGTTTCATGGTTTTGAAACCAATCAATCTATTCTATATGGTTTTGATTAACAGTGGAGGAGAAGTCCGGGGAAGAAAGGGTCGCAT
TTCAACCCATACAGTGACCTGTTCGCACCGAACGAGAGGACATCGGTCATGATTTCGACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATCTACGGCTTC
CTTCCGGTCTTCAAAATCTACGGCGTCCCTTATCTAATATTCGTGGCGTGGCTCGACATGGTGACCTACCTTCACCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCAAA
GAGTGGAGCTACCTACGTGGAGGGCTGACGACCGTCGATCGAGATTACGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTTATTCACCATCTCTTCCCTCAAATGCCA
CACTATCACCTAGTCGAAGCGGTAAGGAGGTCTTGATTATTAACTTAATGTTTTTGTTGTTATAATTTGAGTCCGATTCTGGAGTCAGGGGATTTCCTTCTTGGATCCGATCCAGGA
TCAAGCTGGTCCCTTGAATTTCTATATGATCTTATATTAATTAAGGATAATGTGGTCATATGTTTTTAAATATTTTTGTTTACCATCATTTCCGATCACCGGAAAATGTCCTGAGCA
GTTTTCCGGTCACTTTAACCTCCATTGACAAATTTTTTCACCCACATGATCACCCTAGCCGGGTTTACGTTTATTGAAAATTTTTATTTTTTTGAATTTTTTTTCGATGACCAACTG
TACAACTTTGTATTGAAAGTTGTATGGATCATACAAATGTGTATGTACAAAAGTATATTCTAAGTACTATACTAAGCATTACTTAGTATTACGTTTCTACAAACCTATAGAGAAATG
CATACAATTTTGTATAGAACTTAGTATACACGTAGCTGTGAAATGTCAATTTCCCTCCGTATTTTCAGAGACAAGACATGATTTTTAGACTGGCAGATTTTTTTTATCGGATAGATT
TCTCCAACTTCAGATTCGGACTGGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGAAGTACTACAGAGA
ACCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTGAGGAGCCTGGGCGAGGATCACTACGTTAGCGATACAGGCGACGTCGTTTTCTATCAATCTGACCCACA
TATTCCCAAGTTCCCTACCAGTGCCACCACCAAGTCCAAATCTAGCTGATGATATTGGCTCTGATCTGATGTATGCTGCAGGCTGTTTTATTTTGTCCTTTGTTCGTTTCTTTCTGC
CAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCACCCCAGCTTTCTTTCTGAG

>ES44 (JQ963125)

ATGAGCCCTCCAAACTCAATGAGTCCCGCCACCAACGGCAGCACCAATGGTGTGGCTATCAATGGGGCGAAGAAGCTACTCGATTTCGACCCGAGTGCTGCTCCCCCTTTCAAGATT
GCAGACATCCGTGCTGCAATCCCGCCGCATTGTTGGGTGAAGAACCCCTGGAGGTCACTCAGCTACGTCCTGAGAGACCTCCTGGTCATCCTCAGCTTCGCCGTTGCGGCGACRAAAG
CTGGACAGCTGGACTGTCTGGCCTCTCTACTGGATTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAATTTCACATGATCTTTCTGGTAATGTGGGTT
TTCTTTTCTTATTGAAAAAGATTAAAACTTTTTATCTGGGCTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGTTGGTTGTTGAACAACGTGATGGGACATATACTCCATTCC
TCAATCCTCGTACCTTACCATGGATGGTATTGTAACTATTGTTCGATATTCGATTATGATTACTGTTCTTTCAGATGAAGAATCTGTACCCTAATTGTTTTTTGTTACCAGGAGAAT
TAGCCACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCAGTAAGTTGACATGCAGTTTGCTCTAAAATGCAGAGTCCTCTGTTTTTTGTGTGTTC
TTGTGCTTTAATGACGATGATAATGAAATTGAAATTTGTAATAGCTGCCGGAGAAGGTGTACAAGAGCTTGGATACCGGCACCAAGTTCATGAGGTTCACCATCCCTCTCCCAATGT
TTGCGTATCCTATCTACTTGGTAAGTAAACAGACTGACTCCAAAGTAGGAACTAATGACAATTTTGGACCCGACCTGGTTTGGTTGACTCGGGTCGATATGTTTCGGGTGGGTAATT
ACCCGATCTGGCGATGGGTGTGCGGCGGACATTGTCTTGCTCGTGGTCCACCCCGCTCCCAACCCGCCCCATTCTTGACGAAAAAGATTTCGGAATATGTATCAACAGAAAAATCTA
GTTTTTATGTTACTAGTTTTCTGTATTTCCATGTTTTTTCCTCAATTCTAGCCGGAATTTGAATTCAAACTGAAATCGGGTAATTCCGTCCATAACAAARACGGAATTGGGCAGCCGT
AATTAGTTGAAACTAGACCTCAATTTTGGCGGAATTGGACCCGGCCATTTTTTACGTTTGCARAACGGAAAACGTTTTTCTTTTGTAAAGCGCAAAATGAAAAACGTATCTAGTGGA
ATTATTGGACCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGCTCCAATTCATGCCCGGAAAACACTACTGTCATGCATTTTAATCTTGTATGGTTTTACCCCAATGGATGCA
GCGATGGATCCGGACGATTTTTAAAATATTATCGGGTTAAATTTAAAAATATCTTAAAACTATAAGAAARAAATAACCAATTTTAAAGAATAARAGAACTGGACACATATGACGGGT
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GTCGTGGATGGATGTACTTGTCCCGCTCTATTAAAGGCTGATAATATACAGGTCAACGGTGAATGAAGGTTAGATGCGCTATTGGATTTGAATCCGATATGAAATGATAATTTTGGA
CACGATCTGTTTTGGGTGGGTAATATTTGATCTAGGGATGGCTCGTGCTCCAAACCGCACCAAAACCGCCTAATTCTCGACCARAAAGATTTTATGAATACATATCAACAGAAAAAT
CTAGTTTTCATGTTACTAGTTTTATGTACAACAATATTAGGTGTCGTTTTCCCAGCCTTTTTCTTCAATTCCGGCCGGAATTCGCATTCAAACCGGAATTGGATGGAATCGGTATAC
CTCGTCACGGATGCATTGTCAATTCCTAGTTAGTTTCATGGTTTTGAAACCAATCAATCTATTCTATATGGTTTTGATTAACAGTGGAGGAGAAGTCCGGGGAAGAAAGGGTCGCAT
TTCAACCCATACAGTGACCTGTTCGCACCGAACGAGAGGACATCGGTCATGATTTCGACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATCTACGGCTTC
CTTCCGGTCTTCAAAATCTACGGCGTCCCTTATCTAATATTCGTGGCGTGGCTCGACATGGTGACCTACCTTCACCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCAAA
GAGTGGAGCTACCTACGTGGAGGGCTGACGACCGTCGATCGAGATTACGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTTATTCACCATCTCTTCCCTCAAATGCCA
CACTATCACCTAGTCGAAGCGGTAAGGAGGTCTTGATTATTAACTTAATGTTTTTGTTGTTATAATTTGAGTCCGATTCTGGAGTCAGGGGATTTCCTTCTTGGATCCGATCCAGGA
TCAAGCTGGTCCCTTGAATTTCTATATGATCTTATATTAATTAAGGATAATGTGGTCATATGTTTTTAAATATTTTTGTTTACCATCATTTCCGATCACCGGAAAATGTCCTGAGCA
GTTTTCCGGTCACTTTAACCTCCATTGACAAATTTTTTCACCCACATGATCACCCTAGCCGGGTTTACGTTTATTGAAAATTTTTATTTTTTTGAATTTTTTTTCGATGACCAACTG
TACAACTTTGTATTGAAAGTTGTATGGATCATACAAATGTGTATGTACAAAAGTATATTCTAAGTACTATACTAAGCATTACTTAGTATTACGTTTCTACAAACCTATAGAGAAATG
CATACAATTTTGTATAGAACTTAGTATACACGTAGCTGTGAAATGTCAATTTCCCTCCGTATTTTCAGAGACAAGACATGATTTTTAGACTGGCAGATTTTTTTTATCGGATAGATT
TCTCCAACTTCAGATTCGGACTGGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGAAGTACTACAGAGA
ACCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTGAGGAGCCTGGGCGAGGATCACTACGTTAGCGATACAGGCGACGTCGTTTTCTATCAATCTGACCCACA
TATTCCCAAGTTCCCTACCAGTGCCACCACCAAGTCCAAATCTAGCTGATGATATTGGCTCTGATCTGATGTATGCTGCAGGCTGTTTTATTTTGTCCTTTGTTCGTTTCTTTCTGC
CAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCACCCCAGCTTTCTTTCTGAG

>JRFS (JQ963126)
ATGAGCCCTCCAAACTCAATGAGTCCCGCCACCAACGGCAGCACCAATGGTGTGGCTATCAATGGGGCGAAGAAGCTACTCGATTTCGACCCGAGTGCTGCTCCCCCTTTCAAGATT
GCAGACATCCGTGCTGCAATCCCGCCGCATTGTTGGGTGAAGAACCCCTGGAGGTCACTCAGCTACGTCCTGAGAGACCTCCTGGTCATCCTCAGCTTCGCCGTTGCGGCGACAAAG
CTGGACAGCTGGACTGTCTGGCCTCTCTACTGGATTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAATTTCACATGATCTTTCTGGTAATGTGGGTT
TTCTTTTCTTATTGAAAAAGATTAAAACTTTTTATCTGGGCTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGTTGGTTGTTGAACAACGTGATGGGACATATACTCCATTCC
TCAATCCTCGTACCTTACCATGGATGGTATTGTAACTATTGTTCGATATTCGATTATGATTACTGTTCTTTCAGATGAAGAATCTGTACCCTAATTGTTTTTTGTTACCAGGAGAAT
TAGCCACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCAGTAAGTTGACATGCAGTTTGCTCTAAAATGCAGAGTCCTCTGTTTTTTGTGTGTTC
TTGTGCTTTAATGACGATGATAATGAAATTGAAATTTGTAATAGCTGCCGGAGAAGGTGTACAAGAGCTTGGATACCGGCACCAAGTTCATGAGGTTCACCATCCCTCTCCCAATGT
TTGCGTATCCTATCTACTTGGTAAGTAAACAGACTGACTCCARAGTAGGAACTAATGACAATTTTGGACCCGACCTGGTTTGGTTGACTCGGGTCGATATGTTTCGGGTGGGTAATT
ACCCGATCTGGCGATGGGTGTGCGGCGGACATTGTCTTGCTCGTGGTCCACCCCGCTCCCAACCCGCCCCATTCTTGACGARAAAGATTTCGGAATATGTATCAACAGAARAATCTA
GTTTTTATGTTACTAGTTTTCTGTATTTCCATGTTTTTTCCTCAATTCTAGCCGGAATTTGAATTCAAACTGAAATCGGGTAATTCCGTCCATAACAAAACGGAATTGGGCAGCCGT
AATTAGTTGAAACTAGACCTCAATTTTGGCGGAATTGGACCCGGCCATTTTTTACGTTTGCAAAACGGARAACGTTTTTCTTTTGTAAAGCGCAAAATGAAAAACGTATCTAGTGGA
ATTATTGGACCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGCTCCAATTCATGCCCGGAAAACACTACTGTCATGCATTTTAATCTTGTATGGTTTTACCCCAATGGATGCA
GCGATGGATCCGGACGATTTTTAAAATATTATCGGGTTAAATTTAAAAATATCTTAAAACTATAAGAAAAAAATAACCAATTTTAAAGAATAAAAGAACTGGACACATATGACGGGT
GTCGTGGATGGATGTACTTGTCCCGCTCTATTAAAGGCTGATAATATACAGGTCAACGGTGAATGAAGGTTAGATGCGCTATTGGATTTGAATCCGATATGAAATGATAATTTTGGA
CACGATCTGTTTTGGGTGGGTAATATTTGATCTAGGGATGGCTCGTGCTCCAAACCGCACCAAAACCGCCTAATTCTCGACCAAAAAGATTTTATGAATACATATCAACAGARAAAAT
CTAGTTTTCATGTTACTAGTTTTATGTACAACAATATTAGGTGTCGTTTTCCCAGCCTTTTTCTTCAATTCCGGCCGGAATTCGCATTCAAACCGGAATTGGATGGAATCGGTATAC
CTCGTCACGGATGCATTGTCAATTCCTAGTTAGTTTCATGGTTTTGAAACCAATCAATCTATTCTATATGGTTTTGATTAACAGTGGAGGAGAAGTCCGGGGAAGAAAGGGTCGCAT
TTCAACCCATACAGTGACCTGTTCGCACCGAACGAGAGGACATCGGTCATGATTTCGACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATCTACGGCTTC
CTTCCGGTCTTCAAAATCTACGGCGTCCCTTATCTAATATTCGTGGCGTGGCTCGACATGGTGACCTACCTTCACCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCAAA
GAATGGAGCTACCTACGTGGAGGGCTGACGACCGTCGATCGAGATTACGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTTATTCACCATCTCTTCCCTCAAATGCCA
CACTATCACCTAGTCGAAGCGGTAAGGAGGTCTTGATTATTAACTTAATGTTTTTGTTGTTATAATTTGAGTCCGATTCTGGAGTCAGGGGATTTCCTTCTTGGATCCGATCCAGGA
TCAAGCTGGTCCCTTGAATTTCTATATGATCTTATATTAATTAAGGATAATGTGGTCATATGTTTTTAAATATTTTTGTTTACCATCATTTTCGATCACCGGAAAATGTCCTGAGCA
GTTTTCCGGTCACTTTAACCTCCATTGACAAATTTTTTCACCCACATGATCACCCTAGCCGGGTTTACGTTTATTGAAAATTTTTATTTTTTTGAATTTTTTTTCGATGACCAACTG
TACAACTTTGTATTGAAAGTTGTATGGATCATACAAATGTGTATGTACAAAAGTATATTCTAAGTACTATACTAAGCATTACTTAGTATTACGTTTCTACAAACCTATAGAGAAATG
CATACAATTTTGTATAGAACTTAGTATACACGTAGCTGTGAAATGTCAATTTCCCTCCGTATTTTCAGAGACAAGACATGATTTTTAGACTGGCAGATTTTTTTTATCGGATAGATT
TCTCCAACTTCAGATTCGGACTGGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGAAGTACTACAGAGA
ACCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTGAGGAGCCTGGGCGAGGATCACTACGTTAGCGATACAGGCGACGTCGTTTTCTATCAATCTGACCCACA
TATTCCCAAGTTCCCTACCAGTGCCACCACCAAGTCCAAATCTAGCTGATGATATTGGCTCTGATCTGATGTATGCTGCAGGCTGTTTTATTTTGTCCTTTGTTCGTTTCTTTCTGC
CAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCGCCCCAGCTTTCTTTCTGAG

>ACC. NO. 4/47 (JQ963127)

ATGAGCCCTCCAAACTCAATGAGTCCCGCCACCAACGGCAGCACCAATGGTGTGGCTATCAATGGGGCGAAGAAGCTACTCGATTTCGACCCGAGTGCTGCTCCCCCTTTCAAGATT
GCAGACATCCGTGCTGCAATCCCGCCGCATTGTTGGGTGAAGAACCCCTGGAGGTCACTCAGCTACGTCCTGAGAGACCTCCTGGTCATCCTCAGCTTCGCCGTTGCGGCGACRAAAG
CTGGACAGCTGGACTGTCTGGCCTCTCTACTGGATTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAATTTCACATGATCTTTCTGGTAATGTGGGTT
TTCTTTTCTTATTGAAAAAGATTAAAACTTTTTATCTGGGCTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGTTGGTTGTTGAACAACGTGATGGGACATATACTCCATTCC
TCAATCCTCGTACCTTACCATGGATGGTATTGTAACTATTGTTCGATATTCGATTATGATTACTGTTCTTTCAGATGAAGAATCTGTACCCTAATTGTTTTTTGTTACCAGGAGAAT
TAGCCACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCAGTAAGTTGACATGCAGTTTGCTCTAAAATGCAGAGTCCTCTGTTTTTTGTGTGTTC
TTGTGCTTTAATGACGATGATAATGAAATTGAAATTTGTAATAGCTGCCGGAGAAGGTGTACAAGAGCTTGGATACCGGCACCAAGTTCATGAGGTTCACCATCCCTCTCCCAATGT
TTGCGTATCCTATCTACTTGGTAAGTAAACAGACTGACTCCAAAGTAGGAACTAATGACAATTTTGGACCCGACCTGGTTTGGTTGACTCGGGTCGATATGTTTCGGGTGGGTAATT
ACCCGATCTGGCGATGGGTGTGCGGCGGACATTGTCTTGCTCGTGGTCCACCCCGCTCCCAACCCGCCCCATTCTTGACGAAAAAGATTTCGGAATATGTATCAACAGAAAAATCTA
GTTTTTATGTTACTAGTTTTCTGTATTTCCATGTTTTTTCCTCAATTCTAGCCGGAATTTGAATTCAAACTGAAATCGGGTAATTCCGTCCATAACAARACGGAATTGGGCAGCCGT
AATTAGTTGAAACTAGACCTCAATTTTGGCGGAATTGGACCCGGCCATTTTTTACGTTTGCARAACGGAAAACGTTTTTCTTTTGTAAAGCGCAAAATGAAAAACGTATCTAGTGGA
ATTATTGGACCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGCTCCAATTCATGCCCGGAAAACACTACTGTCATGCATTTTAATCTTGTATGGTTTTACCCCAATGGATGCA
GCGATGGATCCGGACGATTTTTAAAATATTATCGGGTTAAATTTAAAAATATCTTAAAACTATAAGAAARAAATAACCAATTTTAAAGAATAARAGAACTGGACACATATGACGGGT
GTCGTGGATGGATGTACTTGTCCCGCTCTATTAAAGGCTGATAATATACAGGTCAACGGTGAATGAAGGTTAGATGCGCTATTGGATTTGAATCCGATATGAAATGATAATTTTGGA
CACGATCTGTTTTGGGTGGGTAATATTTGATCTAGGGATGGCTCGTGCTCCAAACCGCACCAAAACCGCCTAATTCTCGACCARAAAGATTTTATGAATACATATCAACAGAAAAAT
CTAGTTTTCATGTTACTAGTTTTATGTACAACAATATTAGGTGTCGTTTTCCCAGCCTTTTTCTTCAATTCCGGCCGGAATTCGCATTCAAACCGGAATTGGATGGAATCGGTATAC
CTCGTCACGGATGCATTGTCAATTCCTAGTTAGTTTCATGGTTTTGAAACCAATCAATCTATTCTATATGGTTTTGATTAACAGTGGAGGAGAAGTCCGGGGAAGAAAGGGTCGCAT
TTCAACCCATACAGTGACCTGTTCGCACCGAACGAGAGGACATCGGTCATGATTTCGACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATCTACGGCTTC
CTTCCGGTCTTCAAAATCTACGGCGTCCCTTATCTAATATTCGTGGCGTGGCTCGACATGGTGACCTACCTTCACCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCAAA
GAATGGAGCTACCTACGTGGAGGGCTGACGACCGTCGATCGAGATTACGGGGTCATCAACACCATCCACCATGACATTGGCACCCATGTTATTCACCATCTCTTCCCTCAAATGCCA
CACTATCACCTAGTCGAAGCGGTAAGGAGGTCTTGATTATTAACTTAATGTTTTTGTTGTTATAATTTGAGTCCGATTCTGGAGTCAGGGAATTTCCTTCTTGGATCCGATCCAGGA
TCAAGCTGGTCCCTTGAATTTCTATATGATCTTATATTAATTAAGGATAATGTGGTCATATGTTTTTAAATATTTTTGTTTACCATCATTTTCGATCACCGGAAAATGTCCTGAGCA
GTTTTCCGGTCACTTTAACCTCCATTGACAAATTTTTTCACCCACATGATCACCCTAGCCGGGTTTACGTTTATTGAAAATTTTTATTTTTTTGAATTTTTTTTCGATGACCAACTG
TACAACTTTGTATTGAAAGTTGTATGGATCATACAAATGTGTATGTACAAAAGTATATTCTAAGTACTATACTAAGCATTACTTAGTATTACGTTTCTACAAACCTATAGAGAAATG
CATACAATTTTGTATAGAACTTAGTATACACGTAGCTGTGAAATGTCAATTTCCCTCCGTATTTTCAGAGACAAGACATGATTTTTAGACTGGCAGATTTTTTTTATCGGATAGATT
TCTCCAACTTCAGATTCGGACTGGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGAAGTACTACAGAGA
ACCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTGAGGAGCCTGGGCGAGGATCACTACGTTAGCGATACAGGCGACGTCGTTTTCTATCAATCTGACCCACA
TATTCCCAAGTTCCCTACCAGTGCCACCACCAAGTCCAAATCTAGCTGATGATATTGGCTCTGATCTGATGTATGCTGCAGGCTGTTTTATTTTGTCCTTTGTTCGTTTCTTTCTGC
CAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCGCCCCAGCTTTCTTTCTGAG

>TL23 (JQ963128)

ATGAGCCCTCCAAACTCAATGAGTCCCGCCACCAACGGCAGCACCAATGGTGTGGCTATCAATGGGGCGAAGAAGCTACTCGATTTCGACCCGAGTGCTGCTCCCCCTTTCAAGATT
GCAGACATCCGTGCTGCAATCCCGCCGCATTGTTGGGTGAAGAACCCCTGGAGGTCACTCAGCTACGTCCTGAGAGACCTCCTGGTCATCCTCAGCTTCGCCGTTGCGGCGACRAAAG
CTGGACAGCTGGACTGTCTGGCCTCTCTACTGGATTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAATTTCACATGATCTTTCTGGTAATGTGGGTT
TTCTTTTCTTATTGAAAAAGATTAAAACTTTTTATCTGGGCTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGTTGGTTGTTGAACAACGTGATGGGACATATACTCCATTCC
TCAATCCTCGTACCTTACCATGGATGGTATTGTAACTATTGTTCGATATTCGATTATGATTACTGTTCTTTCAGATGAAGAATCTGTACCCTAATTGTTTTTTGTTACCAGGAGAAT
TAGCCACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCAGTAAGTTGACATGCAGTTTGCTCTAAAATGCAGAGTCCTCTGTTTTTTGTGTGTTC
TTGTGCTTTAATGACGATGATAATGAAATTGAAATTTGTAATAGCTGCCGGAGAAGGTGTACAAGAGCTTGGATACCGGCACCAAGTTCATGAGGTTCACCATCCCTCTCCCAATGT
TTGCGTATCCTATCTACTTGGTAAGTAAACAGACTGACTCCARATTAGGAACTAATGACAATTTTGGACCCGACCTGGTTTGGTTGACTCGGGTCGATATGTTTCGGGTGGGTAATT
ACCCGATCTGGCGATGGGTGTGCGGCGGACATTGTCTTGCTCGTGGTCCACCCCGCTCCCAACCCGCCCCATTCTTGACGARAAAAGATTTCGGAATATGTATCAACAGAARAATCTA
GTTTTTATGTTACTAGTTTTCTGTATTTCCATGTTTTTTCCTCAATTCTAGCCGGAATTTGAATTCAAACTGAAATCGGGTAATTCCGTCCATAACAAARACGGAATTGGGCAGCCGT
AATTAGTTGAAACTAGACCTCAATTTTGGCGGAATTGGACCCGGCCATTTTTTACGTTTGCAAAACGGARAACGTTTTTCTTTTGTAAAGCGCAAAATGAAAAACGTATCTAGTGGA
ATTATTGGACCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGCTCCAATTCATGCCCGGAAAACACTACTGTCATGCATTTTAATCTTGTATGGTTTTACCCCAATGGATGCA
GCGATGGATCCGGACGATTTTTAAAATATTATCGGGTTAAATTTAAAAATATCTTAAAACTATAAGAAARAAATAACCAATTTTAAAGAATAARAGAACTGGACACATATGACGGGT
GTCGTGGATGGATGTACTTGTCCCGCTCTATTAAAGGCTGATAATATACAGGTCAACGGTGAATGAAGGTTAGATGCGCTATTGGATTTGAATCCGATATGAAATGATAATTTTGGA
CACGATCTGTTTTGGGTGGGTAATATTTGATCTAGGGATGGCTCGTGCTCCAAACCGCACCAAAACCGCCTAATTCTCGACCAAAAAGATTTTATGAATACATATCAACAGARAAAAT
CTAGTTTTCATGTTACTAGTTTTATGTACAACAATATTAGGTGTCGTTTTCCCAGCCTTTTTCTTCAATTCCGGCCGGAATTCGCATTCAAACCGGAATTGGATGGAATCGGTATAC
CTCGTCACGGATGCATTGTCAATTCCTAGTTAGTTTCATGGTTTTGAAACCAATCAATCTATTCTATATGGTTTTGATTAACAGTGGAGGAGAAGTCCGGGGAAGAAAGGGTCGCAT
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TTCAACCCATACAGTGACCTGTTCGCACCGAACGAGAGGACATCGGTCATGATTTCGACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATCTACGGCTTC
CTTCCGGTCTTCAAAATCTACGGCGTCCCTTATCTAATATTCGTGGCGTGGCTCGACATGGTGACCTACCTTCACCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCAAA
GAATGGAGCTACCTACGTGGAGGGCTGACGACCGTCGATTGAGATTACGGGGTCATCAACACCATCCACCATGACATTGGCACCCATGTTATTCACCATCTCTTCCCTCAAATGCCA
CACTATCACCTAGTCGAAGCGGTAAGGAGGTCTTGATTATTAACTTAATGTTTTTGTTGTTATAATTTGAGTCCGATTCTGGAGTCAGGGGATTTCCTTCTTGGATCCGATCCAGGA
TCAAGCTGGTCCCTTGAATTTCTATATGATCTTATATTAATTAAGGATAATGTGGTCATATGTTTTTAAATATTTTTGTTTACCATCATTTTCGATCACCGGAAAATGTCCTGAGCA
GTTTTCCGGTCACTTTAACCTCCATTGACAAATTTTTTCACCCACATGATCACCCTAGCCGGGTTTACGTTTATTGAAAATTTTTATTTTTTTGAATTTTTTTTCGATGACCAACTG
TACAACTTTGTATTGAAAGTTGTATGGATCATACAAATGTGTATGTACAAAAGTATATTCTAAGTACTATACTAAGCATTACTTAGTATTACGTTTCTACAAACCTATAGAGAAATG
CATACAATTTTGTATAGAACTTAGTATACACGTAGCTGTGAAATGTCAATTTCCCTCCGTATTTTCAGAGACAAGACATGATTTTTAGACTGGCAGATTTTTTTTATCGGATAGATT
TCTCCAACTTCAGATTCGGACTGGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACCGACTCAGGCAGCGAAGCACGTGCTGGGGAAGTACTACAGAGA
ACCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTGAGGAGCCTGGGCGAGGATCACTACGTTAGCGATACAGGCGACGTCGTTTTCTATCAATCTGACCCACA
TATTCCCAAGTTCCCTACCAGTGCCACCACCAAGTCCAAATCTAGCTGATGATATTGGCTCTGATCTGATGTATGCTGCAGGCTGTTTTATTTTGTCCTTTGTTCGTTTCTTTCTGC
CAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCGCCCCAGCTTTCTTTCTGAG

FAD3B gene sequences

>PADMINI (JQ963129)

ATGAGCCCTCCAAACTCAATGAGTCCCACCACCAACGGCAATGGTGTGGCTATGAATGGGGCGAAGAAGCAGCTCGATTTCGACCCGAGTGCTGCCCCCCCTTTCAAGATTGCAGAC
ATCCGTGCTGCAATTCCGCCGCATTGCTGGGTGAAGAACCCCTGGAGGTCGCTCAGCTACGTCCTGAGAGACCTCCTTGTCATCCTCAGCTTCGCCGTTGCGGCGGCAAAGCTGGAC
AGCTGGACTTTCTGGCCTCTTTACTGGGTTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAAACTAATTTCACATTTTCTTTCTGGTAATGTGGGTTT
TATTGAAAAAGATTAAAACTTTTTATCTGGGTTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACATCTGGTTGTTGAACAATGTGATGGGACATATACTCCATTCCTCAATCCTC
GTACCTTACCATGGATGGTATTGTAACTATTGTTCAATATTAGATTATTGCTAGTTCTTCAGCTGAAGAATCCARACCCTAATTTTCTTTTTCTGAATATTGACCAGGAGAATTAGC
CACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCTGTAAGTTGACATGCAGTTTGCTGTAARAATGCAGAGTGCTCTGTTTTTTTGTGTTCTTGT
GCTTTAATGGTGATAATAATGAAATTGTTGAAATGTAACAGCTACCGGAGAAAGTGTACAAGAGCTTGGATACCAGCACTAAGTTCATGAGGTTCACCATTCCTCTCCCAATGTTTG
CTTATCCTATCTACTTGGTAAGTAAAGAGACTGATAAGACTCCAAAGTAGGAATTAATGACAATTTTGGACCCGAGCTTCCGACTCGGGTCGATTTATTTCGGGTGGGTACTTACCC
GATGCGGCGGACATTGTTTTGCTCGTGGTCCACCTCGCTCCCAACCCGCCCCATTCTTGACGAARAAGATTACGGAATATGTATCAACAGAAATATCTAGTTTTTATGTTACTAGTT
TTCTGTATTTCCGTGTTTTTCCCCTCAATTCCGTCAGAAATTTGAATTCAAACTGACATTGGGTAATTCTGTCCATAAGAGAACGGAATTGGGAAGCCGTAATTAGTTGGAATTAGA
CCTCGATTTCGGCGGAATTGGACCCGGCCATTTTTCGCGTCCGGARAAGCGTTTCCAGTGGAGTTAGACGCCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGGGCTACCTAT
TTTTAGTGTACATGCATTTTAGATCTTTTACGGTCTTACCCCGATGGATATTCTTGTCGCGCTCTATTAAARACTGACAATATACAGGTTGATTGTGAATGAAGATTAGGTGCTGCA
CGCTCTTCGTGTTCCAACCCGCACCCAAACCGCCCCATTCTCGACCGAAAAGATTTTATGAATACATATCTACAGAAAAATCTAGTTGTCATGTCACTAGTTTAATGTACAACAGTA
TAGGTGTCGTTTTCCGCGTCTTTTTCTTCAATTCCGGCTGGAATTCGCATTCAAACAGGAATTGGATGGAATTGGTCCCGGATGCATAGTCATTTCCCAGGCAGTTTCATGGTTTTA
TAACCAATCAATCTAATCTTATGCTTTTGATAARACAGTGGACGAGAAGTCCGGGGAAGAAAGGGTCGCATTTCAACCCATACAGCGACCTATTCGCACCAAACGAGAGGGCAGCGGT
CTTGATTTCAACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATATACGGCTTCGCTCCGGTCCTCARAAATCTACGGCGTACCTTATCTGATATTCGTGGC
ATGGCTCGACATGGTGACCTACCTTCATCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCAAAGAATGGAGCTACCTACGTGGAGGGCTGACGACCGTTGATCGAGATTA
CGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTCATTCACCATCTCTTCCCTCAAATGCCACACTATCACCTTGTGGAAGCGGTAAACAATTTGATTATTAATTTACT
GTTTTTGTTGTTATAATTTGAGTCGGGAGATTTCCTTCCTAAATCCGATCCCTGGTCAATCTTGGCCCTTGAATCTTCATATAATCTAAAAATCTAGATTAATCAGGAACAATATGA
TCATGTTGTTTAAACTAATTTTGTTGGACCATAACCTACCGCCAACTGATGGACCACCGTCTCTGGTTACCGGACCCATCATTTCCGGTTACCAAGAAGTTTCTCGATCAGTTTTCC
GGTTACTTTGACCTGCGTTGAGGAAAATTCTTTCACCCACGTAAACACTGTCGTCAACTTTACGTTTCTGGAAAGTTTTTCCGATGATTGGCCGTACAATTTTGTACGAAGAGTTGT
ACGGATCATATAAATGTGTATAAGTTTCTAGAAATCCGTACTGAAATATATACATATTTGACTTTTGTATAAAGTGTAATACTAAATACTATACTAAGTGCTGTACTCAGTATGATA
CTTAGTACACACATTTGTATGACTATGAAATGTCAATTTTGCCCTTATATTCTCAGCCGTTAGATCTAAGACACAGTTTTTATACGGCTGARATTTGTGGGGGCTTTGTAGATCGGA
TCCATAAGTCATTTCTTGGCTCAAGATTCGGACTCGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGAA
GTACTACAGAGAGCCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTAAGGAGCCTGGGCGAGGATCACTACGTTAGCGACACAGGCGACGTCGTTTTCTATCA
GTCTGACCCACATATTCCCAAGTTCCGTACCAGCAGTGCCACCACCAAGTCCAAATCCAGCTGATGATATTTGGCTCTGATATATGCAGGCTGTTTATCTTGTCCTTTGTTCGTTTC
TTTCTCCCAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCGCCCCCAGCTTTCTTTCTGAG

>NL97 (JQ963130)

ATGAGCCCTCCAAACTCAATGAGTCCCACCACCAACGGCAATGGTGTGGCTATGAATGGGGCGAAGAAGCAGCTCGATTTCGACCCGAGTGCTGCCCCCCCTTTCAAGATTGCAGAC
ATCCGTGCTGCAATTCCGCCGCATTGCTGGGTGAAGAACCCCTGGAGGTCGCTCAGCTACGTCCTGAGAGACCTCCTTGTCATCCTCAGCTTCGCCGTTGCGGCGGCGAAGCTGGAC
AGCTGGACTTTCTGGCCTCTTTACTGGGTTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAAACTAATTTCACATTTTCTTTCTGGTAATGTGGGTTT
TATTGAAAAAGATTCAAACTTTTTATCTGGGTTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGCTGGTTGTTGAACAATGTGATGGGACATATACTCCATTCCTCAATCCTC
GTACCTTACCATGGATGGTATTGTAACTATTGTTCAATATTAGATTATTGCTAGTTCTTCAGCTGAAGAATCCARACCCTAATTTTCTTTTTCTGAATATTGACCAGGAGAATTAGC
CACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCTGTAAGTTGACATGCAGTTTGCTGTAARAATGCAGAGTGCTCTGTTTTTTTGTGTTCTTGT
GCTTTAATGGTGATAATAATGAAATTGTTGAAATGTAACAGCTACCGGAGAAAGTGTACAAGAGCTTGGATACCAGCACTAAGTTCATGAGGTTCACCATTCCTCTCCCAATGTTTG
CTTATCCTATCTACTTGGTAAGTAAAGAGACTGATAAGACTCCAAAGTAGGAATTAATGACAATTTTGGACCCGAGCTTTCGACTCGAGTCGATTTATTTCGGGTGGGTACTTACCC
GATGCGGCGGACATTGTTTTGCTCGTGGTCCACCTCGCTCCCAACCCGCCCCATTCTCGACGTARAAAGATTACGGAATATGTATCAACAGAAATATCTAGTTTTTATGTTACTAGT
TTTCTGTATTTCCGTGTTTTTCCCCTCAATTCCGGCAGAAATTTGAATTCCAACTGACATTGGGTAATTCCGTCCATAAGAGAACGGAATTGGGAAGCCGTAATTAGTTGGAATTAG
ACCTCGATTTCGGCGGAATTGGACCCGGCCATTTTTCGCGTCCGGAAAAGCGTTTCCAGTGGAATTAGACGCCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGGGCTACCTA
TTTTTAGTGTACATGCATTTTAGATCTTTTACGGTCTTACCCCGATGGATATTCTTGTCGCGCTCTATTAAAAACTGACAATATACAGGTTGATTGTGAATGAAGATTAGGTGCTGC
ACGCTCTTTGTGTTCCAACCCGCACCCAAACCGCCCCATTCTCGACCGAAAAGATTTTATGAATACATATCTACAGARAAATCTAGTTGTCATGTCACTAGTTTAATGTACAACAGT
ATAGGTGTCGTTTTCCGCGTCTTTTTCTTCAATTCCGGCTGGAATTCGCATTCAAACAGGAATTGGATGGAATTGGTCCCGGATGCATAGTCATTTCCCAGGCAGTTTCATGGTTTT
ATAACCAATCAATCTAATCTTATGCTTTTGATAAACAGTGGACGAGAAGTCCGGGGAAGAAAGGGTCGCATTTCAACCCATACAGCGACCTATTCGCACCAAACGAGAGGGCAGCGG
TCTTGATTTCAACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATATACGGCTTCGCTCCGGTCCTCAAAATCTACGGCGTACCTTATCTGATATTCGTGG
CATGGCTCGACATGGTGACCTACCTTCATCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCARAGAATGGAGCTACCTACGTGGAGGGCTGACGACCGTTGATCGAGATT
ACGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTCATTCACCATCTCTTCCCTCARATGCCACACTATCACCTTGTGGAAGCGGTAAACAATTTGATTATTAATTTAC
TGTTTTTGTTGTTATAATTTGAGTCGGGAGATTTCCTTCCTARATCCGATCCCTGGTCAATCTTGGCCCTTGAATCTTCATATAATCTAAAAATCTAGATTAATCAGGAACAATATG
ATCATGTTGTTTAAACTAATTTTGTTGGACCATAACCTACCGCCAACTGATGGACCACCGTCTCTGGTTACCGGACCCATCATTTCCGGTTACCAAGAAGTTTCTCGATCAGTTTTC
CGGTTACTTTGACCTGCGTTGAGGAAAATTCTTTCACCCACGTAAACACTGTCGTCAACTTTACGTTTCTGGAAAGTTTTTCCGATGATTGGCCGTACAATTTTGTACGAAGAGTTG
TACGGATCATATAAATGTGTATAAGTTTCTAGAAATCCGTACTGAAATATATACATATTTGACTTTTGTATAAAGTGTAATACTARATACTATACTAAGTGCTGTACTCAGTATGAT
ACTTAGTACACACATTTGTATGACTATGAAATGTCAATTTTGCCCTTATATTCTCAGCCGTTAGATCTAAGACACAGTTTTTATACGGCTGARATTTGTGGGGGCTTTGTAGATCGG
ATCCATAAGTCATTTCTTGGCTCAAGATTCGGACTCGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGA
AGTACTACAGAGAGCCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTAAGGAGCCTGGGCGAGGATCACTACGTTAGCGACACAGGCGACGTCGTTTTCTATC
AGTCTGACCCACATATTCCCAAGTTCCGTACCAGCAGTGCCACCACCAAGTCCAAATCCAGCTGATGATATTTGGCTCTGATATATGCAGGCTGTTTATCTTGTCCTTTGTTCGTTT
CTTTCTCCCAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCGCCCCCAGCTTTCTTTCTGAG

>NL260 (JQ963131)

ATGAGCCCTCCAAACTCAATGAGTCCCACCACCAACGGCAATGGTGTGGCTATGAATGGGGCGAAGAAGCAGCTCGATTTCGACCCGAGTGCTGCCCCCCCTTTCAAGATTGCAGAC
ATCCGTGCTGCAATTCCGCCGCATTGCTGGGTGAAGAACCCCTGGAGGTCGCTCAGCTACGTCCTGAGAGACCTCCTTGTCATCCTCAGCTTCGCCGTTGCGGCGGCARAGCTGGAC
AGCTGGACTTTCTGGCCTCTTTACTGGGTTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAAACTAATTTCACATTTTCTTTCTGGTAATGTGGGTTT
TATTGAAAAAGATTAAAACTTTTTATCTGGGTTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACATCTGGTTGTTGAACAATGTGATGGGACATATACTCCATTCCTCAATCCTC
GTACCTTACCATGGATGGTATTGTAACTATTGTTCAATATTAGATTATTGCTAGTTCTTCAGCTGAAGAATCCARACCCTAATTTTCTTTTTCTGAATATTGACCAGGAGAATTAGC
CACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCTGTAAGTTGACATGCAGTTTGCTGTAARAATGCAGAGTGCTCTGTTTTTTTGTGTTCTTGT
GCTTTAATGGTGATAATAATGAAATTGTTGAAATGTAACAGCTACCGGAGAAAGTGTACAAGAGCTTGGATACCAGCACTAAGTTCATGAGGTTCACCATTCCTCTCCCAATGTTTG
CTTATCCTATCTACTTGGTAAGTAAAGAGACTGATAAGACTCCAAAGTAGGAATTAATGACAATTTTGGACCCGAGCTTCCGACTCGGGTCGATTTATTTCGGGTGGGTACTTACCC
GATGCGGCGGACATTGTTTTGCTCGTGGTCCACCTCGCTCCCAACCCGCCCCATTCTTGACGAARAAGATTACGGAATATGTATCAACAGAAATATCTAGTTTTTATGTTACTAGTT
TTCTGTATTTCCGTGTTTTTCCCCTCAATTCCGTCAGAAATTTGAATTCAAACTGACATTGGGTAATTCTGTCCATAAGAGAACGGAATTGGGAAGCCGTAATTAGTTGGAATTAGA
CCTCGATTTCGGCGGAATTGGACCCGGCCATTTTTCGCGTCCGGAAAAGCGTTTCCAGTGGAGTTAGACGCCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGGGCTACCTAT
TTTTAGTGTACATGCATTTTAGATCTTTTACGGTCTTACCCCGATGGATATTCTTGTCGCGCTCTATTAAARACTGACAATATACAGGTTGATTGTGAATGAAGATTAGGTGCTGCA
CGCTCTTCGTGTTCCAACCCGCACCCAAACCGCCCCATTCTCGACCGAAAAGATTTTATGAATACATATCTACAGAAAAATCTAGTTGTCATGTCACTAGTTTAATGTACAACAGTA
TAGGTGTCGTTTTCCGCGTCTTTTTCTTCAATTCCGGCTGGAATTCGCATTCAAACAGGAATTGGATGGAATTGGTCCCGGATGCATAGTCATTTCCCAGGCAGTTTCATGGTTTTA
TAACCAATCAATCTAATCTTATGCTTTTGATAAACAGTGGACGAGAAGTCCGGGGAAGAAAGGGTCGCATTTCAACCCATACAGCGACCTATTCGCACCAAACGAGAGGGCAGCGGT
CTTGATTTCAACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATATACGGCTTCGCTCCGGTCCTCARAATCTACGGCGTACCTTATCTGATATTCGTGGC
ATGGCTCGACATGGTGACCTACCTTCATCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCAAAGAATGGAGCTACCTACGTGGAGGGCTGACGACCGTTGATCGAGATTA
CGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTCATTCACCATCTCTTCCCTCAAATGCCACACTATCACCTTGTGGAAGCGGTAAACAATTTGATTATTAATTTACT
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GTTTTTGTTGTTATAATTTGAGTCGGGAGATTTCCTTCCTAAATCCGATCCCTGGTCAATCTTGGCCCTTGAATCTTCATATAATCTAAARAATCTAGATTAATCAGGAACAATATGA
TCATGTTGTTTAAACTAATTTTGTTGGACCATAACCTACCGCCAACTGATGGACCACCGTCTCTGGTTACCGGACCCATCATTTCCGGTTACCAAGAAGTTTCTCGATCAGTTTTCC
GGTTACTTTGACCTGCGTTGAGGAAAATTCTTTCACCCACGTAAACACTGTCGTCAACTTTACGTTTCTGGAAAGTTTTTCCGATGATTGGCCGTACAATTTTGTACGAAGAGTTGT
ACGGATCATATAAATGTGTATAAGTTTCTAGAAATCCGTACTGAAATATATACATATTTGACTTTTGTATAAAGTGTAATACTAAATACTATACTAAGTGCTGTACTCAGTATGATA
CTTAGTACACACATTTGTATGACTATGAAATGTCAATTTTGCCCTTATATTCTCAGCCGTTAGATCTAAGACACAGTTTTTATACGGCTGAAATTTGTGGGGGCTTTGTAGATCGGA
TCCATAAGTCATTTCTTGGCTCAAGATTCGGACTCGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGAA
GTACTACAGAGAGCCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTAAGGAGCCTGGGCGAGGATCACTACGTTAGCGACACAGGCGACGTCGTTTTCTATCA
GTCTGACCCACATATTCCCAAGTTCCGTACCAGCAGTGCCACCACCAAGTCCAAATCCAGCTGATGATATTTGGCTCTGATATATGCAGGCTGTTTATCTTGTCCTTTGTTCGTTTC
TTTCTCCCAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCGCCCCCAGCTTTCTTTCTGAG

>EC9825 (JQ963132)
ATGAGCCCTCCAAACTCAATGAGTCCCACCACCAACGGCAATGGTGTGGCTATGAATGGGGCGAAGAAGCAGCTCGATTTCGACCCGAGTGCTGCCCCCCCTTTCAAGATTGCAGAC
ATCCGTGCTGCAATTCCGCCGCATTGCTGGGTGAAGAACCCCTGGAGGTCGCTCAGCTACGTCCTGAGAGACCTCCTTGTCATCCTCAGCTTCGCCGTTGCGGCGGCGAAGCTGGAC
AGCTGGACTTTCTGGCCTCTTTACTGGGTTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAAACTAATTTCACATTTTCTTTCTGGTAATGTGGGTTT
TATTGAAAAAGATTCAAACTTTTTATCTGGGTTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGCTGGTTGTTGAACAATGTGATGGGACATATACTCCATTCCTCAATCCTC
GTACCTTACCATGGATGGTATTGTAACTATTGTTCAATATTAGATTATTGCTAGTTCTTCAGCTGAAGAATCCAAACCCTAATTTTCTTTTTCTGAATATTGACCAGGAGAATTAGC
CACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCTGTAAGTTGACATGCAGTTTGCTGTAAAAATGCAGAGTGCTCTGTTTTTTTGTGTTCTTGT
GCTTTAATGGTGATAATAATGAAATTGTTGAAATGTAACAGCTACCGGAGAAAGTGTACAAGAGCTTGGATACCAGCACTAAGTTCATGAGGTTCACCATTCCTCTCCCAATGTTTG
CTTATCCTATCTACTTGGTAAGTAAAGAGACTGATAAGACTCCAAAGTAGGAATTAATGACAATTTTGGACCCGAGCTTTCGACTCGAGTCGATTTATTTCGGGTGGGTACTTACCC
GATGCGGCGGACATTGTTTTGCTCGTGGTCCACCTCGCTCCCAACCCGCCCCATTCTCGACGTAAAAAGATTACGGAATATGTATCAACAGAAATATCTAGTTTTTATGTTACTAGT
TTTCTGTATTTCCGTGTTTTTCCCCTCAATTCCGGCAGARAATTTGAATTCCAACTGACATTGGGTAATTCCGTCCATAAGAGAACGGAATTGGGAAGCCGTAATTAGTTGGAATTAG
ACCTCGATTTCGGCGGAATTGGACCCGGCCATTTTTCGCGTCCGGARAAAGCGTTTCCAGTGGAATTAGACGCCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGGGCTACCTA
TTTTTAGTGTACATGCATTTTAGATCTTTTACGGTCTTACCCCGATGGATATTCTTGTCGCGCTCTATTAAAAACTGACAATATACAGGTTGATTGTGAATGAAGATTAGGTGCTGC
ACGCTCTTTGTGTTCCAACCCGCACCCAAACCGCCCCATTCTCGACCGAAAAGATTTTATGAATACATATCTACAGAAAAATCTAGTTGTCATGTCACTAGTTTAATGTACAACAGT
ATAGGTGTCGTTTTCCGCGTCTTTTTCTTCAATTCCGGCTGGAATTCGCATTCAAACAGGAATTGGATGGAATTGGTCCCGGATGCATAGTCATTTCCCAGGCAGTTTCATGGTTTT
ATAACCAATCAATCTAATCTTATGCTTTTGATAAACAGTGGACGAGAAGTCCGGGGAAGAAAGGGTCGCATTTCAACCCATACAGCGACCTATTCGCACCAAACGAGAGGGCAGCGG
TCTTGATTTCAACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATATACGGCTTCGCTCCGGTCCTCAAARATCTACGGCGTACCTTATCTGATATTCGTGG
CATGGCTCGACATGGTGACCTACCTTCATCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCAAAGAATGGAGCTACCTACGTGGAGGGCTGACGACCGTTGATCGAGATT
ACGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTCATTCACCATCTCTTCCCTCAAATGCCACACTATCACCTTGTGGAAGCGGTAAACAATTTGATTATTAATTTAC
TGTTTTTGTTGTTATAATTTGAGTCGGGAGATTTCCTTCCTAAATCCGATCCCTGGTCAATCTTGGCCCTTGAATCTTCATATAATCTAAAAATCTAGATTAATCAGGAACAATATG
ATCATGTTGTTTAAACTAATTTTGTTGGACCATAACCTACCGCCAACTGATGGACCACCGTCTCTGGTTACCGGACCCATCATTTCCGGTTACCAAGAAGTTTCTCGATCAGTTTTC
CGGTTACTTTGACCTGCGTTGAGGAAAATTCTTTCACCCACGTAAACACTGTCGTCAACTTTACGTTTCTGGAAAGTTTTTCCGATGATTGGCCGTACAATTTTGTACGAAGAGTTG
TACGGATCATATAAATGTGTATAAGTTTCTAGAAATCCGTACTGAAATATATACATATTTGACTTTTGTATAAAGTGTAATACTAAATACTATACTAAGTGCTGTACTCAGTATGAT
ACTTAGTACACACATTTGTATGACTATGAAATGTCAATTTTGCCCTTATATTCTCAGCCGTTAGATCTAAGACACAGTTTTTATACGGCTGAAATTTGTGGGGGCTTTGTAGATCGG
ATCCATAAGTCATTTCTTGGCTCAAGATTCGGACTCGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGA
AGTACTACAGAGAGCCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTAAGGAGCCTGGGCGAGGATCACTACGTTAGCGACACAGGCGACGTCGTTTTCTATC
AGTCTGACCCACATATTCCCAAGTTCCGTACCAGCAGTGCCACCACCAAGTCCAAATCCAGCTGATGATATTTGGCTCTGATATATGCAGGCTGTTTATCTTGTCCTTTGTTCGTTT
CTTTCTCCCAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCGCCCCCAGCTTTCTTTCTGAG

>SURABHI (JQ963133)

ATGAGCCCTCCAAACTCAATGAGTCCCACCACCAACGGCAATGGTGTGGCTATGAATGGGGCGAAGAAGCAGCTCGATTTCGACCCGAGTGCTGCCCCCCCTTTCAAGATTGCAGAC
ATCCGTGCTGCAATTCCGCCGCATTGCTGGGTGAAGAACCCCTGGAGGTCGCTCAGCTACGTCCTGAGAGACCTCCTTGTCATCCTCAGCTTCGCCGTTGCGGCGGCGAAGCTGGAC
AGCTGGACTTTCTGGCCTCTTTACTGGGTTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAAACTAATTTCACATTTTCTTTCTGGTAATGTGGGTTT
TATTGAAAAAGATTCAAACTTTTTATCTGGGTTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGCTGGTTGTTGAACAATGTGATGGGACATATACTCCATTCCTCAATCCTC
GTACCTTACCATGGATGGTATTGTAACTATTGTTCAATATTAGATTATTGCTAGTTCTTCAGCTGAAGAATCCARACCCTAATTTTCTTTTTCTGAATATTGACCAGGAGAATTAGC
CACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCTGTAAGTTGACATGCAGTTTGCTGTAARAATGCAGAGTGCTCTGTTTTTTTGTGTTCTTGT
GCTTTAATGGTGATAATAATGAAATTGTTGAAATGTAACAGCTACCGGAGAAAGTGTACAAGAGCTTGGATACCAGCACTAAGTTCATGAGGTTCACCATTCCTCTCCCAATGTTTG
CTTATCCTATCTACTTGGTAAGTAAAGAGACTGATAAGACTCCAAAGTAGGAATTAATGACAATTTTGGACCCGAGCTTTCGACTCGAGTCGATTTATTTCGGGTGGGTACTTACCC
GATGCGGCGGACATTGTTTTGCTCGTGGTCCACCTCGCTCCCAACCCGCCCCATTCTCGACGTARAAAGATTACGGAATATGTATCAACAGAAATATCTAGTTTTTATGTTACTAGT
TTTCTGTATTTCCGTGTTTTTCCCCTCAATTCCGGCAGAAATTTGAATTCCAACTGACATTGGGTAATTCCGTCCATAAGAGAACGGAATTGGGAAGCCGTAATTAGTTGGAATTAG
ACCTCGATTTCGGCGGAATTGGACCCGGCCATTTTTCGCGTCCGGAAAAGCGTTTCCAGTGGAATTAGACGCCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGGGCTACCTA
TTTTTAGTGTACATGCATTTTAGATCTTTTACGGTCTTACCCCGATGGATATTCTTGTCGCGCTCTATTAAAAACTGACAATATACAGGTTGATTGTGAATGAAGATTAGGTGCTGC
ACGCTCTTCGTGTTCCAACCCGCACCCAAACCGCCCCATTCTCGACCGAAAAGATTTTATGAATACATATCTACAGARAAATCTAGTTGTCATGTCACTAGTTTAATGTACAACAGT
ATAGGTGTCGTTTTCCGCGTCTTTTTCTTCAATTCCGGCTGGAATTCGCATTCAAACAGGAATTGGATGGAATTGGTCCCGGATGCATAGTCATTTCCCAGGCAGTTTCATGGTTTT
ATAACCAATCAATCTAATCTTATGCTTTTGATAAACAGTGGACGAGAAGTCCGGGGAAGAAAGGGTCGCATTTCAACCCATACAGCGACCTATTCGCACCAAACGAGAGGGCAGCGG
TCTTGATTTCAACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATATACGGCTTCGCTCCGGTCCTCAAAATCTACGGCGTACCTTATCTGATATTCGTGG
CATGGCTCGACATGGTGACCTACCTTCATCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCARAGAATGGAGCTACCTACGTGGAGGGCTGACGACCGTTGATCGAGATT
ACGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTCATTCACCATCTCTTCCCTCARATGCCACACTATCACCTTGTGGAAGCGGTAAACAATTTGATTATTAATTTAC
TGTTTTTGTTGTTATAATTTGAGTCGGGAGATTTCCTTCCTARAATCCGATCCCTGGTCAATCTTGGCCCTTGAATCTTCATATAATCTAAAAATCTAGATTAATCAGGAACAATATG
ATCATGTTGTTTAAACTAATTTTGTTGGACCATAACCTACCGCCAACTGATGGACCACCGTCTCTGGTTACCGGACCCATCATTTCCGGTTACCAAGAAGTTTCTCGATCAGTTTTC
CGGTTACTTTGACCTGCGTTGAGGAAAATTCTTTCACCCACGTAAACACTGTCGTCAACTTTACGTTTCTGGAAAGTTTTTCCGATGATTGGCCGTACAATTTTGTACGAAGAGTTG
TACGGATCATATAAATGTGTATAAGTTTCTAGAAATCCGTACTGAAATATATACATATTTGACTTTTGTATAAAGTGTAATACTARATACTATACTAAGTGCTGTACTCAGTATGAT
ACTTAGTACACACATTTGTATGACTATGAAATGTCAATTTTGCCCTTATATTCTCAGCCGTTAGATCTAAGACACAGTTTTTATACGGCTGARATTTGTGGGGGCTTTGTAGATCGG
ATCCATAAGTCATTTCTTGGCTCAAGATTCGGACTCGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGA
AGTACTACAGAGAGCCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTAAGGAGCCTGGGCGAGGATCACTACGTTAGCGACACAGGCGACGTCGTTTTCTATC
AGTCTGACCCACATATTCCCAAGTTCCGTACCAGCAGTGCCACCACCAAGTCCAAATCCAGCTGATGATATTTGGCTCTGATATATGCAGGCTGTTTATCTTGTCCTTTGTTCGTTT
CTTTCTCCCAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCGCCCCCAGCTTTCTTTCTGAG

>AYOGI (JQ963134)

ATGAGCCCTCCAAACTCAATGAGTCCCACCACCAACGGCAATGGTGTGGCTATGAATGGGGCGAAGAAGCAGCTCGATTTCGACCCGAGTGCTGCCCCCCCTTTCAAGATTGCAGAC
ATCCGTGCTGCAATTCCGCCGCATTGCTGGGTGAAGAACCCCTGGAGGTCGCTCAGCTACGTCCTGAGAGACCTCCTTGTCATCCTCAGCTTCGCCGTTGCGGCGGCGAAGCTGGAC
AGCTGGACTTTCTGGCCTCTTTACTGGGTTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAAACTAATTTCACATTTTCTTTCTGGTAATGTGGGTTT
TATTGAAAAAGATTCAAACTTTTTATCTGGGTTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGCTGGTTGTTGAACAATGTGATGGGACATATACTCCATTCCTCAATCCTC
GTACCTTACCATGGATGGTATTGTAACTATTGTTCAATATTAGATTATTGCTAGTTCTTCAGCTGAAGAATCCARACCCTAATTTTCTTTTTCTGAATATTGACCAGGAGAATTAGC
CACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCTGTAAGTTGACATGCAGTTTGCTGTAARAATGCAGAGTGCTCTGTTTTTTTGTGTTCTTGT
GCTTTAATGGTGATAATAATGAAATTGTTGAAATGTAACAGCTACCGGAGAAAGTGTACAAGAGCTTGGATACCAGCACTAAGTTCATGAGGTTCACCATTCCTCTCCCAATGTTTG
CTTATCCTATCTACTTGGTAAGTAAAGAGACTGATAAGACTCCAAAGTAGGAATTAATGACAATTTTGGACCCGAGCTTTCGACTCGAGTCGATTTATTTCGGGTGGGTACTTACCC
GATGCGGCGGACATTGTTTTGCTCGTGGTCCACCTCGCTCCCAACCCGCCCCATTCTCGACGTARAAAGATTACGGAATATGTATCAACAGAAATATCTAGTTTTTATGTTACTAGT
TTTCTGTATTTCCGTGTTTTTCCCCTCAATTCCGGCAGAAATTTGAATTCCAACTGACATTGGGTAATTCCGTCCATAAGAGAACGGAATTGGGAAGCCGTAATTAGTTGGAATTAG
ACCTCGATTTCGGCGGAATTGGACCCGGCCATTTTTCGCGTCCGGAAAAGCGTTTCCAGTGGAATTAGACGCCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGGGCTACCTA
TTTTTAGTGTACATGCATTTTAGATCTTTTACGGTCTTACCCCGATGGATATTCTTGTCGCGCTCTATTAAAAACTGACAATATACAGGTTGATTGTGAATGAAGATTAGGTGCTGC
ACGCTCTTTGTGTTCCAACCCGCACCCAAACCGCCCCATTCTCGACCGAAAAGATTTTATGAATACATATCTACAGARAAATCTAGTTGTCATGTCACTAGTTTAATGTACAACAGT
ATAGGTGTCGTTTTCCGCGTCTTTTTCTTCAATTCCGGCTGGAATTCGCATTCAAACAGGAATTGGATGGAATTGGTCCCGGATGCATAGTCATTTCCCAGGCAGTTTCATGGTTTT
ATAACCAATCAATCTAATCTTATGCTTTTGATAAACAGTGGACGAGAAGTCCGGGGAAGAAAGGGTCGCATTTCAACCCATACAGCGACCTATTCGCACCAAACGAGAGGGCAGCGG
TCTTGATTTCAACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATATACGGCTTCGCTCCGGTCCTCAARATCTACGGCGTACCTTATCTGATATTCGTGG
CATGGCTCGACATGGTGACCTACCTTCATCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCARAGAATGGAGCTACCTACGTGGAGGGCTGACGACCGTTGATCGAGATT
ACGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTCATTCACCATCTCTTCCCTCARATGCCACACTATCACCTTGTGGAAGCGGTAAACAATTTGATTATTAATTTAC
TGTTTTTGTTGTTATAATTTGAGTCGGGAGATTTCCTTCCTARATCCGATCCCTGGTCAATCTTGGCCCTTGAATCTTCATATAATCTAARAATCTAGATTAATCAGGAACAATATG
ATCATGTTGTTTAAACTAATTTTGTTGGACCATAACCTACCGCCAACTGATGGACCACCGTCTCTGGTTACCGGACCCATCATTTCCGGTTACCAAGAAGTTTCTCGATCAGTTTTC
CGGTTACTTTGACCTGCGTTGAGGAAAATTCTTTCACCCACGTAAACACTGTCGTCAACTTTACGTTTCTGGAAAGTTTTTCCGATGATTGGCCGTACAATTTTGTACGAAGAGTTG
TACGGATCATATAAATGTGTATAAGTTTCTAGAAATCCGTACTGAAATATATACATATTTGACTTTTGTATAAAGTGTAATACTARATACTATACTAAGTGCTGTACTCAGTATGAT
ACTTAGTACACACATTTGTATGACTATGAAATGTCAATTTTGCCCTTATATTCTCAGCCGTTAGATCTAAGACACAGTTTTTATACGGCTGARATTTGTGGGGGCTTTGTAGATCGG
ATCCATAAGTCATTTCTTGGCTCAAGATTCGGACTCGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGA
AGTACTACAGAGAGCCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTAAGGAGCCTGGGCGAGGATCACTACGTTAGCGACACAGGCGACGTCGTTTTCTATC
AGTCTGACCCACATATTCCCAAGTTCCGTACCAGCAGTGCCACCACCAAGTCCAAATCCAGCTGATGATATTTGGCTCTGATATATGCAGGCTGTTTATCTTGTCCTTTGTTCGTTT
CTTTCTCCCAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCGCCCCCAGCTTTCTTTCTGAG
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>ES44 (JQ963135)

ATGAGCCCTCCAAACTCAATGAGTCCCACCACCAACGGCAATGGTGTGGCTATGAATGGGGCGAAGAAGCAGCTCGATTTCGACCCGAGTGCTGCCCCCCCTTTCAAGATTGCAGAC
ATCCGTGCTGCAATTCCGCCGCATTGCTGGGTGAAGAACCCCTGGAGGTCGCTCAGCTACGTCCTGAGAGACCTCCTTGTCATCCTCAGCTTCGCCGTTGCGGCGGCGAAGCTGGAC
AGCTGGACTTTCTGGCCTCTTTACTGGGTTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAAACTAATTTCACATTTTCTTTCTGGTAATGTGGGTTT
TATTGAAAAAGATTCAAACTTTTTATCTGGGTTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGCTGGTTGTTGAACAATGTGATGGGACATATACTCCATTCCTCAATCCTC
GTACCTTACCATGGATGGTATTGTAACTATTGTTCAATATTAGATTATTGCTAGTTCTTCAGCTGAAGAATCCARACCCTAATTTTCTTTTTCTGAATATTGACCAGGAGAATTAGC
CACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCTGTAAGTTGACATGCAGTTTGCTGTAARAATGCAGAGTGCTCTGTTTTTTTGTGTTCTTGT
GCTTTAATGGTGATAATAATGAAATTGTTGAAATGTAACAGCTACCGGAGAAAGTGTACAAGAGCTTGGATACCAGCACTAAGTTCATGAGGTTCACCATTCCTCTCCCAATGTTTG
CTTATCCTATCTACTTGGTAAGTAAAGAGACTGATAAGACTCCAAAGTAGGAATTAATGACAATTTTGGACCCGAGCTTTCGACTCGAGTCGATTTATTTCGGGTGGGTACTTACCC
GATGCGGCGGACATTGTTTTGCTCGTGGTCCACCTCGCTCCCAACCCGCCCCATTCTCGACGTARAAAGATTACGGAATATGTATCAACAGAAATATCTAGTTTTTATGTTACTAGT
TTTCTGTATTTCCGTGTTTTTCCCCTCAATTCCGGCAGAAATTTGAATTCCAACTGACATTGGGTAATTCCGTCCATAAGAGAACGGAATTGGGAAGCCGTAATTAGTTGGAATTAG
ACCTCGATTTCGGCGGAATTGGACCCGGCCATTTTTCGCGTCCGGAAAAGCGTTTCCAGTGGAATTAGACGCCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGGGCTACCTA
TTTTTAGTGTACATGCATTTTAGATCTTTTACGGTCTTACCCCGATGGATATTCTTGTCGCGCTCTATTAAAAACTGACAATATACAGGTTGATTGTGAATGAAGATTAGGTGCTGC
ACGCTCTTTGTGTTCCAACCCGCACCCAAACCGCCCCATTCTCGACCGAAAAGATTTTATGAATACATATCTACAGARAAATCTAGTTGTCATGTCACTAGTTTAATGTACAACAGT
ATAGGTGTCGTTTTCCGCGTCTTTTTCTTCAATTCCGGCTGGAATTCGCATTCAAACAGGAATTGGATGGAATTGGTCCCGGATGCATAGTCATTTCCCAGGCAGTTTCATGGTTTT
ATAACCAATCAATCTAATCTTATGCTTTTGATAAACAGTGGACGAGAAGTCCGGGGAAGAAAGGGTCGCATTTCAACCCATACAGCGACCTATTCGCACCAAACGAGAGGGCAGCGG
TCTTGATTTCAACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATATACGGCTTCGCTCCGGTCCTCAAAATCTACGGCGTACCTTATCTGATATTCGTGG
CATGGCTCGACATGGTGACCTACCTTCATCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCARAGAATGGAGCTACCTACGTGGAGGGCTGACGACCGTTGATCGAGATT
ACGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTCATTCACCATCTCTTCCCTCARATGCCACACTATCACCTTGTGGAAGCGGTAAACAATTTGATTATTAATTTAC
TGTTTTTGTTGTTATAATTTGAGTCGGGAGATTTCCTTCCTARATCCGATCCCTGGTCAATCTTGGCCCTTGAATCTTCATATAATCTAARAATCTAGATTAATCAGGAACAATATG
ATCATGTTGTTTAAACTAATTTTGTTGGACCATAACCTACCGCCAACTGATGGACCACCGTCTCTGGTTACCGGACCCATCATTTCCGGTTACCAAGAAGTTTCTCGATCAGTTTTC
CGGTTACTTTGACCTGCGTTGAGGAAAATTCTTTCACCCACGTAAACACTGTCGTCAACTTTACGTTTCTGGAAAGTTTTTCCGATGATTGGCCGTACAATTTTGTACGAAGAGTTG
TACGGATCATATAAATGTGTATAAGTTTCTAGAAATCCGTACTGAAATATATACATATTTGACTTTTGTATAAAGTGTAATACTARATACTATACTAAGTGCTGTACTCAGTATGAT
ACTTAGTACACACATTTGTATGACTATGAAATGTCAATTTTGCCCTTATATTCTCAGCCGTTAGATCTAAGACACAGTTTTTATACGGCTGARATTTGTGGGGGCTTTGTAGATCGG
ATCCATAAGTCATTTCTTGGCTCAAGATTCGGACTCGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGA
AGTACTACAGAGAGCCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTAAGGAGCCTGGGCGAGGATCACTACGTTAGCGACACAGGCGACGTCGTTTTCTATC
AGTCTGACCCACATATTCCCAAGTTCCGTACCAGCAGTGCCACCACCAAGTCCAAATCCAGCTGATGATATTTGGCTCTGATATATGCAGGCTGTTTATCTTGTCCTTTGTTCGTTT
CTTTCTCCCAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCGCCCCCAGCTTTCTTTCTGAG

>JRF5 (JQ963136)

ATGAGCCCTCCAAACTCAATGAGTCCCACCACCAACGGCAATGGTGTGGCTATGAATGGGGCGAAGAAGCAGCTCGATTTCGACCCGAGTGCTGCCCCCCCTTTCAAGATTGCAGAC
ATCCGTGCTGCAATTCCGCCGCATTGCTGGGTGAAGAACCCCTGGAGGTCGCTCAGCTACGTCCTGAGAGACCTCCTTGTCATCCTCAGCTTCGCCGTTGCGGCGGCGAAGCTGGAC
AGCTGGACTTTCTGGCCTCTTTACTGGGTTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAAACTAATTTCACATTTTCTTTCTGGTAATGTGGGTTT
TATTGAAAAAGATTCAAACTTTTTATCTGGGTTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGCTGGTTGTTGAACAATGTGATGGGACATATACTCCATTCCTCAATCCTC
GTACCTTACCATGGATGGTATTGTAACTATTGTTCAATATTAGATTATTGCTAGTTCTTCAGCTGAAGAATCCARACCCTAATTTTCTTTTTCTGAATATTGACCAGGAGAATTAGC
CACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCTGTAAGTTGACATGCAGTTTGCTGTAARAATGCAGAGTGCTCTGTTTTTTTGTGTTCTTGT
GCTTTAATGGTGATAATAATGAAATTGTTGAAATGTAACAGCTACCGGAGAAAGTGTACAAGAGCTTGGATACCAGCACTAAGTTCATGAGGTTCACCATTCCTCTCCCAATGTTTG
CTTATCCTATCTACTTGGTAAGTAAAGAGACTGATAAGACTCCAAAGTAGGAATTAATGACAATTTTGGACCCGAGCTTTCGACTCGAGTCGATTTATTTCGGGTGGGTACTTACCC
GATGCGGCGGACATTGTTTTGCTCGTGGTCCACCTCGCTCCCAACCCGCCCCATTCTCGACGTARAAAGATTACGGAATATGTATCAACAGAAATATCTAGTTTTTATGTTACTAGT
TTTCTGTATTTCCGTGTTTTTCCCCTCAATTCCGGCAGAAATTTGAATTCCAACTGACATTGGGTAATTCCGTCCATAAGAGAACGGAATTGGGAAGCCGTAATTAGTTGGAATTAG
ACCTCGATTTCGGCGGAATTGGACCCGGCCATTTTTCGCGTCCGGAAAAGCGTTTCCAGTGGAATTAGACGCCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGGGCTACCTA
TTTTTAGTGTACATGCATTTTAGATCTTTTACGGTCTTACCCCGATGGATATTCTTGTCGCGCTCTATTAAAAACTGACAATATACAGGTTGATTGTGAATGAAGATTAGGTGCTGC
ACGCTCTTCGTGTTCCAACCCGCACCCAAACCGCCCCATTCTCGACCGAAAAGATTTTATGAATACATATCTACAGAAAAATCTAGTTGTCATGTCACTAGTTTAATGTACAACAGT
ATAGGTGTCGTTTTCCGCGTCTTTTTCTTCAATTCCGGCTGGAATTCGCATTCAAACAGGAATTGGATGGAATTGGTCCCGGATGCATAGTCATTTCCCAGGCAGTTTCATGGTTTT
ATAACCAATCAATCTAATCTTATGCTTTTGATAAACAGTGGACGAGAAGTCCGGGGAAGAAAGGGTCGCATTTCAACCCATACAGCGACCTATTCGCACCAAACGAGAGGGCAGCGG
TCTTGATTTCAACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATATACGGCTTCGCTCCGGTCCTCAARAATCTACGGCGTACCTTATCTGATATTCGTGG
CATGGCTCGACATGGTGACCTACCTTCATCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCARAGAATGGAGCTACCTACGTGGAGGGCTGACGACCGTTGATCGAGATT
ACGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTCATTCACCATCTCTTCCCTCARATGCCACACTATCACCTTGTGGAAGCGGTAAACAATTTGATTATTAATTTAC
TGTTTTTGTTGTTATAATTTGAGTCGGGAGATTTCCTTCCTARATCCGATCCCTGGTCAATCTTGGCCCTTGAATCTTCATATAATCTAARAATCTAGATTAATCAGGAACAATATG
ATCATGTTGTTTAAACTAATTTTGTTGGACCATAACCTACCGCCAACTGATGGACCACCGTCTCTGGTTACCGGACCCATCATTTCCGGTTACCAAGAAGTTTCTCGATCAGTTTTC
CGGTTACTTTGACCTGCGTTGAGGAAAATTCTTTCACCCACGTAAACACTGTCGTCAACTTTACGTTTCTGGAAAGTTTTTCCGATGATTGGCCGTACAATTTTGTACGAAGAGTTG
TACGGATCATATAAATGTGTATAAGTTTCTAGAAATCCGTACTGAAATATATACATATTTGACTTTTGTATAAAGTGTAATACTARATACTATACTAAGTGCTGTACTCAGTATGAT
ACTTAGTACACACATTTGTATGACTATGAAATGTCAATTTTGCCCTTATATTCTCAGCCGTTAGATCTAAGACACAGTTTTTATACGGCTGARATTTGTGGGGGCTTTGTAGATCGG
ATCCATAAGTCATTTCTTGGCTCAAGATTCGGACTCGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGA
AGTACTACAGAGAGCCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTAAGGAGCCTGGGCGAGGATCACTACGTTAGCGACACAGGCGACGTCGTTTTCTATC
AGTCTGACCCACATATTCCCAAGTTCCGTACCAGCAGTGCCACCACCAAGTCCAAATCCAGCTGATGATATTTGGCTCTGATATATGCAGGCTGTTTATCTTGTCCTTTGTTCGTTT
CTTTCTCCCAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCGCCCCCAGCTTTCTTTCTGAG

>ACC. NO. 4/47 (JQ963137)

ATGAGCCCTCCAAACTCAATGAGTCCCACCACCAACGGCAATGGTGTGGCTATGAATGGGGCGAAGAAGCAGCTCGATTTCGACCCGAGTGCTGCCCCCCCTTTCAAGATTGCAGAC
ATCCGTGCTGCAATTCCGCCGCATTGCTGGGTGAAGAACCCCTGGAGGTCGCTCAGCTACGTCCTGAGAGACCTCCTTGTCATCCTCAGCTTCGCCGTTGCGGCGGCGAAGCTGGAC
AGCTGGACTTTCTGGCCTCTTTACTGGGTTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAAACTAATTTCACATTTTCTTTCTGGTAATGTGGGTTT
TATTGAAARAGATTCAAACTTTTTATCTGGGTTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGCTGGTTGTTGAACAATGTGATGGGACATATACTCCATTCCTCAATCCTC
GTACCTTACCATGGATGGTATTGTAACTATTGTTCAATATTAGATTATTGCTAGTTCTTCAGCTGAAGAATCCARACCCTAATTTTCTTTTTCTGAATATTGACCAGGAGAATTAGC
CACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCTGTAAGTTGACATGCAGTTTGCTGTAARAATGCAGAGTGCTCTGTTTTTTTGTGTTCTTGT
GCTTTAATGGTGATAATAATGAAATTGTTGAAATGTAACAGCTACCGGAGAAAGTGTACAAGAGCTTGGATACCAGCACTAAGTTCATGAGGTTCACCATTCCTCTCCCAATGTTTG
CTTATCCTATCTACTTGGTAAGTAAAGAGACTGATAAGACTCCAAAGTAGGAATTAATGACAATTTTGGACCCGAGCTTTCGACTCGAGTCGATTTATTTCGGGTGGGTACTTACCC
GATGCGGCGGACATTGTTTTGCTCGTGGTCCACCTCGCTCCCAACCCGCCCCATTCTCGACGTARAAAGATTACGGAATATGTATCAACAGAAATATCTAGTTTTTATGTTACTAGT
TTTCTGTATTTCCGTGTTTTTCCCCTCAATTCCGGCAGAAATTTGAATTCCAACTGACATTGGGTAATTCCGTCCATAAGAGAACGGAATTGGGAAGCCGTAATTAGTTGGAATTAG
ACCTCGATTTCGGCGGAATTGGACCCGGCCATTTTTCGCGTCCGGAAAAGCGTTTCCAGTGGAATTAGACGCCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGGGCTACCTA
TTTTTAGTGTACATGCATTTTAGATCTTTTACGGTCTTACCCCGATGGATATTCTTGTCGCGCTCTATTAAAAACTGACAATATACAGGTTGATTGTGAATGAAGATTAGGTGCTGC
ACGCTCTTTGTGTTCCAACCCGCACCCAAACCGCCCCATTCTCGACCGAAAAGATTTTATGAATACATATCTACAGAAAAATCTAGTTGTCATGTCACTAGTTTAATGTACAACAGT
ATAGGTGTCGTTTTCCGCGTCTTTTTCTTCAATTCCGGCTGGAATTCGCATTCAAACAGGAATTGGATGGAATTGGTCCCGGATGCATAGTCATTTCCCAGGCAGTTTCATGGTTTT
AAAACCAATCAATCTAATCTTATGCTTTTGATAAACAGTGGACGAGAAGTCCGGGGAAGAAAGGGTCGCATTTCAACCCATACAGCGACCTATTCGCACCGAACGAGAGGGCAGCGG
TCTTGATTTCAACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATATACGGCTTCGCTCCGGTCCTCAARAATCTACGGCGTACCTTATCTGATATTCGTGG
CATGGCTCGACATGGTGACCTACCTTCATCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCARAGAATGGAGCTACCTACGTGGAGGGCTGACGACCGTTGATCGAGATT
ACGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTCATTCACCATCTCTTCCCTCAAATGCCACACTATCACCTTGTGGAAGCGGTAAACAATTTGATTATTAATTTAC
TGTTTTTGTTGTTATAATTTGAGTCGGGAGATTTCCTTCCTARATCCGATCCCTGGTCAATCTTGGCCCTTGAATCTTCATATAATCTAARAATCTAGATTAATCAGGAACAATATG
ATCATGTTGTTTAAACTAATTTTGTTGGACCATAACCTACCGCCAACTGATGGACCACCGTCTCTGGTTACCGGACCCATCATTTCCGGTTACCAAGAAGTTTCTCGATCAGTTTTC
CGGTTACTTTGACCTGCGTTGAGGAAAATTCTTTCACCCACGTAAACACTGTCGTCAACTTTACGTTTCTGGAAAGTTTTTCCGATGATTGGCCGTACAATTTTGTACGAAGAGTTG
TACGGATCATATAAATGTGTATAAGTTTCTAGAAATCCGTACTGAAATATATACATATTTGACTTTTGTATAAAGTGTAATACTARATACTATACTAAGTGCTGTACTCAGTATGAT
ACTTAGTACACACATTTGTATGACTATGAAATGTCAATTTTGCCCTTATATTCTTAGCCGTTAGATCTAAGACACAGTTTTTATACGGCTGAAATTTGTGGGGGCTTTGTAGATCGG
ATCCATAAGTCATTTCTTGGCTCAAGATTCGGACTCGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGA
AGTACTACAGAGAGCCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTAAGGAGCCTGGGCGAGGATCACTACGTTAGCGACACAGGCGACGTCGTTTTCTATC
AGTCTGACCCACATATTCCCAAGTTCCGTACCAGCAGTGCCACCACCAAGTCCAAATCCAGCTGATGATATTTGGCTCTGATATATGCAGGCTGTTTATCTTGTCCTTTGTTCGTTT
CTTTCTCCCAGAAACAAATTCTCTGTTTCTATGTTTCTCTGTCTCTCCCGCCCCCAGCTTTCTTTCTGAG

>TL23 (JQ963138)

ATGAGCCCTCCAAACTCAATGAGTCCCACCACCAACGGCAATGGTGTGGCTATGAATGGGGCGAAGAAGCAGCTCGATTTCGACCCGAGTGCTGCCCCCCCTTTCAAGATTGCAGAC
ATCCGTGCTGCAATTCCGCCGCATTGCTGGGTGAAGAACCCCTGGAGGTCGCTCAGCTACGTCCTGAGAGACCTCCTTGTCATCCTCAGCTTCGCCGTTGCGGCGGCAARAGCTGGAC
AGCTGGACTTTCTGGCCTCTTTACTGGGTTGCTCAAGGAACCATGTTCTGGGCAGTCTTTGTTCTTGGACATGATTGGTAAACTAATTTCACATTTTCTTTCTGGTAATGTGGGTTT
TATTGAAAAAGATTAAAACTTTTTATCTGGGTTGTTGCATGCAGTGGCCATGGGAGCTTCTCAGACAGCTGGTTGTTGAACAATGTGATGGGACATATACTCCATTCCTCAATCCTC
GTACCTTACCATGGATGGTATTGTAACTATTGTTCAATATTAGATTATTGCTAGTTCTTCAGCTGAAGAATCCARACCCTAATTTTCTTTTTCTGAATATTGACCAGGAGAATTAGC
CACAAGACCCATCACCAGAATCACGGCAATGTGGAGAAAGATGAATCCTGGGTTCCTGTAAGTTGACATGCAGTTTGCTGTAAAAATGCAGAGTGCTCTGTTTTTTTGTGTTCTTGT
GCTTTAATGGTGATAATAATGAAATTGTTGAAATGTAACAGCTACCGGAGAAAGTGTACAAGAGCTTGGATACCAGCACTAAGTTCATGAGGTTCACCATTCCTCTCCCAATGTTTG
CTTATCCTATCTACTTGGTAAGTAAAGAGACTGATAAGACTCCAAAGTAGGAATTAATGACAATTTTGGACCCGAGCTTTCGACTCGAGTCGATTTATTTCGGGTGGGTACTTACCC
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GATGCGGCGGACATTGTTTTGCTCGTGGTCCACCTCGCTCCCAACCCGCCCCATTCTCGACGTARAAAGATTACGGAATATGTATCAACAGAAATATCTAGTTTTTATGTTACTAGT
TTTCTGTATTTCCGTGTTTTTCCCCTCAATTCCGGCAGAAATTTGAATTCCAACTGACATTGGGTAATTCCGTCCATAAGAGAACGGAATTGGGAAGCCGTAATTAGTTGGAATTAG
ACCTCGATTTCGGCGGAATTGGACCCGGCCATTTTTCGCGTCCGGAAAAGCGTTTCCAGTGGAATTAGACGCCCATCTAGAATGGGTCCAATTCCACCCCAATTTCGGGGCTACCTA
TTTTTAGTGTACATGCATTTTAGATCTTTTACGGTCTTACCCCGATGGATATTCTTGTCGCGCTCTATTAAAAACTGACAATATACAGGTTGATTGTGAATGAAGATTAGGTGCTGC
ACGCTCTTCGTGTTCCAACCCGCACCCAAACCGCCCCATTCTCGACCGAAAAGATTTTATGAATACATATCTACAGAAAAATCTAGTTGTCATGTCACTAGTTTAATGTACAACAGT
ATAGGTGTCGTTTTCCGCGTCTTTTTCTTCAATTCCGGCTGGAATTCGCATTCAAACAGGAATTGGATGGAATTGGTCCCGGATGCATAGTCATTTCCCAGGCAGTTTCATGGTTTT
ATAACCAATCAATCTAATCTTATGCTTTTGATAAACAGTGGACGAGAAGTCCGGGGAAGAAAGGGTCGCATTTCAACCCATACAGCGACCTATTCGCACCARAACGAGAGGGCAGCGG
TCTTGATTTCAACATTGTGCTGGACAGCCATGGCCTTACTCCTCTGCTACTCATCGTTCATATACGGCTTCGCTCCGGTCCTCAAAATCTACGGCGTACCTTATCTGATATTCGTGG
CATGGCTCGACATGGTGACCTACCTTCATCACCACGGGTACGAGCAGAAGCTGCCGTGGTACAGAGGCARAGAATGGAGCTACCTACGTGAAGGGCTGACGACCGTTGATCGAGATT
ACGGGGTCATCAACAACATCCACCATGACATTGGCACCCATGTCATTCACCATCTCTTCCCTCAAATGCCACACTATCACCTTGTGGAAGCGGTAAACAATTTGATTATTAATTTAC
TGTTTTTGTTGTTATAATTTGAGTCGGGAGATTTCCTTCCTAAATCCGATCCCTGGTCAATCTTGGCCCTTGAATCTTCATATAATCTAAAAATCTAGATTAATCAGGAACAATATG
ATCATGTTGTTTAAACTAATTTTGTTGGACCATAACCTACCGCCAACTGATGGACCACCGTCTCTGGTTACCGGACCCATCATTTCCGGTTACCAAGAAGTTTCTCGATCAGTTTTC
CGGTTACTTTGACCTGCGTTGAGGAAAATTCTTTCACCCACGTAAACACTGTCGTCAACTTTACGTTTCTGGAAAGTTTTTCCGATGATTGGCCGTACAATTTTGTACGAAGAGTTG
TACGGATCATATAAATGTGTATAAGTTTCTAGAAATCCGTACTGAAATATATACATATTTGACTTTTGTATAAAGTGTAATACTARAATACTATACTAAGTGCTGTACTCAGTATGAT
ACTTAGTACACACATTTGTATGACTATGAAATGTCAATTTTGCCCTTATATTCTCAGCCGTTAGATCTAAGACACAGTTTTTATACGGCTGAAATTTGTGGGGGCTTTGTAGATCGG
ATCCATAAGTCATTTCTTGGCTCAAGATTCGGACTCGATTATTAACTATATTATTCATCAACTCTGACGTTTGATGTTGCATGTGACAGACTCAGGCAGCGAAGCACGTGCTGGGGA
AGTACTACAGAGAGCCGAAGAAATCAGGGCCTTTCCCATTCCACTTGTTTGGGTACTTGGTAAGGAGCCTGGGCGAGGATCACTACGTTAGCGACACAGGCGACGTCGTTTTCTATC
AGTCTGACCCACATATTCCCAAGTTCCGTACCAGCAGTGCCACCACCAAGTCCAAATCCAGCTGATGATATTTGGCTCTGATATATGCAGGCTGTTTAT
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Synopsis of the thesis entitled “Molecular and biochemical
characterization of high and low a-linolenic acid containing Indian flax
(Linum usitatissimum L.) varieties”

Introduction

Common flax or linseed (Linum usitatissimum L.) is a versatile crop grown since
prehistoric times for seeds and fiber. More recently, flax seed oil has come into focus
due to its fatty acid (FA) composition. It is the richest agricultural source of o-
linolenic acid (ALA), an essential dietary polyunsaturated fatty acid of w-3 class
(Morris, 2007) which serves as a precursor for biologically active longer chain poly-
unsaturated fatty acids (PUFA), mainly eicosapentanoic acid (EPA) and
decosahexanoic acid (DHA). They are components of cell membranes and play an
important metabolic role. Presence of high levels of ALA in flax seed oil has lead to
its use in both, industrial as well as food and feed products including a wide variety of

neutraceuticals and health foods.

Adequate intake and proper balance of essential fatty acids are necessary to
ensure proper physiological functions of human body. However, in our diet, the levels
of omega-3 fatty acids are decreasing in an alarming way. Since flax is the only
agricultural source of high ALA (45-65 %) and there exists varietal variation in the
biochemical parameters, oil content and quality and yield, it is essential to exploit it
for omega-3 nutrition. Systematic efforts have not been undertaken in flax breeding
from omega-3 fatty acid point of view and it is largely a neglected crop in India. Most
of the traditional Indian varieties produce 30 to 40% oil of which 40 to 50% is ALA.
On the higher side, varieties with 60 - 65% ALA are available in flax germplasm.
Varieties with less than 3% ALA are developed and used in flax breeding targeting to
produce oil with improved tolerance to rancidity (AICRP on linseed, Annual Report

2009-2010).

The basis of crop improvement is selection operating on genetic variability,
which provides adaptability to variables like environment, pest and disease incidences
and market. Genetic diversity is, therefore, essential for crop improvement. Similarly,
the knowledge about diversity and genetic relationships among the primary

germplasm and breeding material gives insight into crop improvement strategies.
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Considering the nutritional importance and market requirement of flax, breeding for
higher yielding, disease resistant varieties is imperative. It was therefore necessary to
initiate systematic molecular and biochemical research in flax to improve its yield as
well as nutritional quality. Agronomically superior and genetically most diverse
genotypes are expected to contain unique alleles that can be exploited by crossing
them. In recent years, several PCR based DNA marker technologies such as RAPD,
ISSR, SSR, SSLP, AFLP etc., which are technically simple to use, time saving,
informative and environment independent, have become the tools of choice for

characterization of the genetic diversity in plants.

Desaturation is an important biochemical process in the FA biosynthesis
pathway. Fatty acid desaturases (FADs) are hence the key enzymes that convert
saturated FAs with single bond between two carbon atoms (C—C) to unsaturated FA
with double bond (C=C) at specific location in fatty acyl chain. In the consensus
pathway leading to formation of ALA, stearic acid (SA, 18:0) is converted to oleic
acid (OA, 18:1) with the help o9 desaturase (SAD) by introduction of  the Ist
double bond between 9™ and 10™ carbon from the carboxylic end (a-end) of the fatty
acyle chain. Further, OA is converted to linoleic acid (LA, 18:2) by introduction of
one more double bond at the 12™ position from the a-end (or ®-6 carbon) with the
help of A12 desaturase (FAD2). Similarly, third double bond is introduced at the 15"
carbon from the a-end (or -3 carbon) of LA by A15 desaturase (FAD3) to form ALA
(18:3) ((Fulco, 1974); Heinz, 1993).

The distribution of fatty acids and fatty acid desaturases is ubiquitous,
observed in all aerobic organisms including algae, fungi, mosses, higher plants and
mammals. They play a key role in maintaining proper structure and function of
biological membranes (Browse et al., 1993; Ohlrogge and Browse, 1995; McConn
and Browse, 1998); Schmid and Ohlrogge, 2002). Various studies have shown that
the three desaturases, SAD (A9), FAD2 (A12) and FAD3 (AlS5), drive the poly-
unsaturated fatty acids (PUFA) synthesis pathway and appear to exist in multiple
forms and locations in various plant systems. These genes have been isolated and
certain aspects have been studied from many different plant systems such as
Arabidopsis, tobacco, soybean, safflower, sunflower, castor, cotton, mustard, rice,
wheat etc. The genes for A9, A12 and AlS5 desaturases have also been cloned from

flax (Singh et. al. 1994, Fofana et. al., 2004; Vrinten et. al., 2005; Krasowska et. al.,
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2007; Kadake et al., 2009; Banik et al., 2011) and expression studies were done, but
little 1s known about genetic control of these enzymes, particularly whether their
activity is controlled at the transcription, translation, or post—translation level. Till
date, not many reports are available giving a comprehensive account about the
expression profiles of all the three desaturases (SAD, FAD2 and FAD3) which act
sequentially in the FA desaturation pathway during seed development of flax

especially in high and low ALA containing varieties.

The present work includes systematic molecular analysis of diversity in Indian
flax germplasm and biochemical analysis of flax oil. Further, fatty acid profiling and
expression analysis of microsomal desaturase genes from developing seed stages of
flax varieties varying in ALA content was performed so as to determine the role of
each desaturase gene in the differential accumulation of ALA in flax varieties with
high and low ALA content. Lastly, all the desaturase genes were isolated and

characterized from the same flax varieties
Objectives

1. Assessment of genetic diversity among various Indian flax wvarieties using
molecular markers and diversity in various fatty acid contents of these flax
cultivars using gas chromatography.

2. Fatty acid profiling of seed developmental stages of ten flax varieties varying in
ALA content (initial selection on the basis of above mentioned diversity studies).
Classification of these varieties into groups of high and low ALA content
depending on ALA accumulation at the mature stage.

3. Expression analysis of all the microsomal desaturase genes (SAD, FADZ2 and
FAD3), which encode the three key enzymes of the PUFA biosynthetic pathway,
from the same seed developmental stages of low and high ALA containing flax
varieties.

4. Isolation and molecular characterization of complete desaturase genes from the

same ten flax varieties belonging to high and low ALA groups.
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Assessment of genetic and fatty acid diversity among Indian flax varieties

For genetic diversity assessment, 70 Indian flax genotypes actively used in breeding
programs were selected from germplasm grown at All India Coordinated Research
Project (AICRP) on linseed, at College of Agriculture, Nagpur. Leaf tissue was
collected on a single plant basis and DNA was extracted. To assess the intravarietal
genetic variation, five seedlings each from 18 randomly selected genotypes were
raised at NCL and subjected to DNA extraction. A set of 100 ISSR primers (UBC
801-900) was used for the analysis. These primers were initially screened with a
subset of flax genotypes and the primers that generated polymorphic and reproducible
amplification profiles were further used to determine the intravarietal genetic
variation in the set of 18 genotypes. Later, the same polymorphic primers were used
with the full set of available 70 genotypes. Only consistently reproducible bands on
the gel were scored as present (1) or absent (0) and a binary matrix for each marker
was prepared. Similarity matrix within the population was constructed using the
WINBOOT software (Yap and Nelson 1996). Cluster analysis was performed using
Multi Variate Statistical Package (MVSP) (Kovach 1998) and a dendrogram was
generated based on the similarity matrix by the Unweighted Pair Group Method with
Arithmetic Mean (UPGMA), using the Jaccard’s coefficient as the measure of genetic
similarity. Principal Component Analysis (PCA) was also carried out using MVSP.
Diversity parameters such as heterozygosity per locus (or intralocus gene diversity)
(hj), average gene diversity (H;), polymorphism information content (PIC) and ISSR

primer index (SPI) have been calculated.

Fatty acid profiling of all the flax genotypes was done using gas
chromatography. These data were used to determine correlations between the fatty

acid profiles and the clusters formed on the basis of the diversity analysis.

After initial screening of 100 ISSR primers, twelve ISSR primers were
selected for the final analysis yielding 136 loci, of which 87 were polymorphic. The
average number of amplified loci and the average number of polymorphic loci per
primer were 11.3 and 7.25, respectively, while the percent loci polymorphism ranged
from 11.1 to 81.8 with an average of 63.9 across all the genotypes. The range of PIC
scores in this study was 0.03 to 0.49, with an average of 0.18. A dendrogram was

generated based on the similarity matrix by the UPGMA, wherein the flax genotypes

Synopsis 168



were grouped in five clusters. The Jaccard’s similarity coefficient among the
genotypes ranged from 0.60 to 0.97. When the omega-3 alpha linolenic acid (ALA)
contents of the individual genotypes were correlated with the clusters in the
dendrogram, the high ALA containing genotypes were grouped in two clusters,
although, this could not establish a true relationship. This study identified most
diverse genotypes and suggested their use in breeding programs and for developing

mapping populations.

Transcriptional analysis of desaturase genes in developing seeds of flax

varieties varying in a-linolenic acid content

Flax varieties differ markedly in their seed a-linolenic acid (ALA) levels. In the
present study it is attempted to study the correlation of ALA content variation in flax
varieties with that of transcriptional levels of fatty acid desaturases (FAD), which play
key roles in deciding the level of unsaturated FAs in seed oil. Various omics
approaches were used so as to decipher the role of each desaturase in the final
accumulation of ALA in the seed storage oil. The developing seed tissue (eight stages
representing early maturity, mid maturity and matured stages of seed development) of
all the varieties required in the study was collected from Colleges of Agriculture,

Nagpur.

a) Fatty Acid Analysis

Fatty acid (FA) profiling of various seed developmental stages of ten Indian flax
varieties (selected based on earlier data obtained while studying flax genetic diversity)
including one mutant variety, TL23, was performed using gas chromatography. Six
fatty acids were profiled, of which myristic acid (MA; C14:0) was almost negligible
throughout the developmental stages across the ten flax varieties. The palmitic acid
(C16:0) content was the highest at flower stage and gradually decreased through boll
development to maturity in the ten varieties. The proportion of stearic acid (SA;
C18:0) remained nearly constant in all the developing stages, irrespective of the
varieties. Oleic acid (OA; C18:1) content was low at the flower stage, but showed an
increasing trend up to 8-16 DAF and later remained steady or declined slowly up to
maturity in most of the varieties. The linoleic acid (LA; C18:2) content was high at
the flower stage and gradually showed decline from 4 to 48 DAF in all the varieties

except TL23, where it accumulated steadily till maturity. Conversely, ALA content
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was high at the flower stage, then declined at 4 DAF and again started increasing from
8 or 12 DAF till maturity in all the varieties except TL23. There was a major
difference observed in the accumulation trend of LA and ALA contents in mutant
TL23, when compared with the remaining nine varieties. In the normal varieties as the
seeds matured, LA content decreased with the increase in the ALA content, while in
case of the TL23 the accumulation was vies a versa where LA levels increased and
ALA content decreased steadily with the maturing seeds. Depending on their final
ALA content at the mature stage, these varieties were grouped under high ALA and

low ALA groups.

b) Desaturase gene expression

Transcript profiling of six microsomal desaturase genes (SAD1, SAD2, FAD2, FAD2-
2, FAD3A4 and FAD3B), which act sequentially in the fatty acid desaturation pathway,
was performed using real-time PCR in the same seed developing stages. Gene specific
as well as temporal expression pattern of all the desaturases was observed.

The SAD gene is responsible for converting stearoyl-ACP to oleoyl-ACP, by
introducing a double bond at C9, and thus, can increase the unsaturated fatty acid
content of the plant (Ohlrogge and Jaworski, 1997). Expression of both, SAD/ and
SAD2, genes in the developing seeds was studied and higher transcript levels of the
SAD?2 gene compared to the SADI gene in differential ALA containing variety groups
under consideration was observed. TL23 showed the highest expression level of the
SAD?2 isoform amongst the ten varieties. Overall expression of the SAD2 gene
appeared to be constitutive where as the SAD 1 gene appeared to be more temporal and
genotype specific in expression as indicated by differential expression in low and high
ALA containing groups.

The A12 desaturase/ FAD?2 represents a diverse gene family in plants and is
responsible for conversion of OA (18:1) to LA (18:2). LA production marks the
synthesis of polyunsaturated fatty acid (PUFA) from monounsaturated OA and is a
major factor in determining the quality of plant A2 desaturation is also
necessary for the synthesis of ALA (18:3) as LA, the product of this desaturation, can
alone be accepted as the substrate fAd5 desaturase (FAD3). In  my study, gene
specific expression of FAD2 and the FAD2-2, in flax developing seeds has been
analyzed for the first time It was observed that the FAD2-2 gene expression was

higher at the early seed development stages (flower to 12DAF) than the FAD?2
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expression. However, the F4D?2 transcripts increased rapidly and reached its peak at
mid-maturation stages (16-22 DAF), and then gradually reduced as the seeds attained
maturity. The transcripts for the FAD2 increased significantly during embryo
development while the expression levels of the FAD2-2 appeared to increase slightly.
Further, it was observed that the average relative expression of the F4D2 gene was
nearly 2-fold higher than the FAD2-2 gene in developing seeds of the ten flax
varieties. All these observations are indicative of the predominance of the FAD2 gene
expression in determining the LA level of the seed storage oil. In case of TL23,
expression of both the genes was nearly the same.

A15/FAD3 is the last desaturase required in the series of desaturation reactions
leading to the synthesis of ALA in plants. This gene has been shown to play a very
important role in deciding the level of ALA in the total FA content of the plant
(Yadav et al., 1993; Bilyeu et al., 2003; Vrinten et al., 2005; Banik et al., 2011). The
gene expression pattern for the FAD3A and the FAD3B in developing seed stages of
the ten genotypes divided in two groups according to ALA content clearly showed
higher FAD3 (both FAD3A4 and FAD3B) gene expression in high ALA group than the
expression in low ALA group. Further, it was observed that the average expression
maxima of the F¥4D3B was nearly fivefold higher than average expression maxima of
the FAD3A. In the present study, even though the higher contribution in ALA
accumulation was due to the FAD3B than the FAD3A, both the genes contributed in
the final differential accumulation of ALA content in the mature seeds of high and
low ALA groups with higher fold expression difference in the F4D3A4 than the
FAD3B when high and low ALA containing groups were compared.

Sequence characterization of desaturase genes from the flax varieties

varying in a-linolenic acid content

Six fatty acid desaturase genes were isolated from each of the ten flax varieties and
sequenced. These sequences were compared with the respective reported gene

sequences in NCBI as well as Phytozome databases.

a) Nucleotide sequence analysis of desaturase genes from flax varieties
Sequence analysis of FAD3A, FAD3B, FAD2, FAD2-2, SADI and SAD?2 genes from
ten flax varieties revealed haplotypes in these genes. When the whole (including

exonic and intronic regions) SADI and SAD?2 genes were considered, there were 2 and
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6 alleles, respectively, were identified. On the other hand when only the coding
(exonic) regions from these two genes were analysed, SAD/ showed only one allelic
form with all the ten genotypes falling under one haplotype, while for SAD2, two
alleles were found where except for one variety (TL23), all the remaining nine
varieties were represented by one haplotype. The results indicated that most of the

variation was present in the intronic region.

In case of FAD2 and FADZ2-2 genes, which are intronless, 4 and 2 alleles,
respectively, were observed. In FAD2, seven varieties were represented by one single
haplotype while the other 3 haplotypes consisted of only one variety each. In FAD2-2
except for one variety all the remaining nine varieties were represented by a single

haplotype.

For FAD3A and FAD3B, 9 and 7 alleles, respectively, were observed when the
whole genes were considered. Only one haplotype in F4D3A4 was shared by two
varieties while all the remaining haplotypes were represented by single variety each.
When only the coding regions of both the genes were considered the ten varieties
showed presence of 7 and 5 alleles, respectively. The results indicated that the
variation was mainly in the exonic region. Most of the substitutions were synonymous
in nature while only 2 nonsynonymous substitutions leading to new isoforms of

FAD3A and FAD3B were observed.

b) AA sequence comparison in desaturase genes across flax varieties

AA sequences were deduced from these sequences and variations were studied across
the flax varieties. The deduced AA sequences of all the desaturase genes (SADI,
SAD2, FAD2, FAD2-2, FAD3A and FAD3B genes) were identical in the ten flax
varieties except for few changes observed in varieties TL23 (in SAD2, FAD3A and
FAD3B) and NL260 (in FAD3A), which were not reported earlier. Further, in the ten
varieties we observed that the soluble desaturase, SAD showed the characteristic
diiron binding motifs while the membrane bound desaturase, FAD2 and FAD3
showed the presence of three diiron binding histidine boxes as well as specific motifs

required for their steady state endoplasmic reticulum localization.

The nucleotide sequence analysis of the FAD3A4 gene in TL23 showed the
presence of a nonsense mutation creating a premature stop codon in the fifth exon

after amino acid 291. However, the FAD3B in TL23 was predicted to produce a full
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length FAD3B protein with single amino acid change at 283 AA (G to E transition) in
the fifth exon when compared with the FAD3B of the other genotypes. TL23, which
was the mutant variety with only 1.7% to 2% ALA, showed the lowest expression of
the FAD3A gene throughout the seed developmental stages. This low accumulation of
the FAD3A transcripts in TL23 could be attributed to the presence of premature
translation termination codon (PTC) in the fifth exon of the FAD3A4 gene.

Thesis summary and future prospects

The varieties analyzed in the diversity study, like ‘Sheetal’, ‘SLS 50°, and ‘Ayogi’,
are agronomically superior and genetically the most distant from the other genotypes,
as revealed by the ISSR-PCR analysis. Their potential for containing unique alleles
can be exploited by crossing them with other elite lines from different genetic
clusters. These genotypes were suggested for the flax breeding programs and also for

developing mapping populations.

Study of fatty acid desaturases in variable ALA containing varieties indicated
high overall correlation between the expression of desaturase genes with the variation
in the ALA accumulation in high and low ALA variety groups. Thus, the
accumulation of the final product, ALA, is not entirely dependent on the activity of a
single desaturase gene, but is a cumulative result of the activities of all the three
desaturases acting sequentially. Further, it was also seen that the variation in the AA
sequences of desaturases in these varieties was not consistent with either of the groups
and therefore, probably not responsible for the high and low ALA accumulation in the
groups except in mutant variety TL23. These results indicate the need to explain
differential transcriptional control in the varietal groups of high and low ALA content
by carrying out the promoter analysis of all the desaturase genes in these ten flax
varieties. Secondly, our studies also indicate the importance of studies towards post-
transcriptional and post-translational regulation of these three desaturase genes
through proteomic and biochemical analysis to completely decipher variation in ALA

content of flax varieties grown under identical environmental conditions.
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